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Abstract 

 

Mining is one of the major export industries in Australia. When the ore is removed from 

the ground voids are backfilled. There are different types of backfills depending on 

their nature and usage. Hydraulic and paste fill are most common backfills in industry. 

The strength and drainage properties of hydraulic fills are required for better design 

and safety of the mines and miners.  Arching is a well known phenomenon identified in 

geotechnical and mining applications as reduction in the vertical stresses compared to 

overburden pressure at any depth within the fill. Paste fill is a popular and relatively 

new minefill that is used for backfilling underground voids created in the process of 

mining. The binder used in paste fill, typically at dosage of 3% - 5%, contributes 

significantly to the cost of backfilling. While Ordinary Portland cement (OPC) has been 

the typical binder in paste fills, there is an increasing trend to replace OPC with 

blended cements that include OPC mixed with fly ash, slag and lime at different 

proportions in an attempt to minimize the cost. 

 

This research presents a study that utilizes a laboratory model and the two and three-

dimensional finite difference packages FLAC and FLAC3D to investigate the arching 

effects including the consideration of interface elements between rock and backfill, 

stope geometry and shear strength parameters.  An arching effect instrument was 

developed and was used to investigate the stress developments within circular and 

square stopes, which were found similar to the results of numerical modeling. Stress 

values in the circular stopes were approximately 85% of square stopes from the 

experimental model.  

 

Further, an analytical solution was developed from Marston’s solutions for investigating 

stress developments within rectangular, square/circular and narrow stopes. The 

research was extended to develop models for narrow and rectangular stopes using 

FLAC and FLAC3D, respectively.  The improved model of narrow stopes was verified 

against Aubertin et al. (2003) and extended further by incorporating interface elements 

between rock and backfill. FLAC axi-symmetric model for circular stopes was 

compared with Rankine (2004) FLAC3D model. Finally, the findings for narrow stopes 

were verified with Knutsson’s (1981) in situ measurements.  

 

Blended cements are generally characterised by very slow early strength development, 

followed by the attainment of good ultimate strength. Blends comprising of 100% OPC, 
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75% OPC & 25% fly-ash and 30% OPC & 70% slag were tested, adding 3%, 3.5% and 

4% binder to tailings having solids contents of 7%, 80% and 81%. The specimens 

were subjected to uniaxial compressive strength after curing periods of 7, 14, 28, 56 

and 90 days. The short-term flow characteristics of 3.5% paste fill mixes with each type 

of binder were investigated using yield stress tests. The results provided an 

understanding of the effect of solids contents, binder contents and curing period in the 

selection of optimal paste fill mixture. It was observed that slag-based paste fill had 

higher strength compared to the other two paste fills, however after considering the 

cost of binders, the 3% slag-based binder with 79% solids content in the paste fill and 

3.5% Flyash-based binder with 80% solids content in the paste fill were chosen as 

optimal mixtures for strength and flow properties. Also, long term strength was 

investigated on Cannington mine tailings using Portland cement, but only for 79% and 

83% solids content in the paste fill. 
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Chapter 1 

 

Introduction 

 
1.1 General 
Within the earth, it is common to have numerous mineral deposits both close to the 

surface and deep underground. The development of mining products significantly 

influences the economies of many countries such as Canada, Australia, China and the 

USA. In fact, there are several negative aspects in recovering fragments from the 

ground; such as environmental pollution due to blasting operations and waste 

materials accrued during excavation and the effect of regional stability due to not 

properly backfilling the excavated openings. Therefore, the main criterion for the 

success of a waste management system is to implement and operate a safe and 

environmentally responsible system at minimum cost.  

 

There are two distinct mining methods available in mining operations. The earliest 

mining method is called surface mining, which left the openings after the ore had been 

excavated. The recent and the most popular mining method is the underground mining 

method. Figure 1.1 shows the underground mine at Osborne mine, Mount Isa, 

Australia. The large voids created in the process of underground mining operations are 

generally backfilled by mill tailings that are left over from the processing of mineral ore. 

The underground voids that are backfilled are known as stopes, and can be 

approximated as rectangular prisms, which can have heights exceeding 200 meters. 

Backfill refers to any waste material and soils that is placed into the stopes for the 

purpose of disposal or in the performance of some engineering function. Hydraulic fills 

(HF), cemented hydraulic fills (CHF) and paste fills (PF) are some of the more popular 

backfills currently used world-wide.  

 

Backfill, an increasingly important component of Australian mining operations, refers to 

any waste material and soils that is placed into voids mined underground not for the 

purpose of transmitting the rock stresses, but reducing the relaxation of the rock mass 

so the rock itself will retain its load carrying capacity and will improve load shedding 
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Drive/Tunnel 

Figure 1.1. Underground mining at Osborne mine.  

 

to pillars (Barrett et al., 1978). The voids are backfilled on the completion of ore 

extraction and the backfills provide local and regional stability of rock while removing 

the adjacent stopes in order to continue the mining sequence.   

 

Typically, the backfills have to be prepared as engineered materials to ensure the 

stability of large rock faces when the stopes surrounding the backfill are being mined. 

To achieve sufficient strength, the binders are mixed with tailings, commonly from 3% 

to 5% of ordinary Portland cement. Further, the cost of the placed minefill is a primary 

factor in optimizing the mining process. In the case of cemented fill, the binder cost is 

the major cost component, which is increased substantially in remote mines due to the 

transport cost. Therefore, reducing the cement cost is a critical factor in reducing the 

cement fill costs. However, it is necessary to ensure that the minimum binder content 

required for static stability of the backfilled stope is utilized when the stope walls are 

exposed through the mining sequence.  

 

The stopes are connected through drives (tunnels) in order to remove the fragments 

from the ore body and to supply the backfill materials to the stopes during the 

backfilling operations (see Figure 1.1). When the fill material enters the stope, all 

drives must be sealed properly to prevent the leakage of fills through drives. The 

backfills are commonly in a form of slurry or paste when placed into the stope, and 

quickly spread to other parts of the underground voids. In the case of hydraulic fill 

mines, the highly permeable barricades are constructed within the drives to remove the 

______________________________________________________________________  
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excess water from the filled stopes and barricades are used while filling with paste 

backfills.  

  

Recently, there had been several catastrophic accidents due to the barricade failures 

in Australia and in other parts of the world. To minimize barricade failures, it is 

necessary to properly understand the stress developments within minefill stope. 

Anecdotal evidence shows that the stresses at the bottom of the mine stopes are 

significantly less than what one computes as the product of unit weight (γ) of the fill 

and the depth (z).   Due to the arching mechanism, at any depth within the fill, the 

vertical normal stress is less than γz.  In the absence of any rational estimate of the 

vertical normal stress at a depth, the general tendency is to assume that the vertical 

stress is equal to the entire overburden pressure (γz). In reality, a significant fraction of 

the overburden may be transferred to the wall, and therefore the vertical stress can be 

substantially less. 

 

1.2 Problem Statement 
Ore body is divided into separate stopes for mining operations. Solid rock, within each 

stope, is blasted and removed from the ore body before backfilling the voids created 

underground. As the mine sequence progresses, the stopes adjacent to the fill are 

mined, the fill mass is subjected to blasting loads and subsequently exposed. During 

this time, the fill must remain stable to prevent dilution. van Gool et al. (2006) reported 

the blasting effects using the finite element software ABAQUS. When the underground 

voids are backfilled using backfill materials in the form of slurry, especially in hydraulic 

fills, it introduces substantial quantities of water into the stope. Recently, several 

underground failures have occurred in Australia and worldwide as a result of poor 

drainage of excess water from the stope during the backfilling stages of the operation. 

Rankine (2006) developed 2-dimensional and 3-dimensional models on drainage 

characteristics of Australian underground hydraulic fills.  

 

This dissertation deals with the static stability of backfilled stopes in particular, with 

special reference to arching effects for investigating actual stress developments within 

the stope. This can only be done in the context of a thorough understanding of the 

effect of arching. Further, the stability of underground barricades is critical to the 

provision of a safe working environment within the mine. Also, any reduction in the 

cement content and/or investigation of alternative binders in paste fills for the currently 
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used Ordinary Portland cement will lead to substantial cost saving and will be well 

received by the mining industry.   

 

1.3 Scope of Research  
The aims of this research are: 

1 To develop a laboratory model on arching that will be verified with 

numerical models and analytical solutions. 

2 To extend the current FLAC model (Li et al., 2003) on arching effects by 

incorporating interface elements for vertical stopes.  

3 To develop approximate axi-symmetric solutions to 3-Dimensional models 

(Rankine, 2004). 

4 To develop FLAC3D models on arching for the square and rectangular 

backfilled vertical stopes. 

5 To investigate mixes of blended cements and Cannington tailings to reduce 

the binder cost in paste fills. 

6 To investigate the long term strength of paste fills with particular reference 

to Cannington mine. 

 
1.4 Relevance of the Research 
The strength and stiffness of minefills need to be adequately understood as they play a 

significant role in the safety and economy of underground mining operations. There 

were several catastrophic stope and barricade failures in underground mines in 

Australia and elsewhere. These stability problems show the inadequate knowledge of 

actual stress developments for designing the backfilled materials and barricades.  

 

The primary motivation for this research is to investigate the stress measurements 

through a thorough analysis of arching effects within the mine stope, and possibility of 

reducing the cement content and/or selecting an alternative binder for the Ordinary 

Portland cement in the paste fill. There are very limited physical models to investigate 

the arching effects in mining that are reported in literature. Development of an arching 

effect instrument will allow comparison of the results against analytical solutions and 

numerical models using FLAC and FLAC3D.  

 

Binders have a significant role in backfilling operations, especially in paste fills. As 

binder is the major cost component in paste, there have been several attempts by 

researchers world-wide to reduce the percentage of cement and explore the 

possibilities of offering other pozzolanic materials such as fly-ash, slag and others as 
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partial or sometimes total substitutes and identify an alternative binder with lower cost.  

From this research, it may lead to following positive aspects for the mining industry: 

• Significant cost savings; 

• Increased safety in mine practices; and 

• Significant reduction in catastrophic failures and increased productivity due to 

better understanding of stress developments within the fill masses of primary 

stopes.  

 
1.5 Thesis Overview 
Chapter 1 introduces the research problem, objectives and the relevance of the 

research. An overview of the major issues associated with the mining methods, with 

the types of backfills available in mining operations, arching effects on hydraulic and 

paste fills, and blended paste fill designs are given in chapter 2. Chapter 3 gives the 

previous analytical solutions on arching effects and an analytical solution modified by 

the author and some of the available in situ stress measurements within the 

underground mines.  

 

A review of the friction angle of hydraulic fills and interfacial friction angle between the 

soft materials and stiff surrounding walls including typical values are discussed in 

chapter 4. Also, internal friction angles of Australian hydraulic fills and interfacial 

angles between the hydraulic fills and rock regions were investigated using direct 

shear tests and modified direct shear tests. These values were used for the numerical 

modelling in chapter 5. The current state-of-the-art for physical models on arching, a 

newly developed laboratory model, the proposed test methodology and corresponding 

results from the arching experiments are reported in Chapter 4, while the effects of 

stope geometry, wall roughness and the filling materials on stress developments within 

the stopes are reported at the end of this chapter.  

 

Chapter 5 describes the current state-of-the-art of numerical modeling of arching 

effects, modification of existing numerical models and extension of the modified 

numerical model with interface elements for vertical narrow stopes using FLAC. 

Further, an equivalent FLAC axi-symmetric model was developed for verification with 

laboratory and analytical models for cylindrical stopes. A general solution was 

developed for general stope sections using FLAC and FLAC3D investigations carried 

out for narrow, circular, square and rectangular sections. Furthermore, analytical 

solutions and experimental results were verified against numerical models and in situ 

measurements in vertical stopes.  
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Chapter 6 details the previous models on paste fills using ordinary Portland cement 

and blended cements, short term flow characteristics and cost estimation throughout 

the world. A cemented paste fill model was developed for Cannington mine in terms of 

short, medium and long-term strength with blended cements as the binders, and the 

effect of long-term strength with ordinary Portland cements was also reported. In 

addition the physical, chemical, and flow properties are reported through numerous 

laboratory tests. This chapter identifies an alternative binder with suitable strength and 

flow properties with significant cost savings. A summary of the research and 

recommendations for future research are presented in Chapter 7.  
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Chapter 2 

 
Literature Review 

 
2.1 General 
Worldwide use of backfill for mine operations continues to increase, with significant 

changes having been introduced in the design and implementation of different support 

media during recent decades. Moreover, in the modern era, backfill serves critical 

purposes, the least of which is provision of adequate support during the primary and 

secondary mining cycles. However, the recent spate of catastrophic fills barricade 

failures in Australia and worldwide have led to a need for an increasing understanding 

into the factors which lead to failure of the fills during underground mining operations. 

 

In the mining industry, a huge amount of fine grained tailings are produced during the 

mineral processing every day. The largest generator of solid waste in Australia is the 

mining industry (Boger, 1998). The wastes are generally in the form of a slurry that is 

deposited hydraulically in the disposal area. The disposal of these wastes effectively, 

environmentally and economically has become a major challenge for all mining 

operations. The mine filling techniques, which generally use these by-products, provide 

ground support to permit removal of adjacent, remaining ore, and are also effective 

means of disposal of waste materials.  

 

This chapter aims to summarize the review of mining methods, the types, selection 

and purpose of minefill material that are used in minefill operations. The research 

undertaken in this dissertation for arching studies within the minefill stopes using 

laboratory experimental model studies are limited to only hydraulic fills and 

optimization of paste fills using Portland cement and blended cements for short, 

medium and long term strength and stiffness studies are for paste fills. The 

introduction to stress measurements within the stope is discussed. An extended 

literature review has been provided at the beginning of the chapters 3, 4, 5 and 6. A 

more extensive review of arching models including the analytical solutions and in situ 

measurements, physical models and numerical models is given in chapters 3, 4 and 5 

______________________________________________________________________   
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respectively. In chapter 6, a literature review on paste fill models and short term flow 

characteristic modes are discussed in detail. 

 

2.2 A review of mining methods 
In mining, a method of extraction is carried out such that most of the mine waste is 

used to backfill the mine stopes effectively and efficiently. During the backfill 

operations, the applied backfilled method must be safe and allow optimum extraction 

based on field and environmental conditions. The consideration of the following 

physical properties is a major factor on selecting a stoping method in mining 

operations: 

• Strength of ore and wall rocks 

• Shape, area and volume of the ore body 

• Thickness of the existing deposit  

• Continuity of the ore 
 

There are two broader classes of mining methods such as surface mining and 

underground mining, which depend on the location of the ore extraction.  Grice (2001) 

reported the usage of both surface and underground mining methods in a number of 

mines in Australia, mostly in Western Australia. Figure 2.1 shows the schematic 

diagram of surface and underground mining methods. These methods are briefly 

explained below. 

 

 

______________________________________________________________________   

 

 

 

 

 

 

 

 
Figure 2.1. Schematic diagram of surface and underground mining  

(http://www.coaleducation.org/Ky_Coal_Facts). 
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2.2.1 Surface mining  

Surface mining is the predominant exploitation procedure worldwide. This is a type of 

mining in which soil and rock overlying the mineral deposit are removed. This is used 

when deposits of useful minerals or rock are found near the surface; i.e. surface 

material covering the valuable deposit is a relatively thin layer of overburden soil and 

rock. One of the major disadvantages of surface mining is the significant cost while 

removing larger volumes of soil and rock.  

 

There are two kinds of surface mining such as strip mining and open pit.  Strip mining 

is the mining practice where minerals are removed as long strips of overlying soil and 

rock. It is most commonly conducted in coal mine operations. The open pit method is 

also similar to the other types of open-cast mining operation. Typically, there are four 

basic unit operations common to most open pit mining operations. These are drilling, 

blasting, loading, and hauling. Figure 2.2 shows the surface mining operations at 

Western Kentucky Coal mine. Grice and Fountain (1991) and Grice (2001) give further 

details of surface mining.   

 

______________________________________________________________________   

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2. Surface mining operation at Western Kentucky Coal mine 

(http://www.coaleducation.org/Ky_Coal_Facts). 

 
2.2.2 Underground Mining  

Figure 2.3 shows the comprehensive classifications of underground mining methods 

by Brady and Brown (1993). Underground mining methods can be divided into three 

major categories such as naturally supported, artificially supported and unsupported. 

These are differentiated based on the type of wall and roof supports, size of openings 

and the direction of mining operations progress. The stopes supported either naturally 
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Figure 2.3. Underground mining methods (Brady and Brown, 1993). 

 

or artificially are commonly called stable stopes. The stable stopes mainly include 

opening stoping, room and pillar and cut and filling mining methods. The unsupported 

stopes are not a stable form of mining where the ore is allowed to collapse under its 

own weight through natural cracks and failures. 

Figures 2.4 and 2.5 show the schematic diagrams of the open stoping and cut and fill 

mining methods. Hamrin (1982), Budavari (1983) and Brady and Brown (1993) gave 

comprehensive descriptions of each of the various mining methods.  

 

 

 

 

 

 

 

 

 
Figure 2.4. Schematic diagram of Open stoping mining (Hans, 2001). 

______________________________________________________________________   
 
 

10



Chapter 2                                                                                   Literature Review 

 

______________________________________________________________________   

 
 
    

 

 

 

 

 

 
Figure 2.5. Schematic diagram of Cut and Fill mining (Hans, 2001). 

BHP Billiton’s Cannington mine is one of the largest paste backfilling operations in 

Australia. Here, they use the open stoping mining method during the backfilling 

operations. This research is based on the open stoping mining method in conjunction 

with Australian hydraulic fills (MIM, Osborne and Newmont mines) and paste fills 

(Cannington mine). 

Backfill performs many functions in underground mining operations, depending on the 

type of mining method used and other factors. The selection of backfill operation must 

be capable of filling underground openings at a required rate without affecting the 

mining schedule. Backfill is often required to offer some self support properties by 

adding a required proportion of binders. However, even the strongest backfill is soft 

when compared to the mechanical properties of the adjacent rock mass, and this 

difference in stiffness between two materials enhances the effect of arching within the 

stope, especially for relatively narrow stopes (Li et al., 2003). Dorricott and Grice 

(2002), and Grice (1998 and 1989) reported backfill performance, system selection, 

and backfill design issues in detail.  

 

Any uncemented backfill materials must satisfy the static, dynamic and drainage 

requirements in minefill operations. Rankine (2006) reported briefly of each of these 

requirements. Furthermore, cemented fills must satisfy the static and dynamic 

requirements in minefill operation, and these are briefly reported on Rankine (2004). 
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2.3 A summary of backfill materials 
Mine backfills can be mainly classified into two categories; cemented and uncemented. 

The names simply suggest that cemented backfills contain a small amount of binders. 

The binders are normally Portland cement or some other pozzolans. Uncemented fills 

are similar to soils and can be investigated using soil mechanics theory. There are 

different types of backfills which fall into categories such as hydraulic fill, cemented 

hydraulic fills, paste fill, rock fills and composite fills, etc. Here, some of the most 

popular backfills such as hydraulic fills and paste fills, currently used worldwide are 

briefly discussed.  

 

2.3.1 Hydraulic fills (HF) 

Hydraulic fill is produced directly from coarse sands and/or mill tailings, or by desliming 

finer tailings by use of hydrocyclone. This is a heterogeneous slurry that is delivered 

through bore holes and pipe lines to the underground workings. Here, it is necessary to 

construct approximately 4 m x 4 m cross-sectional barricades within the drives to 

remove the excess water to reduce the risks associated with significant pore pressure. 

Cowling (1998) reported the introduction of hydraulic fill at the Southern mine of 

Broken Hill South Limited, Broken Hill, New South Wales, Australia. Currently, there 

are nine different underground mining operations using hydraulic fills in Australia. Grice 

(2001) listed these mines as follows; two in Queensland, two in Western Australia, two 

mines in Tasmania and three mines located in New South Wales.  

 

Grice and Fountain (1991), Grice et al. (1993), Bloss and Chen (1998) and Grice 

(1998) recommended design specification for hydraulic fills, especially to ensure that 

within the hydraulic fills, permeabilities are sufficient to remove the excess water 

through the permeable barricade.  

 

The definitions of hydraulic fills are adapted from Grice (2001) and are given as 

follows:   

• The maximum grain size is generally less than 1 mm and most of the finest 

sizes are removed to ensure that not more than 10% weight of less than 10 

μm are retained, to ensure enough fill permeability. The 10% limit may need 

to be reduced at times and its acceptability must always be accompanied 

by some caution. 
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• Typically slurries are prepared at densities from 40 to 50%cv solids by 

volume. For common mineral processing waste materials this is equivalent 

to a slurry density greater than 70%cw. 

• The slurry transport regime is heterogeneous and turbulent at average 

velocities higher than the critical settling velocity. 

• Hydraulic fill has a in situ hydraulic conductivity in the range of 10-5 to 10-6 

m/s. Excess water used to deliver the solid components to the stope must 

drain out of the fill, by vertical gravity drainage through the fill, decantation 

and through engineered drainage facilities at stope access points. 

Rankine (2006) reported on experimental and numerical modelling studies on hydraulic 

fills and barricade bricks, with particular reference to load-deformation and drainage 

characteristics. Rankine (2006) also found out that the specific gravity of the 25 

Australian hydraulic fills were from 2.8 to 4.5 and the hydraulic fills settled to a porosity 

of 37% to 48%, void ratio of 0.58 to 0.93 and relative density of between 50% and 

80%. In addition, the hydraulic conductivity of these hydraulic fills were determined 

using constant and falling head tests, and the values ranged from 10 mm/hr to 30 

mm/hr. Rankine (2006) gave comprehensive details of current practice of the hydraulic 

fills, including geotechnical aspects of the hydraulic fills, failure mechanism in 

underground mine barricades, in situ monitoring of hydraulic fill stopes and laboratory 

and numerical modelling of hydraulic fill stopes.  

In this dissertation, three different Australian hydraulic fills were used to develop 

models on vertical and horizontal normal stresses within the mine stopes.    

2.3.2 Paste fills (PF) 

The concept of paste fills was introduced by Dr. Eli Robinsky in the mid 1970’s and this 

falls into the category of thickened tailings. In mid 1980, the paste fill was first used in 

Elura mine in New South Wales which was not successful. The successful paste 

backfill systems occurred in Canada and Cannington mine in Australia in the late 1990. 

Currently, there are five major established paste filling systems in Australia; such as in 

Cannington and Mount Isa in Queensland, Henty in Tasmania and Kanowna Belle and 

Junction in Western Australia. Figure 2.6 shows the location of the established paste 

fill systems in Australia. 
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Figure 2.6. Location of Australian paste fill systems (Rankine, 2004). 

 

Paste fill is the most recent well-developed mine backfill used to satisfy engineering 

characteristics required in the mining industry to fill underground openings. It has 

significant advantages over other methods of disposal so the number of mines 

employing paste fill is rapidly increasing. The major components of paste backfills are 

shown in Figure 2.7. As can be seen in Figure 2.7, the paste fills consist of tailings, 

binding agents and water. Paste fill has high solids contents in the range of 75% to 

83% by weight. Furthermore, it is necessary to add sufficient water in order to provide 

the consistency of the paste fills of around 200 mm of slumps by the standard slump 

cone tests.  

 

______________________________________________________________________   

 

 

 

 

 

75%-83% 

Figure 2.7. Major components of paste backfills (Adapted from Belem and Benzaazoua, 2008). 

 
 

14



Chapter 2                                                                                   Literature Review 

The required strength and stiffness of this fill can be achieved by mixing with low 

percentage of binders such as ordinary Portland cement and blended cements. Paste 

fills have been more popular in the past few years due to having several operational 

and environmental benefits compared to other backfills (Landriault, 1995, 

Brackebusch, 1994). 

Bloss (2002) described the following basic characteristics of paste fills:  

• Commonly consists of mine tailings as the basic component which can contain 

sand and rock. 

• Tailings should have at least 15% of fine grains (< 80 μm) by weight (Landriault 

1995). 

• The density of the tailings is significantly higher than hydraulic fill.  

• Binders are added to tailings to achieve required strength to avoid the risk of 

possible liquefaction of paste fill after placements. Due to existing binders, the 

paste fill have more sticky behaviour than hydraulic fills and thus pipe friction 

losses are significantly high while being supplied through pipes.  

Rankine (2004) reported that the bulk density of Cannington paste fills is 2300 kgm-3 

and Rankine (2006) gave the average density for the Australian hydraulic fill as 

between 1440 kgm-3 and 2040 kgm-3.  

A major disadvantage of paste fill is the high capital cost. In the economic view point, 

paste fill presents the highest capital cost of all the possible minefill methods. 

However, Brackebush (1994) reported that the paste fill has the lowest overall 

operating cost and in the long term it can provide significant economic benefits. Also 

paste fill is a relatively new technology; there is limited experience and knowledge in 

this area. Therefore, the rapid increase in paste fill operations suggest that it is 

important to conduct more research to gain more knowledge of paste fills and their 

properties. 

Rankine (2004) carried out a qualitative assessment of Cannington tailings mineralogy 

using X-ray diffraction (XRD), coupled with a semi-quantitative X-ray fluorescence 

(XRF) analysis. The results showed that tailings consist of silver minerals (< 1%), 

galena (2.4%), spalerite (1.3%), iron sulphides (39.5%), talc (11.1%) and other 

silicates (40.7%). The silicates are mostly quartz with a small amount of chalcopyrite. 

In this research, an Australian mine tailings from Cannington mines, 79% to 83% of 

______________________________________________________________________   
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solids contents, were used in order to develop paste fill models for the current mix. The 

physical and mechanical properties of Cannington mine tailings including grain size 

distribution, density, specific gravity, etc. are discussed in Chapter 6. 

2.4 Concept of arching and available models 
In several civil and mining applications, the frictional backfill material is placed into 

confined narrow openings. The frictional backfill material initially yields and then moves 

downward in relation to surrounding rigid materials or walls. Shear stresses are 

generated along the contact interfaces to resist the downward movement. A portion of 

applied loads or self weight of filling material is thus transferred to adjacent stationary 

parts (Li et al., 2003). Therefore, the resulting vertical normal stress in the backfill is 

significantly reduced and this phenomenon is called arching.  

 

Typically, there are four common ways to determine the effect of arching in the 

geotechnical and mining applications. The methods are;    

• Analytical equations 

• In situ measurements 

• Physical models 

• Numerical models 

 

The analytical models on vertical and inclined stopes proposed by previous 

researchers and in situ measurements at different geotechnical and mining operations 

in the world are reported in chapter 3. The vertical analytical models such as Marston 

(1930), Terzaghi (1943), Mitchell et al. (1982), Winch (1999), Free standing vertical 

face (Grice, 2001) and Modified Marston’s theories (Aubertin et al., 2003 and Li et al., 

2003) are discussed in Section 3.3.1. The inclined analytical solution is reported in 

Section 3.3.2. The limited in situ measurements available on stress measurements in 

mining applications are discussed in Section 3.4.   

 

 The development of a small scale laboratory model is necessary due to limited in situ 

measurements in the underground mines. This model is also useful to compare and 

verify with other available methods. The current state-of-the-art physical models on 

stress measurements in geotechnical and mining applications are discussed in chapter 

4 (Section 4.3). The important physical models are the ones used by Terzaghi (1943), 

Mitchell and Wong (1982), Low et al. (1994), Winch (1999), Take and Valsangkar 

(2001) and Euler and Aldrich (2002).  
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With the development of high powered and more affordable computers, the numerical 

methods have been significantly utilized in backfill designs for very complex stability 

problems. The important numerical models using finite different methods and finite 

difference methods are reported in Chapter 5. The details of Bloss (1992), Coulthard 

(1999), Pierce (2001), Li et al. (2003), Aubertin et al. (2003) and Rankine (2004) 

models are given in Section 5.2.     

 

   

 

______________________________________________________________________   
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Chapter 3 

 
  Analytical Models and In situ 

Measurements on Arching Effects 

 
3. 1 General  
The mining industry plays a significant part in the economy of countries such as 

Australia, Canada, South Africa, China and others. In the process of mining, where the 

objective is to extract the minerals from the ore body, large underground voids are 

created. These voids have to be backfilled to provide regional stability for adjacent 

mining activities. In addition, the backfilling of the underground voids provides a means 

for disposal of the unwanted waste rock generated from the mining operation. The 

waste rock, often crushed into smaller grains, can be placed back into the underground 

voids in the form of hydraulic fills, paste fills, and aggregate fill, etc., with or without 

cement. Hydraulic fills are one of the most popular mine backfills used in Australia and 

worldwide. Hydraulic filling of underground mines have been discussed in more detail 

by Sivakugan et al. (2005) and Rankine et al. (2005). 

 

To minimize barricade failures, it is necessary to properly understand the stress 

development within backfilled stopes. Anecdotal evidence shows that the stresses at 

the bottom of the mine stopes are significantly less than what one computes as the 

product of unit weight (γ) of the fill and the depth (z).  As the yielding backfill moves 

between stable unyielding rock walls, the relative movement is opposed by shear 

resistance along the rock-backfill interface and the shear stress generated along the 

contacted area tends to retain the yielding backfill in its original position. This 

phenomenon is called  arching. A schematic diagram of this process is shown in 

Figure 3.1. 
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Figure 3.1. Schematic diagram of arching within mine stopes. 

 

Relative sliding between particles is the most important mechanism of deformation 

within a fill mass. Terzaghi (1943) observed that vertical stress due to the self-weight 

of the soil is transferred to adjacent soil or containing walls. Geotechnical and mining 

problems concerning arching have typically been analysed using four different 

methods: Analytical equations, in situ measurements, physical models, and numerical 

models. It is very important to investigate the effects of arching comprehensively while 

doing backfilling in order to be able to estimate the stresses within the backfill 

realistically.  

 

In this chapter, many previous analytical solutions and in situ measurements for 

frictional sliding along the side walls and with or without cohesion at the fill-side walls 

interface are explained. Also, some analytical solutions are investigated for vertical 

stopes. The discussion of the current state-of-the-art and investigations of physical and 

numerical models related to arching in minefills are presented in Chapters 4 and 5 

respectively. The verification of analytical solutions described in this chapter against 

numerical modelling and laboratory modelling are included in Chapter 5.  

 

3.2 Necessity for Arching Consideration in Backfills 

Within a continuous stratum with no lateral confinement, vertical normal stress (σv) at a 

point is generally calculated using Eq. 3.1. Figure 3.2a shows a cross section of 

continuous strata and its corresponding vertical stress profile calculated using Eq.3.1 is 

shown in Figure 3.2b.  
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zv γσ =                                                   3.1 

where   γ = unit weight of the fill (kN/m3); and z = strata depth (m) 

 

 

 

 

 

 

 

 

 

 
     (a)                                                                     (b) 

Figure 3.2. Vertical normal stress in a continuous strata (a) cross section of strata  

(b) vertical stress profile. 

 

Figure 3.3 shows two vertical stress profiles in a narrow model stope with a height of 

600 mm and width of 100 mm, calculated using Eq.3.1 and Aubertin et al. (2003) 

solution, a modified Marston’s (1930) theory that takes arching into account. In Figure 

3.3, a density (ρ) of 1650 kgm-3 and friction angle (φ) of 35o for the strata were 

assumed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

ρ = 1650 kgm-3

φ = 35o

ρ = 1650 kg/m3

φ =  35o

Figure 3.3. Comparison of arching and non-arching vertical stress profiles. 
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Vertical normal stress using Eq.3.1 overestimated vertical stress because it fails to 

consider the influence of arching and approximately 60% of stress reduction occurs 

due to arching at the bottom of the stope. Overestimating vertical stresses causes 

backfill to be over designed for strength in minefill operations, resulting in the addition 

of unnecessary binders and significantly inflated expenditure. Therefore, it is very 

important to investigate the effects of arching while doing backfilling comprehensively, 

to be able to estimate the vertical stresses within the backfill accurately. 

 

3.3 Arching in Geotechnical and Mining Applications – Analytical Solutions 
Analytical solutions are popular tools for estimating the stresses within the backfilled 

stopes. Numerical models are able to account for the complexity of the stope geometry 

and complicated boundary conditions to meet the realistic situations. However, the 

analytical solutions provide a useful alternative approach for investigating stress 

magnitudes much more quickly than the numerical solutions. For example, Terzaghi 

(1943) analytical solution is very simple and quick compared to numerical models 

using finite element (ABAQUS, TVIS) and finite difference (FLAC, FLAC3D) software for 

arching investigation. Furthermore, analytical solutions are more suitable way for 

addressing uncertainty under conditions of limited information. In Section 3.3.1, 

previous analytical solutions and few extended solutions for vertical stopes are 

discussed. The modified analytical solution for inclined stopes is given in Section 3.3.2.  

 
3.3.1 Vertical stope  

Traditionally, cemented hydraulic fill and paste fill stopes are designed as free standing 

walls and the requirement at a specific depth is to have significant strength to sustain 

the overburden pressures due to self-weight. Conservatively the uniaxial compressive 

strength (UCS), obtained under no lateral confinement, is used as design strength 

(Grice 2001). However in reality, due to confinement by the surrounding rock and the 

resulting arching effects, the adjacent rock walls contribute partial support towards the 

fill, which was clearly explained through a confined block mechanism by Mitchell et al. 

(1982).  

 

Some arching theories have suggested that when arching occurs, the vertical stress at 

the bottom of the filled stope is significantly less than that from the self-weight pressure 

which is obtained by multiplying the depth by unit weight as in Eq.3.1 (Marston, 1930 

and Terzaghi, 1943). The following analytical solutions account for frictional sliding 

along the side walls and/or the existence of cohesion at the fill-side wall interface. 
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Marston’s theory  
In the case of backfilled stopes, Marston’s (1930) theory provides a specific solution to 

the general arching concept. Initially developed for buried conduits in ditches, this 

solution can be used to estimate the vertical and lateral loads on the stope floor and 

walls respectively.  Marston (1930) proposed a two dimensional plane strain solution 

incorporating arching and developed equations to compute the vertical (σv) and 

horizontal (σh) stresses within the cohesionless minefill stope. The vertical and 

horizontal normal stresses were expressed as: 

 ⎥
⎦
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where     φ  is friction angle of the backfill; δ is angle of wall friction (between φ
3
1  and 

φ
3
2 ); μ is tan δ, frictional coefficient between rock and fill; w is stope width; γ is backfill 

unit weight; h is stope height; and Ka is Rankine’s active earth pressure coefficient. 

 

Terzaghi’s theory 
Terzaghi (1943) has included the effect of cohesion into Marston’s theory, enabling 

these equations to be used for any soils to predict the vertical (σv) and horizontal (σh) 

normal stresses within the stope region, given by: 
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where   c is fill cohesion; φtan  is coefficient of internal friction of fill which is the same 

as μ used by Marston but withδ isφ ; and K is earth pressure coefficient.  
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Limit equilibrium Wedge 

Mitchell et al. (1982) modelled the failure of a single exposure 3-D fill mass as shown 

in Figure 3.4. A shear plane for sliding failure was defined within the block. By 

assuming that there exists some shear resistance between the fill and stope walls due 

to the fill cohesion, the design uniaxial compressive strength required to maintain 

stability with a safety factor of F can be evaluated by using the following relationship 

(Mitchell et al., 1982):  

 

cwh 

Figure 3.4. Confined block mechanism (Mitchell et al., 1982). 
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where  α  =  angle of failure plane from horizontal (= 45° + φ/2) 

l   = length of block (m) 

w  = width of block (m) 

h  = height of the block (m)  

  

In the long term, the compressive strength of the fill material is mainly due to binding 

agents and the strength contributed by friction can be neglected (i.e. φ = 0). For a 

frictionless material, cohesion is considered as half the UCS (i.e. c = UCS/2).  
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Therefore, Eq. 3.8 can be modified as: 
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Further simplifications were made by assuming, h >> w/2 and F = 2 . The required 

strength (UCS) of frictionless fill is given by;  

    
1+

=

l
h

hUCS γ
       3.10 

 

Winch analytical model 
Winch (1999) developed an analytical solution to investigate the failure of backfill 

materials by modifying the Terzaghi (1943) theory of arching. In the model, it was 

assumed that the backfill mass is considered to be a rectangular prism and the 

equilibrium equations were used in the analysis. Rankine (2004) reported complete 

details of the Winch (1999) model including general analytical solutions and limitations 

for its use in mine designs. A three-dimensional backfill stope, considered in this model 

is shown in Figure 3.5 (a) and the forces acting on the differential elements are shown 

in Figure 3.5 (b).  

 

 
3.5 (a) 
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3.5 (b) 

Figure 3.5. Winch 3-dimensional model (a) backfill stope (b) differential element 

in equilibrium (Adapted from Winch, 1999). 
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where   w   =  wall width (m) 

   l  =  wall length (m) 

   z0  = height of fill at which arching starts to develop (m) 

   σvT    =  vertical normal stress at top of the fill mass (kPa) 

 σvo   =  Vertical normal stress at z = z0  

    K   =  ratio of horizontal to vertical normal stress  

  R  = the proportion of active wall length, as the ratio of active                

length to total wall length of the stope 

  

 The ratio between horizontal and vertical stresses, K, can be considered as one of the 

two following situations: (a) when there is no lateral strain and the fill is in at-rest 

conditions, the value of K would be Ko and (b) with the exposure of one and later more 

faces at a stope, K can be considered as active states or Ka conditions. Ko and Ka can 

be given by the following relationships: 

   φsin1−=oK        3.12 
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Winch (1999) reported the values for K of 0.25, 0.20 and 0.15 for the first, second and 

third exposures respectively, in accordance with acoustic evidence (Personal 

communication with Dr. Martyn Bloss). The declining value of K is due to the release of 

horizontal confinement during fill exposure, that is not fully recovered when that wall is 

replaced by fill. Winch (1999) also reported the experimental K value as 0.22 for the 

first exposure of the cemented fill.   

 

Free standing vertical face  
Traditionally, cemented hydraulic fill and paste fill stopes are designed as free standing 

walls and the requirement at a specific depth is to have significant strength to sustain 

the overburden pressures due to self weights. The overburden pressure can be 

estimated by multiplying the unit weight of corresponding fill (γ) and the filling depth (z). 

Grice (2001) defined the following relationships while designing the exposed face as a 

free standing wall and suggested that: 

 

   zUCS γ≥        3.14 

 where z = depth from the free surface (top of the fill) 

 The effect of lateral confinement and the strength increase due to confinement are 

completely ignored, which leads to a conservative estimation. According to Eq.3.14 the 

required UCS increases linearly with depth. This is shown in Figure 3.6. This approach 

 
Figure 3.6. Design of backfill as a freestanding wall (Grice, 2001). 
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is very conservative and this does not take into account the reduction of arching 

stresses during the backfill operations.  

 

Modified Marston’s theory  

For cohesionless backfills, Aubertin et al. (2003) modified the two dimensional 

Marston’s theory based on the status of the stope wall during the filling operation as 

active, at-rest and passive. Figure 3.7a shows the schematic diagram of a 2-

dimensional stope and the free body diagram with forces is shown in Figure 3.7b.  

 
Rock mass 

 

 

 

 

 

 

 

  

 (b) 
σv

Backfill 
stope 

Void space 

dh 
h 

w

V 

W 
S 

C
S

C 

Rock mass
V+dV 

 

 
Rock mass  

                   (a)  

Figure 3.7. (a) Schematic diagram of a 2-dimensional stope and (b) the free body diagram 

with forces (Aubertin et al., 2003). 

 

Here, V is the shearing force at the fill-rock interface, C is the lateral compressive 

force, and S is the shearing force at the fill-rock interface. They assumed that 

φμ tan=  as in the case with Terzaghi’s extension to Marston theory.  Three different 

earth pressure coefficients have been introduced from the soil mechanics theory. The 

following equation shows the modified version for predicting the vertical (σv) and 

horizontal (σh) normal stresses at depth h within the backfilled stopes. 
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where   φ = effective friction angle of the fill (degree); K= earth pressure coefficient 

which varies depending on the likely lateral deformation of the stope wall   (Ka, Ko, Kp) 

and these are given as the following relationships: 

 

  Active pressure coefficient     )2/45(tan2 φ−== o
aKK

  Passive pressure coefficient     3.16 )2/45(tan2 φ+== o
PKK

   At-rest pressure coefficient    φsin1−== oKK  

In fact, Equation 3.15 is simply derived from Equation 3.5, by substituting c = 0. The 

main difference from Terzaghi’s equation is the different values used for K. 

 

Extended 3-dimensional Marston theory 
Li et al. (2005) developed a solution based on a generalized version of the Marston’s 

approach. The equations were developed by assuming that the loads were applied as 

uniformly distributed stresses on the isolated layers during the fills. At a particular 

height (h), a horizontal layer is subjected to different lateral compressive forces (Ci, i 

=1, 4), vertical and horizontal shearing forces on the fill-wall interface (Si and Ti, i = 1, 

4), longitudinal and transverse internal shearing forces (SL, SB) and internal vertical 

forces (V) acting on the horizontal surfaces (see Figure 3.8).   

B

 

 
Figure 3.8. Free body diagram of an element (Li et al., 2005). 
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The vertical normal stress (σv) acting across the horizontal plane at height h is 

deduced as follows: 
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where   h    = stress height from the bottom (m)  

   Ki (i =1, 4) is expected to be between rest (Ko) and active (Ka) 
   331113 tantan δδλ KK +=  

   442224 tantan δδλ KK +=  

    33113113 tantantan(tan2 δαδα +++= ccck

    44224224 tantantan(tan2 δαδα +++= ccck

δi ≤ φ and ci ≤ c (i =1, 4), where φ is the backfill friction angle and c is 

fill cohesion 

αi (i=1,4) =   angle of failure plane from horizontal (at rest αi = 0, active αi = (45o-

φ/2) and passive αi = 45° + φ/2) 

 

When the size of the opening (w, l) is large enough, the extent of arching diminishes 

and the vertical stress tends toward the overburden pressure (γh). This implies that 

arching effects can be neglected while designing for large opening stopes. 

 

Li et al. (2005) simplified the above generalized solution for some special cases: 

 

(a) When the four walls around the opening are composed of a single material (i.e. 

δ1 = δ2 = δ3 = δ4 = δ and c1 = c2 = c3 = c4= c); Eq. 3.17 becomes 

 

[ ]{ }δ
δ

δαδαγ
σ tan)(2exp1

tan)(2
])tantan21()tantan21[(2

2
1

1
1

2
1

1
1

)1
2

1
1 KlKwh

KlKw
lwc

v
−−

−−

−−

+−−
+

+++−
=    3.18 

 

(b) When the surrounding rock is the same and when the walls react in the same 

manner, K1 = K2 = K3 = K4 =K, and α1 = α2 = α3 = α4 = α.  Eq. 3.18 then 

becomes; 
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(c) When the opening length is significantly larger than its width (i.e., l >> w), Eq. 

3.19 reduces to a 2-dimensional solution: 

 

   [ ]{ }δ
δ

δαγ
σ tan2exp1

tan2
)tantan21(2 1−−−

+−
= hKw

K
cw

v    3.20 

 

Here, α is an angle based on soil status with respect to lateral yielding. When the soil 

is at an at-rest state α = 0, Eq.3.20 reduces to that similar to Eq.3.5 suggested by 

Terzaghi (1943). Also, when the material is cohesionless, Eq.3.20 reduces to Eq.3.15, 

one of the modified 2-dimenional Marston equation suggested by Aubertin et al. 

(2003). 

 

Extended solution from Marston theory by the Author 
The analytical solution presented above by Marston (1930), Terzaghi (1943) and 

Aubertin et al. (2003), etc are for 2-dimentional stopes where the fills are subjected to 

plane strain loading. In reality, mine stopes are rarely 2-dimensional, and therefore it is 

quite useful to extend these theories to three dimensions. An attempt is made here to 

extend the above theories and develop expressions for vertical and horizontal stresses 

within a 3 dimensional mine fill stope. These are also extended to circular and square 

stopes. While stopes with circular cross sections are uncommon, they are quite easy to 

model using finite element or finite difference packages as axi-symmetric problems. 

Square stopes can be approximated as axi-symmetric problem with an empirical 

correction factor as approximate. 

 

A schematic diagram of a 3-dimensional stope is shown in Figure 3.9 (a) with the 

dimensions. Figure 3.9 (b) shows the free body diagram of the forces acting on an 

infinitesimal horizontal layer within a vertical stope, where z is the stope depth, w the 

stope width, dz the thickness of the layer element, dW is the weight of the backfill layer 

element. dC is the lateral compressive force, and dS is the vertical shearing force at 

the fill-rock interface and V and V + dV are vertical normal forces at depths z and z + 

dz respectively.  
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(a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

(b) 

Figure 3.9. (a) Schematic diagram of a 3-dimensional stope  

and (b) the free body diagram with forces.  

 

Weight of the element     wldzdW γ=   3.21 
 
Compressive forces acting on the vertical faces     hdzlwdC σ)(2 +=    3.22 
 
The shear force S is defined as:   δσ tan)(2 hdzlwdS +=       3.23 
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For the equilibrium of the small element, 
      dWVdSdVV +=++   3.24 
 
Assuming σv  uniformly distributed over the entire cross sectional area,   
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V
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The relationship between σv and σh is given as follows: 

The following relationships can be found out from Eqs. 3.21 to 3.25; 
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By integrating Eq.3.27, vertical and horizontal stresses which are acting within the 

stope at depth z can be shown as: 
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For a square stope w = l and the above equations become, 
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These are also valid for circular stopes. For a very long stope, w/l = 0, and the Eqs. 

3.30 and 3.31 reduce to Eqs. 3.15 and 3.16, given by the modified Marston theory or 

Terzaghi’s with c = 0. 

 

Typically, rock is around two orders of magnitude larger in stiffness than backfill 

materials, therefore it is expected that the wall movement is very small and once 

backfill is in place, it would be at an at-rest condition (i.e. K = Ko). In addition, from 

geotechnical consideration during loose backfilling it can be assumed that the angle of 

wall friction is 2/3 of the backfill frictional angle. Marston (1930) used the angle of wall 

friction between 1/3 and 2/3 of the backfill friction angle.  
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Comparison of Analytical solutions 
It is necessary to compare the proposed analytical solutions from this dissertation to 

previous analytical solutions in minefill designs. In this section, a 2-dimensional 

solution proposed by the author was compared to the Marston (1930) and Aubertin et 

al. (2003) 2-dimensional solutions. Also, a 3-dimensional solution proposed by the 

author was applied to different stope length and width in order to investigate the effects 

of stope aspect ratio (l/w) on stress development within filled stopes.   

 
2-dimensional solutions 

A narrow stope with a dimension of 10 m width (w) and 60 m height (h) was selected to 

compare with Marston (1930) and Aubertin et al. (2003) 2-dimensional solutions. Table 

3.1 shows the input parameters of backfill materials; such as bulk density, friction 

angle of backfills, friction angle between rock and backfills and lateral earth pressure 

coefficient. Further, the interfacial friction angles and the lateral earth pressure 

coefficients for all analytical solutions were calculated according to the correlation put 

forward by the corresponding authors; 23.3o and 0.43 for proposed solution by the 

author, 17.5o and 0.33 for Marston (1930) and 35o and 0.43 (Ka), 0.33 (Ko) and 3.69 

(Kp) for Aubertin et al. (2003). 

 
Figure 3.10 shows the variation of vertical normal stress with depth based on 

Marston’s theory, Aubertin et al’s theory with K = Ko, K = Ka and K = Kp, the proposed 

solution by author in addition to overburden stress. The vertical normal stresses were 

significantly less than the overburden pressure in all analytical solutions, especially at 

the bottom of the stopes. This is evidence that arching develops with increasing stope 

depth in backfilling mine stopes. Therefore, it is necessary to determine the actual 

vertical normal stress within the stopes using one of these analytical solutions to 

design backfills safely and economically.  

 
Table 3.1. Input parameters for analytical solutions 

Aubertin et al. (2003) 
 Parameters Marston 

(1930) Ka Ko Kp

Proposed in 
this thesis 

Bulk density, ρ (kg/m3) 1800 1800 1800 
Backfill friction angle, φ 
(degree) 35 35 35 

Interfacial friction angle, δ 
(degree) 17.5 35 23.3 

Lateral earth pressure 
coefficient, K 0.33 0.43 0.33 3.69 0.43 
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Figure 3.10. Variation of vertical normal stress vs. stope depth with different analytical solutions.  
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As shown in Figure 3.10, Aubertin’s theory in the case of K=Kp, the results showed that 

the vertical normal stresses were well underestimated compared to other solutions. It 

was approximately 38 kPa throughout the stope depth. In the case of Marston’s theory, 

the vertical normal stress was smaller than overburden pressure and higher than 

Aubertin’s theory with K=Ko and K=Ka and the proposed solution by the author. 

Further, the vertical normal stress from the proposed solution was between Marston’s 

theory and Aubertin’s theory with K=Ko and K=Ka.   

 

Figure 3.11 shows the transformation of the vertical normal stress (%) based on the 

overburden pressure of corresponding backfill materials to the bottom of the stope with 

its depth for Marston, Aubertin and author analytical solutions. The trend of all curves 

was the same and the ratio ranged from 100% to 50% or less between the top and 

bottom of the stope levels. The percentage of vertical normal stress transformation to 

the bottom of the stopes and the stope walls for all cases is shown in Table 3.2. These 

analytical solutions are compared to physical models and numerical modelling in 

Chapter 5.  
Table 3.2. Comparison of vertical stress transformation at the 

bottom of stopes using different analytical solutions 

Vertical stress transformation (%) Analytical solution stope bottom stope wall 

Marston’s theory  

Aubertin’s theory (K=Ko) 

                            (K=Ka) 

Proposed solution by author 

57 

27 

34 

40 

43 

73 

66 

60 

 

3-dimensional solutions 

In this section, the proposed analytical solution by the author for a 3-dimensional stope 

was used to determine the vertical normal stress within square (circular) and 

rectangular mine stopes. Here, stope sizes were used with a dimension of 10 m stope 

width (w) and 60 m stope height (h) by varying the stope length (l) from 10 m to 70 m 

in order to achieve the length to width ratio (l/w) between 1 and 7. The input 

parameters for 3-dimensional analysis were the same as for 2-dimensional analysis 

(see Table 3.1).  

 

Figure 3.12 shows the vertical normal stress when the stope aspect ratios from 1 to 7 

using the 3-dimensional analytical solution proposed by the author in section 3.3.1 and 

overburden pressure against the stope depth. For, all stope aspect ratios, the average 
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Figure 3.11. Percentage of vertical normal stress transformation vs. stope depth with different analytical solutions.
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Figure 3.12. Vertical normal stress vs. stope depth for different stope aspect ratios using 3-dimensional solutions. 
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vertical normal stresses were significantly less than the overburden pressure along the 

stope centre line. The lowest vertical normal stress was obtained when the aspect ratio 

is equal to 1 (square stopes or circular stopes) and it increased by increasing the stope 

ratio from 1 to 7. Further, the vertical normal stress slightly increased when the stope 

aspect ratio was larger than 4 and stresses were approximately equal when the aspect 

ratio was from 5 to 7. The comparison between the 3-dimensional proposed analytical 

solutions and the numerical modelling using FLAC3D are reported in Chapter 5.  

   

3.3.2 Inclined stope 

Mining stopes are rarely vertical and the stope inclination may have significant effects 

on the development of stresses. Figure 3.13 shows a schematic diagram of an inclined 

stope at mine sites. The stope is supported between the Footwall (FW) and 

Hangingwall (HW) and the backfill is supplied through drives which are located at 

different levels during the underground excavations. While placing backfill into the 

stope, the footwall and hangingwall can influence the way in loads are distributed. The 

stresses in backfills can be separated into those which are caused by the dead weight 

of the backfill and those are induced by the convergence of the hangingwall and the 

footwall. The actual stress can be considered as the addition of these two parts.  

 

Knutsson (1981) mentioned that a wall inclination of less than 30o to the vertical would 

have a fairly minimal influence of less than 10% on the stress magnitude computed, 

assuming the walls are vertical. Aubertin et al. (2003) have extended Knutsson’s 

suggestion and showed that the load distribution is different between the vertical and 

inclined stopes. For the inclined stope, arching effects appear less developed, but 

 

 

 

 

 

 

 

 

   

     

 
Figure 3.13. Schematic diagram of an inclined stope at mine sites  

(Martin et al., 1999). 
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there is a portion of the pressure that is partially transferred to the footwall due to fill 

weight. Aubertin et al. (2003) recommended more research, including the effect of 

complex stope geometry and the analysis of rock-fill interaction to improve the 

available models. Rankine (2004) has investigated vertical normal stresses within 

vertical stopes only by numerical modelling.  

 

Li et al. (2007) recently studied stress distribution within inclined backfilled stopes 

using FLAC. They extended the Li et al. (2003)’s numerical models of the vertical 

stopes to inclined backfilled stopes. In the code used by Li et al. (2007) the rock mass 

is considered homogeneous, isotropic and linear elastic, whereas the backfill is 

assumed to be elasto-plastic and obey the Mohr-Coulomb criterion. The vertical and 

horizontal stress development within the backfilled stopes was investigated along the 

central line, hangingwall and footwall, when the angle between 90o and 60o. The 

results show that the vertical and horizontal stress in inclined stopes is approximately 

similar trend and equal, but these are somewhat smaller than in the case of vertical 

stopes. Furthermore, Li et al. (2007) investigated the influence of backfill parameters, 

which include stiffness, Poisson’s ratio, cohesion, friction angle and dilation angle of 

the backfill on stress developments within the inclined backfilled stopes. There is 

relatively little effect on the stress distribution due to the stiffness and Poisson’s ratio of 

the backfill. However, the cohesion, friction angle and dilation angle have significant 

influence of stress developments, the trends are similar to in the case of vertical 

stopes. 

 

Pakalnis et al. (2005) reported the design parameters for Underhand-Cut-and-Fill 

Mining, where a major concern in the design of sillmats was the loading and strength 

associated with the overlying sillmat. Sillmat is simply pastefill, mixed at much higher 

cement content, placed at the bottom of the stope to a thickness of at least the width of 

the stope. Pakalnis et al. (2005) followed an analytical approximation of Caceres 

(2005) and numerical modelling using FLAC to investigate design parameters for the 

inclined sillmats.  

 

Caceres (2005) modified analytical approximation 
In the case of inclined backfill stopes, Caceres (2005) reported the Musselwhite mine 

of Placer Dome as a case study and studied the loading conditions that exist on 

cement rockfill sillmats. An analytical solution was derived by modifying the Marston 

(1930) theory for vertical section to a related numerical solution for an inclined fill 

______________________________________________________________________                
 39



Chapter 3                     Analytical Models and In situ Measurements on Arching Effects 

stope. The modified approximate analytical solution for a narrow inclined stope with 

any backfill is given as: 
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where  σv = vertical normal stress with inclined narrow stopes  (kPa) 

  K  = Coefficient of lateral earth pressure ≈ 1.4Sin2φ – 2Sinφ +1  

  β  = Inclination of stope to horizontal  (o) 

 

In this thesis, the coefficient of lateral earth pressure (K) was investigated further to 

study the status of backfill within the inclined stopes. Here, friction angles of backfills 

were varied from 25 to 40 degrees to investigate the relationships between the 

coefficient of lateral pressure of Caceres (2005) approximation (KCaceres), and active, 

passive and at-rest conditions. It was determined that the passive lateral pressure 

coefficient is significantly higher than Caceres (2005) earth pressure coefficient and 

further analysis was carried out only with active and at-rest conditions. Figure 3.14 

shows the variation of earth pressure coefficients against the friction angles of backfills 

in the cases of the active lateral earth pressure coefficient, at-rest conditions and 

Caceres (2005) approximations. The studies clearly show the value of KCaceres lies in 

between Ko and Ka. Caceres (2005) modified solution could be considered as active 

conditions when the backfills have friction angles less than 35 degrees. In the 

research, it was proposed for considering the Australian hydraulic fills as active 

conditions. The direct shear test results for Australian hydraulic fills are reported in 

Chapter 4. 

 

When the stope is vertical and the inclination angle is 90 degrees (i.e. β = 90ο), Eq. 

3.32 becomes; 
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Eq.3.33 is the same as modified Marston’s theory by Aubertin et al. (2003) for the 

vertical narrow stope with cohesionless soils but with different K. Therefore, Eq.3.33 

can be used for cohesionless back fills (uncemented hydraulic fills or sand fills) while 

the stopes are inclined. 
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Figure 3.14. Earth pressure coefficient vs. internal friction angle of backfills. 

 

3.4 Arching in Geotechnical and Mining Applications – In Situ Measurements 
Determining the in situ stress acting within any given backfilled stope is important in 

assessing the overall stability of the mine. Generally, mining operations are more 

complicated processes when compared to other geotechnical work because of their 

large depth below ground surface. Further, it is very difficult to mobilize in situ 

instruments for performing stress measurements at the bottom of the stope and rock-

backfill interface locations within a mine. After reviewing literature the following details 

are reported in this section and Knutsson’s (1981) findings were used for verification of 

the numerical models developed in Chapter 5.  

 

Knutsson (1981) carried out in situ stress measurements within three stopes at 

Nasliden mine of the Boliden Company for several years. In all sections the stress 

component perpendicular to the hangingwall was measured, in addition of some 

vertical and horizontal stress components. The in situ bulk density and void ratios were 

2.2 tm-3 and 0.75, respectively. The dimensions of the three stopes are shown in Table 

3.3. The ratio between length (l) and width (w) is approximately 10 or higher (i.e. l/w 

≥10) and these stopes can be considered as narrow stopes and analysed as 2-

dimensional stopes.   
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Table 3.3: Stope geometry 

Stope number Length (m) Width (m) Height (m) 

1 

2 

3 

200 

160 

150 

17 

9-14 

15 

30-40 

35-50 

40-55 

 

The heights of stope 1, 2 and 3 are between 30 m and 55 m and measured stopes can 

be considered as very narrow stopes; for instance 2FA7 and 2FB4. In 2FA7, the 

number 2 indicates the stope number, FA provides the details of the side of the stope 

and 7 is the test number. Figure 3.15 shows the overburden pressure of backfills and 

(a) in-situ horizontal and (b) vertical stress measurements against stope depth at a 

stope 2FA7. A good agreement was obtained between measured and overburden 

pressure for horizontal and vertical normal stresses to about 15 m below the surface of 

the backfill. Beyond this depth the measured stresses decreased considerably 

compared to the overburden pressure. At the stope bottom, approximately 40% of 

overburden pressure was measured due to higher friction between the rock and 

backfill. Knutsson (1981) concluded that on average, arching is responsible for 30-40% 

stress reduction from total stress in the backfill. 

 

Overburden pressure (= Koγh) 

In situ horizontal stress at 2FA7 stope 

(a) 
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In situ vertical stress at 2FA7 stope 

Overburden pressure ( =γz) 

 

(b) 

Figure 3.15. In situ stress measurements and the overburden pressure of backfill at stopes 

2FA7 (a) horizontal stress and (b) vertical stress (Adapted from Knutsson, 1981). 

 

Roux et al. (2005) conducted a field investigation of the Golden Giant mine’s paste fill 

to quantify the in situ properties and provide the data needed for mix design 

optimization. A self-boring pressure meter (SBP) was used for testing of undisturbed 

paste fill in situ. The results of the SBP test were expressed in terms of the shear 

modulus, shear strength and in situ stress (Table 3.4). The SBP results show that the 

undrained shear strength of the in situ paste fill tested ranges from 435 kPa to 641 kPa 

and that the modulus ranges from 239 MPa to 514 MPa. Roux et al. (2005) performed 

similar laboratory prepared paste fill to represent and compare field data. The 

comparison of the results reflects that the strength and stiffness of the field materials 

are higher than the samples which were prepared at the laboratory: the undrained 

shear strength is between 50% and 80% higher and the shear modulus is from 100% 

to 150% greater in the field. 

 

Figure 3.16 shows the in situ vertical stress in a paste fill, measured using SBP and 

the stress calculated with self-weight (γz). In the field, stress developments are 

complicated processes due to the involvement of several contributing factors. 

Typically, paste fill is placed into an open stope that has already de-stressed and  
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Table 3.4. Summary of the self-boring pressure meter test results (Roux et al., 2005) 

Test 

number 

Height above 

stope base (m) 

In situ vertical 

stress (kPa) 

Undrained Shear 

strength (kPa) 

Shear modulus 

(MPa) 

B3T1 6.9 170 463 338 

B3T2 7.9 150 435 363 

B4T1 1.9 185 525 308 

B4T2 2.9 210 567 344 

B4T3 4.9 195 509 356 

B4T4 5.9 230 641 315 

B4T5 6.9 190 516 514 

B4T6 8.4 180 576 258 

B4T7 9.9 168 575 317 

B4T8 11.4 85 488 339 

B4T9 12.8 70 464 264 

B6T1 8.9 360 551 239 

 

therefore, at least initially, the stress regime in the paste fill is due to self-weight only 

and the minimum and maximum stresses are in horizontal and vertical, respectively. 

However, when the material gains strength, stress can redistribute due to arching. 

Roux et al. (2005) reported that this phenomenon is influenced by the material 

properties of the paste, the geometry of the stope and the friction that develops at the 

cemented paste fill and rock interface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.16. Maximum in situ vertical stress in cemented paste fill versus  

elevation from the base (Roux et al., 2005). 
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3.5 Summary and Conclusions  
Arching is a very important phenomenon in mine backfilling that needs to be properly 

understood so that the stresses within the stope can be estimated realistically. There 

are four ways to investigate the stress measurements such as analytical solutions, in 

situ models, numerical models, and physical models. In this chapter, the current state-

of-the-art was studied for the first two methods when the stope is both inclined and 

vertical in geometry. Marston’s (1930) analytical solution to estimate the average 

vertical stress at any depth within the minefill was later extended by Terzaghi (1943) 

and Aubertin et al. (2003). These were specifically for long stopes that can be 

approximated as 2-dimensional plane strain problems. Winch (1999) and Li et al. 

(2005) also extended the Marston approach for estimating the vertical stresses within 

3-dimensional problems.  

 

In this dissertation, author extended the analytical solution to generalized 3-

dimensional rectangular stopes, which are more common in the mines. The proposed 

generalized Marston theory is then extended to square and circular stopes, mainly for 

comparison with numerical models in Chapter 5.  

 

The effect of stope inclination and modified analytical solutions from Marston’s theory, 

proposed by Caceres (2005) were discussed. Caceres (2005) proposed an equation 

for σv and a unique expression for lateral earth pressure within an inclined stope. This 

was compared with Rankine’s active earth pressure coefficient (Ka) and at-rest earth 

pressure coefficient (Ko) used in soil mechanics. It appears that this new coefficient lies 

between Ko and Ka.   

 

Finally, the limited in situ measurements of stresses, strength and stiffnesses within 

mine stopes, as reported in literature are reviewed in Section 3.4. This includes 

Knutsson (1981), and Roux et al. (2005). 
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Chapter 4 

 
Experimental Models on Arching Effects 

 
4. 1 General  

This chapter presents a review of previous studies on friction angles (φ) of soils and 

interfacial angles (δ) between soils and contact surfaces. Also, the direct shear tests 

carried out in this research to investigate the friction angles of hydraulic fills from three 

different Australian mines are discussed. A modified direct shear test instrument was 

used to investigate the interfacial friction angles between these hydraulic fills and three 

different wall surfaces; low, medium and high roughnesses. The frictional properties 

measured, are used as input parameters for the numerical modelling in Chapter 5. 

This is required in order to incorporate interface elements using FLAC software, while 

developing an arching model numerically. The measurement of frictional angle of the 

hydraulic fill and the interfacial friction angle between hydraulic fill and wall surfaces 

are discussed in Sections 4.2.1 and 4.2.2 respectively. Previous physical modelling in 

geotechnical and mining applications related to arching are also reported in Section 

4.3. A laboratory model is developed to study arching within hydraulic fill stopes 

(Section 4.4), which is used to compare and verify the analytical and numerical 

solutions developed in this research.  All experimental results related to arching effects 

are reported in this chapter and the verification of analytical solutions, numerical 

modelling and in situ measurements are discussed in Chapter 5. 

 

There are very limited publications especially in relation to the physical models on 

arching in mine backfilling operations. Arching is a well known phenomenon, which 

has been identified experimentally in civil engineering and mining applications (Li et 

al., 2003). These include following experimental models by previous researchers, such 

as earth pressure on retaining walls (Handy, 1985; Take and Valsangkar, 2001), 

vertical stress and support requirements above tunnels and other underground 

situations (Terzaghi, 1943; Ladanyi and Hoyaux, 1969, and Iglesia et al., 1999), piled 

embankments (Low et al., 1994), loading on conduit (Spangler, 1962; Handy, 1985; 

McCarthy, 1988) and a hard rock mine to assess sillmat behaviour during undercut 
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mining (Euler and Aldrich, 2002). Potential use of such physical models is valuable as 

a means of a comparison and verification tool against numerical modelling, analytical 

solutions and in situ measurements relating to stress measurements within stopes. 

 

4.2 Laboratory tests for friction angles and interfacial friction angles 
In many engineering applications such as foundations, retaining walls, pipes, sheet 

piling and mine backfilling, the shear strength parameters of the surrounding soils and 

rock are important for the designs. Here, internal friction angle (φ), cohesion (c) and the 

interfacial friction angles (δ) between rock or stiff surrounding materials and the soils 

are the three commonly required shear strength parameters. A conventional and a 

modified direct shear apparatus were used to carry out numerous tests on several 

hydraulic fill samples with various relative densities at James Cook University 

Geotechnical Laboratory.  

 

4.2.1 Determination of frictional angle (φ) of hydraulic fills 

The friction angle of hydraulic fills is an important parameter in the analysis of static 

and dynamic stability of the fill mass. Mitchell et al. (1975) reported that the 

underestimation of these values will result in the underestimation of the arching effect 

within the mine stopes. This will lead to overestimation of vertical normal stresses 

within the minefill and hence more cement requirement to attack the overestimated 

vertical stress. Furthermore, it is difficult to carry out in situ measurements as the mine 

stopes are located 200 meters or more below the ground surface which makes the 

mobility of the in situ apparatus to the mine stopes difficult. Therefore, the laboratory 

tests were carried out to achieve realistic values of friction angle for hydraulic fills.  

 

Direct shear tests 
The direct shear test is one of the simplest and oldest strength tests to measure the 

shear strength parameters of cohesionless soils, i.e. angle of internal friction φ. This is 

a strain-controlled test, where a strain rate controls the loading applied on a testing 

specimen. Figure 4.1 shows a simplified schematic diagram of the direct shear test 

apparatus (Sivakugan, 2008). The apparatus consists of an upper and a lower half 

called the shear box and the upper half is moved horizontally while the lower one is 

fixed during the tests. 

 

 

 

______________________________________________________________________ 
 47



 Chapter 4                                               Experimental Models on Arching Effects     

 

24.08 mm 

60 mm 

 

 

 

 

 

 
 

Figure 4.1: Schematic diagram of the direct shear test apparatus (Sivakugan, 2008) 

 

The dimension of the direct shear box used in these tests is 60 mm x 60 mm plan area 

and 24.08 mm depth. At the beginning of the tests, the upper and lower halves are 

connected by use of screws, and a base plate is placed in the lower half with a porous 

stone placed on top of the base plate. Dry samples are then poured into the shear box 

at different relative densities to determine the friction angles of hydraulic fills. From the 

plot of the shear stress (τ) versus the horizontal displacement, the maximum shear 

stress is obtained for a specific vertical confining stress. After the experiment is run 

several times at least four different normal stresses, a plot of the maximum shear 

stresses against the normal stress (σ) for each of the tests is produced. Using the 

failure values from the plot, a straight line approximation of the Mohr-Coulomb failure 

envelope can be drawn. For cohesionless soils (c=0), the shear strength can be 

computed from the following equation: 

φστ tan=      4.1 

Direct shear tests were carried out on 12 different hydraulic fill samples from three 

different mines, namely Ai (i = 1), Ci (i = 2, 3) and Di (i = 1-9) to determine the peak 

friction angles based on the Australian Standards (AS 1289.6.2.2). Figure 4.2 shows 

the direct shear apparatus at James Cook University Geomechanics Laboratory. Table 

4.1 shows the friction angles of these samples at different states of packing; very 

loose, loose, medium, dense and very dense. Here, the normal stresses of 45 kPa, 90 

kPa and 175 kPa were used to investigate the friction angle of each hydraulic fill 

sample. As shown in Table 4.1, a slight increase of friction angle was noticed for most 

of the samples from very loose (relative densities, Dr, from 0% to 15%) to loose (15% 

to 35%) states. The friction angles of above hydraulic fills increased significantly with 

relative density beyond 35%, especially for dense and very dense states. Overall, the 

internal friction angles increased with the increase in relative density for all samples as  
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Figure 4.2. Direct shear apparatus at James Cook University. 

 

expected. It was also noticed that while samples A and C have similar values of friction 

angles at comparable relative densities, sample D has relatively higher values of φ at 

higher relative densities. These significant variations in friction angles of hydraulic fills 

were studied by having a closer look at the grain size distributions and shapes of the 

grains.  

 
Table 4.1 Measured friction angles for 12 different hydraulic fill samples 

Friction angle φ (ο)  Sample 
ID Very loose Loose Medium Dense Very dense 
A1 27.6 (0 %)* 29.2 (24 %) 31.0 (64 %) 36.6 (74 %) - 
C2 33.1 (0 %) 33.9 (30 %) 36.2 (49 %) 38.7 (69 %)  
C3 29.7 (0 %) 30.4 (29 %) 31.0 (46 %) 33.6 (70 %) - 
D1 30.5 (0 %) 30.5 (19 %) 33.4 (61 %) 36.7 (81 %)  
D2 31.0 (0 %) 31.0 (34 %) 36.5 (54 %) 39.0 (81 %) - 
D3 36.2 (13%) 36.2 (30 %) 38.5 (54 %) 41.3 (68 %) 43.6 (88 %) 
D4 32.0 (0 %) 32.3 (24 %) 35.8 (47 %) 40.2 (67 %) - 
D5 32.6 (0 %) 32.6 (21 %) 36.7 (54 %) 37.9 (75 %) - 
D6 35.5 (0 %) 35.5 (32 %) 38.2 (51 %) 43.6 (75 %) 49.2 (93 %) 
D7 29.9 (6 %) 30.0 (27 %) 34.6 (60 %) 36.9 (72 %) 
D8 34.4 (5 %) 35.5 (24 %) 37.5 (48 %) 42.9 (82 %) 
D9 33.8 (0 %) 34.9 (27 %) 39.8 (56 %) 41.3 (72 %) 

- 

* Dr values shown in parentheses 
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Grain size distribution and grain shape of hydraulic fills 

A Malvern MatserSizer-X laser particle sizer was used to obtain the grain size 

distribution for the hydraulic fill samples. The Malvern Mastersizer-X laser particle sizer 

works on the principle of laser ensemble light, and consists of an optical measuring 

unit that forms the basic grain size sensor. A computer directs the measurement and 

performs grain size analysis. The sample preparation technique of samples A, C and D 

was similar to Rankine’s (2006) procedures.  

 

Figure 4.3 shows the density, specific gravity and average grain size distribution for the 

above twelve hydraulic fill samples. Three samples of each of the hydraulic fills (36 

sizing analysis) were used to test the grain size distribution and the average results are 

used for the plot. As can be seen in Figure 4.3, while samples A and C approximately 

followed the same trend and similar sizes, samples D were significantly different in 

trend and contained larger grain sizes. In this section, samples A1, C3 and D2 were 

considered for further analysis of size and shape of grains to represent the typical 

hydraulic fills from mines A, C and D. The values of size of 10% passing (D10), size of 

30% passing (D30), size of 50% passing (D50), size of 60% passing (D60), coefficient of 

curvature (Cc) and coefficient of uniformity (Cu) for samples A1, C3 and D2 are 

summarized in Table 4.2. 

 
Table 4.2: Density, specific gravity and grain size distribution data for hydraulic fill  

samples A1, C3 and D2 

Parameter A1 C3 D2 
Dry density  (kgm-3) 
Specific gravity  

1508 
2.79 

1628 
4.36 

1753 
3.71 

D10 (μm) 20 12 32 
D30 (μm) 60 60 150 
D50 (μm) 100 100 300 
D60 (μm) 130 134 329 
Cc 1.49 1.90 1.74 
Cu 6.97 11.08 8.57 

 

The effective grain size of a granular soil is typically defined as D10, the size of the 

sieve which just allowed the first 10% by weight of the soil to pass. This is a valid 

representation of the pore channel’s size that allows flowing of water. Hazen (1892, 

1930) developed following relationship for clean sands in loose state. Here, the sand 

has no fines and is uniformly graded.  

  k (m/s) = CD10
2    4.2 

where k is the coefficient of permeability of the soil in m/s; C is a constant between 

0.01 and 0.015 and D10 is in mm.  
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Figure 4.3: Grain size distribution for 12 hydraulic fills from three Australian mines 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3. Grain size distribution for 12 hydraulic fills from three Australian mines. 
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The coefficient of uniformity (Cu) and the coefficient of curvature (Cc) are given by the 

following relationships: 

     
10

60

D
D

C u =       4.3 

   
1060

30
2

DD
DCc =     4.4 

Rankine (2006) gave a complete discussion of the grain size distribution for 25 

Australian hydraulic fills, which contained mainly silt-size (2-75μm) and sand-size 

grains (> 75 μm), with typically less than 1% clay fractions. Rankine (2006) also 

reported that the rule-of-thumb used in most Australian mines is to define the hydraulic 

fill tailings, as containing less than 10% grains passing 10 μm. Also, Thomas and 

Holtham (1989) showed that the grain size of 10 μm is commonly chosen as the 

arbitrary value between coarse and fine grains. Harget and Korompay (1978), 

Kuganathan (2002), Cowling et al. (1988), Brady and Brown (2002) and Bloss (1992) 

reported the typical value of D10 as between 35 μm and 10 μm for hydraulic fills. 

Therefore, the hydraulic fills from the mines A, C and D follow the rule-of-thumb.    

 
Scanning electron micrographs were used to determine the grain shape of the 

hydraulic fills. Figure 4.4 shows the scanning electron microscope at the Advanced 

Analytical Centre (AAC) in JCU.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4. Scanning electron microscope AAC, JCU. 
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Figure 4.5 shows the SEM images of hydraulic fills A1, C3 and D2 from the laboratory 

tests. Nicholson and Wayment (1964) and Pettibone and Kealy (1971) reported that 

hydraulic fills typically contain highly angular grains. This angularity can occur while 

crushing of the waste rock. The grains in all SEM images are quite angular, suggesting 

the materials will have a relatively high friction angle. Here, hydraulic fills A1 and C3 

have relatively less angular grains compared to those of hydraulic fill D2. Also 

hydraulic fill D2 has a large number of narrow and long grains compared to hydraulic 

fills A1 and C3. This increases interlocking between the grains, and results in high 

friction angles for the mine D HF material.  

 

      
(a) A1                   (b) C3 

 

(c) D2 

Figure 4.5. SEM images of hydraulic fills A1, C3 and D2. 
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Therefore, the grain size distribution and shape of hydraulic fill grains could 

significantly influence the friction angles of hydraulic fills in stress measurements within 

the stopes. The friction angle of hydraulic fills and interfacial friction angle between the 

fills and corresponding solid surface are reported below. 

 

The Standard Penetration Test (SPT) is the best known and commonly used in situ 

strength testing equipment. It is used to correlate the strength and stiffness of granular 

soils to the penetration resistance of the tip. During the tests, the SPT blow count, N, is 

recorded in the field. Gibbs and Holtz (1957) reported that the relationship between 

relative density and SPT blows depends on the characteristics of sand, whether it is 

dry or saturated, and on the overburden pressure. This led to investigate a correction 

factor for overburden pressure. The corrected N values (N1) can be obtained using the 

following formulae: 

NCN N=1  4.5 

  
vo

NC '
76.95

σ
=   4.6   

where CN = adjustment for effective overburden pressure  

σ’vo = overburden pressure (kPa) 

 

Skempton (1986) reported that in carrying out the SPT test the energy delivered to the 

sampler, and therefore the blow count obtained in any given sand deposit at a 

particular effective overburden pressure can still vary to a significant extent depending 

on the method of releasing hammer, i.e., correction factor is needed for hammering 

efficiency. The corrected SPT count, (N1)60 for 60% efficiency, is given by the following 

equation: 

(N1)60 = CN·N·η1·η2·η3·η4 4.7 

where η1,η2,η3,andη4 are adjustment factors for hammer, rod length, sampler 

correction and borehole diameter correction respectively, (N1)60 is the adjusted N to an 

efficiency of 60% and corrected for overburden.   

 

Rankine (2004) gave the further discussion on overburden pressure and hammer 

efficiency correction factors. There are several proposed relationships for granular 

soils between the relative density and the SPT blow count (N-Value). Rankine (2004) 

reported most relationships in details. In this research, it was proposed to use three 

important relationships to develop a correlation for mine tailings.  
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Meyerhof (1957) suggested (N1)60/Dr
2 ≈ 41 for clean sands and then Skempton (1986) 

suggested that (N1)60/Dr
2 ≈ 60 for sands with Dr ≥ 35% and Kulhaway and Mayne 

(1990) later modified this as (N1)60/Dr
2 ≈ 70. Further, Cuvrinovski and Ishihara (2001) 

showed that this ratio could vary from 10 to 100 depending on packing density of soils. 

It is expected from this research that ratio (N1)60/Dr
2 could be significantly different for 

hydraulic fills than granular soils due to the influence of particle size and shapes.   

 

In practice, it is not possible to carry out in situ measurements using either standard 

penetration or cone penetration tests within the underground mines. Therefore, the 

value of N is generally not available for mine stope designs and it is more useful to 

relate friction angles of fills to relative density. In this research, this is the main reason 

to relate the friction angles of fills with corresponding relative densities, through 

numerous laboratory tests. Table 4.3 shows the packing densities (Dr) of soils with 

corresponding SPT values as given by Terzaghi and Peck (1948). Here, the values of 

(N1)60 was suggested by Skempton (1986). As shown in Table 4.3, the ratio between 

N1/N is equal to 1.1 and the energy correction factor is 0.75. A chart between the SPT 

blow count, N, and the internal friction angle of soils was reported in Peck et al. (1973). 

The chart between N and internal friction angle (φ) from Peck et al. (1973), ratio 

between N1/N (1.1) and the energy correction factor (0.75) were used to develop a 

relationship of internal friction angle (φ) against the corrected SPT count, (N1)60 for 

60% efficiency.  

 

Figure 4.6 shows the correlation between (N1)60 and the friction angle values 

developed for this research. The corresponding second order polynomial equations are 

also shown in Figure 4.6 and it is given by: 

7.26)(44.0)(002.0 601
2

601 ++−= NNφ  4.8 

 

Table 4.3. Terzaghi and Peck’s classification (adapted from Skempton, 1986) 

Relative density (Dr) % N (σv’=0.75) N1 (N1)60

15 

35 

50 

65 

85 

100 

4 

10 

18 

30 

50 

70 

4.4 

11 

20 

33 

55 

77 

3 

8 

15 

25 

42 

58 
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Figure 4.6. Correlation between standard penetration resistance and  

the friction angle (adapted from Peck et al., 1973). 

 

This equation was used to relate the friction angles and relative densities for Meyerhof 

(1957), Skempton (1986) and Kulhaway and Mayne (1990). For a specific relative 

density (N1)60 was computed using the (N1)60/Dr
2 ratios discussed above. Eq. 4.8 was 

used to estimate φ from corresponding (N1)60. 

 

Figure 4.7 shows the variation of friction angle versus relative density for the Australian 

hydraulic fill samples A1, C3, D2 and the φ ~ Dr data for these three relationships 

proposed by Meyerhof (1957), Skempton (1986) and Kulhaway and Mayne (1990). 

 

Australian hydraulic fills spread within a narrow band in Figure 4.7. The empirical 

estimates of φ using Meyerhof (1957), Skempton (1986) and Kulhaway and Mayne 

(1990) fall within this band. The corresponding linear relationships are shown in Figure 

4.7. They are: 

 

Meyerof (1957):   φ  (o) = 0.13Dr+24.5   4.9 

Skempton (1986):   φ  (o) = 0.18Dr+23.7   4.10 

Kulhawy and Mayne (1990):  φ  (o) = 0.20Dr+23.5   4.11 

Australian hydraulic fills (author): φ  (o) = 0.17Dr+26.4   4.12 
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Figure 4.7.  Friction angle (φ)  vs. relative densities of hydraulic fills A1, C3, D2, Skempton 

(1986), Kulhawy and Manyne (1990) and Meyerhof (1957). 

 

Table 4.4 shows the average relative densities for hydraulic fills in the laboratory by 

previous researchers. Nicholson and Wayment (1964), Pettibone and Kealy (1971), 

Corson (1981) and Rankine (2006) reported that the relative density of hydraulic fills 

within the mine stopes lie between 44 % and 80 %. Rankine et al. (2006) developed 

correlations between void ratios and the relative density on three Australian hydraulic 

fills (9 samples), and these were verified with four in situ measurements in the USA 

mines. According to Rankine et al. (2006) verification, it was approximately selected 

the average value of 60% in this dissertation to investigate the friction angle of 

hydraulic fills for the numerical modelling in Chapter 5. As can be seen from Figure 

4.7, a friction angle of 35o is at 60% of relative densities, which is used in Chapter 5 to 

investigate average normal stress within hydraulic filled stopes. 

 
Table 4.4. Relative densities for hydraulic fills settled and consolidated  

under self-weight from previous researchers 

References Material Type Testing Relative density (%) 

Nicholosn and Wayment (1964) Hydraulic fill Laboratory 51-65 

Pettibone and Kealy (1971) Hydraulic fill Laboratory 44-66 

Corson (1981) Hydraulic fill Assumed 55 

Rankine (2006) Hydraulic fill Laboratory 55-80 
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4.2.2 Determination of interfacial friction angles (δ)  

Many geotechnical and mining applications involve estimation of stresses transferred 

along the interface between soils or backfilling materials and solid surfaces or stiff 

surrounding materials. Several studies have been published on interface testing in the 

laboratory. Most often, interface tests were performed to determine the soil-to-structure 

friction angle (δ) for designing geotechnical and mining structures, such as retaining 

walls, buried culverts, piles and backfilled design.  

 

In mines, there is relative movement between backfill materials and surrounding rock 

during backfilling operations, which develop interfacial friction. The estimation of 

interfacial behaviour is necessary for the design of backfills for backfilling purpose. The 

interfacial friction is quantified through a friction angle (δ) or coefficient of friction (μ = 

tan δ) between the backfills and the different wall surfaces. Many previous studies 

show that the interfacial friction angle is a function of mineralogical composition, 

density, grain size and shape of backfills and surface roughness of rock region. A 

review of important previous laboratory studies and their recommendations are 

discussed below. 

 

Potyondy (1961) carried out modified direct shear tests to study the interfacial friction 

angle between sand and different construction materials. Potyondy (1961) 

recommended the ratios of δ to φ varying from 0.54 to 0.99 based on the material types 

and surface condition. Meyerhof (1962) suggested values of δ to φ ranging between 0.5 

and 1.0 depending on the surface roughness. Terzaghi and Peck (1967) investigated 

the interfaces between the concrete surface and clean sand, and suggested that tan δ 

= 0.55. In the case of concrete surface and fine sand, tan δ = 0.40.  

 

Acar et al. (1982) followed a testing methodology similar to Potyondy (1961) and 

reported that the interfacial friction angle increases with density of soil and surface 

roughness. They also suggested that the ratios of δ to φ of 0.40, 0.75 and 0.85 – 0.95 

for steel, wood and concrete surfaces, respectively. Figure 4.8 shows the influence of 

relative density on friction and interfacial friction angles obtained from direct shear 

apparatus by Acar et al. (1982). This shows the effect of surface roughness on the 

interfacial angles between sand and other surfaces, concrete, wood and steel, in 

comparison with the internal friction angle of the sand. 
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Figure 4.8. Influence of relative density on friction and interfacial 

friction angle (Adapted from Acar et al., 1982). 

 

Traditionally, the values of interface frictional properties were obtained from in situ 

measurements for design purposes. The recent practice is to investigate the interface 

shear strength and corresponding friction coefficients through laboratory models. 

Ampera and Aydogmus (2005) reported the findings of skin friction of peat and silt soils 

against different construction materials using modified direct shear apparatus. The 

influence of major factors such as type of soil, type of construction material and 

surface conditions were adapted in the laboratory models to simulate similar situations 

in the laboratories. The construction materials were steel, wood and concrete, where 

smooth and rough surface conditions were used for each material.  

 

Ampera and Aydogmus (2005) determined the ratios of δ to φ between different 

construction materials and peat or silt soils with smooth and rough surfaces. As can be 

seen in Table 4.5, it is evident that the interface shear stress increases as the solid 

surface roughness increases from smooth to rough. 

 
 

 

 

 

______________________________________________________________________ 
 59



Chapter 4                                               Experimental Models on Arching Effects 

Table 4.5.  Ratio between interface friction angle and friction angle 

for different surface conditions (Ampera and Aydogmus, 2005) 

δ/φ 
Cases 

Smooth surface Rough surface 

peat-steel 0.388 0.879 

silt soil-steel 0.749 0.977 

peat-wood 0.667 0.757 

silt soil-wood 0.785 0.876 

peat-concrete 0.711 0.939 

silt soil-concrete 0.849 0.994 

 

Field and laboratory pull-out tests are commonly used to investigate the interface 

shear strength. Chu and Yin (2006) studied the interface shear strength between the 

soil and cement-grouted wooden plate using the direct Shear Box testing method. Four 

different surfaces of cement-grouted wooden plates with zigzag surfaces of 0o, 10o, 20o 

and 30o were used to investigate the interface shear strength between soil and 

cement-grouted wooden plates. Here, the width of the waviness teeth was 12.5 mm. 

The shear stress-displacement behaviour of soil-soil and soil-cement grouted wooden 

plates interface shear tests results were compared and the results for the interface 

shear tests followed an approximately similar trend and shape to those for the soil-soil 

direct shear tests under similar conditions. The ratio of the interface friction angle to 

soil friction angle were obtained as 0.95, 1.05, 1.06 and 1.07 for cement-grouted 

wooden surfaces with waviness angles with 0o, 10o, 20o and 30o respectively. This 

indicates that the angle of interface friction increased with increasing interface 

waviness angle. Further, in the natural wet conditions, the ratio was slightly larger than 

1.00 when the waviness angle ranged from 10o to 30o in the shear stress tests. 

 
Modified direct shear tests 
Several different apparatuses have been used to investigate the interfacial friction 

angle between soils and solid surfaces, for example, the direct shear apparatus and 

the simple shear apparatus. In this thesis, the conventional direct shear box test was 

modified to conduct a series of interface friction tests. The lower half of the 

conventional direct shear apparatus was replaced by a 60 mm x 60 mm Perspex flat 

block, which comprise of one of the three surfaces having different roughness, i.e. low 

roughness surface. The other two surface, medium and high roughness surfaces were 

simulated by attaching fine and coarse sand papers to the top of the Perspex sheet.    
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There are several standards for classification of coated sand papers. The Federation 

of the European Producers of Abrasives (FEPA) is more commonly applied worldwide. 

According to FEPA classifications, the grit size of 2 (P36) with 538 μm in grain sizes is 

defined as coarse (CS) and grit size of ½ (P60) with 269 μm in grain sizes is defined 

as fine (FS). Figure 4.9 shows the photographs of coarse and fine sand papers. Tests 

were carried out for A1, C3 and D2 hydraulic fill samples which were discussed in 

Section 4.2.1. Here, the testing data for sample C3 are reported in detail and similar 

figures of samples A1 and D2 are shown in Appendix A.  

 

`    

      (a)       (b) 

Figure 4.9. (a) Coarse sand paper-CS (b) Fine sand paper-FS.  

 

Effect of wall roughness and packing density on interfacial friction angle 

Figure 4.10 shows the shear testing data of hydraulic fill C3-sand paper attached 

interface where applied normal loads were 150 N and 325 N, and relative density of C3 

was 45%. The data of backfill-backfill direct shear tests are also included in this figure 

for comparison. The shear stress against horizontal displacement curves for the 

interface shear tests show a similar trend and shape to those for fill-fill direct shear 

tests. The peak shear stress occurs at larger relative shear displacement for fill-fill 

direct shear tests compared to all interface shear tests, and these values 

approximately doubled when the normal loads were increased from 150 N to 325 N.  

 

In the cases of the fill-fill and fill-high surface roughness (Fill-CS) direct shear tests, 

shear stress gradually increases with shear displacement until it reaches the maximum  
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Figure 4.10. Shear stress verus horizontal displacement curves for fill-fill 

and fill-interfaces shear tests using C3 fill of 45% relative density.
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shear strength, after which it decreases slowly to a constant value. Here, the peak 

shear strength (τpeak) for the fill-fill case is higher than the fill-CS interface shear tests. 

Further, in fill-medium surface roughness (Fill-FS) and fill-low surface roughness (Fill-

Perspex) interface shear tests, the interface shear stress increases sharply from 0 to 

0.9 mm horizontal displacement and then gradually to reach a larger value between 

0.9 mm and 7 mm.  

 

The tests were carried out by preparing samples at a wide range of relative densities, 

which were to represent loose, medium and dense states of hydraulic fills. Table 4.6 

shows the relative densities for the low, medium and high surface roughness interface 

shear test for sample C3.   
 

Table 4.6. Relative densities used in the interface shear tests on sample C3 

Relative density for interface shear tests (%) 
Surface roughness 

very loose medium dense 

low (no sand paper) 4.5 41 70 

medium (FS)  4 40 75 

high (CS) 3.5 46 79 

 

Figures 4.11 to 4.13 show shear stress versus relative horizontal displacement for the 

hydraulic fill C3-sand paper attached interface shear test for a horizontal plane over 

150 N and 325 N normal loads at different relative densities. The first observation was 

that the trend is similar for all surface roughness while applying normal loads of 150 kN 

and 325 kN at different relative densities. There was a significant influence of relative 

densities on the interface peak shear stress.  

 

In the case of high surface roughness (Figure 4.11), when the samples were prepared 

at medium and dense stages, the peak shear stress occurred within 2 mm of shear 

displacement. From then it gradually declined and remained constant beyond 3 mm 

shear displacement. In addition, the curves were very similar to conventional direct 

shear tests on loose samples. 
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150 N normal load 

325 N normal load 

 

Figure 4.11: Shear stress vs. horizontal displacement curves for fill C3-high surface roughness interface 

shear testing with normal loads of 150 N and 325 N. 
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150 N normal load 

325 N normal load 

Figure 4.12: Shear stress vs. horizontal displacement curves for fill C3-medium surface roughness interface 

shear testing with normal loads of 150 N and 325 N. 
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Low surface roughness

150 N normal load 

325 N normal load 

Figure 4.13: Shear stress vs. horizontal displacement curves for fill C3-low surface roughness interface 

shear testing with normal loads of 150 N and 325 N. 

_______________________________________________________________________________________________________________ 
 66



Chapter 4                                               Experimental Models on Arching Effects 

As can be seen from Figure 4.12, the interface shear stress was significantly high 

within 0.5 mm shear displacement and gained peak values when the sample is dense. 

A similar trend was obtained up to shear displacement of 0.35 mm for medium dense 

samples, which gradually increased between 0.35 mm and 7 mm. The results were 

similar throughout the tests with loose samples using high and medium surface 

roughnesses.  

 

The trends were totally different with low surface roughness (Figure 4.13) compared to 

medium and high surface roughness cases. The interface shear stress linearly 

increased steeply from 0 to about 0.4 mm and then increased at lesser rate until the 

end of the tests for both normal loads, without showing any strain-softening behaviour 

seen before.  

 

Table 4.7 shows the summary of modified direct shear test results from the loose to 

dense packing densities for samples A1, C3 and D2. The internal friction angles or 

interfacial friction angles according to the interface roughness were defined as φ, δhigh, 

δmedium and δlow, respectively.  

 

As can be seen from Tables 4.7a, 4.7b and 4.7c, the internal friction angle of every 

sample is larger than the interfacial friction angle of corresponding hydraulic fills and 

three different surface roughnesses at any relative density. The difference between the 

internal friction angles and interfacial friction angles increased with increasing relative 

densities from very loose to dense for all the samples at low, medium and high surface 

roughness cases. The influence of different surfaces against hydraulic fill samples on 

interfacial friction angles from this research and as reported by Li et al. (2005) is shown 

in Figure 4.14.  

 

The corresponding linear relationships for the trend lines shown in Figure 4.14 are: 

 Internal friction angles by Li et al. (2005)  

    (φ) Li et al. (2005) (o) = 0.09Dr+29.0  4.13 

Interfacial friction angles with low and high roughness by Li et al. (2005) are 

given as:  δhigh  (o) = 0.13Dr+25.5    4.14  

    δlow  (o) = 0.04Dr+21.5    4.15 

Internal friction angles from this dissertation:  

φ  (o) = 0.09Dr+31.8    4.16 
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Table 4.7. Summary of modified direct shear test results for samples  

 

Table 4.7 (a). Test results for sample A1 
 

Relative density 
(%) 

Test case Normal stress 
σ (kPa) 

Peak shear stress τpeak 
(kPa) 

φ or δ 
(o) 

101.4 62.5 Fill-CS 45.7 30.9 31.9 

101.4 55.7 Fill-FS 44.1 26.4 28.0 

98.2 45.2 

20 

Fill-
Perspex 44.5 19.4 24.5 

93.1 68.0 Fill-Fill 42.7 31.0 36.1 

97.6 62.0 Fill-CS  43.9 29.3 32.4 

97.6 52.0 Fill-FS  45.1 26.0 28.8 

101.4 50.0 

52 

Fill-
Perspex  44.1 22.0 26.3 

92.2 74.0 Fill-Fill  40.9 33.5 38.9 

99.5 66.5 Fill-CS  43.6 29.5 33.8 

101.4 59.5 Fill-FS  44.7 26.0 30.4 

101.4 53.8 

70 

Fill-
Perspex  45.7 25.0 28.1 

 
 

Table 4.7 (b). Test results for sample C3 
 

Relative density 
(%) 

Test case Normal stress 
σ (kPa) 

Peak shear stress τpeak 
(kPa) 

φ or δ 
(o) 

102.9 64.0 Fill-Fill  46.4 30.0 32.0 

98.3 62.0 Fill-CS  44.5 30.0 31.0 

99.2 53.0 Fill-FS  44.8 25.0 28.3 

98.2 50.0 

4 

Fill-
Perspex  45.0 34.0 26.9 

96.4 50.0 Fill-Fill  41.9 22.5 35.8 

98.2 64.5 Fill-CS  43.6 29.5 33.4 

99.7 57.5 Fill-FS  44.3 26.0 30.1 

100.6 55.5 

45 

Fill-
Perspex  45.2 23.5 28.7 

98.2 71.8 Fill-CS  44.7 32.3 35.1 

99.7 61.6 Fill-FS  43.9 28.4 31.9 

101.5 56.6 

60 

Fill-
Perspex  46.2 27.6 29.4 
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Table 4.7 (c). Test results for sample D2 
 

Relative density 
(%) 

Test case Normal stress 
σ (kPa) 

Peak shear stress τpeak 
(kPa) 

φ or δ 
(o) 

102.9 68.0 Fill-Fill  46.4 31.0 34.0 

98.2 62.0 Fill-CS  44.6 29.8 32.6 

98.1 61.0 Fill-FS  44.1 26.0 31.7 

100.4 57.8 

22 

Fill-
Perspex  44.7 22.0 29.3 

100.3 67.3 Fill-CS  44.6 32.0 34.2 

99.1 63.2 Fill-FS  45.6 28.3 32.4 

100.4 60.0 

55 

Fill-
Perspex  45.1 28.0 30.8 

93.7 90.0 Fill-Fill  41.6 40.0 43.9 

96.4 76.0 Fill-CS  44.6 35.0 38.2 

100.3 66.0 Fill-FS  45.0 32.0 33.7 

99.8 64.8 

75 

Fill-
Perspex  45.7 30.0 31.2 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure. 4.14 Influence of different surfaces against hydraulic fill  

samples on interfacial friction angles. 
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Interfacial friction angles with high, medium and low surface rounghness from this 

research are given as:   

   δhigh  (o) = 0.05Dr+31.0    4.17 

   δmedium (o) = 0.05Dr+27.5   4.18   

    δlow  (o) = 0.09Dr+22.0    4.19 

 

As can be seen from Figure 4.14 and Eqns. from 4.12 to 4.18, the results from the 

investigations were closely matched to Li et al. (2005) findings. In both cases, friction 

angle of hydraulic fill from the research and Li et al. (2005) were higher compared to 

the interfacial friction angles using different wall roughness. Further, the interfacial 

friction angle between the hydraulic fill and contact surface were reduced considerably 

from low to high surface roughness. 

 

It was concluded in section 4.2.1, the internal friction angles of hydraulic fills was used 

at 60% of relative density for numerical modelling in order to represent the field 

conditions (Rankine, 2006). Therefore, it can be determined the corresponding 

interfacial friction angles when the relative density of 60% is assumed by using 

equations from 4.16 to 4.18. The corresponding values are 37.2o, 34.0o, 30.5o and 

27.4o for internal friction angle, interfacial friction angles for high, medium and low 

surface roughness, respectively.  Table 4.8 shows the ratio between the friction angle 

and the interfacial friction angle at different relative densities for A1, C3 and D2 

hydraulic fills at high, medium and low surface roughness conditions.  

 

The ratio between the internal friction angle and interfacial friction angles increased 

with increasing surface roughness from low to high for samples A1, C3 and D2. These 

values agree with the findings of Ampera and Aydogmus’s (2005) and Acar et al. 

(1982). In the research, the values 30, 25, and 20 degrees of interfacial friction angles 

were used to develop FLAC numerical models using the interface elements in Chapter 

5 covering a wide range of possible values.  

 
Table 4.8. The ratio between the friction angle and the interfacial friction angle for different 

hydraulic fills at different surface conditions  

δ/φ according to surface roughness  
sample 

high medium low 

A1 0.87-0.90 0.78-0.79 0.72-0.73 

C3 0.93-0.97 0.84-0.88 0.80-0.84 

D2 0.87-0.96 0.77-0.93 0.71-0.86 
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The dilation angle (ψ) between rock and backfill contact surface was approximately 

investigated using the results from the modified direct shear test for samples A1, C3 

and D2. Since the roughness is relatively high between the rock wall and backfill, the 

dilation angle was only considered in the case of high surface roughness. Figure 4.15 

shows the variation of dilation angle against the relative density for samples A1, C3 

and D2. As seen in Figure 4.15, when the dilation angle for samples A1 and C3 follow 

approximately similar trend, it is significantly increased from 3o to 7.25o between 58% 

and 79% relative density for sample D2. Therefore, the approximate representative 

value of ψ for hydraulic fill is 5o at 60o relative density. As an initial investigation for 

stress measurements, the dilation angle of 5o was selected at 60% relative density in 

Chapter 5. Further, the influence of dilation angle is further investigated using the value 

of 0o to 10o and it is reported for narrow and circular stopes in Section 5.10.4.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

High surface roughness

Figure. 4.15. Variation of dilation angle vs. relative density in the case of high surface 

roughness using hydraulic fills A1, C3 and D2. 

 

4.3 Arching in Geotechnical and Mining Applications - Physical Models  
The first ever rational approach to quantify arching was made by Terzaghi (1943). He 

studied arching of sands in a “trap-door” problem, schematically shown in Figure 4.16.  

A layer of dry cohesionless sand of depth h is placed on a platform containing a trap 

door ab. The height of the sand above the platform h is significantly greater than the 

width of the trap door ab. The bottom of the platform is instrumented to measure the 

vertical pressure distribution applied to it. When the trap door is closed (Figure 4.16 a), 
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the pressure is the same (γh) everywhere and the distribution is uniform. When the trap 

door is opened, the rectangular prism of sand held directly above the trap door tends 

to descend, but is resisted by the shear stresses along vertical boundaries above the 

trap door ac and bd. This results in the transfer of pressure from the soil above the 

trapdoor to the adjacent regions in the platform, leading to a redistribution of the 

vertical normal pressures as shown in Figure 4.16b. The self weight of the sand 

contained in the wedge abdc was resisted by the shear stresses along ac and bd. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                          (a)                                                                                                   (b) 

Figure 4.16. (a) Schematic diagram of cohesionless sand in trapdoor rig  

and (b) the pressure distribution. 

 

There is very limited scale modelling on cemented backfill that has been done. Mitchell 

and Wong (1982) carried out 26 small-scale laboratory model tests to investigate the 

stability of a cemented backfill upon exposure and verified their 3-dimensional 

analytical solution given by Eq 3.10 in section 3.3.1. Mitchell and Wong (1982) 

formulated dimensionless factors comprising the cement bond shear strength, specific 

weight, friction angle, and height, width and depth of the stope. The reported results 

agreed with their 3-D analytical solution. They also suggested that arching contributes 

significantly to the stability of the backfill. 

 

Low et al. (1994) conducted centrifuge model tests in piled embankments, to 

investigate the arching effects on soft ground placed on piles. They developed 
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theoretical solutions for this, which agreed well with the experimental model results. 

Sand with density between 1390 and 1430 kgm-3 and relative density of 33% and 49% 

respectively was used as filling material. Low et al. (1994) also reported that the model 

results show that a portion of stresses developed have transferred to the support. This 

indicates the effect of arching in the centrifuge model tests in pile embankments.       

                                       

Winch (1999) employed a laboratory scale model for the analysis of paste fill from 

Cannington mine. The purpose of this model was to show the existence of arching 

effects during the filling of a stope. It is obvious that there are lot of difficulties in 

representing parameters such as cohesion and wall roughness accurately in the 

laboratory. Therefore, Winch (1999) only showed the trend of expected stresses 

instead of absolute values. The model was constructed at a 1:50 scale; the 

corresponding dimensions were 500 mm x 500 mm in plan view and 1000 mm height. 

The stresses within the stope model were measured using earth pressure cells which 

were attached to the stope walls in the tests. The effect of wall roughness and backfill 

filling rate on stresses were also reported. Winch (1999) concluded that there were 

significant reductions in stress compared to the self weight of the tested material and it 

confirmed the existence of the arching mechanism within the fill.      

 

Take and Valsangkar (2001) carried out a series of centrifuge tests on instrumented 

model fascia retaining walls in an attempt to study the lateral earth pressures on 

unyielding retaining walls of narrow backfill widths. They used 0.4 mm diameter 

uniform sands as the backfill, and the tests were conducted at relative densities of 34% 

and 79%. The measured values of lateral earth pressures and the theoretical 

estimates were in good agreement.  

 

Euler and Aldrich (2002) carried out centrifuge tests on model paste fill stopes, to 

quantify the effects of arching on the behaviour of sillmat during undercut mining.  

Sillmat is simply paste fill, mixed at much higher cement content, placed at the bottom 

of the stope to a thickness of at least the width of the stope. It is meant to support the 

paste fill above, when excavation is carried out underneath. The model studies 

indicated that arching and sillmat stability develop as a function of frictional effects and 

cohesion between the fill and rock. While friction and cohesion increased with 

increases in binder content and cure time, the frictional effects and thus degree of 

arching increased with increase in wall roughness and stope wall closure.  
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4.4 A laboratory model to study arching within a hydraulic fill stope 
One of the main objectives of the thesis is to develop a laboratory model to study the 

arching effects on mine fills experimentally. Due to limited literature on experimental 

studies on arching effects, a laboratory model was developed in order to verify with 

numerical modeling and analytical solutions.   

 
4.4.1. Parametric study of critical stope parameters 

There are several parameters that influence the stress measurements within the 

stopes. In this research, the three most important parameters were selected for 

investigation of the stress developments within the mines stopes using a small scale 

model in the laboratory.  

 

The parameters are given as: 

• Stope geometry 

• Stope wall (surface) roughness 

• Fill materials 

 

The selection of these three parameters was based on the recommendations of 

Rankine (2004), who reported that these parameters have significant influence on the 

arching mechanism. In this thesis, a new laboratory arching model was developed to 

investigate stress developments within hydraulic fill stopes in order to understand the 

effect of the identified parameters.  

 

Stope geometry 
Figure 4.17 shows the four different stope geometries that were selected for the 

experimental study. Two of the stopes are circular in cross-section and two are square. 

The corresponding dimensions are 100 mm and 150 mm width (or diameter) and 600 

mm and 900 mm height, all with an aspect ratio of six. By keeping a constant aspect 

ratio, the effect of scaling can be observed by keeping a constant aspect ratio. The 

circular and square sections of stopes were used to investigate the effect of stope 

geometry on arching effects. The findings were compared with numerical and 

analytical solutions in Chapter 5.  
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  900mm   900mm 

  600mm 

  150mm 
  100mm   150mm   150mm   100mm 

Figure 4.17. Stope geometries with dimensions. 

 
Wall roughness 
Three different wall roughnesses such as high, medium and low have been proposed 

and applied to the stope walls by using Perspex and sand papers. The first case is the 

low surface roughness with Perspex only. In the other two cases, fine and coarse grit 

sand papers are attached to the flat Perspex walls, which are defined as medium and 

high surface roughness respectively. Further details of surface roughness and the 

interface frictional angle measurements were given in section 4.2.2. The purpose of 

attaching sand papers to the flat Perspex wall is to represent the field conditions 

realistically by providing some form of roughness. The effect of surface roughness on 

stress developments within the stope was studied through laboratory models and is 

given in section 4.4.7. The findings were compared with numerical models in Chapter 

5. 

 

Filling materials 
This instrument is mainly used for dry hydraulic fill samples.  During the tests, hydraulic 

fill samples A1, C3 and D2 were selected to represent three different Australian mines. 

The physical properties of the fills A1, C3 and D2 including the grain size distribution, 

density, specific gravity and size and shape of grains have been discussed in Section 

4.2.1.   
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4.4.2 Instrument 

 This experimental set up was to measure the average vertical stress variation with 

depth during the filling operation. Figure 4.18 and Figure 4.19 show a scaled diagram 

and photograph of the arching apparatus, respectively.  

 
The main components of the experimental setup are stope, weighing balance, load cell 

and metal frame. An extended metal frame used to level the arching instrument was 

developed such that the required time to change different geometries can be 

significantly reduced and prevent the stope from wobbling. The threaded rod is also 

extended along the metal frame to fix different stope sizes and geometries. The model 

stope, made of Perspex, is placed on top of the balance and suspended from a frame 

such that the self weight of the stope is carried partly by the metal frame and partly by 

the weighing balance (AND model FS-KL 60; Precision 0.02 kg). Two square and two 

circular stopes with the dimensions of 100 mm and 150 mm width (diameter) and 600 

mm and 900 mm height, have been constructed, all with the same aspect ratio of six. 

 

A high precision load cell (Manufacturer: Revere Transducers Europe, Type 9363-D3-

100kg-20T1; Precision = 1 g) was placed between the model stope assembly and the 

metal frame and was connected to the digital readout unit. A thin metal tray supported 

by wooden legs was placed between the model stope and the balance, which was 

firmly supported on a concrete slab. Therefore, it was ensured no vertical movement of 

the stope during the tests. The metal frame suspends the stope, with a very small 

distance between the scale (i.e. less than a grain size) and the bottom of the stope. 

The stope is connected to a load cell through threaded rod and a sheet metal plate 

which can be seen in Figure 4.19. 

 

 

 

 

 

 

 

 

 

 

 

______________________________________________________________________ 
 76



Chapter 4                                               Experimental Models on Arching Effects 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.18. Scaled diagram of the apparatus.
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Metal Frame 

Stope 

Load cell 

Threaded rods 

Balance 

Read out meter 

 

Figure 4.19. Photograph of the Arching apparatus. 

 

The mechanism of the arching apparatus is shown in Figure 4.20 through a simple 

conceptual diagram. When the stope is filled with mass m, a portion of the mass (mw) 

is transferred to the stope wall and remaining mass (mb=m-mw) is transferred to the 

bottom of the stope model. The load cell measures the mass transferred to the stope 

wall (mw). The mass transferred to the stope bottom, as recorded by the balance, is 

significantly less than the filled mass. This shows the reduction of vertical stress, i.e. 

arching effects, within the stope models during tests. Therefore, the actual vertical 

stress into the stopes can be investigated by using the readings from balance or 

subtracting the load cell readings from the mass of fill materials placed in the stope.  
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Figure 4.20. Mechanism of the arching apparatus. 

 

A pouring device arrangement was developed to place the dry hydraulic fill at the 

desired relative density. A photograph is shown with corresponding components in 

Figure 4.21. The relative density of hydraulic fills can be controlled by varying the 

height of fall with the pouring device. This device consists of a funnel with a 20 mm 

mouth, movable connecting arm, 20 mm diameter PVC pipes, holder and flow control  

 

 
Supply the backfill 

 

 

Funnel 

Movable connecting arm Flow control 
valve 

Holder 

φ 20 mm PVC pipes

Figure 4.21. Photograph of the pouring device. 
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value. The flow control valve, located  between a funnel and the PVC pipe, controls the 

material flow rate. During the tests, the movable connecting arm was set at the 

required height to achieve approximately 25% relative density based on the stope 

sizes and geometry and 20 mm PVC pipes with suitable length were fitted vertically 

using a holder. After that, the tailings were fed into the funnel when the flow control 

valve remained closed. The flow control valve was opened smoothly after confirming 

all set up as completed and ready for recording. This procedure was repeated until the 

filling of the stopes was complete. 

 

4.4.3 Methodology and Interpretation 

Initially a total of twelve tests were carried out using four stope geometries: two circular 

and two square sections for A1, C3 and D2 samples when the wall roughness was low 

(only Perspex). Later, the experimental program was extended according to a 

sensitivity analysis of stope geometries, to study the effect of low, medium and high 

surface roughness. In this research, the test is limited to dry hydraulic fill samples. The 

following procedure has been used throughout the experiments. 

1) The stope was lowered to as close to the bottom of the scale as possible 

without touching it, leaving less than a grain size gap.  This was done using the 

adjustment bolts on the threaded rod. 

2) Digital scales were zeroed and a reading was taken from the load cell to obtain 

the apparatus weight. 

3) A volume of fill material large enough to fill the stope was transferred into a 

container and weighed.  The amount of fill material required to fill the stope was 

slightly over-estimated. 

4) The stope was filled in equal layers, as shown in Figure 4.22, ranging from one 

to six with the fill material from the container. To achieve equal layers on each 

pour the total volume of the stope was calculated. This volume was divided into 

the required number of layers to calculate a volume per layer. The volume per 

layer was then marked using masking tape on a measuring cylinder. Each layer 

was poured using the measuring cylinder. The funnel holder was set to a height 

and to hold at the top of the stope to achieve a consistent pouring height. 

5) With the addition of each layer, the scales and load cell were read and 

recorded. 

6) The left over fill material in the container was weighed. This weight was then 

subtracted from the weight recorded in step 3 to know the mass of fill placed in 

the stope. 
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7) Once filled, the stope was emptied by lifting the metal frame and allowing the fill 

material to pour out the bottom of the stope. The fill material was then 

recollected. It was important to keep the area surrounding the model clean so 

that the fill material would not be contaminated when in contact with the floor. 

8) To achieve consistent results, steps 1 to 6 were repeated a minimum of three 

times from each stope arrangement. 

 

 

 

 

 

 

 

 

 

 

 

 
        (a)              (b)  

Figure 4.22. Filling as equal layers into (a) square and  

(b) circular sections during the tests. 

 

4.4.4 Proposed models 

Figure 4.23 shows the schematic diagram of weight transfer at the bottom the stope 

and wall region. At a given time, when the stope is filled partially to a height of z, the 

mass of the fill poured into the stope is m; the readings from the balance and load cell 

are mb and mw. The fill weight is transferred to the bottom of the stope and to the stope 

walls, which were reflected by the measurements mb and mw respectively (m = mb + 

mw). Therefore, the fraction of the fill weight that is carried by the base is mb/m and the 

fraction that is carried by the wall is mw/m.  

 

In other words, when the fill is placed to a height of h*, the average vertical normal 

stress acting at the bottom of the stope is given by: 

*h
m

m b
v γσ =   (Pa)    4.20 
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                         (a)                                           (b)                                                       (c)   

Figure 4.23. Schematic diagram of weight transfer at the bottom the stope and wall.  

 

This stress would be approximately equal to the average vertical stress at a height of 

h* within a stope, when filled to any height greater than h*. 

 

When completely filled: 

When the stope is filled, the mass of hydraulic fill required to fill the stope is M, the 

balance reading is MB and the load cell reading is MB W (M = MBB + MW), and the height of 

the stope is h. 

 

During filling: 
When the stope is partially filled, to a certain height of h*, it is useful to know the 

additional vertical normal stress (σv,add) that would be transferred to the bottom of the 

stope by continuing the filling until the stope is full. This can be obtained by: 

*, h
m
mh

M
M bB

addv γγσ −=   (Pa)  4.21 

4.4.5 Effect of stope geometry 

The arching stress (σarching) at any height is defined as the difference between the 

overburden pressure (γh) of filled mass and average vertical normal stress within the 

stopes thus reflecting the degree of arching. In this Section, the important plots of 
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sample C3 were shown and discussed in detail to study the influence of stope 

geometries. The results and corresponding figures for samples A1 and D2 are given in 

Appendix A3. As preliminary investigations, the effect of stope geometry is discussed 

when the tests carried out using hydraulic fills with low surface roughness; i.e. the 

Perspex wall, only for four different stope sizes.  

 

Tables 4.9 (a), (b), (c) and (d) show the test data, vertical stresses and additional 

stresses within the model for 100 mm diameter x 600 mm height circular stope, 100 

mm width x 600 mm height square stope, 150 mm diameter x 900 mm height circular 

stope and 150 mm width x 900 mm height square stope, respectively.  

 

Figure 4.24 shows the variation of average vertical normal stress with stope height 

within a fully filled stope, as predicted during filling from Eqn. 4.20. The straight line is 

for the overburden pressure, given by σv = γh, which is the case if the wall is smooth 

and there is no arching. For the same stope width or diameter, the vertical stresses for 

circular stopes were slightly lower than those of for the square stopes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 4.24: Variation of vertical stress at the bottom of the stope while filling 

(Sample C3) 
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Table 4.9. Test data, vertical stresses and additional vertical stresses 

within the model stope for sample C3 

Table 4.9 (a). 100 mm diameter x 600 mm circular stope 
 

h* (mm) m (g) mb (g) mw (g) σv (Pa)* σv,add (Pa)**

600 0 0 0 0 2587.2 
500 1352 1080 272 1373.7 1213.5 
400 2613 1380 1233 1816.4 770.8 
300 3945 1580 2365 2066.3 521.0 
200 5251 1700 3551 2227.0 360.2 
100 6477 1820 4651 2416.1 171.1 
0 7737 1940 5797 2587.2 - 

 
 

Table 4.9 (b). 100 mm width x 600 mm square stope 
 

h* (mm) m (g) mb (g) mw (g) σv (Pa)* σv,add (Pa)**

600 0 0 0 0 2916.6 
500 1691 1440 251 1464.4 1452.2 
400 3647 2240 1407 2112.5 804.1 
300 5420 2460 2960 2341.6 575.0 
200 7324 2640 4684 2479.5 437.1 
100 8894 2800 6094 2707.0 209.6 
0 10401 2940 7461 2916.6 - 

 
 

Table 4.9 (c). 150 mm diameter x 900 mm circular stope 
 

h* (mm) m (g) mb (g) mw (g) σv (Pa)* σv,add (Pa)**

900 0 0 0 0 3904.7 
800 2745 2320 425 1453.4 2451.3 
700 5602 3940 1662 2419.0 1485.7 
600 8440 4540 3900 2775.2 1129.5 
500 11514 5200 6314 3106.6 798.1 
400 14285 5500 8785 3310.6 594.1 
300 16975 5720 11255 3476.9 427.8 
200 19708 5940 13768 3628.2 276.5 
100 22369 6160 16209 3788.6 116.1 
0 25051 6320 18731 3904.7 - 

 
 

Table 4.9 (d). 150 mm width x 900 mm square stope 
 

h* (mm) m (g) mb (g) mw (g) σv (Pa)* σv,add (Pa)**

900 0 0 0 0 4384.6 
800 3795 3340 455 1513.5 2871.1 
700 6140 4340 1800 2431.1 1953.5 
600 10719 6340 4379 3051.5 1333.2 
500 15163 7380 7783 3348.0 1036.6 
400 18993 7940 11053 3594.6 790.0 
300 22359 8260 14099 3811.8 572.8 
200 26658 8840 17818 3991.9 392.8 
100 31382 9620 22104 4171.9 212.8 
0 40382 11440 28942 4384.6 - 

* from Eq.4.20 
** from Eq.4.21 
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The experimental data for the two square and two circular stopes were very consistent 

in the trend. The vertical normal stress values for circular stopes were around 85% of 

the square stopes throughout the filling, and clearly showed that there is significant 

arching taking place within the stopes. Less than 30% of the self weight of the 

hydraulic fill is transferred to the bottom of the stope in the form of vertical normal 

stress when the stope is full. The rest of the self weight is carried by the walls, in the 

form of shear stress. The degree of arching appears to be a function of the aspect ratio 

of the stope and the frictional characteristics of the wall-fill interface.  

 

When the stope is filled to a certain height h*, the additional vertical normal stress that 

can be expected at the bottom of the stope by continuing the filling can be obtained 

from Eq. 4.21. The computed values, for the two square and two circular stopes are 

shown in Figure 4.25. When the stope is filled to a depth that is equal to the width, 

most of the self-weight is transferred to the bottom of the stope as normal stress. 

Above this height, as filling progresses, most of the additional fill weight is carried by 

the walls in the form of shear stresses. The numerical modelling carried out using 

FLAC for circular and FLAC3D for square stopes show very good agreement with the 

experimental results and this is reported in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low surface roughness 

 

Figure 4.25. Additional vertical stress at the bottom of the stope due to complete filling  

(Sample C3). 
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Figure 4.26 shows the variation of the σv/γw (ratio between vertical normal stress and 

γw) at the bottom of the stope with stope aspect ratios for large and small circular and 

square sections from experimental results and corresponding empirical solutions 

proposed herein. The trend is the same for both sections and again the average 

normal stress within the circular sections is approximately 85% of the square sections. 

The empirical solutions were proposed as the following form: 

bw
ha

w
h

w
v

+
=

γ
σ

     4.22 

where  a and b are empirical constants 

 

As can be seen from Figure 4.26, the experimental results closely matched the 

proposed empirical solutions, especially when the h/w is greater than 3. Similarly the 

values of a and b were determined for samples A1 and D2. Table 4.10 shows the 

calculated values of a and b for samples A1, C3 and D2. Further, since there was no 

significant effect of scaling (Section 4.4.6) on stress developments, small circular and 

square size models were used to investigate the empirical solutions for the medium 

and high surface roughness cases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26. σv/γw vs. h/w from experimental results and empirical 

correlations for circular and square sections (sample C3). 
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Table 4.10. Determined values of a and b for the proposed empirical 

solutions for Australian hydraulic fills for low surface roughness 

Circular sections Square sections 
Hydraulic fills 

a b a b 

A1 0.525 1.15 0.440 1.09 

C3 0.515 1.18 0.420 1.02 

D2 0.540 1.20 0.455 1.11 

 

Figure 4.27 shows the variation of σv/γw (ratio between vertical normal stress and γw) 

at the bottom of the stope with stope aspect ratios within square and circular stopes, 

and corresponding empirical solutions as shown in Figure 4.26, the σv/γw reduced with 

increasing roughness from medium to high. The experimental results approximately 

matched those from circular and square stopes when surface roughness was high and 

an empirical solution represented for both stopes and when the roughness surface. 

Similarly, the values of a and b were determined for samples A1 and D2 using medium 

and high surface roughnesses and the corresponding figures were shown in Appendix 

A2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27. σv/γw vs. h/w from experimental results and empirical 

correlations with medium and high surface roughness for C3. 
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Table 4.11 shows the calculated values of a and b for samples A1, C3 and D2. It can 

be seen that, constant a significantly increased when there was very slight change in 

constant b with surface roughness increasing from medium to high. These empirical 

solutions can be used to find out average normal stress at any circular and square 

stope depth for Australian hydraulic fills. 

 
Table 4.11. Determined values of a and b for the proposed empirical solutions for Australian 

hydraulic fills for medium and high surface roughnesses 

medium surface roughness high surface roughness 

circular stope  square  stope circular & square stopes 
Hydraulic 

fills 
a b a b a b 

A1 

C3 

D2 

0.620 

0.555 

0.590 

1.15 

1.19 

1.21 

0.515 

0.500 

0.535 

1.12 

1.09 

1.15 

0.700 

0.605 

0.685 

1.25 

1.20 

1.23 

 

4.4.6 Scaling   

The small scale laboratory model is an attempt to represent the field situations 

realistically in the laboratory. It is important to investigate the influence of scale effect 

on the stress measurements during the tests. Here, 100 mm x 100 mm x 600 mm and 

150 mm x 150 mm x 900 mm stope sizes are used for circular and square sections 

with an aspect ratio of six to represent large field stopes. Figure 4.28 shows the 

variation of z/h versus normalized vertical stress (σv/γh). The vertical normal stress is 

due to the backfill weight transferred to the bottom of the stopes and arching stress is 

the part that is transferred to the stope wall.  

 

The vertical stress and arching stress regions are also shown in Figure 4.28. The trend 

of normalized vertical stresses is the same for both circular and square sections. 

However, the stress values are larger in square sections than the circular sections of 

the same base width. The normalized stresses versus the stope depth are 

approximately the same for both the 100 mm x 100 mm x 600 mm and 150 mm x 150 

mm x 900 mm stope geometries. This suggests that the size of stopes has little 

influence on vertical stress. On the other hand, the aspect ratios have significant 

influence on vertical stress. Therefore, the effect of wall roughness and filling materials 

were investigated using the 100 mm x 100 mm x 600 mm circular and square stopes 

only.  
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VERTICAL STRESS REGION

Circular stope 100 mm x 600 mm Square stope 150 mm x 900 mm

Square stope 100 mm x 600 mm 

Circular stope 150 mm x 900 mm 

ARCHING STRESS REGION 

Figure 4.28. Variation of z/h versus σv/γh for different stopes sizes 

and sections with aspect ratio of 6. 

 

4.4.7 Effect of wall roughness 

The influence of wall roughness on stress developments within the mine stopes was 

investigated using the developed laboratory model. A small scale model with 100 mm 

plan width (diameter) and 600 mm height was used to carry out several laboratory 

tests for low, medium and high surface roughnesses. The definitions of low, medium 

and high surface roughness were reported in Section 4.2.2. Figures 4.29 and 4.30 

show the variation of vertical normal stress against the model height for the sample C3 

within the square and circular sections, respectively. Similar plots of the effect of wall 

roughness using samples A1 and D2 are given in Appendix A2. The trends of the 

curves are the same for both square and circular sections using low, medium and high 

surface roughnesses. In addition, the vertical normal stress into the square stopes was 

slightly larger than that in the circular stopes for all wall roughnesses.  

 

As can be seen in Figure 4.29, the vertical normal stress significantly decreased with 

surface roughness increasing from low to high throughout the stope depth. The 

stresses linearly increased within upper 100 mm for both cases and then slightly 

increased to 2.39 kPa, 1.96 kPa and 1.75 kPa at the mid-depth of the square stopes 

for low, medium and high surface roughnesses, respectively. Further, around 46%,  
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Figure 4.29. Variation of vertical normal stress against model height for square stopes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Figure 4.30. Variation of vertical normal stress against model height 

for circular stopes. 
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55% and 60% of the overburden pressure transferred in the stope wall at mid-depth of 

the stopes and 32%, 28% and 25% of those applied at the bottom of the stope in the 

cases of low, medium and high surface roughnesses respectively. In the case of 

circular stopes, the variation of vertical normal stress was similar to the square stopes 

but slightly less in magnitude. Here, approximately, 65%, 60% and 55% of the vertical 

stress transferred to the stope wall at the mid-depth and 21%, 24% and 28% of those 

applied at the stope bottom with high, medium and low surface roughnesses, 

respectively compared to the overburden pressure.  

 

Table 4.12 shows the ratios between the vertical normal stresses at the bottom of the 

circular and square stopes for the samples A1, C3 and D2. The ratios are 

approximately constant and the average values are 0.81, 0.83 and 0.84 for the low, 

medium and high surface roughnesses.   

 
Table 4.12. Vertical normal stress ratio of circular to 

square sections at the bottom of the stope  

σv,circular/σv,square

Samples Low surface 

roughness 

Medium surface 

roughness 

High surface 

roughness 

A1 

C3 

D2 

0.821 

0.847 

0.841 

0.816 

0.839 

0.827 

0.803 

0.828 

0.814 

 

4.4.8 Effect of the hydraulic fill material 

Experiments were conducted using the above arching effect instrument for samples 

A1, C3 and D2. Physical properties of these three samples were given in Section 4.2.1 

including specific gravity and dry density. Figures 4.31 and 4.32 show the variation of 

the average vertical normal stress with depth for circular and square stopes with 

dimensions of 100 mm width (or diameter) and 600 mm height respectively. The effect 

of backfilling materials is studied by considering only low surface roughness situation 

during the tests (i.e., no sand paper attached to the wall). Vertical stresses followed 

similar trend for three materials within both cases and these values for circular stope 

were around 85% of the values for the square stope throughout the model height.  
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Figure 4.31. Vertical normal stress vs. stope height within a  

circular stope with 100 mm diameter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.32. Vertical normal stress vs. stope height within a square 

stope of 100 mm x 100 mm x 600 mm. 
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Furthermore, from Figures 4.31 and 4.32 it can be seen that the material C3 had larger 

vertical stresses than the materials A1 and D2; and the vertical stress values within the 

hydraulic fills A1 and D2 are very close. This is because that the material C3 had 

higher dry density than A1 and D2, which are similar.  

 
The grain size distributions and grain shapes of these hydraulic fills were discussed in 

Section 4.2.1. Although, the grain size distributions and grain shapes of hydraulic fills 

A1 and C3 are very similar, there is no significant influence on stress measurements 

within the stopes.  

  

4.5 Summary and Conclusions 
A series of laboratory studies were undertaken on typical hydraulic fill samples using 

the conventional and modified direct shear tests. One of main objectives was to 

determine the internal friction angle (φ) of these hydraulic fills and interfacial angle (δ) 

of the hydraulic fills with three surface roughnesses: low, medium and high. Through 

direct shear tests on the three hydraulic fills, placed at different relative densities, it 

was found that for Australian hydraulic fills, φ and Dr are related by:  

φ  (degrees) = 0.17Dr+26.4    4.12  

The correlation for Australian hydraulic fills was compared to Meyerhof (1957), 

Skempton (1986) and Kulhaway and Mayne (1990) correlations for granular soils all of 

which fall within a narrow band. The internal friction angle of hydraulic fills was slightly 

higher than those of granular soils. From Eq. 4.11, a value of internal friction angle for 

these three hydraulic fills was determined at 60% relative density in order to represent 

the in situ conditions realistically. The value of 35o at relative density of 60% was used 

as internal friction angle in the numerical modelling in Chapter 5. The effect of grain 

size and shapes on the internal friction angle were also investigated from this 

dissertation.  

 

Three different types of surface roughnesses (low, medium and high) were developed 

by attaching sand papers on the top of the flat Perspex block. The properties of low, 

medium and high surface roughnesses were used to investigate the interfacial friction 

angles at different packing densities. Further, correlations were developed relating the 

relative densities to the interfacial friction angles of surfaces of low, medium and high 

surface roughnesses and the corresponding equations were given as: 

δhigh  (o) = 0.05Dr+31.0     4.17 

δmedium (o) = 0.05Dr+27.8    4.18   

δlow  (o) = 0.09Dr+22.6     4.19 
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The ratio between the interfacial friction angle and internal friction angle was computed 

for all roughnesses. The ratio increased with increasing surface roughness from low to 

high for these three hydraulic fills. The average values of δ/φ were 0.75, 0.83 and 0.92 

for low, medium and high surface roughnesses, respectively. These values closely 

matched Ampera and Aydogmus (2005) and Acar et al. (1982) results. These 

interfacial friction angles will be used for the numerical modelling in Chapter 5.  

 

The current-state-of-the-art of the physical modelling on stress developments were 

discussed in several geotechnical and mining applications. Further, a laboratory model 

was developed to measure the average vertical stress at the bottom of the stope and 

to carry out a parametric study on the variables that influence arching. Two circular 

(100 mm x 600 mm and 150 mm x 900 mm) and two square (100 mm x 600 mm and 

150 mm x 900 mm) model stopes, made out of Perspex, were used in the tests with 

and without sand paper attached to the walls.  

 

Equations were developed to determine the average normal stress and the additional 

vertical stress applied at the bottom of the stope. The experimental data for the two 

square and two circular stopes were very consistent in trend and the vertical normal 

stress values for circular stopes were around 85% of the square stopes throughout the 

filling height as well as clearly showing that there is significant arching taking place 

within the stopes.  

 

The influence of the stope geometries, surface wall roughness and backfill materials 

was investigated on stress developments or the effect of arching during the backfills 

through a series of laboratory tests. The effect of arching increased with increasing the 

surface roughness from low to high.  

 

Although the model tests were carried out on stopes with aspect ratio of six, the test 

results were extended to the other aspect ratios (see Figure 4.26), in an attempt to 

develop a design chart to estimate the average vertical stress at the bottom of the 

stope with aspect ratio less than six. 
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Chapter 5 

  
Numerical Models on Arching Effects  

 
5. 1 General  
This Chapter initially presents a review of previous studies by researchers using finite 

element and finite difference software on numerical modelling of arching effects. In the 

research reported herein, explicit finite difference programs FLAC  

(two dimensional) and FLAC3D (three dimensional) were used to develop numerical 

models to study arching within the minefill stopes. FLAC was used for the narrow and 

circular stope sections and FLAC3D was used for square and rectangular stope 

geometries. Li et al.’s (2003) narrow stope model was modified using FLAC and the 

modified model was further extended by using interface elements between rock and 

backfill materials, which represented the problem more realistically.  

  

An axisymmetric model was developed for circular stopes using FLAC to approximate 

the FLAC3D square stope model. Further, FLAC3D was used to develop suitable models 

for the more common rectangular stopes. The influence of the stope geometries, shear 

strength parameters and other material properties on arching effects is also 

demonstrated in this Chapter. The developed models were compared and verified with 

analytical solutions and in situ measurements as discussed in Chapter 3 and with the 

laboratory model as discussed in Chapter 4. Finally, a summary of this chapter is also 

given.  

 

The stress estimations within the filled stopes using numerical modellings would 

improve specific knowledge on stability of the stope and surrounding areas. Numerical 

models are generally employed to solve more complex problems that cannot be solved 

analytically. Further, with appropriate boundary conditions, constitutive models and 

input parameters, numerical models can provide realistic predictions of the material 

behaviour, including stresses and displacements.  
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Historically, numerical methods have been employed in backfill design as a potential 

tool for identifying possible instability (Bloss, 1992). Many modelling codes written 

today exclude interface effects and assume that the backfill to be fixed to the rock. In 

reality this does not occur, as the backfill moves in relation to the rock walls. The 

interaction between the backfill and the rock mass can be incorporated by including 

interface elements into the program code. 

 

With the development of high powered and more affordable computers, numerical 

methods have been increasingly utilized in backfill design to identify areas of potential 

instability. Zones of induced stresses were first modelled using simple two-dimensional 

programs such as FLAC, PLAXIS and PHASES2, and lately three-dimensional 

software codes, FLAC3D, ABAQUS and ELFEN are being used by the mining industry. 

The outputs of these numerical models are subsequently validated through 

comparison with available physical models, analytical solutions and in situ 

measurements. 

 

5.2 Arching in Geotechnical and Mining Applications – Numerical modelling 
The stability of cemented hydraulic fill at Mount Isa Mines was modelled by Bloss 

(1992), using the TVIS finite element program. The stress distribution and stability of 

the fill mass due to exposure were predicted during the sequential phases of the 

backfilling cycle. This was achieved by activating and de-activating rows of elements 

through the stopes. During model excavation, all the nodes were deactivated. 

Conversely, during model filling, nodes were systematically activated upwards through 

the stope. Curing of the fill was modelled by the manipulation of boundary conditions 

and fill modulus of individual elements. Rigid nodes were used to characterize the fully 

cured fill mass in contact with rock boundaries and free nodes used along the wall 

represented wall exposure. The modelled stope had dimensions of 40 m x 40 m plan 

area and 200 m height. The comparison between overburden pressure and the actual 

vertical normal stress shows the developments of arching along the stope height, 

especially at the middle and bottom of the stopes. Bloss (1992) found that stability of 

the stope and the surrounding regions increased with increasing binder content and 

the stability of exposures of a specific stope height decreased with increasing 

exposure widths. 

 

Coulthard (1999) carried out numerical modelling analysis of underground mining 

problems, including the study of stresses generated when an open stope is filled with 

cemented rockfill. The stability of exposures during subsequent mining of adjacent 
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stopes was studied. FLAC3D was used to predict the stresses developed within a 40 m 

square section and 200 m stope height. The primary stope was considered for 

investigating stress measurements. Figure 5.1 shows vertical stresses along the 

centerline and shear stresses along the wall in cemented rock fill, using FLAC3D. The 

maximum vertical stress is approximately 1.2 MPa, which is significantly less than the 

overburden pressure of 4 MPa at the bottom of the stope. This shows clearly that 

some of the weight of the fill mass would be carried by arching, i.e. by developed shear 

stress between rock fill and the walls of the primary stope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.1. Stresses in cemented rock fill using FLAC3D showing vertical normal  

stresses along vertical centreline (solid line) and shear stresses at wall  

(dotted line) (Coulthard, 1999). 

 

Pierce (2001) developed and utilized FLAC3D numerical models for the stability 

analysis of paste backfill exposures at the Brunswick mine, Canada. FLAC3D was used 

to investigate suitable binder contents for the paste fill and to carry out parametric 

studies of fill exposure stability. The backfilled stope geometry was generated in 

FLAC3D through the use of FISH functions. The effect of stope geometries, types and 
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filling methods and inclination of stopes on stress developments within the backfilled 

stopes were given in detail. Finally, the numerical results were compared to laboratory 

measurements of strength and it was concluded that the current fill design was 

conservative at Brunswick mine.  

 

Li et al. (2003) studied arching in a narrow backfilled stope using FLAC. They used 

Marston’s theory as the basis for comparison of results. In the code used by Li et al. 

(2003) the rock mass is considered homogeneous, isotropic and linear elastic, 

whereas the cemented backfill is assumed to be plastic and obey the Mohr-Coulomb 

criterion. The mining sequence from excavation to filling in FLAC is that firstly, the 

stope is excavated and FLAC is initiated until the excavation reaches equilibrium; the 

backfill is then placed with the initial displacement field set to zero at which time the 

calculation is performed. Overall, Li et al. (2003) showed that Marston’s theory 

underestimates the average vertical normal stresses within the filled stope.  

 

Aubertin et al. (2003) developed a numerical model using PHASES2 to compare 

analytical and numerical results within the narrow backfilled openings. The effect of 

stress transfer along the interface between the rock and soft fill were also investigated. 

Aubertin et al. (2003) reported that there was significant effect of arching on stress 

developments along the walls and at the bottom of narrow stope. Further, it was 

observed that the analytical solutions overestimate the arching effects when compared 

to numerical modelling. They also state that neither method adequately accounts for 

non-linear response of the backfill and that more work is needed to asses these 

issues, especially by including interface elements between rock and backfill regions. 

 

Rankine (2004) investigated the arching mechanism in paste fill during a complete 

mining sequence using FLAC3D. This study examined the effects of the mining 

sequence and the increasing vertical stress in the primary stope. Rankine (2004) 

showed that a stope with a length:width ratio equal to 1 (i.e. square) had a 3D arch 

developing. This 3D arch was shown to be much stronger than the 2D arch found in 

narrow stopes (length:width ratio of 3:1 or greater). It was also shown that the 

reduction of vertical stresses is more obvious with a depth:width ratio greater than 2:1. 

 
5.3 Proposed FLAC and FLAC3D models 
The following description of FLAC and FLAC3D was mostly taken from the FLAC and 

FLAC3D user’s manual. FLAC and FLAC3D (Fast Lagrangian Analysis of Continua in 2 

& 3 dimensions) are two and three dimensional, explicit finite difference programs for 
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engineering mechanics computations. Both simulate the behaviour of structures built of 

materials that exhibit plastic flow when their yield limits are reached. Materials are 

represented by elements, or zones, which then form a grid which can be adjusted by 

the user to suit the medium to be modelled. Each element within the grid acts 

according to the set linear or nonlinear stress/strain law in response to the boundary 

restraints or applied forces. 

 

The material can yield and flow and the grid can deform (in large strain mode) and 

move with the material that is represented. The explicit, Lagrangian calculation 

scheme and the mixed-discretization zoning technique used in FLAC and FLAC3D 

ensure that plastic collapse and flow are modelled very accurately. FLAC and FLAC3D 

are primarily intended to be used in geotechnical and mining engineering. The code 

embodies special numerical representations for the mechanical response of geological 

materials. FLAC and FLAC3D themselves have the following ten built-in material 

models: 

• Null model which represents holes (excavations) in the grid 

• Isotropic elastic model 

• Transversely isotropic elastic model 

• Drucker-Prager plasticity model 

• Mohr-Coulomb plasticity model 

• Ubiquitous-joint plasticity model 

• Strain-hardening/softening plasticity model 

• Bilinear strain-hardening/softening ubiquitous-joint plasticity model 

• Double-yield plasticity model 

• Modified Cam-clay plasticity model 

 

In general field conditions, most of the mining stopes are inclined and irregular in 

shape. However, Aubertin et al. (2003) and Knutsson (1981) have investigated the 

effect of stope inclination and reported that the vertical normal stresses can be 

estimated assuming the stope is vertical and the error is within 10%. One major 

assumption in this thesis is that stopes are vertical. Additional numerical modelling 

may be carried out as part of future research to quantify the effect of the inclination of 

stopes on vertical stress distribution.   

 

Figure 5.2 shows a schematic diagram of underground void which can be 

approximated as rectangular prisms, where w is the stope width, l the stope length and 
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h the stope height. Typically, the stope width and length range from 20 m to 40 m and 

the height may exceed 100m.  

 

Table 5.1 shows the proposed stope types according to the ratio between length and 

width (l/w). The narrow stopes can be defined as the ones where the stope length is 

very large compared to its width and it can be approximated as a 2-dimensional plain 

strain model. The circular section can be considered as a two-dimensional axi-

symmetric case. In this thesis, FLAC was used for the narrow and circular stopes to 

investigate the stress development within the stope and FLAC3D was used for square 

and rectangular stopes in three-dimensional modelling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2. Vertical stopes in underground mines. 

 

Table 5.1: Proposed models in numerical modelling 

Type of stope Cases Proposed model  Software used 

Narrow section 

 

Circular section 
 
 
Square section 
 
 
Rectangular 
section 

w
l  = ∞ 

1=
w
l   

 

1=
w
l  

 

72 ≤≤
w
l  

2-Dimensional (plain strain) 

 

2-Dimensional (axi-symmetric) 

 

3-Dimensional model 

 
 
3-Dimensional model 

FLAC 

 

FLAC 

 

FLAC3D

 
 

FLAC3D
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5.4 Modelling approach  
Modelling undertaken for this dissertation is not intended as an exact replication of the 

design problem, and should not be used to quantify numerical values of vertical normal 

stress or arching stress within a stope. It is a simplification of a real situation, used as 

an intellectual means by which insight into the behaviours of the system may be 

gained. In the research, modelling approach utilized in the finite difference codes 

(FLAC and FLAC3D) enables the variability to be easily investigated for system 

sensitivity by varying the input parameters outlined in the initial stages of the code. The 

Two-dimensional program coded in FLAC was used as a preliminary step on narrow 

and circular stopes such that the program compared against analytical and physical 

models. Later, a similar approach was extended to the square and rectangular stopes 

using FLAC3D. 

  

In this section, the long narrow stope is considered and reported for the idealised 

modelling process, when developing numerical models using FLAC. This idealised 

representation decreases the complexity of the modelling process while still 

maintaining comparability to the field situation. Figure 5.3 and Figure 5.4 show the 

idealised mining representation before and after the ore is removed in a long narrow 

mine, where the confining walls of the stope become unsupported (Figure 5.3). After 

that, the stope is backfilled using some kind of minefills as shown in Figure 5.4. Figure 

5.5 shows the geometric variables that were required in the modelling process and 

used for sensitivity analysis, and final stope dimension as well as rock-region.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.3. Idealised long narrow stope representation after 

ore extraction before backfilling (adapted from www.mininglife.com). 
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Figure 5.4.Idealised long narrow stope representation after backfilling 

(adapted from www.mininglife.com). 

In Figure 5.5, 

b = the distance between rock side-boundaries and stope walls (m) 

d = the depth of rock above the stope from the ground surface (m)  

w = stope width (m) 

h = stope height (m) 

 

 
 
 

 

bb w

h  

d  

Ground surface 

Void space at top of 
the stope  

Model boundary 

Stope 

Rock region 

Figure 5.5. Schematic diagram of idealized regions with various dimensions.  
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5.4.1 Sensitivity analysis 

A narrow stope with the dimensions of 10 m width and 60 m height was used for 

sensitivity analysis to select an idealized rock and backfill region. Here, overburden 

pressure of rock, i.e. the product of unit weight of rock (γrock) and depth of rock above 

the stope from the ground surface (d) and the horizontal distance between the rock-

backfill face and the model boundary (b) are the important parameters. Initially, a 

sensitivity study was made using 1 m x 1 m grid size to achieve reasonable solution 

time and accuracy. Further, the influence of the grid sizes in the modelling is discussed 

below. Figure 5.6 shows the variation of vertical normal stress against the stope depth 

along its center line when b is 5, 10, 20, 35 and 50 m. The trend is approximately the 

same and the vertical normal stress is the same for all cases. The stress at the mid-

depth of stope is around 70% of the overburden pressure and it is 45% at the bottom 

of the stope. 

 

Table 5.2 shows, in the numerical modelling using FLAC, the distance b from rock 

side-boundaries to stope wall, number of elements, solution time and maximum 

vertical stress. The maximum vertical stress within the stope is approximately the 

same for b values and the solution time increased significantly with the increasing 

number of elements, especially when the b values were greater than 20 m. In this 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.6. Variation of vertical normal stress against stope depth for  

b = 5, 10, 20, 35 and 50 m within 10 m x 60 m narrow stope. 
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research, after considering the accuracy of the results and the solution time, the 

distance between the rock boundary and the backfill surface (b) was selected as 20 m. 

This value was selected, since it can show more detailed stress variation in rock 

regions compared to lower b values. Also, b values higher than 20 m were not 

considered due to their significant increase in solution time.  

 
Table 5.2. Number of elements, solution time and maximum vertical stress in FLAC 

b (m) Number of elements Solution time (min) 
Maximum vertical stress 

(kPa) 

5 8122 49 374.0 

10 10742 74 374.2 

20 15982 125 374.4 
35 23842 210 374.4 

50 31702 310 374.5 

 

It was noted that the solution time was significantly large when there is a large volume 

of rock above the underground voids, acting as overburden or surcharge 

(γrock=26.5kNm-3). Therefore, it was proposed to replace part of the overburden 

pressure of the rock region by applying the equivalent distributed loads on top of the 

excavated voids by varying the rock overburden depth (d). 

 

Figure 5.7 shows a schematic diagram of the stope with an equivalent distributed load 

for surrounding rock regions. A program was applied using five different depths chosen 

arbitrarily, to find the depth of rock under the ground surface and corresponding 

equivalent distributed load. These results contributed to the final selection of the value 

for d and corresponding distributed load in numerical modelling.  

 

Table 5.3 shows the depth of rock above the top of the stope, with corresponding 

distributed loads, solution time and the maximum vertical normal stress computed 

using FLAC. As shown in Table 5.3, the maximum vertical stress approximately 

remained the same, with the increase in rock depth from 10 m to 200 m. Further, the 

solution time also increased with the increase in depth from 10 m to 200 m. The 

solution time increased from 29 minutes to 76 minutes when the depth increased from 

10 m to 100 m and these increased approximately four times while increasing to the 

next 100 m depth. Further, it was around ten times at the depth of 200 m with zero 

distributed loads compared to 10 m depth with 5.03 MPa distributed loads. 

 

______________________________________________________________________ 
 104



Chapter 5                                                               Numerical Models on Arching Effects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.7. Approximation of equivalent distributed load to rock region.  

 

In the modelling, there was a significant influence of the number of elements or depth 

of rock on solution time. It is not desirable to run programs for a long period in the 

mining industry to gain a more accurate solution. 

 
Table 5.3. Number of elements, distributed loads, solution time and 

maximum vertical stress in FLAC 

d (m) 
Distributed loads 

(MPa) 

Number of 

elements 

Solution time 

(min) 

Maximum vertical 

stress (kPa) 

10 5.03 4331 29 374.3 
20 4.77 4880 35 374.8 

50 3.97 6710 54 374.8 

100 2.65 9760 76 375.2 

200 0 15860 310 375.9 

 

The choice of mesh density involves a compromise in relation to accuracy, limitations 

of storage capacity and execution times. In this Chapter, the elements were proposed 

to build square shapes within the backfill and rock regions. It is necessary to assess 

the loss of accuracy associated with the increase in mesh coarseness. Table 5.4 

shows the number of elements and corresponding solution time in FLAC for the 
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Table 5.4. Grid size, number of elements and solution time in FLAC 

Grid size (m) Number of 

elements 

Solution time 

(min) 

1.00 3500 33 

0.50 8400 56 
0.33 14400 98 

0.25 21610 253 

0.20 35000 500 

 

10 m x 60 m narrow stope section with different grid sizes. Figure 5.8 shows the 

variation of vertical normal stress against the depth within the stope for grid sizes of 1 

m, 0.5 m, 0.33 m, 0.25 m and 0.20 m. The vertical stress remained the same up to half 

of the stope depth for all grid sizes and there were significant variations at the bottom 

of the stope. Further, the vertical stress was approximately the same for the grid sizes 

of 0.5 m, 0.33 m and 0.25 m and 25 kPa less for 1 m grid size at the bottom of the 

stope. The trend of vertical normal stress was significantly different at the bottom of the 

stope at grid size of 0.2 and it was reduced by 60 kPa between 55 m and 60 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.8. Vertical normal stress vs. stope depth at different grid sizes. 
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The solution time is also a critical factor in selecting suitable grid size in numerical 

modelling. From Table 5.4, the solution time increased significantly from 33 minutes to 

500 minutes at the reduction of the grid sizes from 1.00 to 0.20 m. In this research, it 

was proposed to create 0.50 m grids in the backfills and 1.0 m grids in the rock 

regions. 

 

Similar steps were carried out in the axi-symmetric case using FLAC. In the cases of 

square and rectangular sections, it was proposed to select a quarter portion of 

backfilled stopes in order to reduce the solution time using FLAC3D. Rankine (2004) 

reported the complex mine geometry during the idealized nine stope grid pattern 

(Figure 5.9) to analyse the complete mining sequence. The comprehensive modelling 

overview of the quarter of backfilled stopes was reported in Rankine (2004). 

 

This research examines the stress developments within the primary stopes only. The 

primary stope, when fully confined by rock, is defined as the centre stope in a block of 

nine stopes. This stope is excavated and backfilled first and is illustrated in Figure 5.9.  

 

Tertiary Secondary Tertiary 

Secondary Primary Secondary

Tertiary Secondary Tertiary 

 
Figure 5.9. Idealistic nine-stope grid arrangement (Rankine, 2004). 

 

5.4.2 Boundary conditions 

Most numerical modelling techniques require boundary conditions to be applied to the 

model. The location and restraints at the boundaries will have some influence on the 

model results. Boundaries must be placed far enough away from the area of interest 

so that they do not have significant influence on the system being modelled. Boundary 

conditions for the stope and rock region arrangement were applied to the perimeter of 

the idealized boundaries. Figure 5.10a, 5.10b and 5.10c show the boundary conditions 

for the plane strain, axi-symmetric and 3-dimensional stopes using FLAC and FLAC3D 

respectively.  
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 Figure 5.10. Schematic diagram of boundary conditions applied (a) two-dimensional plane 

strain (b) axi-symmetric models and (c) three-dimensional model.   

 

It was proposed to include the rock region by using interface elements between rock 

and backfill materials in plane strain and axi-symmetric problems. Narrow stopes were 

studied when the idealized boundary grid stopes were fixed along the model boundary 

in rock regions and at the bottom of the stope (Figure 5.10a). It was noticed that the 

solution time was a little higher in the case of with rock regions than that without rock 

regions.  

 

As can be seen in Figure 5.10b, a radial plane of circular backfilled stopes was 

selected in the modelling. Here, fixed conditions provided at the outer perimeter walls 

and the bottom of the stope, and roller supports used along the centre line of the 

circular stopes. The two-dimensional models were developed so that they take 

advantage of the axi-symmetric situation by only modelling the elements along a radius 

(Figure 5.10b). 

In this dissertation, the quarter portion of the square and rectangular backfilled stopes 

was chosen due to the planes of symmetry in the modelling, see Figure 5.10c. Here, 

fixed conditions at the outer perimeter walls and roller supports on the vertical plane of 

symmetry were created.   
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5.4.3 Initial conditions 

Gravity was the only initial condition applied to the rock region, which initiates the 

development of internal stresses within the ore body. The stresses developed during 

the application of the gravity to the model provided the initial conditions for the stage of 

filling.  

 

5.4.4 Interfaces 

Rankine (2004) and Li et al. (2003) reported on the necessity of interface elements 

between the two relative bodies where slip occurs. While backfilling the primary 

stopes, large amount of stress can transfer to the rock wall due to the shear resistance 

along the contact surfaces. Therefore, in this research the interface elements were 

used to develop FLAC model for plane strain and axi-symmetric models. The details of 

interface elements and corresponding input parameters are given in Section 5.6.1. 

 

5.4.5 Constitutive models 

FLAC and FLAC3D have ten built in material models including a null model, three 

elastic models and six plastic models. For numerical modelling, the rock mass was 

assumed to be homogeneous, isotropic and linear elastic, and the backfill as plastic 

material and follow the Mohr-Coulomb law. The definition of the Mohr-Coulomb model 

is shown in Figure 5.11. The Mohr-Coulomb criteria is the most widely recognised 

failure criteria applied to granular soils and is defined as: 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.11. Mohr-Coulomb failure criterion. 
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φστ tannc +=       5.1 

where   τ  =  shear stress along the failure plane failure (kPa)   

  c  = material cohesion (kPa) 

σn = compressive normal stress acting on the failure plane at failure 

(kPa) 

φ  = angle of internal friction for the material (o). 

 

A review of the failure mode was undertaken to determine the applicability of the 

various failure criteria to hydraulic fills and paste fills. Rankine (2004) carried out 

Unconsolidated Undrained (UU) tri-axial tests on 56-day BHP Cannington paste fills of 

6% cement and 78% solids. He reported the testing results in the form of s-t plot (see 

Figure 5.12), which confirms the Mohr-Coulomb model is suitable for Cannington paste 

fills. Further, Rankine (2004) assumed that the paste fill behaves before failure as a 

linear elastic model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.12. The s-t plot for 6% cement, 78% solids of paste fill sample 

(56 day UU strength, adapted from Rankine, 2004). 
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5.5 Modification of a narrow stope FLAC model 
This section briefly outlines a fictitious stope stability problem and modification to the Li 

et al.’s (2003) FLAC model. Li et al. (2003) developed 2-dimensional models to study 

stress developments within a relatively narrow stope with dimensions of 6 m width and 

45 m height minefills. They found that the vertical stress at the bottom of the stope is 

significantly lower than the overburden pressure of the fill, computed as the product of 

fill height and unit weight. Moreover, the vertical stress peaked around mid-height of 

the stope and at that location the vertical stress is larger than the overburden pressure 

(Aubertin et al., 2003). Vertical stress exceeding overburden pressure is unrealistic, 

and it may be due in part to the model construction, and how the fill is placed. Li et al. 

(2003) assumed that the entire fill is placed instantaneously, as one whole body of 

Mohr-Coulomb mass, and that is probably the reason for this anomaly.  

 

Table 5.5 shows the summary of input parameters and constitutive models for rock 

and backfills which were used by Li et al. (2003) for the numerical modelling. In this 

research, a sensitivity analysis was conducted on these parameters, and changes in 

stress development within the stope are observed. The rock mass was assumed to be 

homogeneous, isotropic and linear elastic and the backfill as Mohr-Coulomb material.  

No interface elements were used in the model construction. 

 
Table 5.5. Li et al.’s (2003) input parameters and constitutive models 

for rock and backfills 

Model input parameters Ore body/rock Backfills 

Constitutive model Isotropic elastic Mohr Coulomb 

Young’s modulus, E (GPa) 30 0.3 

Poisson ratio, ν 0.3 0.2 

Density, ρ (kgm-3) 2700 1800 

Friction angle, φ (o) - 30 

Cohesion, c (kPa) - 0 

 

Figure 5.13 shows the stope dimensions and the material properties of rock and 

backfill region. Initially rock regions was allowed to attain equilibrium under its self 

weight, part of which was replaced by an equivalent surcharge, and then the stope was 

excavated with calculations performed with FLAC to reach another equilibrium state. 

Placing the fill in layers is more realistic and models the actual situation in the mine, 

and also gives a better prediction of the vertical normal stress. Backfill is placed in a  
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Figure 5.13. Vertical stope with backfill (not to scale); the main properties of 

the rock and backfill are given with geotechnical notations. 

 

number of layers varying from one to several in order to show the improvement from 

the Li et al.’s (2003) model. Displacements were initialised to zero at the end of 

excavation when a calculation was performed to investigate the effect of filling 

methods. ATTACH command was used to connect sub grids (rock and backfill region) 

to obtain more accurate results within the stope region by creating reasonably fine grid 

arrangements.  The corresponding program is given in appendix B2.1. 

 

To show the improvement on the Li et al.’s (2003) model, the same dimensions of the 

opening (h = 45 m and w = 6 m) have been used in the modelling. Rock region was 

included in the model with E = 30 GPa, γ  = 26.5 kN/m3 and ν = 0.3, while doing the 

backfilling operation in order to represent the actual conditions and the natural in situ 

stresses in the rock mass and were obtained by considering self weight of the rock 

(200 m deep from the top of the stopes) above the stope. Figure 5.14 shows the 

vertical and horizontal stress distributions within the stope and surrounding region 

when the entire fill was placed instantaneously. These results are very similar or 

almost identical to those from Li et al. (2003) and show a non-uniform profile across 

the stope width, with significant variation in vertical normal stress from the wall to the 

centre.  

 

Figure 5.15 shows the effect of filling layers on vertical stress with depth along the 

stope centre line, such as one layer (45 m), two layers (22.5m), four layers (11.25 m)  
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 (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    (b) 

Figure 5.14. Normal Stress distribution contours within backfill and surroundings 

from FLAC (a) Vertical stresses (σv) (b) Horizontal stresses (σh). 

 

and many layers (1 m). It can be seen that the vertical stress exceeds the overburden 

stress in the case of one layer, especially within the upper 1/3 stope regions. However, 

this effect has reduced significantly while filling as two layers and then has completely 

corrected by considering many layers. Therefore, these results have improved 

significantly from Li et al.’s (2003) models, where the vertical stress does not exceed 
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the overburden pressure when filled in more than four layers in the numerical 

modelling. Therefore, in all studies below, filling was conducted in 1 m thick layers. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 5.15. Comparison of vertical normal stresses (σv) along the narrow stope 

center line by varying filling thickness. 

 

5.6 Interface FLAC model for vertical stopes  
In this research, the interface elements are introduced to determine the actual stress 

variation within the narrow (plane strain) and circular (axi-symmetric) stopes using 

FLAC.  

 

5.6.1 Interface definition 

Typically, interface (contact) elements are included in soil structure interaction (SSI) 

analysis to represent slip between soils and surrounding structure. Several interface 

elements have been proposed and developed by previous researchers for different 

geotechnical and mining applications to simulate field conditions realistically. Further, it 

is necessary to choose an appropriate constitutive relationship when using interface 

elements for a particular problem. Also, this constitutive relationship should be able to 

model the influence of interface elements under corresponding loading, i.e. 

underground mining applications, construction of retaining wall and piling works, etc. A 

review of interface elements and interface constitutive models has been carried out in 

this research.  
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Goodman et al. (1968) firstly used interface elements to study the stability analysis of 

joint rock masses using finite element modelling software. They created interfaces, 

which are typically called joint elements or zero thickness interfaces. Here, four nodes 

were used during the derivation of the joint element stiffness matrix. A simple 

constitutive model was used for modelling, which consists of specific values for shear 

and normal stiffness.  

σ=Δnnk .       5.2 

τ=Δssk .       5.3 

where   kn = interface normal stiffness 

  ks = interface shear stiffness 

  ∆n = displacement normal to the interface 

  ∆s = displacement along the interface 

  σ = normal stress acting on the interface 

  τ = interface shear stress 

   

Clough and Duncan (1971) extended the above approach for analysising the soil-

structure interaction (SSI) of retaining walls and reported that interface elements gave 

a significant improvement compared to previous studies without interface elements. 

Clough and Duncan (1971) used two cases, such as a rough interface by considering 

no slippage between soil and surrounding materials and a low roughness interface by 

developing shear stress along contacted area.  

 

Heuze and Barbour (1982) used “symmetric joint elements” with zero thickness for 

finite element analyses of foundation on rock, and underground ore excavation. They 

reported that dilation of the backfill materials plays a key part in modelling results. 

Coupling was not considered in modelling, and normal stresses are determined 

explicitly according to the stiffness of the surrounding rock and the dilation angle 

between rock and backfill.  

 

Interfacial frictional properties 
FLAC provides interfaces that are characterized by column sliding and/or tensile 

separation. Interfaces have the properties of friction, cohesion, dilation and normal and 

shear stiffnesses (Itasca, 2000). FLAC manual guidelines suggest ATTACH command 

can be used to join sub-grids together and interface elements can be used between 

sub-grids in order to allow the slippages to occur between the adjacent regions. A 

schematic diagram of the FLAC interface element is shown in Figure 5.16. As can be 
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seen from this figure, the interface has four parameters: S = slider representing shear 

strength; T = tensile strength; kn = normal stiffness; and ks =shear stiffness.  

 

 

 

 

 

 

 
Figure 5.16. Schematic diagram of the FLAC interface element 

 (adapted from Itasca, 2000). 

 

Interface elements were used to model the interaction between the rock and backfill to 

investigate the influence of interface elements on stress developments. Here, Pentium 

IV 1.5 GHz was used to develop FLAC programs separately with interface and without 

interface elements.  Figure 5.17 shows the location of interface elements in numerical 

modelling. As shown in Figure 5.17, the interface elements are located in between rock 

region and backfill and are placed in steps during backfilling. This allows the 

movement of backfill in relation to rock mass, which is realistic and models the actual 

situations well. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interface elements 

Rock region 

Backfill 

 
Figure 5.17: Locations of interface elements in numerical modelling 
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Interface elements have properties of friction, cohesion, dilation and normal (kn) and 

shear (ks) stiffnesses between rock and backfill contact region. The interfacial friction 

angle (δ) was investigated and reported by considering the low, medium and high 

surface roughness using the modified direct shear apparatus in Chapter 4. The ratio 

between the interfacial friction angle and friction angle of backfills were also given. The 

average values of δ/φ were 0.75, 0.83 and 0.92 for low, medium and high surface 

roughnesses respectively. It was recommended in Chapter 4 (Section 4.2.1) that the 

average internal friction angle of Australian hydraulic fills is 35 degree at 60% relative 

density. Therefore, the interfacial friction angle for hydraulic fills used in numerical 

modelling was varied between 25o and 35o based on the surface (rock) roughness at 

the mine.  

 

Kong et al. (2006) reported that there is a little uncertainty during the selection of the 

interface elastic stiffnesses. They also reported difficulty in experimental setup and 

sample preparation in the laboratory. In this section, two different approaches were 

used to select appropriate values of normal (kn) and shear (ks) stiffness between rock 

and backfill contact regions for modelling. 

 

In the first approach, as a rule-of-thumb, the FLAC manual (Itasca, 2000, Theory and 

Background Manual) recommends that kn and ks set to the equivalent of 10 times the 

stiffness of the stiffest neighboring zone, i.e.: 

⎥
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In Eq. 5.4, K = bulk modulus of the rock region (kN/m2); G = shear modulus of the rock 

region (kN/m2); minzΔ  = the smallest width of an adjoining zone in the normal direction 

(m) as shown in Figure 5.18. The unit of kn and ks is kPa/m or Pa/m. 
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Figure 5.18. Zone dimension used in stiffness calculation (Adapted from Itasca, 2000). 

 

Many laboratory tests were carried out on rock samples from many different mines 

using MTS machine, in a structural laboratory at the James Cook University. Based on 

these, it was found that the suitable values for bulk and shear modulus for rock regions 

were 19 GPa and 10 GPa respectively. Also, the grids were developed, so that the 

minimum zone size adjacent to the interface was 0.5 m. The value of (K+4/3G) 

calculated from the above values was 32.3 GPa. Therefore, the values of kn and ks 

become 6.5x1011 Pa/m. Green and Ebeling (2003) and Kong et al. (2006) used the 

value of 1.1 x1010 Pa/m for modelling dynamic response of cantilever earth retaining 

walls and the slide resistance development of piles in mudstone using FLAC. Kong et 

al. (2006) noted that the effect of kn and ks on predicted pile response diminished, when 

kn and ks increased significantly. Kong et al. (2006) also reported that the predicted 

results agreed reasonably with the pile test results when high enough values of kn and 

ks were used. Therefore, in this dissertation, the value of 1x1010 Pa/m for kn and ks was 

selected for the numerical modelling. 

 

The second approach was a sensitivity study to examine the influence of normal and 

shear stiffnesses on the vertical normal stress and vertical displacement along the 

stope centre line and the shear stress along the stope wall, during the backfills. Values 

from 1x106 Pa/m to 1x1012 Pa/m for kn and ks were considered in FLAC to investigate 

the effect of kn and ks on the above three variables. These results are shown in Figures 

5.19, 5.20 and 5.21 respectively.   
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Figure 5.18: Vertical normal stress along the stope centre line vs. stope depth for 

different normal and shear interface stiffnesses 

 

 

 

 

 

 

 

 

 

kn = ks

Figure 5.19. Vertical normal stress along the stope centre line vs. stope depth for 

 different normal and shear interface stiffnesses. 
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kn = ks

Figure 5.20. Shear stress along the left wall vs. stope depth for different normal and shear interface stiffnesses. 
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kn = ks

Figure 5.21. Vertical displacement at centre line vs. stope depth for different normal and shear interface stiffnesses. 
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As shown in Figures 5.19, 5.20 and 5.21, the results were not in alignment with the 

expected vertical normal stress trend, when kn and ks were between 1x106 Pa/m and 

1x108 Pa/m. On the other hand, when the stiffness values were beyond 1x108 Pa/m, 

the results were in alignment with the expected vertical normal stress trend, Table 5.6 

shows the solution time and vertical normal stresses at different levels of stopes (0.75 

h, 0.5 h, 0.25 h and at the bottom of the stope) using values from 1x106 Pa/m to 

1x1012 Pa/m for kn and ks for a 10 m x 60 m narrow stope using FLAC. Similarly, Table 

5.7 shows the results for a 10 m x 60 m circular stope using FLAC. The vertical normal 

stresses remained approximately constant at slope levels of 0.75 h, 0.5 h, 0.25 h and 

at the bottom of the stope, when the stiffness values were equal or greater to 1x1010 

Pa/m in both cases of narrow and circular stopes. 

 
Table 5.6. Solution time and vertical stresses at different locations for different stiffness 

values for 10 m x 60 m narrow stopes 

Stress at different locations (kPa) kn and ks

(Pa/m) 

Time  

(Minutes) 0.75 h (m) 0.5 h (m) 0.25 h (m) At the stope floor 

1x106

1x107

1x108

1x109

1x1010

1x1011

1x1012

182 

60 

58 

55 

62 

67 

94 

232.0 

238.7 

229.0 

219.7 

217.8 

217.4 

217.4 

344.6 

358.0 

358.5 

354.0 

348.8 

348.1 

348.1 

431.9 

433.1 

435.0 

430.1 

423.1 

422.2 

422.2 

372.7 

383.8 

408.4 

440.3 

444.8 

445.3 

445.4 

 
Table 5.7. Solution time and vertical stresses at different locations for different stiffness 

values for 10 m x 60 m circular stopes 

Stress at different locations (kPa) kn and ks

(Pa/m) 

Time  

(Minutes) 0.75 h (m) 0.5 h (m) 0.25 h (m) At the stope floor 

1x106

1x107

1x108

1x109

1x1010

1x1011

1x1012

65 

16 

20 

22 

20 

22 

24 

199.0 

177.7 

201.4 

186.7 

182.1 

181.6 

181.5 

253.0 

241.4 

267.6 

252.7 

244.8 

243.9 

243.9 

291.9 

276.6 

284.2 

272.7 

264.0 

263.1 

263.0 

198.7 

206.2 

217.9 

246.8 

253.5 

254.3 

254.2 
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The value of 1x1010 Pa/m for kn and ks was also selected in the second approach due 

to the following reasons: 

• The vertical normal stress remains approximately constant for values of kn and 

ks greater than 1x 1010 Pa/m. 

• The solution time considerably increases (especially in narrow stopes) for   

values of kn and ks greater than 1x 1011 Pa/m. 

• The findings of Kong et al. (2006), recommends the value of kn and ks 1x 1010 

Pa/m. 

 

5.6.2 Extended narrow stope FLAC model 

The modified model of Li et al. (2003) in Section 5.5 was further extended by 

introducing interface elements between rock and backfill in FLAC. Here, a narrow 

stope with a dimension of 10 m width (w) and 60 m height (h) surrounded by rock 

regions was used in numerical modelling. The modelling techniques for interface 

elements and corresponding interfacial properties were discussed in Section 5.6.1. 

The input parameters of rock regions and backfilled materials were the same as Li et 

al.’s (2003). Further, the boundary conditions, initial conditions and constitutive models 

in numerical modelling for narrow stopes were reported in Sections 5.4.2, 5.4.3 and 

5.4.5, respectively. 

 

A series of laboratory tests were carried out to determine the interfacial properties for 

the numerical modelling and were reported in Chapter 4 as follows; 

• Internal friction angle of Australian hydraulic fills was 35o at 60% relative 

density; 

• The ratio between the interfacial friction angle (δ) and internal friction angle (φ) 

was 0.75, 0.83 and 0.92 with low, medium and high surface roughnesses, 

respectively. As preliminary investigation, the interfacial friction angle of 22.5o is 

used. The effect of interfacial friction angles is reported in Section 5.10.4. 

• dilation angle (ψ) of 5o and the influence of dilation angle is also reported in 

Section 5.10.4. 

 

Figure 5.22 shows the vertical normal stress against the stope depth in cases with and 

without interface elements, using FLAC. The trend of the curves was similar for both 

cases. Up to 1/3 of the stope height (20 m), the vertical normal stress was 

approximately equal for with and without interface elements. Further, the stress with  
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Figure 5.22. Vertical normal stress vs. depth within the narrow stope for 

with and without interface elements.  

 

 Even though the vertical normal stress with interface elements is 80 kPa greater than 

the vertical normal stress without interface elements at the bottom of the stope, to 

study the actual stress development within mine stopes, it is necessary to consider the 

interface elements between the fill mass and rock to represent realistically. 

  

 Table 5.8 shows the comparison of vertical normal stress at the middle and bottom of 

the stope and solution time for with and without interface elements. At the middle and 

bottom of the stope, stresses were larger (around 30 to 80 Pa) when interface 

elements are used compared to the study without interface elements. Also, the solution 

times for with interface elements was higher than that without interface elements.   

 
Table 5.8. Stresses at middle and bottom stopes and solution times with 

and without interface elements 

Stress at locations (kPa) Cases Middle Bottom 
Time (mins) 

Without interface elements 
With Interface elements 

240 
270 

400 
480 

243 
357 

 

Figure 5.23 shows the variation of vertical normal stress with depth based on modified 

Marston’s theory (Aubertin et al., 2003) with K = Ko and K = Ka; the overburden stress 
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which is simply the product of depth and the unit weight of the fill; the numerical model 

results from FLAC, and finally the solution suggested by author in Chapter 3 under 

Section 3.3.1, where Marston theory is used with K = Ko and δ = 0.67φ . The vertical 

normal stresses were significantly less by using the analytical solutions than that from 

FLAC numerical model. The lateral wall movements on excavation were investigated in 

FLAC, and were found to be significantly less than 0.002h required to produce an 

active state. Further, along the center line of the stope, there is no lateral deformation 

and the fill is in an at rest state with K = Ko. Therefore, K = Ko and δ = 0.67 φ  are more 

realistic assumptions for using Marston’s equation, which estimates σv values match 

the numerical modelling better. 

 

The lateral variation of vertical stresses across the stope width, computed from FLAC, 

is compared with overburden stresses at stope levels of 0.75 h, 0.5 h, 0.25 h and stope 

floor (Figure 5.24). It can be noticed that there are around 17%, 35%, 48% and 56% of 

reduction to the vertical normal stresses along the stope center line when compared to 

the overburden pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.23. Comparison of vertical normal stress from analytical, numerical solutions 

and overburden pressure along the vertical stope centre line. 
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Figure 5.24. Variation of normal vertical stresses across the narrow stope width at four different 

levels of stope depths with corresponding overburden pressures. 

 

5.7 Development of an axi-symmetric FLAC model 
Even though square or rectangular stopes are more common in the mines, it is quite 

useful to study the stress developments within circular stopes in order to compare the 

results with 3-dimensional models using FLAC3D and a laboratory model which was 

reported in Chapter 4. In this section, it is proposed to develop axi-symmetric models 

for circular stopes using FLAC. A circular stope with dimensions of 20 m radius and 60 

m height was considered for the numerical modelling. Here, assumptions were similar 

to the narrow stopes in the modelling discussed in Section 5.5. The input parameters 

were the same as plane strain model and these are given in Section 5.6. Also, 

interface elements similar to Sections 5.6.1 and 5.6.2 were used to connect the backfill 

and rock regions.   

 

In this modelling, there were two differences compared to the plane strain model. The 

first was the application of boundary conditions, which is reported in Section 5.4.2. The 

second difference was the application of an equivalent distributed load on top of the 

model. As seen in Figure 5.10b, there was uniform reduction (triangular) applied 

radially. The two-dimensional FLAC models were developed, so that they take 

advantage of the axi-symmetric situation, by only modelling the elements along a  
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Figure 5.25. Variation of vertical normal stress with depth from axi-symmetric model and 

overburden against center line of the circular stope. 

 

radius. Here, interface elements were also used to connect the sub-grids between rock 

and backfill regions and investigate the stress developments within the stope more 

realistically. Figure 5.25 shows the variation of vertical normal stress versus depth for a 

circular stope with a diameter of 20m and height of 60 m. The vertical normal stress 

significantly reduced with the stope depth and there was only 42% of overburden 

pressure transferred to the bottom of the stope.  This concludes that arching effects 

occurred in backfill operations and it is necessary to determine the actual stress 

developments within backfilled mine stopes for effective minefill designs. 

 

Figure 5.26 shows the comparison of vertical normal stresses at different depths for  

analytical solutions based on K = Ko & δ = φ  and K = Ka & δ = φ  cases (Chapter 3), 

the overburden pressure, FLAC results and the analytical solution proposed by the 

author with K = Ko and δ = 0.67φ  in Chapter 3 for a 20 m diameter and 60 m height 

circular stope. The lateral wall movements on excavation were investigated in FLAC 

and were found to be less than 0.002 h required to produce an active state. Moreover, 

there is no lateral deformation along the stope centre line and the fill is at a rest state 

with K = Ko. Therefore, the proposed analytical solution using K = Ko and δ = 0.67φ  is 

a more realistic assumption similar to real situation. It is evident from Figure 5.26 that it 

gives results much closer to numerical modelling results. The lateral variation of 

vertical stress across the stope width from FLAC is compared with overburden stress 
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Figure 5.26. Comparison of vertical normal stresses (σv) from analytical, Numerical solutions 

and overburden stress along the circular stope centre line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.27. Variation of vertical stresses across the circular stope width at different  

level of stope heights with corresponding overburden pressures. 
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at stope levels of 0.75 h, 0.5 h, 0.25 h and stope floor (Figure 5.27). There was around 

10%, 28%, 43% and 60% reduction of vertical normal stress respectively along the 

vertical centre line when compared to the overburden pressure at these stope levels. 

 

5.7.1 Comparison of the axi-symmetric models  

Rankine (2004) modelled the excavation and backfilling of underground voids at 

Cannington mine using the finite difference package FLAC3D at James Cook 

University. In the modelling, a square stope was used with a dimension of 40 m x 40 m 

plan area and 200 m height and paste fill were used by Rankine (2004). In this 

dissertation, the FLAC axi-symmetric model using interface elements between the rock 

and backfill was developed to compare with FLAC3D model. Further, the comparison 

exercise was undertaken to ensure the numerical integrity of the results obtained from 

FLAC axi-symmetric model.  

  

Table 5.9 shows the summary of input parameters and constitutive models for rock 

and backfills which were used by Rankine (2004) for the numerical modelling. A 

sensitivity analysis was conducted on these for the numerical model and changes in 

stress development within the stope were observed and reported in sections 5.4.1 and 

5.10.  

 
Table 5.9: summary of input parameters and constitutive models 

for rock and backfills (Rankine, 2004) 

Rankine (2004) and 

this research 

 

Model input parameters 

 

 

Ore body 

 BHP Paste fill 

Constitutive model Isotropic elastic Mohr Coulomb 

Young’s modulus, E (GPa)            30 0.2 

Poisson ratio, ν 0.2 0.2 

Density, ρ (kgm-3) 2600 2100 

Friction angle, φ (Degree) - 10.3 

Cohesion, cu (kPa) - 200 

 

In the modelling, a 1 m x 1m grid was selected within paste fill and rock region. The 

interface elements were used between backfill and rock regions in FLAC to represent 

model results realistically. Figure 5.28 shows the comparison of vertical normal 

stresses against the stope height for 40 m x 40 m x 200 m stope with Rankine (2004) 

FLAC3D model and axi- symmetric FLAC model. These models were used to show the 
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Figure 5.28. Comparison of an axi-symmetric model (FLAC) and Rankine (2004) FLAC3D model.  
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reduction of vertical normal stresses due to arching within backfilled stopes, where the 

measurements along the horizontal plane provided a profile of the vertical stress 

distribution in the backfill. 

 

As shown in Figure 5.28, the vertical normal stress along the stope centre line in the 

axi-symmetric FLAC model was slightly larger than Rankine’s (2004) FLAC3D model. 

The vertical normal stress increased significantly within the first quarter of the stope 

depth for all models. The vertical normal stresses were approximately 435 kPa and 

460 kPa at 50 m stope depth for the FLAC3D and axi-symmetric models respectively. 

Further, it approximately remained constant for the next 125 m and increased 

considerably at the bottom of the stope, especially in FLAC model. The comparison 

between the two numerical models confirmed that the axi-symmetric model using 

FLAC would be used instead of the 3-dimensional numerical model of Rankine (2004) 

FLAC3D in minefill designs. The vertical normal stress profile in the horizontal plane 40 

m above the bottom of the stopes and the bottom of the stope, for the FLAC and 

FLAC3D solution (Rankine, 2004) is shown in Figure 5.29. The values were about the 

same for all models in the plane 40 m above the stope bottom and the maximum 

stress was at the middle of the stope. Further, the trend is slightly different at the 

bottom of the stope and remained 690 kPa between 14 m and 28 m stope width and it 

was around 100 kPa larger than at the horizontal plane 40 m above the base.  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 5.29: Comparison of normal vertical stress profiles for the 200 m high  

stope at 40 m above the stope base and at the base 
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Table 5.10: Vertical normal stress and stress transferred to bottom of the stope at  

different levels using FLAC3D and FLAC models   

Vertical normal stress σv (kPa) Vertical stress transferred to the bottom of the stope (%) Depth within 

the stope z 

(m) 
FLAC3D FLAC Overburden pressure 

σv,FLAC
3D/σv, overburden σv,FLAC/σv, overburden

0 0 0 0 - - 

50 435.0 468.0 1019 43 46 

100 470.0 492.0 2049 23 24 

150 471.0 493.5 3079 16 17 

200 578.9 678.2 4069 14 17 
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Table 5.10 shows the vertical normal stress and transformation of vertical normal 

stress to the bottom of the stope compared to the overburden pressure using FLAC3D 

and FLAC models. The ratio between the vertical normal stress and overburden 

pressure obtained using FLAC and FLAC3D closely matched along the stope centre 

line.   

 

5.8 3-dimensional models for general stopes  
Generally, mine stopes are of square or rectangular cross sections in the field. Here, 

numerical models were developed using FLAC3D, to compare the proposed analytical 

solutions for general stopes mentioned in Chapter 3. In this section, it is proposed to 

use a general stope with a stope height (h) of 60 m, width (w) of 10 m and different 

stope length to width (l/w) ratios of 1 to 7. The corresponding stope dimensions are 

shown in Table 5.11. 

 
Table 5.11. Proposed Stope dimensions for FLAC3D modelling 

Dimensions (m) 

Stope width (w) Stope length (l) Stope height (h) 

  10 

20 

30 

40 

50 

60 

10 

70 

60 

 

This modelling approach was similar to Rankine’s (2004) FLAC3D model for square 

stopes, especially with grid arrangements for a quarter backfilled stope region and 

boundary conditions along the idealized model boundary (Section 5.6.1). There were 

no interface elements between the rock and backfills and only primary stope regions 

were considered for the modelling. The input parameters for this modelling (hydraulic 

fills) were the same as for the 2-dimensional models (Table 5.4), using FLAC for 

narrow and circular stopes models. Further, the effect of shear strength parameters 

such as cohesion (c) and internal friction angles (φ) of backfills will be reported in 

Section 5.10.2.  

 

Figures 5.30 shows the variation of vertical normal stress along the vertical centreline 

against stope depth using FLAC3D, for general stopes, with l/w ratios of 1, 2, 3, 4 and ≥ 
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5 (5, 6 and 7). As shown in Figure 5.30, the vertical normal stress was the smallest, 

when stope length to width ratio was equal to one (i.e. square stopes) compared to 

other ratios along the stope centre line using FLAC3D. The vertical normal stress 

significantly increased when the ratio between stope length and width increased from1 

to 3, and it increased by approximately 20 kPa when ratio was 4. It was approximately 

the same when the stope l/w ≥ 5. 

    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 
Figure 5.30. Vertical normal stress vs. stope depth for  

(Narrow stopes 
using FLAC) 

three-dimensional models using FLAC3D. 

 

In the research, it is proposed to compare numerical models using FLAC3D of general 

stopes with stope length to width ratio of greater than and equals to 5, and a 2-

dimensional plane strain model using FLAC. A numerical model was developed for a 

narrow stope with dimensions of 10 m width and 60 m height, using interface elements 

between the rock and backfills and the results were reported in section 5.6.2. Further, 

it was noticed that the results for the 2-dimensional plane strain numerical model 

closely matched the FLAC3D numerical models, when the stope length to width ratio 

was ≥ 5 (Figure 5.30). Therefore, it was concluded that the 2-dimensional plane strain 

model can be developed, for general stopes when the stope length to width ratio of ≥ 

5. 

 

Figure 5.31 shows the variation of vertical normal stress against the stope depth, for 

general stopes using the analytical solution proposed by the author in Chapter 3. The 
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stope length to width ratios from 1 to 7 was used to compare the results with the 

numerical modelling using FLAC3D. As seen in Figures 5.30 and 5.31, the trends of all 

curves were approximately the same in numerical models using FLAC3D and analytical 

solutions proposed by the author.  

 

 

 

 

 

 

  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.31. Vertical normal stress vs. stope depth for three-dimensional 

models using analytical solutions. 

 

Table 5.12 compares the vertical normal stress at different levels of quarter, half, 

three-quarter and full depth of stopes, using analytical solutions and numerical 

methods. The stress values were approximately equal for all stope length to width 

ratios using the analytical solutions and FLAC3D, especially at the bottom of the stope.  

 
Table 5.12. Comparison of vertical normal stress at different stope levels using 

analytical solutions and numerical models 

Vertical normal stress σv (kPa) 

Analytical solutions Numerical results  Stope levels 

l/w=1 l/w=2 l/w=3 l/w=4 l/w>4 l/w=1 l/w=2 l/w=3 l/w=4 l/w>4 

0.25 h 

0.50 h 

0.75 h 

h 

160.5 

214.0 

231.5 

237.0 

180.2

259.0

293.7 

308.0 

187.6 

278.0 

320.8 

342.0

193.8 

288.0 

338.5 

360.0

194.0 

293.0 

345.5 

372.0

182.0 

240.0 

257.0

269.0

200.0 

288.0 

356.0 

357.0

207.0

307.0

356.0 

397.0 

210.7 

326.4 

489.3 

421.0 

214.7 

340.4 

404.3 

431.0
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In this dissertation, the following simplifications are given to determine the stresses 

within general (3-dimensional) stopes: 

• Since the numerical modelling results were approximately equal for square 

stopes using FLAC3D and circular stopes using FLAC (see section 5.7 and 

5.10), it is proposed to use an axi-symmetric model instead of a 3-dimensional 

model for simplicity and quicker solutions. 

• Since the 2-dimensional plane strain modelling results using FLAC and 3-

dimensional modelling results using FLAC3D when the stope length to width 

ratio is ≥ 5, and were approximately the same for the general stopes, it was 

proposed to develop the 2-dimensional plane strain models using FLAC, 

assuming it as narrow stopes when the ratio is ≥ 5. 

• Since the results from analytical solution proposed by author in Chapter 3 

closely matched the solutions from the 3-dimensional numerical models, 

especially when the stope length to width ratios were from 2 to 4, it was 

proposed to use the author’s analytical solutions to determine the vertical 

stresses for such stopes.  

 

5.9 Comparison and verification of arching models 
The author has compared the models relating to arching effects against each other in 

order to identify models suitable for studying stress developments within filled stopes. 

As discussed in Chapter 4, a circular stope model of 100 mm diameter and 600 mm 

height were numerically modelled using FLAC. The corresponding program is given in 

Appendix B2.2. The experimental models and the numerical models were then 

compared against analytical solutions proposed by the author in Chapter 3. Hydraulic 

fill sample C3 was used for this study and the physical properties of hydraulic fill C3 

are shown in Table 4.2. Since the laboratory testing results were quite close for circular 

and square stopes, only the results of circular stopes from FLAC are considered for 

verification.  

Figure 5.32a shows the vertical normal stress against the stope depth using 

experimental circular and square models, proposed analytical solutions, numerical 

model using FLAC for circular stopes and overburden pressure at any depth within a 

backfill. All models showed that there was a significant reduction in vertical normal 

stress with increasing stope depth. Approximately only 30% of overburden pressure 

transferred to the bottom of the stope. Figure 5.32b shows the enlarged version of 

Figure 5.32a for a closer look at the experimental models, analytical solutions and 

numerical models.  
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(b) 

Figure 5.32. (a) Comparison of vertical stresses within 100 mm and 600 mm stope filled with 

hydraulic fill C3 from experimental, analytical and 

numerical methods and (b) enlarged version. 
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As seen from Figure 5.32a and 5.32b, all trends are similar and vertical stresses are 

around 15% larger for square stopes in the experimental studies. Equation 3.30 was 

used to compute σv, analytical for corresponding stopes and the results matched well with 

numerical modelling, especially the vertical stress being nearly equal at the bottom of 

the stope. Further, experimental results for circular stopes had approximately similar 

stresses throughout the stope depth. 

 

From the above investigations, it is evident that one of these models could be used for 

hydraulic fill design by mining companies based on available resources, cost and time. 

However, it is necessary to verify one of these models using in situ stress 

measurements in mine stopes. Due to limited in situ measurements, it was proposed to 

verify the narrow stope FLAC model using the in situ measurements conducted by 

Knutsson (1981). Here, a narrow stope with a dimension of 6 m width and 45 m height 

was used in the numerical modelling. Further details of the in situ measurements by 

Knutsson (1981) are mentioned in Chapter 3.  

 

Figure 5.33a and Figure 5.33b show the verification of vertical normal stress and 

horizontal stress against stope depth using FLAC, in situ measurements from 

Knutsson (1981) and overburden pressure for a narrow stope with a dimension of 6 m  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 
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(b) 

Figure 5.33 Verification of (a) vertical normal stress against depth and (b) horizontal stress 

against depth within 6 m x 45 m narrow stope. 

 

width and 45 m height, respectively. It was observed that the vertical normal stress 

magnitudes along the stope centre line from FLAC modelling and in situ 

measurements were significantly less than the overburden pressure, especially within 

the bottom 2/3 of the stope height. Further, the results using FLAC closely matched the 

in situ measurements from Knutsson (1981) and these were approximately equal at 

the bottom of the stope. In the case of horizontal stress, the trends are approximately 

similar from Knutsson (1981) in situ measurements and FLAC, which are significantly 

lower than the overburden pressure, especially bottom half of the stope. Further, the 

horizontal stresses using FLAC are slightly higher than Knutsson (1981) in situ 

measurements.  

 

Table 5.13 compares the vertical normal stress using FLAC and in situ measurements 

to overburden pressure at a quarter, half, three-quarters and full depth of stope.  At the 

quarter depth, the ratio between the vertical normal stress and overburden pressure 

was 89% when using in situ measurements and 73% when using FLAC. It reduced to 

57% and 52% respectively in the next quarter depth. It almost remained constant in the 

bottom half of the stope and it was 36% at the bottom of the stope in both cases. 
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Therefore, after verifying by using the FLAC model and in situ measurements, it was 

concluded that the developed 2-dimensional model using FLAC can be used for 

estimation of vertical stress in hydraulic filled stopes and then for hydraulic fill design in 

mining industry. 
 

Table 5.13. Comparison of numerical models, in situ measurements 

and overburden pressure 

Vertical normal stress σv (kPa) Stope depth z (m) 

FLAC In situ measurements Overburden pressure 

0 

11.25 

22.5 

37.5 

45 

0 

171 

243 

286 

345 

0 

207 

271 

331 

342 

0 

234 

475 

820 

950 

 

5.10 Sensitivity analysis 
A sensitivity analysis of the model was undertaken to provide better understanding into 

the output from the model with the variation of the input parameters. This can be 

classified into two categories such as numerical modelling parameters and physical 

modelling parameters.  

 

The input parameters for the numerical model had to be directly programmed into 

FLAC and FLAC3D using the FISH programming language. The input parameters of 

backfill materials were selected based on a series of laboratory tests on the Australian 

hydraulic fills and paste fills and previous research (Rankine 2004 and Rankine 2006) 

at James Cook University. A program has been modified to enable the user to vary the 

following parameters: 

 

Stope geometry: 

  Width (diameter), length and height 

 Rock: 

  Young’s modulus, Poisson’s ratio and density 

 Hydraulic fill: 

Young’s modulus, Poisson’s ratio, density, friction angle, cohesion and 

dilation angle 

 

_______________________________________________________________________ 
 141



Chapter 5                                                               Numerical models on Arching Effects 

During the research, a sensitivity analysis was performed to assess the effect of roller 

and fixed supports around the perimeter walls, during the extraction and filling of the 

primary stope. Rankine (2004) concluded that the addition of the surrounding rock 

width (b) to the backfilled stopes gives reasonable solution using FLAC3D. In this 

dissertation, the grids were created for square and rectangular stopes similar to 

Rankine (2004) and the boundaries were fixed along the perimeter and base of the 

stope grid in x and y directions in FLAC3D. In the case of narrow and circular stopes, 

the rock regions were included in FLAC modelling and the modelling approach was 

given in Section 5.4.1. The numerical modelling parameters include the grid mesh 

densities and boundary conditions of the model. The sensitivity analysis of numerical 

modelling parameters has been reported in Section 5.4.2  

  

Physical modelling parameters include the stope geometry and backfill characteristics. 

In this research, the effect of filling rate was not included, but a range of geotechnical 

parameters were used as input and a sensitivity analysis was undertaken to determine 

a qualitative appreciation for the behaviour of the system to this variation. Laboratory 

testing on an extensive range of hydraulic fills and paste fills samples was carried out 

to investigate the physical properties and other geotechnical parameters for the 

numerical modelling. The experimental results were given in Chapters 4 and 6. In this 

section, the stope geometry, shear strength parameters of the backfills and types of 

backfill were used in the programs for the sensitivity analysis using FLAC and FLAC3D. 

Finally, the sensitivity analysis on interfacial properties is reported. 

 

5.10.1 Sensitivity analysis of stope geometry  

In this section, the sensitivity analysis of stress developments within narrow and 

square stopes using FLAC and FLAC3D was investigated using width to height (w:h) 

and length to height (l:h) ratios. Two necessary geometric aspects were considered in 

this section such as the effect of stope geometry in shape and stope aspect ratios in 

elevation on stress developments.   

 

Stope geometry in shape 
Typically, different geometries are present at mining sites such as narrow, square and 

rectangular stopes. These geometric shapes can influence stress developments within 

the stope. Here, the author has developed a 2-dimensional model using FLAC for a 

relatively narrow stope with a dimension of 10 m width and 60 m height, and a circular 

stope with 10 m diameter and 60 m height, and a 3-dimensional model using FLAC3D 

for a square stope with 10 m width, 10 m length and 60 m height. As shown in Figure 
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5.34, the vertical normal stress distribution along the vertical center line of the stope for 

the above three cases was less than the overburden pressure. While the circular and 

square stopes had approximately the same values along the stope centre line, the 

narrow stope has 175 kPa higher value at the stope bottom. Circular and square 

stopes were solved using FLAC and FLAC3D respectively and it was noticed that the 

solution time for FLAC was significantly less compared to FLAC3D for the same stope 

dimensions. As shown in Figure 5.34, it is evident that a square stope can be 

approximated by a circular stope of the same diameter, which can be modelled using 

FLAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.34. Comparison of vertical stress along the stope center 

for narrow, circular and square stopes. 

 

Since the results were very close for circular and square stopes, only the results of 

square stopes from FLAC3D are compared to narrow stopes in FLAC. Figure 5.35a 

shows the vertical stress profile of 10 m x 60 m narrow stope obtained using FLAC 

and Figure 5.35b shows that the 10 m x 10 m x 60 m square stope obtained using 

FLAC3D. In both cases, the vertical normal stress was approximately the same for the 

top 10 m stope depth and significantly reduced at the middle and bottom of the stope 

in the square stope compared to narrow stope. The effect of stope aspect ratio is 

discussed below. 
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  10 m 

60 m

 

   

  
  (a)     (b) 

Figure 5.35. Vertical stress profiles of (a) 10 m x 60 m narrow stope  

and (b) 10 m x 10 m x 60 m square stope. 

 
Stope aspect ratio 
In this section, the effect of stope aspect ratio on stress magnitude is investigated for 

the narrow stopes using FLAC and square stopes using FLAC3D respectively. The 

sensitivity analysis was carried out using different stope aspect ratios, i.e., stope width 

to height (w:h), on vertical normal stress development. 

 

Narrow stopes  

The ratio of stope width to height (w:h) from 1 to 6 was used for sensitivity analysis in 

stress developments within the narrow stope using FLAC. A narrow stope with a stope 

width (w) of 10 m was used for the modelling and the corresponding stope heights 

were 10, 20, 30, 40, 50 and 60 m. Table 5.14 shows the material properties of 

hydraulic fills in the sensitivity analysis.  

 
 

_______________________________________________________________________ 
 144



Chapter 5                                                               Numerical models on Arching Effects 

Table 5.14. Material properties of hydraulic fills for the sensitivity analysis  

Material properties Value Units 

Backfill density, ρ   1800 kg/m3

Friction angle, φ  35 o

Cohesion, c 0 kPa 

Young’s modulus, E 0.3 GPa 

Poisson ratio, ν 

Dilation angle, ψ  

0.2 

5 

- 
o

 

Figure 5.36 shows the variation of vertical normal stress against stope depth using 

FLAC and the overburden pressure when aspect ratios were 1, 2, 3, 4, 5 and 6. The 

vertical normal stress significantly reduced compared to the overburden pressure with 

an increasing aspect ratio from 1 to 6. Approximately 85%, 75%, 65%, 58%, 52%, 47% 

of vertical normal stress transferred to the bottom of the stopes when the aspect ratios 

were 1, 2, 3, 4, 5 and 6, respectively. The non-shaded region shows the vertical 

normal stress which is transferred to the stope bottom and shaded region shows the 

arching stress which the overburden is transferred to the stope walls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.36. Variation of vertical normal stress against depth 

in a narrow stope for different aspect ratios. 
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Vertical normal stress distribution within the narrow stope is shown in Figure 5.37a, 

5.37b, 5.37c, 5.37d, 5.37e and 5.37f for the aspect ratios from 1 to 6 respectively when 

the fill was placed as 1 m layers. The resulting vertical normal stress profile is shown in 

Figure 5.38 when the aspect ratio is equal to 6. The corresponding stress variations for  

the aspect ratios of 4, 3 and 2 are shown in Appendix B. 

 

Figure 5.38a shows the variation of normalized vertical normal stress (σv/γh) against 

the stope aspect ratio along the vertical center line of the stope. As shown in Figure 

5.38a, the shaded region shows the arching stress region and the non-shaded region 

shows the vertical normal stress regions. These two regions were separated by a 

straight line and the corresponding equations are given for stope ratios 6, 4, 3 and 2 as 

follows: 
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Figure 5.38b, 5.38c, 5.38d and 5.38e show the lateral variations of vertical normal 

stress within the stope at 15 m (quarter depth), 30 m (half depth), 45 m (three quarter 

depth) and 60 m (bottom) depths, respectively.  The area above the stress distribution 

curve plot signifies the hydraulic fill weight that is transferred to the walls, and the area 

below the curve represents the hydraulic fill weight that is transferred to the bottom of 

the stope.  At this stage, it is quite useful to propose a stress reduction factor (p) at a 

corresponding depth (z) as the ratio of the actual vertical normal stress to overburden 

pressure at this depth. This is approximately the same as the area under the curves in 

Figures 5.38b, 5.38c, 5.38d and 5.38e as a fraction of the total area within the frame.  

  

 

 

 

 

 

_______________________________________________________________________ 
 146



Chapter 5                                                               Numerical models on Arching Effects 

 

 

 

 

 

 

 

 

                            
w 

h=w 

w 

h=2w

     w:h= 1:1                  w:h=1:2 
 

(a) (b) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
                                      

h=3w 

h=4w

w w 

    w:h=1:3              w:h=1:4 
 
         (c)                    (d) 

 
 Figure 5.37. Stress contour profiles of different narrow stope 

sections using FLAC (Cont’d).
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Figure 5.37. Stress contour profiles of different narrow stope sections using FLAC. 
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Figure 5.38. a) Variation of σv/γh vs. h/w; b) lateral variation at quarter depth; c) half depth;  

d) three-quarter depth and e) full depth for aspect ratio of 6. 

________________________________________________________________________________________________________________ 
 149



Chapter 5                                                               Numerical models on Arching Effects 

Table 5.15 shows the stress reduction factor at the quarter, half, three-quarter and 

bottom of the stope when the stope aspect ratios were 2, 3, 4 and 6. Overall, the stress 

reduction factor increased significantly from the quarter stope level to the bottom of the 

stopes for all ratios. Furthermore, the stress reduction factor increased with increasing 

stope aspect ratios; for example, it was 0.03 for the stope aspect ratio of 2 and 0.20 for 

6 at the quarter level and 0.21 for the aspect ratio of 2 and 0.60 for 6 at the bottom of 

the stope.    

 
Table 5.15. Stress reduction factor at different stope levels  

 
Stress reduction factor (p) at different levels within the stope  Stope aspect ratio Quarter Half Three-quarter Bottom 

2 
3 
4 
6 

0.03 
0.09 
0.16 
0.20 

0.12 
0.20 
0.29 
0.40 

0.20 
0.32 
0.40 
0.54 

0.21 
0.36 
0.44 
0.60 

 
Square stopes 

Square stopes with a stope width (w) of 10 m was used, varying stope width to height 

(w:h) ratios of 1:1, 1:2, 1:3, 1:4 and 1:5 in sensitivity analysis. According to w:h ratio 

and the width of the square stopes, the corresponding stope dimensions were 10 m x 

10 m in plan and 10 m, 20 m, 30 m, 40 m and 50 m in height. The vertical normal 

stress distribution down the centre line of the stope and vertical stress profile 

(contours) across the stope length were developed for each of the w/h ratios. 

Additional plots have been included in Appendix B.   

 

As shown in Figure 5.39, approximately 74% of the vertical stress acts at the bottom 

stope of 10 m x 10 m plan area and 10 m height (w:l=1.:1) and 26% transferred to the 

corresponding stope wall. The vertical normal stresses significantly decreased from 

74% to 37% when the stope width to height aspect ratio increased from 1 to 4. The 

vertical stress was approximately 30% of overburden pressure at the bottom of the 10 

m x 10 m x 50 m stope (w:l=1:5).  
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Figure 5.39. Variation of vertical normal stress vs. depth within the square stope 

for different stope aspect ratios. 

 

Figure 5.40 shows vertical normal stress profile within a quadrant of the square 

backfilled stopes when filled in 1 m layers. The contour lines were similar when the 

width to aspect ratios from 1 to 2 was used and significantly different when the ratio 

was from 3 to 5, especially at the middle of the stope regions. The stress profiles 

concluded that the vertical stress slightly increased or remained approximately 

constant when the height to width aspect ratio was greater than 4.  

 

Rankine (2004) developed a correlation between σv, max/γh and height to width (h/w) 

aspect ratio for paste fill in square sections using FLAC3D, which is given by: 
1

max, 5.0
−

⎟
⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
w
h

h
v

γ
σ

     5.9 

 

In this dissertation, Eq. 5.9 was extended to square hydraulic fills stopes through 

numerical modelling results using FLAC3D. Figure 5.41 shows the plots of height to 

width ratio against the maximum vertical stress to overburden pressure for the 

hydraulic fills and Rankine’s (2004) solution for the paste fill.  
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Figure 5.40. Stress contour profiles of square stopes of different aspect ratios using FLAC3D. 
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Figure 5.41. Plot of σv,max/γh against height to width (h/w) aspect ratios. 

 

The proposed solutions for hydraulic fills using FLAC3D from this research are given by: 

845.0117.0max, +⎟
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    5.10 

From the above, the following conclusions can be made: 

• In a square stope the development of the maximum vertical normal stress at 

the base is dependent on the ratio between the stope height and width only for 

paste fills and hydraulic fills.  

• The non-dimensional stress ratio 
h

v

γ
σ max, is large within the hydraulic filled 

stopes compared to paste fills and it significantly increased with decreasing the 

stope height to width ratio. As seen in Figure 5.41, the non- dimensional stress 

ratio approximately decreased linearly for hydraulic fills. The Eqs. 5.9 and 5.10 

can be used to determine the maximum vertical stress for different stopes (h/w) 

during their backfill designs.  

 

5.10.2 Effect of shear strength parameters 

A knowledge of shear strength parameters is required in the solution to problems 

concerning the stability of soil masses. Internal friction angle (φ ) and cohesion (c) of 

soil are the shear strength parameters. In this section, the effect of shear strength 

parameters on stress developments was investigated within narrow, circular and 

square stopes using numerical modelling.  
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Internal friction angles 
Laboratory tests were conducted at James Cook University using direct shear tests on 

three different Australian mine tailings to investigate the variation of friction angles with 

relative densities, which were reported in Chapter 4. It was found that for these tailings 

the friction angles varied from 30 to 49 degrees depending on the sample packing. 

Therefore, to study the effect of friction angles on stress developments within narrow, 

circular and square stopes, friction angles of 30o, 35o, 40o and 45o were used in the 

modelling. 

 

The effect of friction angles of the backfills on vertical stresses was investigated for a 

narrow stope (10 m width and 60 m height) and a circular stope (10 m diameter and 60 

m height) using FLAC and a square stope (10 m x 10 m plan area and 60 m height) 

using FLAC3D, along the stopes centre lines, as shown in Figure 5.42. While circular 

and square stopes (C/S) had very similar results, the narrow stopes (N) had larger 

stresses in the modelling. As shown in Figure 5.42, within the upper one third of the 

stope, the vertical stresses were approximately the same for all the internal friction 

angles. Moreover, these values were nearly equal for 30o and 35o from 1/3 to 4/5 stope 

depth, but were slightly less for 40o and 45o. However, closer to the stope floor region,  
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Figure 5.42. Effect of friction angle of backfills on vertical stress within 

the circular, square and narrow stopes. 
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the vertical stresses differ significantly for all angles, especially for larger friction 

angles. There was around 30-50 kPa increase in stress close to bottom of the stope 

when the angles are 40o and 45o. 

 

Cohesion 
Clough et al. (1981) identified an unconfined compressive strength of 100 kPa as the 

minimum strength required to resist mobilization of cemented fills, in earthquakes 

measuring up to M = 6.5 on the Richter Scale. This value is widely accepted by the 

mining industry to prevent static and dynamic instability within the stopes. Here, the fill 

cohesion from 0 kPa to 1000 kPa was considered in the modeling. Figures 5.43 and 

5.44 show the influence of the fill cohesion on stresses within circular, square and 

narrow stopes. As seen in Figure 5.43, when the fill cohesion is greater than or equal 

to 100 kPa, the vertical normal stresses significantly increased within the upper 1/6 of 

the stope depth, from 0 to 135 kPa for narrow stopes and 0 to about 92 kPa for circular 

and square stopes. These values remained constant up to the bottom 1/6 of the stope 

depth and there were increases of 70 kPa, 40 kPa and 45 kPa at the stope floor for 

narrow, square and circular stopes, respectively. While the square and circular stopes 

had similar results from FLAC3D and FLAC, the narrow stopes had larger stresses from 

FLAC. As seen in Figure 5.44, the trend of vertical stresses along the depth within the 

fill was the same for narrow, circular and square stopes when c < 100 kPa.  

 

. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.43. Effect of fill cohesion (> 100kPa) on vertical stress  

within circular, square and narrow stopes. 
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Figure 5.44. Effect of fill cohesion on vertical stress  

within circular, square and narrow stopes. 

 

The hydraulic fill (c = 0) had the largest stress values for both stopes and due to 

increasing fill cohesions from 0 to 50 kPa these have reduced significantly from 427 

kPa to 200 kPa for the narrow stopes and 300 kPa to 145 kPa for the circular stopes 

respectively. Overall, the arching effects increase with increasing cohesions.  

 

5.10.3 Effect of type of minefill 

Initially, the development of vertical normal stress was studied using FLAC for circular 

stopes and FLAC3D for square stopes by varying hydraulic backfill density from 1500 

kgm-3 to 1800 kgm-3. The numerical modelling results using FLAC and FLAC3D were 

compared to the experimental results on the effect of fill density for hydraulic fills. 

Since the results were very close for circular and square stopes, only the results of 

circular stope from FLAC were shown.  

 

Figure 5.45 shows the effect of vertical normal stress along the stope center line 

varying minefill density from 1500 kgm-3 to 1800 kgm-3 when cohesion (c) is zero and 

friction angle is 35o. The results followed similar trends investigated in experimental 

models using hydraulic fills, where vertical stresses were shifted outward with 

increasing minefill density. This was reported in Chapter 4, where Table 4.2 shows the 

dry density of hydraulic fill samples; A1, D2 and C3 were 1508 kgm-3, 1628 kgm-3 and 

1753 kgm-3, respectively.  
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Figure 5.45. Vertical stress variation along the centre of circular stopes by 

varying fill densities when cohesion = 0 kPa and friction angle = 35o. 

 

Figure 4.31 in Chapter 4 and Figure 5.45 followed similar trends for hydraulic fill 

samples A1, D2 and C3. Here, the sample which had the largest density (C3) was 

located rightmost in terms of vertical normal stress and the sample that had lowest 

density (A1) was located leftmost. The results from experimental studies and numerical 

modelling confirmed that the vertical normal stress increased along the stope centre 

lines with increasing minefill density. Another important observation made was that the 

maximum vertical normal stress occurred at the stope bottom and they were 

approximately the same as the in experimental studies. 

 

Due to existing practical difficulties at the laboratory and limitation of the arching 

apparatus, there were no laboratory test results for cohesive backfills. Therefore, the 

author has proposed to investigate the effect of fill density for cohesive backfills, i.e. 

paste fills or cemented hydraulic fills, using numerical models.  The previous models 

for hydraulic fills (c = 0) were extended with cohesion of 100 kPa (c = 100 kPa) within 

the circular stopes. Figure 5.46 shows that the average vertical stresses at any depth 

reduced significantly with the cohesive backfills at any depth compared to the 

cohesionless backfills. The stress increases with increasing backfill densities from 

1500 kgm-3 to 1800 kgm-3. The maximum stress occurred at the stope bottom, which 

was similar to the coheshionless backfill observations through laboratory models. 
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Figure 5.46. Vertical stress variation along the centre of circular stopes by 

varying fill densities when cohesion = 100 kPa and friction angle = 35o. 

 

5.10.4 Effect of interfacial properties 

The influence of interfacial properties, the effect of interfacial friction angle (δ) and 

dilation angle (ψ) on stress developments within the circular and narrow stopes was 

investigated while using interface elements in FLAC. Furthermore, the influence of 

normal (kn) and shear (ks) stiffnesses on stress developments within the narrow and 

circular stopes were reported in Section 5.6.1 through two different approaches. 

Initially, a model with dimensions of 100 mm diameter and 600 mm height was used to 

determine the vertical normal stress when the interfacial friction angles of 20o, 25o and 

30o and dilation angles of 0o, 5o and 10o were used, respectively. Later, modelling 

results were compared to laboratory models using low, medium and high surface 

roughnesses as reported in Chapter 4. Finally, it was extended to a narrow stope with 

dimensions of 100 mm width and 600 mm height when interfacial friction angles of 20o, 

25o and 30o and dilation angles of 0o, 5o and 10o were employed respectively.  

 

Figures 5.47 shows the variation of vertical normal stress against the stope depth 

within the circular stope using FLAC with the interfacial friction angles of 20o, 25o and 

30o at a dilation angle of 5o for material C3. The trends of the curves are the same  
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ψ=5o

Figure 5.47. Variation of vertical normal stress vs. stope depth  

when δ = 20o, 25o and 30o (ψ = 5o).  

 

and the vertical normal stress reduces with increasing interfacial friction angles from 

20o to 30o at dilation angle of 10o. These trends closely matched the results from 

laboratory models using low, medium and high surface roughnesses in Figure 4.30 

that were reported in Chapter 4. At the bottom of the stope, the vertical normal 

stresses were 2.20 kPa, 2.48 kPa and 2.85 kPa with high, medium and low surface 

roughnesses using the laboratory models for square stopes. It was 2.21 kPa, 2.89 kPa 

and 3.30 kPa with 30o, 25o and 20o at a dilation angle of 5o by using FLAC. 

 

The effect of ψ and δ on stress developments was also investigated for ψ = 0o, 5o and 

10o at an interfacial friction angle of 25o. Figure 5.48 shows the variation of the vertical 

normal stress against stope depth for the above cases for sample C3. The vertical 

normal stresses follow a similar trend and reduce with increasing dilation angle from 0o 

to 10o. Though there were unexpected scatter at ψ =0, it was concluded that results 

from numerical modelling using different interfacial friction angles and dilation angles 

approximately match laboratory models using different wall roughnesses.  
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Figure 5.48. Variation of vertical normal stress vs. stope depth when ψ  = 0o, 5o and 10o  

(δ = 25o) within the circular stope for C3. 

 

Finally, the influence of interfacial properties on stress developments was further 

extended to narrow stopes using FLAC. Figures 5.49 and 5.50 show the influence of 

interfacial friction angles (20o, 25o and 30o) at a specific dilation angle of 10o, and 

dilation angles (0o, 5o and 10o) at a specific interfacial friction angle of 25o, respectively. 

 
 

ψ = 10o

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.49. Variation of vertical normal stress vs. stope depth  

when δ = 20o, 25o and 30o (ψ = 10o) within the narrow stope for C3. 
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Figure 5.50. Variation of vertical normal stress vs. stope depth when ψ  = 0o, 5o and 10o  

(δ = 25o) within the narrow stope for C3. 

 

The vertical normal stresses reduced with increasing interfacial friction angles and 

dilations; which was similar to the results of circular stopes. Further, the influence of 

interfacial properties (δ and ψ) and the trend of vertical normal stress against stope 

depth are similar to Li et al. (2007) findings within the inclined narrow stopes using 

FLAC. Therefore, it is necessary to include the influence of interfacial properties of 

interface elements (surface roughness) to determine the stress developments within 

minefills realistically. 

 
5.11 Summary and Conclusions 
Chapter 5 has described the development, validation and application of 2-dimensional 

and 3-dimensional numerical models for the excavation and backfill within a primary 

stope. A review of vertical stress developments in numerical models in geotechnical 

and mining applications was discussed at the beginning of the Chapter. FLAC and 

FLAC3D are two finite difference packages that are capable of investigating two and 

three dimensional problems, respectively. A 2-dimensional FLAC program is used to 

investigate the vertical stress developments within narrow and circular backfill stopes 

using interface elements. Some of the major outcomes presented in this Chapter 

include: 

• FLAC and FLAC3D are suitable numerical modelling packages for the 

excavation and backfilling of minefilled stopes, in the idealized primary stope 

grid arrangement. 
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• The FLAC and FLAC3D models were used to compute the stresses in 2-

dimensional plane strain and axi-symmetric stopes and 3-dimensional general 

stopes, respectively.  

• A thorough sensitivity analysis was carried out with mesh arrangements and 

mesh densities in a 2-dimensional program. It was shown that a 0.5 m x 0.5 

uniform grid for backfill regions and 1 m x 1 m uniform grid for rock regions suit 

the best for stress developments studies in this Chapter. On the basis of 

Rankine’s (2004) results, it was proposed 1 m x 1 m x 1 m uniform grid mesh 

be used for the 3-dimensional analysis. 

• In Li et al.’s (2003) numerical model, at low friction angles, the vertical normal 

stress exceeded the overburden pressure within the 1/3 of the stope height, 

which is unrealistic. It is shown that such numerical problems occur when the 

entire fill is placed instantaneously with the sides fixed. When the fill is placed 

in layers, the normal stress variation with depth is more realistic. In the 

research, there was a significant improvement in vertical normal stress at the 

1/3 of the stope height while filling in several layers compared to Li et al.’s 

(2003) model where the entire minefill is placed at the same time. 

• Interface elements were used between backfills and rock in FLAC to extend 

the modified Li et al’s (2003) numerical model. The normal and shear stiffness 

were determined as 1x 1010 Pa/m, using two different approaches: FLAC 

manual recommendation and empirical. The vertical normal stress along the 

stope centre line is slightly higher when interface elements are located 

between the backfill and rock, compared to that without interface elements 

between backfill and rock, which is investigated intensively. The interface 

elements were not used FLAC3D modelling. 

• The integrity of the FLAC 2-dimensional axi-symmetric arching model, 

developed for circular stopes, is compared with the commercially used, 3-

dimensional finite difference program for square stopes written by Rankine 

(2004) for Cannington mine using FLAC3D.  

• The effect of arching in circular stopes was studied using a 2-dimensional 

axisymmetric model in FLAC for the diameter of 100 mm with 600 mm height. 

Square stopes were studied using a 3-dimensional model in FLAC3D for same 

dimensions as circular stopes where stopes sections are square instead of 

circular. The numerical modelling results were compared to physical models 

developed in Chapter 4 and analytical solutions proposed for circular and 

square stopes in Chapter 3.  
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• The 2-dimensional plane strain numerical models were verified against 

Knutsson’s (1981) in situ measurements and there was a good agreement 

between these models.  

• A sensitivity analysis was undertaken on the input parameters including the 

stope section, stope geometries, shear strength properties of backfills and 

interfacial parameters to determine the relative effect on stress developments 

in 2-dimensional and 3-dimensional systems.  
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Chapter 6 

 

A Cemented Paste Fill Model for 

Cannington Tailings  

 
6. 1 General 
This chapter begins with a review of research conducted in laboratories worldwide on 

the optimization process of paste fill with ordinary Portland cement (OPC) and blended 

cements, short term flow characteristics and cost estimations. Extensive laboratory 

experimental programs carried out in this dissertation are discussed in terms of the 

optimization of the mine tailings from Cannington mines with OPC and blended binders 

(i.e. OPC/Slag and OPC/fly-ash). Further, methodologies of yield stress measurement 

and uniaxial compressive strength (UCS) test are also described. The development of 

cemented paste fill models for Cannington tailings with OPC and two blended cements 

are discussed and a model is proposed as an alternative to the current mix. The very 

long term (up to one year) strength of Cannington paste fill is also investigated through 

extensive uniaxial compressive strength tests on samples with four different 

percentages of ordinary Portland cement and two different solids contents. A summary 

of findings is also presented at the end of the chapter.  

 

Mine backfill is defined as the material used to fill cavities created by mining, so as to 

establish and retain safe working conditions in a cost effective way. Recently, mine 

backfills have been employed in strategies to reduce surface environmental impacts. 

There are three main types of mine backfills using tailings: hydraulic fills, cemented 

hydraulic fills and cemented paste fills. Figure 6.1 shows the typical grain size 

distribution curves for the above three fills. Paste fill is the newest form of mining 

backfill, produced from the full mill tailings and has a much finer grain size distribution 

than any other form of backfill. Typically it has a minimum of 15% of the material 

smaller than 20 μm and the maximum grain size is between 350 and 400 μm 

(Brakebush, 1994). Paste fill can be defined as a mixture of tailings, cement and water,  
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Figure 6.1. Typical gradation curves for hydraulic, cemented hydraulic 

and paste fill tailings. 

 

and in the uncured state grains do not settle down. Water and cement are added to the 

mix in order to achieve the required rheological and strength characteristics.  

 

The introduction of paste fill brought significant technological and economical 

advantages to the mining industry. The application of paste fill provides new flexibility 

for mine planning and design, but comes at a significantly higher cost. In comparison 

with high density and regular hydraulic backfills, paste fill has the following 

advantages: 

• Reduced binder consumption, 

• Early compressive strength development, 

• Higher utilization of mill tailing products, 

• Cleaner underground operations, reduced fines and decant water losses, 

and 

• Significant reduction in backfill dilution of ore, due to enhanced fill strength 

for similar binder content materials. 

 

In terms of production benefits, the use of paste fill, relative to hydraulic fill, results in 

significant cycle time saving in stope filling. Archibald et al. (1999) reported that the 
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time requirement for filling a stope with satisfactory backfill strength is 45 days for 

paste fill and 87.5 days for hydraulic fills. Therefore, the paste fill results in almost 50% 

reduction in mining cycle time, barricade preparation requirements, and capacity to fill 

stope voids with higher solid contents and more rapid fill curing capacity.  

 

In an effort to control backfilling costs, investigations began into the use of some 

binders with the mine tailings. Souza et al. (2003) reported that the cost of ordinary 

Portland cement per tonne of backfill to be around 42% of the overall backfill cost. 

Therefore, several researchers began to investigate the possibility of using alternative 

binders to reduce backfilling costs. Mainly comprising of industrial waste products, the 

alternative binders come under the broad heading of mineral admixtures or pozzolans. 

In many cases, they are designed to act as partial substitutes for ordinary Portland 

cement due to their cost savings. In Canada, after a complete review of 24 mines, it 

was noted that the principal alternatives were blended combinations of OPC with fly-

ashes or slag from different industrial applications (Chew, 2000). 

 

Many investigations were carried out by researchers, both from industrial and 

academia, on the possibilities of utilizing mixes of fly-ash and various other types of 

binders, to partially or fully substitute ordinary Portland cement (Ouellet et al., 1998, 

Benzaazoua and Belem, 2000, Thomas et al., 1979). The results of these 

investigations cannot be easily generalized, since the physico-chemical behavior of a 

certain material is related to its origin (Manca et al., 1983). A thorough study to quantify 

the effects of additives, such as blast furnace slag and fly-ash on mine tailings could 

save large sums of money for Australian mining companies. In addition to the cost 

savings and technical benefits that can be realized through the use of alternative 

binders, there are environmental benefits. The majority of alternative binders are waste 

products from other industries such as sugar and metal industries and therefore any 

downstream usage other than for land filling, offers environmental benefit and 

increased revenues to the waste providers.  

 

6.2 Current state-of-the-art on strength of paste fills  
When the adjacent stopes are blasted and the rock is removed, the paste fill stope 

walls get exposed. Rankine et al. (2001) showed from numerical modelling that the 

stresses within the paste fill increase with each of the four vertical sides being 

exposed. The paste fill is required to have adequate strength and stiffness to sustain 

these increased loadings. Uniaxial compressive strength (UCS) is the main strength 
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parameter that is commonly used in the stability analysis of the paste fill stopes during 

various stages of paste exposure. As a result, most paste fill stopes are designed on 

the basis of UCS for stability considerations and yield stress (at early stage) for the 

flowability. Young’s modulus is required for computing the deformations particularly in 

numerical modelling work.   
 
6.2.1 Paste fills using ordinary Portland and blended cements 

Paste fills with ordinary Portland cement 
The UCS test is the most common tool for comparison of relative strengths of 

cemented backfills. Berry (1981), Mitchell and Wong (1982) and Lamous and Clark 

(1989) carried out extensive research programs and developed relationships between 

the strength of paste fills and material properties. Berry (1981) reported the effect of 

the cement content and porosity on unconfined compressive strength. Mitchell and 

Wong (1982) also made an attempt to explain the effect of material properties on 

strength of paste fills. A correlation was developed by using a single particle size 

grading of sand, thus restricting its general applicability.  

 

Lamos and Clark (1989) developed a relationship to predict the strength of paste fills 

based on the material properties of the deep South African gold mines. Research on 

paste fills has commonly focused on quantifying UCS as a function of the grain size of 

tailings, binder contents and types, solids contents of the paste fill and curing periods 

with corresponding curing techniques.  

 

Landriault (1995) reported the effect of particle sizing and grading of tailings on the 

solids density and UCS of paste fills. They used fine, medium and coarse grain 

blended paste fills from Macassa mine and hydraulic fills from Inco mine to compare 

the uni-axial compressive strength of corresponding fills, against binder dosages, 

which is shown in Figure 6.2. The results compared well for cemented hydraulic fills 

and different paste fills for fine, medium and coarse particle sizes. Here, Macassa 

mines’s coarse paste fill is a blend, using mill tailings and alluvial sand in the ratio of 

25:75. The medium and fine paste fill mixes represent mix proportions of 50:50 and 

100:0 respectively. Inco’s hydraulic fill is made from 100% classified tailings. All paste 

fill mixes had 175 mm slump value upon mixing. 
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Figure 6.2: 28-day UCS vs. cement content for paste fills and cemented hydraulic fills of 

different solid densities and grain grades (Landriault, 1995). 

 

Winch (1999) carried out a series of unconsolidated undrained triaxial tests for 

Cannington paste fills. The samples were prepared using cement contents varying 

from 3% to 5% and solid contents between 74% and 78%. Also, the short term 

strengths were investigated and the results showed that the friction angles varied 

between 1.6o and 8.4o. The Eq.6.1 shows the theoretical relationship between the 

UCS, undrained friction angle and cohesion,  

φ
φ

sin1
cos2

−
=

cUCS        6.1 

 

Rankine (2004) conducted extensive laboratory testing to study the geotechnical 

behaviour of Cannington paste fill. The testing program mainly included direct shear, 

triaxial and UCS tests. Samples were prepared and cast in the laboratory and cured 

over different time periods to test the short (7 days), medium (7 days to 28 days) and 

long term (28 days to 1 year) properties. The study period ranged from less than 24 

hours to one year. Additional in situ testing was conducted at Cannington mine with 

James Cook University’s heavy dynamic cone penetrometer to identify the variation of 

strength with depth. In-situ results were compared to those from the laboratory 
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prepared samples.  Rankine (2004) compared the results to Winch (1999) triaxial 

results and reported a good agreement. 

 

Belem, T and Benzaazoua, M (2008) reported an overview of the design and 

application of paste fill in underground hard rock mines. The paste fill required design 

strength depends on the intended function in mine operations. Belem, T and 

Benzaazoua, M (2008) investigated correlations between the paste fills UCS, stiffness, 

stope height and factor of safety, etc in the cases of vertical backfill, pillar recovery and 

ground support. Further, the necessary of binder usage in paste fills and available 

binder types, mixing water and its quality, binder hydration process, paste fill mixing 

procedure and cemented paste fill preparation at a backfill plant also reported in 

details. The governing factors of paste fills during the transportation also discussed 

which includes following rheological factors; shear yield stress, viscosity and slump 

height. They also developed several analytical, semi-empirical and empirical models to 

predict the rheological properties of paste fills. 

 
Paste fills with blended cements 
Manca et al. (1983) reported on the outcome of a laboratory investigation using various 

mixes of different types of binders with the fine size tailings of an Italian mine with a 

view to their ultilization in the stopes. Portland cement, mixtures of Portland cement 

and fly-ash, activated blast-furnace and mixtures of lime with two types of natural 

pozzolanas were used as binders during the optimization process. Two types of mill 

tailings and sand were mixed with the binders and water for preparation of the paste fill 

samples for the UCS tests, using a M58 200 kN compression machine. The test 

specimens were placed at a temperature of 25±1oC, with curing periods of 2, 4, 12 and 

24 weeks. Manca et al. (1983) concluded that the partial substitution of Portland 

cement by up to 30% with fly-ash in the mixes appeared technically feasible, without 

detrimentally affecting the strength properties of mixes.  

 

Stone (1993) optimized cemented rockfill (CRF), including the identification of the 

important mix variables and the design of the ideal mix. There were three processes in 

his research which included determination of the lowest-strength required of the CRF 

and optimization of the mix variables to produce the target strength at the lowest 

cement usage or lowest cost. Stone (1993) developed the stability chart for the design 

of vertical, free standing exposure of CRF, with a safety factor of about 2 and the 
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stability chart for the design of horizontal undercut sills with vertical side walls, which 

included a safety factor of 2.  
 

Petrolito et al. (1998) attempted to investigate the use of gypsum instead of ordinary 

Portland cement in paste fill operations, using four different tailings from distinct 

regions. Their aim was to investigate the use of gypsum as a substitute for OPC as a 

binder in backfill. Gypsum (G) is a by-product of mineral processing operations and is 

a cheaper binding agent. These can be found in significant quantities in the vicinity of 

remote mine sites. The specimens were prepared from slurry of 75% solids and 25% 

of water by weight. During the tests 3, 5, 7.5 and 10% of Portland cement and 10, 15, 

20, 25 and 30% of gypsum were mixed with tailings and water, to make the samples 

for the uniaxial compression tests. A relationship was developed between water to 

gypsum ratio and the UCS of the gypsum-based specimens, as follows:  

  
323.2

084.2
−

⎟
⎠
⎞

⎜
⎝
⎛=
G
wUCS      6.2 

where  UCS = uniaxial compressive strength of gypsum-based specimens (kPa) 

 w/G = ratio between water and gypsum 

 

Belem et al. (2000) studied the mid term and long term mechanical behaviour of 

cemented paste backfill by mixing two Canadian sulfur mine tailings and three different 

types of binders: ordinary Portland cement based binder, fly-ash based binder and slag 

based binder. During this research, the curing durations were arbitrarily chosen into 

three periods: short-term (28 days), mid-term (91 days) and long-term (112 days). The 

short, mid and long term strength and stiffness of backfill samples were investigated 

through a series of uniaxial compressive tests and triaxial tests. A number of mixtures 

were prepared using tailings, 3%, 4.5% and 6% by weight of blended cements at two 

different water contents. It was reported that the uniaxial compressive strength at a 

given time depends on the types of tailings, the type of binder used and its proportion 

in the mixtures. Further, the results showed that the uniaxial compressive strengths for 

the mixture of slag based blended cements were significantly higher than fly-ash 

blended cement or ordinary Portland cement. The effect of the type of tailings, binder 

and the binder proportion were explained clearly through a complete analysis of the 

triaxial compression tests.  

 

Benaazoua and Belem (2000) optimized the paste fill for three Canadian mine sites. 

Four different binders were used such as ordinary Portland cement, fly-ash based 
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binder, slag based binder and 100% slag binder. Three different proportions, 3%, 4.5% 

and 6% by weight of tailings were tested for each mixture. The prepared samples were 

tested for the uniaxial compressive strength after a curing period of 14, 28, 56 and 91 

days. The results clearly showed the effects of different binder types, binder 

proportions, curing periods and tailing properties on the uniaxial compressive strength 

of the paste backfills. Throughout the tests, the OPC gave the most suitable strength 

for long term, compared to fly-ash and slag based binders, for higher sulfur percentage 

tailings. Further, the slag based binder gave the best strength while OPC and fly-ash 

gave lowest strength for tailings from low and medium percentages of sulfur in the 

mixes. After numerous investigations, they have recommended a 4.5% weight of 

binder as an optimal proportion for the strength requirements at the mine. 

 

Benzaazoua et al. (2003) investigated the hardening process of cemented paste fill 

from six different Canadian hard rock mines. The influence of the chemical 

composition of the mine tailings, binder and mixing water on the acquisition of the 

mechanical strength of the paste fill and sulphide for the above mine tailings are 

reported in details. Three different binders were used such as ordinary Portland 

cements (T10, T50 and HSF), slag based cements and fly-ash based cements with 

4.5% and 6.0% proportions with the selected tailings. Benzaazoua et al. (2003) 

reported that the most important aspect of the mineralogy is the percentage of 

sulphides and the proportion of sulphides in the tailings adversely affects the paste fill 

strength up to sulphide contents of less than 12%. Further, paste fill with Portland 

cement have less mechanical resistance compared to slag based cements after 28 

days curing.  They observed that while fly-ash based cement paste fill mix has lower 

strength; paste fills with ordinary Portland cement and slag have higher strength.  

Further, it is noticed that since an increase in the amount of binder in a mixture results 

in a corresponding increase in the paste fill strength.   

 

6.2.2 Short-term flow characteristics models 

The ability to transfer paste underground is dependent upon the rheological properties 

of the paste produced in the plant and the length of the reticulation pipe network 

underground. The dominant property of paste, which can be controlled in the paste 

plant mixing sequence, is the paste density. A quality control measure in the plant is to 

determine the yield stress of the paste produced. The yield stress is only one 

component in the rheological characterization of thickened tailings and it is a crucial 

component for transportation and placement of paste fills. Until the yield stress is 
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reached, slurry will behave elastically, obeying Hooke’s law, whereas for applied 

stresses that are higher than the yield stress, irrecoverable strains occur. As far as 

production and delivery underground are concerned, yield stress is a measure of the 

ability of how a material will flow. The magnitude of the yield stress will affect the 

capacity of the reticulation system to deliver paste to an open stope. 

 

The yield stress is an important parameter that needs to be accurately determined 

prior to considering its application of thickened tailings deposition. There are two 

methods available to measure the yield stress of a paste fill sample, such as slump 

and viscometer tests. Some of the previous research on concrete and paste fill related 

to slump tests and yield stress measurements in general, are discussed below.  

 
Dzuy and Boger (1983) proposed a method to measure yield stress based on a vane 

shear test and compared it with existing indirect and direct methods. The shear stress 

relaxation method and the vane method come under the direct methods category. One 

of the direct methods for yield stress measurement relies on measurement of the shear 

stress, at which flow first begins. This can be carried out under shear stress-controlled 

or shear rate-controlled conditions. This shear stress technique sometimes is referred 

to as the stress relaxation method, and the suspension is first sheared at a constant 

rate in an instrument with a rotating body. Dzuy and Boger (1983) modified the 

relationship between the torque and shear stress for any vane size that is used in 

practice, which is given as: 

     τ
π
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where  T = maximum torque (Nm) 

  D = diameter of vane (m) 

  H = height of vane (m) 

  P = error analysis factor (> 0) 

  τ = shear stress (Pa) 

 

Dzuy and Boger (1983) proposed an experimental setup for the shear stress relaxation 

method and vane method and discussed the effects of vane rotational speed and vane 

dimensions on yield stress. The effect of rotational speed was studied over a range of 

speeds from 0.1 to 256 rpm. The measured values of yield stress were essentially 

constant between 0.1 and 8 rpm but increased with vane rotation speeds greater than 

8 rpm. In this dissertation, the rotational speed of less than 8 rpm was used for yield 
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stress measurements. Further, three different vane dimensions were used for yield 

stress investigations and it appears that the effect of vane dimensions can be 

neglected. 

 

Murata (1984) reported methods of measuring viscosities of fresh concrete and mortar 

as well as deformation of fresh concrete due to its own weight. The slump test was 

taken as a demonstration of deformation of fresh concrete and an analysis was made 

of deformation of the slump cone. Murata (1984) attempted slump tests using a conical 

shaped slump device and developed models for maximum shear stress on the cross 

section, horizontal resistance due to friction and the slump value. Also, Murata (1984) 

developed a relationship between the slump and yield stress value for normal weight 

aggregate and light weight aggregate concrete mixes experimentally and theoretically. 

 

Pashias et al. (1996) developed a cylindrical slump test arrangement to measure the 

flow properties of flocculated material types.  It has been adopted as a means of 

accurately measuring the yield stress of strongly flocculated suspensions. Pashias et 

al. (1996) presented the procedure for the cylindrical geometry and proposed a 

modified analytical solution based on Murata’s (1984) yield stress theory to predict the 

yield stress from the conical slump test. Yield stress measurements obtained from the 

vane for numerous mineral suspensions under known surface chemistry conditions are 

compared to the slump measurements and theoretical predictions (Murata 1984, 

Christensen 1991). 

 

Smith (2002) carried out tests on Cannington tailings for investigating the affect of 

tailings grain size distribution, cement content, mixing time and paste solids density on 

paste rheology. A laboratory test program was undertaken to determine yield stress as 

a function of paste solids density and cement content. A graphical representation of 

yield stress versus solids concentration for cement additions ranging from 0% to 8% is 

shown in Figure 6.3. As can be seen from Figure 6.3, there is no significant effect on 

yield stress against solids contents plot while adding cement from 2% to 8%. However, 

the addition of cement shifts the yield stress curve upwards, in comparison to the 

mixes containing no cement.  
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Figure 6.3. Effect of cement addition on yield stress of paste fill (Smith, 2002). 

 

Smith (2002) concluded that the addition of cement increased yield stress at a given 

solid density. Also, trials were completed in both the plant and laboratory to determine 

the effect of mixing time on yield stress.  The results did not vary considerably with 

mixing time and there were slight measurement variations rather than actual changes 

in yield stress for both tests. The grain size would change the operating paste density, 

as smaller grain size would produce higher yield stress at a lower solids concentration. 

The paste quality in the plant is controlled using yield stress, not solids density. Smith 

(2002) also recommended improving rheological properties of paste fill with further 

investigations into the affect of cement content on yield stress and the effect of grain 

size on the paste fill system. 

 

Gawu and Fourie (2004) reported three important methods to measure yield stress 

experimentally: controlled-stress rheometry, the circular cylindrical slump test and the 

miniature vane rheometers test. In a controlled-stress mode, the yield point can be 

detected precisely without shearing the sample right from the start of the test. A 

number of solid contents for each tailings were tested and the water content of each 

sample was measured before and after the test. Also each sample was subjected to an 

exponential increase in stress, starting from a very low shear stress, over a period of at 

least 300 sec. Using torque versus time response relationship, the yield stress could 

be calculated.  
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The second method is the modified slump test to find yield stress measurements using 

a circular cylindrical slump device having an aspect ratio of 1:2. The slump test was 

originally developed to evaluate the workability and consistency of fresh concrete, 

which Pashias et al. (1996) adapted Murata (1984)’s analytical model for relating yield 

stress to the slump height for a cylindrical geometry. Gawu and Fourie (2004) followed 

Pashias et al. steps and performed a number of tests. In addition, the slumps were 

recorded while spreading symmetrically and were measured at 10% lateral flow in four 

orthogonal directions.  Figure 6.4 shows the comparison of the above three methods 

on yield stress against solid content of zinc based tailings. Generally, the results from 

the slump test and rheometer are in good agreement with those obtained by vane 

rheometer, especially between 53% and 62% solid concentrations, beyond which there 

is more divergence of the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4. Yield stress versus solids contents of zinc tailings obtained 

by three methods (Gawu and Fourie, 2004). 

 

6.2.3 Cost considerations  

Economy is one of the most significant factors in paste fill operations in addition to 

gaining early strength and minimizing environmental impact by using the maximum 

possible waste for filling. To minimize the cost, backfills of low cement content are 

used. The stability of the paste fill face, exposed during adjacent mining, must be 

carefully studied to provide very effective, safe and economic mining operations. 

Backfill costs may be expressed in either dollars per tonne of backfill or per tonne of 
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ore, which can be classified as direct and indirect costs. Direct costs include capital 

costs and operational costs. The capital costs consist of cost of plant, dewatering, 

piping, cement handling, position of displacing pump etc and the operational costs can 

be classified as material, haulage, slurry, placement, bulkhead, binder etc.  

 

Hassani and Archibald (1998) reported the cost estimation of paste fills based on a 

feasibility study for backfill designs of underground mines in Quebec. Table 6.1 shows 

the summary of capital and operational cost for the paste backfill system. The data are 

based on a paste fill recipe of 3% at 50-50 cement and fly ash binder content. As can 

be seen from Table 6.1, the binder costs are the highest of all the items. Binder and 

slurry costs are the major expenses within the operating costs during the paste fill 

production. For a particular paste backfill, the effects of binder content and type of 

binder would be the primary factors governing the optimization processes. 

 

Souza et al. (2003) carried out comprehensive surveys on economics of underground 

backfill practices in Canadian mines. These surveys were to assess operational 

practices and costs associated with filling operations that must be met by individual 

mines, ranging from raw material feed to the preparation plant, through underground 

backfill transportation to in-stope product placement. Souza et al. (2003) discussed 

backfilling rate into the underground for different mining methods, usage of different 

types of binders in various proportion through cost analysis, and backfill transportation 

 
Table 6.1. Summary of capital and operating costs for  

a paste backfill system (Hassani and Archibald, 1998) 

Capital costs Operating costs 

Item Cost (CAN$) Item 
Cost 

(CAN$/tonne) 

Plant 459,600 Material 0.00 

Dewatering 527,600 Haulage 0.00 

Piping 56,000 Slurry 2.27 

Pos.Disp.Pump 300,000 Placement 1.26 

Cement handling 79,000 Other 0.00 

Other 110,220 Bulkheads 0.00 

Binder 3.04 
Total  1,532,420 

Total 6.57 
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systems. The backfill economics survey consisted of a total of 45 fields, divided into 6 

sections: mine contact information; general mine production overview; rates and costs 

associated with backfill transportation; costs associated with bulkhead operations; and 

costs related to overall productivity.  

 
6.3 Details of Experimental Studies Undertaken 
Cannington mine is located in northwest Queensland, 200 km southeast of Mount Isa, 

near the township of McKinlay. Cannington mine is owned and operated by BHP 

Billiton and is the world’s largest single mine producer of lead, silver and zinc. The 

properties of mine tailings from Cannington and binders used in the study are 

discussed in this section.  

  
6.3.1 Mine tailings 

Tailings used in the experimental program were obtained from Cannington mine. 

Tailings were mixed with ordinary Portland cement and blended cements for the 

optimization of paste fill. The preparation ensured homogeneity of the tailings and 

allowed an accurate determination of water content in fill mixes.  

 

Tailings were supplied in two 44-gallon airtight drums. The average water content of 

the supplied tailings was between 19% and 21% for the two containers. Segregation of 

the tailings was assumed to have occurred during transportation of the tailings from 

Cannington mine to James Cook University. Samples were prepared according to the 

Australian standard (AS 1289.2.1.1. 1992, AS 1289.3.5.1.1995) before use in the 

experimental studies. The details of sample preparation are given below: 

 

1. Tailings were removed from the drums and placed in a large concrete mixer. 

Equal portions from the top, middle and lower sections of each drum were used 

for primary mixing which continued for one hour. 

2. After completion of the primary mixing, the tailings were deposited into 

aluminum oven trays. The trays were then placed in the oven at 105oC for a 

period of not less than 24 hours.  

3. The small cakes which formed during the drying of the tailings were placed in 

the rod mill to separate the tailings into individual particles. The final product 

resembled a very fine grey powder.  
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4. Dried tailings were then stored in containers. Each of the storage containers 

was sealed airtight to prevent any ingress of water. A sample was taken from 

each of the drums to determine the water content.  

5. The tailings stored in the drums in Step 4 were then sieved using a 1.18 mm 

sieve to remove any extraneous material, which may have accumulated from 

the previous steps in preparation.  

6. The sieved tailings were passed through a splitter box to produce “equally 

representative” portions from the initial sample. 

7. The split portions were then placed in each of the two larger drums, which were 

subsequently sealed airtight. All samples used in laboratory testing were taken 

from these prepared tailings. 

 

The grain size distribution of a backfill material is one of the most important 

characteristic in mine fills. In the case of paste fill, there should be sufficient fine 

particles in the mine tailings to achieve required paste fill properties. Brakebush (1994) 

suggested that at least 15% of mass must be finer than 20 μm for a good quality of 

paste fill. This has widely been accepted by the mining industry and provides a basic 

“rule of thumb” for operational activities. Figure 6.5 shows the grain size distribution of 

tailings.  Here, approximately 28% - 32% by weight of grains of tailings were finer than 

20 μm, satisfying the rule of thumb.  

 

Table 6.2 shows the average physical properties for the Cannington tailings.  The bulk 

density of the tailings is between 1950 kgm-3 and 2300 kgm-3. Further, specific gravity 

of tailings is 3.20 and Rankine (2004) classified the Cannington tailings as Low plastic 

clay silt (CL-ML). Figures 6.6 shows the scanning electron micrograph (SEM) images 

for Cannington tailings in 100 μm scale. It was observed through visual identification 

that there are a lot of fine ore grains within tailings. 

 
Table 6.2. Physical properties of the tailings studied 

No Physical properties Cannington tailings 

1 Water content (%) 19.0-21.0 
2 Bulk density (kgm-3) 1950-2300 
3 Specific gravity 3.20 
4 D10 (μm) 5 
5 D30 (μm) 16 
6 D60 (μm) 60 
7 Cu 12 
8 Cc 0.85 
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Figure 6.5. Grain size distribution curves for Cannington tailings. 
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Figure 6.6. SEM images for Cannington tailings. 
 
 
6.3.2 Binders 

Binders are used to increase the strength of backfill. The most common cementing 

binder used in paste fills is ordinary Portland cement because it is a readily available 

material in most parts of the world and it gives a high and reliable performance. The 

cemented backfills gain strength and stiffness through the curing period due to 

hydration reaction and produces strong bonds within the cemented fill matrix at 

ambient temperature and humidity. Rankine (2004) stated that Cannington mine then 

used 3.5% of ordinary Portland cement with 79% solids content. Millions of dollars 

could be saved annually either by reducing the amount of binder by 0.5% or by using 

cost effective alternative binders instead of the Portland cement.  

 

Archibald (2006) reported that alternative pozzolanic binder agents have been utilized 

in order to lower the cost of OPC binders, which currently range between Can$100 and 

Can$150 per tonne. Fly-ash, blast furnace slag, lime and gypsum are major alternative 

binders, which are widely used, but are often not universally available to all mine sites. 

Figure 6.7 shows the relative proportions of binders utilized in Canadian mines. Dirige 

and Souza (2002) carried out a survey in Canadian mines about the usage of the 

binders in mines, and reported that OPC was utilized in 60% of all mines and fly ash 

combined with OPC was the most popular alternative binder in use, followed by slag. 
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Figure 6.7. Binder utilized (Dirige and Souza, 2002). 

 

Ordinary Portland cement (OPC) 
Ordinary Portland cement is the most popular binder used in concrete technology, 

which can provide required strength, stiffness and durability. The Portland cement is a 

hydraulic cement produced by pulverizing clinkers consisting essentially of hydraulic 

calcium silicates, usually containing one or more of the different forms of calcium 

sulphate. The proportioning of these raw materials is designed to produce a cement 

clinker with no excess free lime and with a balance of silicate and aluminum phases to 

enable the cement to provide high early strength with continued long term strength. 

Different types of Portland cement are manufactured to meet different physical and 

chemical requirements for specific purposes, such as durability and high-early 

strength. In the experimental program discussed herein, ordinary Portland cement is 

used alone or in conjunction with other pozzolanic materials as blended cements.  

 

Blended cements  
Blended cement is defined as a mixture of Portland cement and blast furnace slag or a 

mixture of Portland cement and a pozzolan such as fly-ash.  There are two types of 

blended cements: binary blended cement that contains OPC and a single type 

supplementary cementitious material (SCM) and ternary blended cements that contain 

OPC and more than one supplementary cementitious materials. For example, the term 
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binary blended cement is used to refer to blended cements having 75% OPC and 25% 

fly ash. Further, the ternary blended cements contain OPC and two SCMs, which could 

be a mixture of 55% OPC, 15% fly-ash and 30% slag. The use of blended cements in 

paste fill improves workability, enhances sulfate resistance, inhabits the alkali-

aggregate reaction, and lessens heat evolution during hydration. This also improves 

backfill durability and long term strength, as well as reduces overall backfill cost.  

 

In the experimental work reported herein, three different types of binders were used to 

investigate the cemented paste fill model for the Cannington tailings: Type A = 100% 

OPC, Type B = 75% OPC and 25% of fly ash, and Type C = 30% OPC and 70% Slag. 

Figure 6.8 shows the grain size distributions of Types A, B and C binders as well as 

Cannington tailings. In the case of binders, it is evident that approximately 25% of 

grains are less than 10 μm in size and 70% lie between 10 μm and 100 μm. The grain 

sizes of binders are significantly smaller than those of tailings and shapes of the grain 

size distribution curves are nearly the same for all three types. In addition, while the 

Types A and B binders have similar grain size sizes, the Type C binder has slightly 

finer grains compared to Types A and B. 

 

Blast furnace slag  

Blast furnace slag is the industrial waste by-product of limestone, coke-ash and 

aluminous and siliceous residues while separating metals from ore. Blast furnace slag 

consists of calcium, magnesium and aluminum silicates. There are different types of 

slag based binders such as granular type furnace slag, blast furnace slag and air 

cooled blast furnace slag. Granular type furnace slag is produced by cooling blast 

furnace slag rapidly with large quantities of water. In Australia, granular blast furnace 

slag is used as a cementitious material and air cooled blast slag used as an aggregate. 

 
The Portland cement is commonly substituted by blast furnace slag in order to reduce 

the cost of overall binder and/or improve workability and strength of paste fill at mine 

sites. The use of slag based cement is increasing throughout the world in recent years 

and Figure 6.9 shows the increased usage of slag in the USA. It increased 

approximately linear between 1996 and 2001 and remained constant at 590 metric 

thousands tons until 2004. In 2005, it approximately doubled to 1070 metric thousand 

tones. In this thesis, commercially available blended cement (CAS No65996-69-2) with 

mixtures of 30% of OPC and 70% of slag is used. This is called as Type C blended 

cement. 
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Figure 6.8. Comparison of grain size distribution of Types A, B and C binders and Cannington tailings. 
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Figure 6.9. Usage of slag through out the years in the USA  

(adapted from www.slagcement.org). 

Fly-ash 

The other partial or full substitute cementitious material for the ordinary Portland 

cement is fly-ash. There are two main categories of fly-ash based on their proportions 

of CaO. High lime fly-ash (Type C) is the product of combustion of lignite and sub-

bituminous coals and typically contains 15-35% CaO by weight. Low calcium fly-ash is 

defined as having less than 10% CaO by weight and is generally the product of 

combustion of bituminous and anthracite coals. In this thesis, commercially available 

blended cement (CAS No68131-74-8) with mixtures of 75% of OPC and 25% of fly-ash 

is used. This is called as Type B blended cement.  

  

6.4 Laboratory Testing Programme 
Paste fill is a popular minefill that is used for backfilling underground voids in the 

process of mining. The binder used in paste fill, typically at dosage of 3% to 5%, 

contributes significantly to the cost of backfilling. While ordinary Portland cement has 

been the typical binder in paste fills, there is an increasing trend to replace OPC with 

blended cements (i.e. OPC/Slag and OPC/fly-ah) at different proportions to minimize 

the cost. This section focuses on selecting cost effective alternative binders in practice, 

either in place of cement or in conjunction with cement without any compromise on 

strength, stiffness and short term flow characteristics (6.4.1). The long term strength 

and stiffness investigations were also studied using OPC with Cannington tailings. 
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6.4.1 A model using blended cements for Cannington tailings   

The laboratory studies are carried out to investigate the strength and deformation 

characteristics of prepared samples that are comprised of paste with different 

percentages of tailings by weight, and various blended cements that contain cement, 

fly-ash and slag in different proportions, to develop paste fills. A series of yield stress 

studies was carried out to investigate the short-term flow characteristics for only 3.5% 

binder (Types A, B and C) mixtures  with 77%, 79%, 81% and 83% solids contents. In 

this study, nine different mixtures were tested for each of the three types of binders to 

select a paste fill mix with a binder content of 3%, 3.5% and 4% and solid contents of 

79%, 80% and 81%. Table 6.3 shows the mix proportions used in these nine blended 

paste fill samples. 

 
Table 6.3. Mix proportions used in the experimental program 

Binder type 
% of Portland 

cement 

% of Fly 

ash 

% of 

Slag 

% of 

Binder 

% of 

Tailings 

3.0 0 0 3.0 97.0 

3.5 0 0 3.5 96.5 Type A (100% OPC) 

4.0 0 0 4.0 96.0 

2.25* 0.75* 0 3.0 97.0 

2.625* 0.875* 0 3.5 96.5 Type B (75% OPC & 25% FA) 

3.0* 1.0* 0 4.0 96.0 

0.9* 0 2.1* 3.0 97.0 

1.05* 0 2.45* 3.5 96.5 Type C (30% OPC & 70% S) 

1.2* 0 2.8* 4.0 96.0 

* Calculated values from commercially available blended cements  

 
Yield stress of blended paste fills 
The ability to transfer paste underground is dependent upon the short-term rheological 

properties of paste fill in the plant and the length of the transportation pipe network 

underground. The dominant property of paste, which can be controlled in the paste 

plant mixing sequence, is paste density. A quality control measure in the plant is to 

determine the yield stress of the paste produced and to ensure this is lower than a 

specific threshold value enabling smooth flow within the pipes without any blocks.  

 

In the present study, 77%, 79%, 81% and 83% solids contents were mixed with only 

3.5% ordinary Portland cement (Type A) and blended cements (Types B and C) to 

investigate the rheological properties of paste fill mixtures in order to optimize the 

paste fill with blended cements.  
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The vane rheometer was used to measure the yield stress. There were three types of 

vane rheometers: high (HBV) medium (MB BBV) and low (LBV) solids testing apparatus. 

Figure 6.10 shows the high solid yield stress apparatus at the Chemical Engineering 

Laboratory, James Cook University. The main difference amongst these three 

rheometers is that they are for measuring different solid contents depending on the 

slurry consistency. The vane consists of two rectangular blades perpendicular to each 

other attached to a rod. 

B

 

 

Data recording 

Power on/off 

Speed setting 

Vane size 

Figure 6.10. Yield stress apparatus (HBV). B

 

There are three vane spindles available for the test such as large, medium and small 

vanes which could be used with any of the three rheometers giving nine possible 

arrangements to measure the yield stress. The dimensions of these vanes are given in 

Table 6.4.  
Table 6.4. Dimensions of the vane blades. 

Vane  Diameter D (mm) Length L (mm) K*10-4 (mm-3)  

Large vane 15.15 30.12 7.784 

Medium vane 10.10 20.08 30.49 

Small vane 5.00 9.89 69.22 
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The following equation was used for the yield stress calculations; 

 

τy = Q x Torque x K      6.4 

⎥⎦
⎤

⎢⎣
⎡ +

=

3
1

2
3

D
LD

K
π

     6.5 

where  τy  is  the yield stress (Pa) 

Q is the spring constant of the rheometer per full scale reading of torque 

taken as 5.7496 x 10-3 Nm in the case of HBV, 7.187 x 10  Nm for MB

-4
BV 

and 6.73 x 10  Nm for L-5
BBV  

Torque is the percentage reading (%) from the full scale vane 

rheometer reading  

  D = Diameter of the shear vane (mm) 

  L = Length of the shear vane (mm) 

It is noted that the Eq. 6.3 and 6.5 are valid for a uniform stress distribution along the 

horizontal and vertical sections of the cylindrical formed by the vane blades. 

 

Methodology and experimental setup for yield stress measurements 

The procedure for the yield stress measurements is summarised below: 

 Paste fill samples were prepared using 3.5% of binders (Types A, B and C) and 

77%, 79%, 81% and 83% solids contents to obtain slurry for the yield stress 

measurements. After the sample preparation, it took approximately 8-10 minutes to 

start the tests due to the transporting of samples to the chemical laboratory and the 

setting up of the instrument. 

 The high solid content operating instrument, called “HBV”, was selected for yield 

stress measurements. After considering the accuracy and resolution of the large, 

medium and small vanes, only the last two vanes were used during the tests.  

B

 Samples were poured into the cup and the surface was levelled. Then, the vane 

was carefully placed into the slurry and the initial readings were set to zero for 

every test.  

 The peak value of torque as a proportion of the full scale reading was recorded.  

Finally, the yield stress was calculated using given Eq.6.4. The average of the 

three values was used.  
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Results and discussion for yield stress measurements 

The flow properties of the paste fill were carried out to assist with investigation of the 

cemented paste fill with blended cements for Cannington mines. Table 6.5 shows the 

vane shear test results for different solid contents of paste fill with different binders and 

Figure 6.11 shows the variation of yield stress with solid contents for the three types of 

blended cements. The results obtained for Type A paste fill mix closely matched with 

those for the same Type A (i.e. only OPC as binder) carried out at Cannington by 

Bloss and Revell (2001). As shown in Figure 6.11, the yield stress was significantly 

larger for types B and C paste fill mixes than Type A paste fill mix between 77% and 

83% solids. Also, the trends of all curves are similar and the shape of these curves 

closely match with the Gawu and Fourie (2004) findings for zinc tailings obtained by 

slump tests, vane shear tests and rheometers.  The corresponding second order 

polynomial equations are also shown in Figure 6.11. At the same solid content, Type B 

gave a slightly higher yield stress than Type C.  

 

Bloss and Revell (2001) claimed that it is possible to place paste fill with ordinary 

Portland cement with yield stress as high as 800 Pa without much difficulty at 

Cannington mine. However, anecdotal evidence suggests that 500 Pa as a satisfactory 

upper limit for the short-term yield stress of paste fill with ordinary Portland cement. It 

is marked by circles in Figure 6.11 at yield stress of 800 Pa for all three binder cases; 

approximately 80.5% of solids for the Type A binder and nearly 80% for the Types B 

and C. Furthermore, while the Type A binder mixture has 650 Pa at 80% of solid 

contents, the Types B and C have approximately 800 Pa at the same solid contents. It 

is proposed in this research that 79% and 80% solids with Type B or C (i.e., with yield 

stress between 500 Pa and 800 Pa) would be a more suitable alternative binder based 

on strength and cost aspects which are discussed below. 
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Table 6.5. Yield stress measurements for different solid contents with different binders 

Torque from the apparatus (%) Yield stress τy (Pa) Type of 

binder used 
% of solids 

Curing period 

(mins) 

Type of 

vane 

Speed of 

vane (rpm) R1 R2 R3 R1 R2 R3

77 8-10 Small 1.8 1.6 1.4 1.6 203 177 203 

79 8-10 Medium 4.0 25.9 24.9 26.9 396 381 412 

81 8-10 Small 1.8 6.7 7.6 7.3 849 962 925 

Type A 

100% OPC 

83 8-10 Small 1.8 14.3 13.9 15.9 1812 1761 2014 

77 8-10 Medium 4.0 13.5 11.8 10.9 207 181 167 

79 8-10 Medium 4.0 42.2 35.8 35.7 646 548 547 

81 8-10 Medium 4.0 74.7 76.5 80.1 1143 1170 1225 

Type B 

75% OPC & 

25% FA 

83 8-10 Small 1.8 17.7 18.9 19.3 2243 2395 2445 

77 8-10 Medium 4.0 12.8 11.9 11.2 196 182 172 

79 8-10 Medium 4.0 33.0 32.1 31.8 505 492 487 

81 8-10 Medium 4.0 73.4 77.9 80.2 1123 1192 1227 

Type C 

30% OPC & 

70% S 

83 8-10 Small 1.8 18.5 20.0 19.4 2344 2534 2458 

Note: R1, R2, R3 are the three readings taken for each mix 
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Figure 6.11. Yield stress versus percent solids for mixture of Cannington tailings with 3.5% binders. 
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Strength and stiffness of blended paste fills 
When the adjacent stopes are blasted and the rock is removed, the paste fill stope 

walls become exposed. Rankine et al. (2001) showed from numerical modelling that 

the stresses within the paste fill increase with each of the four vertical sides being 

exposed. The paste fill is required to have adequate strength and stiffness to sustain 

these increased loadings. Uniaxial compressive strength (UCS) is the main strength 

parameter that is commonly used in the stability analysis of the paste fill stopes during 

various stages of paste exposure. As a result, most paste fill stopes are designed on 

the basis of UCS for stability considerations and yield stress (at early stage) for the 

flowability. Young’s modulus is required for computing the deformations, particularly in 

numerical modelling work. 

 

Methodology and experimental for UCS tests 

Samples for the uniaxial compressive strength (UCS) tests were prepared and tested 

as summarised below. 

 Saturated tailings were received from Cannington with an average water 

content of between 19% and 21% to prepare paste fill mixes. Paste fill was 

prepared at James Cook University’s Geotechnical Laboratory by mixing 

tailings, binders and water thoroughly using the sample mixer (Figure 6.12) for 

approximately 10 minutes in order to obtain a homogenous paste.  

     

Sample mixer  

Paste fill container  

Figure 6.12. Sample mixer at JCU.     
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This was based on average operational batch cycle time and placement times 

used at Cannington Mine. Rankine (2004) gave a complete and detailed 

description of the preparation of the paste fill samples.    

 The most common laboratory strength test for backfill is the uniaxial 

compression strength (UCS) test on cylindrical samples with a height to 

diameter ratio of at least 2:1. Therefore, in this study, 50 mm internal diameter 

and 120 mm long plastic pipes were used to cast 50 mm diameter 100 mm long 

cylindrical specimens, where 10 mm from both ends were discarded.  

 The bottom ends of the plastic pipes were sealed using an end cap before 

pouring samples, and once prepared, the top of the cylinders were also sealed  

in an identical manner. The samples were left in the oven for curing for 3 days 

at 38oC. The upper caps were then removed and paste fill samples were 

partially immersed in water within aluminium trays which were then sealed 

using three plastic bags. The sides were still confined by the plastic pipe 

without exposure to water. This provides a humid environment for curing. 

Samples were then cured in an oven where the temperature was maintained at 

approximately 38oC for periods of 7, 14, 28, 56 and 90 days.  

 The extraction of the sample, prepared in the plastic container was carried out 

using a knife after the specific curing period and just before UCS testing. A total 

of 405 paste fill samples (3 binder %, 3 binder types, 3 solid contents, 5 curing 

times and all in triplicate) were prepared for this study. It was necessary to level 

both the top and bottom of the samples and create smooth horizontal surfaces. 

Figure 6.13 shows some of the samples prepared for the UCS tests where the 

diameter, height and weight of the samples were measured. 

 

 

Trimmed samples 
 for UCS testing 

Container 

Figure 6.13. Samples ready for the UCS test.  
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 Uniaxial compressive strength tests were performed in a 10 kN Instron 

machine, at the Structural Laboratory of James Cook University (Figure 6.14). 

Figure 6.15 shows a sample while the test is in progress, where the axial load 

was applied at a strain rate of 0.5 mm/min. 

  

 

Instron machine 

10 kN loading 
arrangement 

Gap for placing  
sample 

Recorder of load,  
displacement and  
speed 

Power on/off 

Figure 6.14. Instron machine at the structural laboratory, JCU. 

 

 

Sample 

Cap 

Figure 6.15. Arrangement of sample into the Instron machine. 
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 The loads and displacements were recorded using a digital readout unit. In 

addition, peak load and corresponding displacement were also recorded for 

every test. These records were used to generate stress-strain relationships and 

to determine corresponding elastic modulus, UCS and the failure strain. The 

failed samples were placed in an oven overnight at 105oC to determine 

moisture content. 

 

Results and discussion for UCS tests 

Figure 6.16 shows the variation of UCS against solids contents from 79% to 81%, 

where strength increases with increasing binder contents and solid contents. It can be 

seen from Figure 6.16 that the Types A and B binder paste fill mixes follow similar 

trends with approximately same values for all solid contents and Type C mixes have 

about 1.5 times  the strength of the Type A binder paste fill. Except for 3% Type B mix, 

all other type B (3.5% and 4%) and Type C (3%, 3.5% and 4%) paste fill mixes could 

be selected as alternative cases to the current practice. Type B 3% mix does not 

provide adequate strength after 28 days. However, the effect of solid contents on flow 

characteristics (yield stress) should be considered while selecting a paste fill mix to 

ensure there is no blockage into the pipes during the transportation. Based on the 

discussion (pages 185-188) on short-term flow characteristics (yield stress 

measurements), 79% and 80% solids of tailings mixes were considered further in 

strength analysis, as they meet strength and flow criteria.  

 

Table 6.6 shows the summary of uniaxial compressive strength (UCS) and Young’s 

Modulus (E) after 28 days curing with 79%, and 80% solids contents. Further 

discussion is limited only to the mixes with 79% and 80% solids contents with 

alternative binders, Type B or Type C which have significantly higher yield stress 

(Figure 6.11) for mixes with 81% or greater solids content. As shown in Table 6.7, the 

uniaxial compressive strength and Young’s modulus increased noticeably with 

increasing solids from 79% to 80% and binder contents from 3% to 4%. The current 

practice in Cannington mine is to use the mix of 3.5% Type A binder with 79% solids 

content that has UCS of 500 kPa and E of 37.5 MPa. Therefore, any alternative mixes 

proposed (i.e. Types B or C) should give UCS and Young’s modulus values in excess 

of the above (i.e. UCS ≥ 500 kPa and E ≥ 37.5 MPa). In addition, for rheological 

considerations and for the paste fill reticulation without any problems, the short-term 

yield stress must be well below 800 Pa.  
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Figure 6.16. UCS versus solid content with 3%, 3.5% and 4%Types A, B and C binders after 28 days of curing. 
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Table 6.6. Summary of uniaxial compressive strength and 

 Young’s Modulus after 28 days of curing period 

79% of Solids content 80% of Solids content 

Paste fill mixture % of 
binder UCS 

(kPa) 
Young’s 

Modulus E 
(MPa) 

UCS 
(kPa) 

Young’s 
Modulus E 

(MPa) 
3.0 392 17.2 505 25.1 
3.5 500 37.5 531 48.0 Type A   & Tailings  
4.0 523 54.3 618 61.3 
3.0 406 8.92 471 32.2 
3.5 531 19.5 608 43.0 Type B & Tailings  
4.0 571 31.2 683 48.7 
3.0 595 48.0 745 76.7 
3.5 713 61.2 798 109.6 Type C & Tailings  
4.0 739 82.0 895 115.0 

Note: Shaded region - Current mix at Cannington  

 

Table 6.7 and Table 6.8 show the parametric study data including density, moisture 

content, UCS and Young’s modulus of prepared samples for 79% and 80% solids 

contents after 28 days of curing. Bulk density varies from 2.20 gcm-3 to 2.30 gcm-3 and 

from 2.24 gcm-3 to 2.35 gcm-3 for 79% and 80% solids of the paste fills, respectively. 

Moisture content was approximately 22% for 79% solids content and 20.5% for 80% 

solids content. The bulk densities increased with increasing solids contents from 79% 

to 80% and also increased slightly with increasing binder contents from 3% to 4%. The 

moisture contents closely matched among the prepared sample mixes. There is 

significant increase in UCS and Young modulus with increasing cement contents and 

solids contents. Additional plots and tables for paste fills mixing with the Type A, B and 

C binders are reported in Appendix C. 

 

Figures 6.17, 6.18 and 6.19 show the stress-strain relationships for 3.5% Types A, B 

and C binder mixes with 80% solids content when subjected to uniaxial compression 

tests after 7, 14, 28, 56 and 90 days of curing time. The strength increases significantly 

from 7 to 28 days curing period and remained approximately the same between 28 and 

90 days for all binders. The peak values occur between 3% and 4% of strains at the 

early stage of curing and at 2% to 3% of strains in longer curing periods, especially for 

Type C based mixes. The ductility was approximately similar for the Types A and B 

paste fill mixes and samples failed around 5% of axial strains. For the paste fill mixes 

with 3.5% binder and 80% solids content, the peak strength values at the 28 days 

curing were 531 kPa, 608 kPa and 798 kPa with the Types A, B and C binders, 

respectively. 
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Table 6.7. Parametric study data – 28 Days curing time for 79% solids content 

Batch # Sample # 
Bulk density 

(gcm-3) 

Moisture 

(%) 

UCS 

(kPa) 

Young’s 

Modulus (MPa) 

1 

2 

3 

2.245 

2.240 

2.222 

23.32 

23.47 

23.11 

385 

378 

406 

19.2 

16.5 

15.9 3%
 

Average 2.235 23.3 392 17.2 

1 

2 

3 

2.210 

2.225 

2.195 

22.95 

22.19 

22.72 

522 

501 

481 

40.2 

36.9 

35.4 3.
5%

 

Average 2.210 22.62 500 37.5 

1 

2 

3 

2.239 

2.275 

2.269 

22.07 

22.91 

23.10 

513 

539 

517 

49.5 

57.2 

56.2 

Ty
pe

 A
 

4%
 

Average 2.261 22.69 523 54.3 

1 

2 

3 

2.233 

2.217 

2.203 

23.05 

22.97 

22.62 

406 

389 

423 

10.2 

9.3 

7.3 3%
 

Average 2.218 22.88 406 8.9 

1 

2 

3 

2.275 

2.264 

2.219 

22.66 

22.71 

23.17 

521 

529 

543 

20.1 

20.1 

18.3 3.
5%

 

Average 2.253 22.85 531 19.5 

1 

2 

3 

2.254 

2.236 

2.221 

23.31 

22.50 

22.54 

570 

600 

543 

30.9 

22.5 

40.2 

Ty
pe

 B
 

4%
 

Average 2.237 22.78 571 31.2 

1 

2 

3 

2.241 

2.301 

2.297 

22.71 

22.56 

23.01 

591 

559 

635 

51.2 

50.2 

42.6 3%
 

Average 2.279 22.76 595 48.0 

1 

2 

3 

2.312 

2.287 

2.290 

22.31 

23.12 

22.90 

669 

724 

746 

65.0 

56.4 

62.2 3.
5%

 

Average 2.293 22.78 713 61.2 

1 

2 

3 

2.273 

2.321 

2.301 

23.23 

22.76 

22.54 

719 

743 

755 

90.1 

75.7 

80.2 

Ty
pe

 C
 

4%
 

Average 2.299 22.84 739 82.0 
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Table 6.8. Parametric study data – 28 Days curing time for 80% solids content 

Batch # Sample # 
Bulk density 

(gcm-3) 

Moisture 

(%) 

UCS 

(kPa) 

Young’s 

Modulus (MPa) 

1 

2 

3 

2.271 

2.279 

2.274 

21.02 

21.00 

21.56 

495 

502 

517 

23.9 

28.2 

23.2 3%
 

Average 2.275 21.19 505 25.1 

1 

2 

3 

2.269 

2.271 

2.260 

20.64 

21.84 

20.64 

491 

531 

574 

41.2 

44.3 

43.8 3.
5%

 

Average 2.267 21.04 531 43.0 

1 

2 

3 

2.288 

2.265 

2.290 

20.95 

21.02 

21.51 

595 

642 

682 

60.9 

64.9 

61.8 

Ty
pe

 A
 

4%
 

Average 2.281 21.16 618 61.3 

1 

2 

3 

2.332 

2.334 

2.356 

20.74 

20.54 

20.69 

462 

472 

508 

32.0 

52.6 

33.4 3%
 

Average 2.341 20.66 471 32.7 

1 

2 

3 

2.339 

2.372 

2.364 

21.17 

20.80 

20.64 

609 

603 

613 

75.0 

44.0 

41.7 3.
5%

 

Average 2.358 20.87 608 43.0 

1 

2 

3 

2.356 

2.359 

2.354 

20.93 

21.31 

21.23 

689 

652 

685 

49.0 

48.4 

34.1 

Ty
pe

 B
 

4%
 

Average 2.356 21.16 683 48.7 

1 

2 

3 

2.324 

2.325 

2.343 

20.49 

20.95 

19.65 

694 

793 

748 

76.9 

76.5 

107.1 3%
 

Average 2.331 20.36 745 76.7 

1 

2 

3 

2.344 

2.350 

2.342 

20.56 

20.81 

20.71 

758 

827 

702 

110.0 

100.0 

118.9 3.
5%

 

Average 2.344 20.69 798 109.6 

1 

2 

3 

2.349 

2.335 

2.359 

20.56 

20.67 

20.63 

768 

906 

885 

115.0 

121.0 

108.0 

Ty
pe

 C
 

4%
 

Average 2.348 20.62 895 115.0 
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Figure 6.17. Stress-strain relationship for 80% solids content with 3.5% Type A binder mixes at 7, 14, 28, 56 and 90 days curing. 
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Figure 6.18. Stress-strain relationship for 80% solids content with 3.5% Type B binder mixes at 7, 14, 28, 56 and 90 days curing. 
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Figure 6.19. Stress-strain relationship for 80% solids content with 3.5% Type C binder mixes at 7, 14, 28, 56 and 90 days curing. 
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Figure 6.20 shows that the UCS increases with binder content for the Types A, B and 

C binder mixes for 79% and 80% solids contents of the paste fill. Generally, the rate of 

increase was higher with the binder content increasing from 3% to 3.5% and the 

increase was somewhat less when the binder content was increased from 3.5% to 4% 

with 79% solids content. In the case of 80%, the rate of increase is approximately 

same from 3% to 4% of binder. It is very clear that Type C binder gives larger strength 

than Types A and B, for all binder contents and solid contents. These results agree 

with Lamos and Clark’s (1989) results of UCS tests on paste fills with Types A, B and 

C of binders. They reported that using Type B binder in place of Type A lowers the 

strength at curing times up to 90 days, but may provide higher long term strength. As 

can be seen from Figure 6.21, UCS values are significantly large using Type C binder 

in paste fills and it was approximately twice that of Types A and B at 28 days of curing.   

 

At 3% binder content and 79% and 80% solids contents, Type C gives 60%-66% larger 

strength than the Types A and B. The Type B gives slightly higher strength values than 

Type A at most solid contents and binder contents. Therefore, it is evident that both 

Types B and C are viable alternatives to the commonly used the Type A as far as the 

strength is concerned. In between the Types B and C, the Type C gives significantly 

larger values of strength. Looking at the yield stress versus solid content plot in Figure 

6.11 it was suggested that the Type A gives lower yield stress at any solids content, 

ensuring better rheological characteristics where Types B and C were quite similar. 

The increase in yield stress by going from the Type A to the Types B or C can be 

compensated by reducing the solid content by less than 1%, thereby achieving the 

same yield stress or less achieved previously with the Type A. 

 

Figure 6.22 shows the variation of Young’s Modulus for the Types A, B and C binders 

with 79% and 80% solids contents of the paste fills at 28 days of curing. Young’s 

modulus in all cases increased linearly except the mix of Type C with 80% solids 

content. Within the mixes tried, eight different paste fill mixes achieved larger stiffness 

than what is currently achieved at Cannington. These eight mixes are 3.5% and 4% 

the Type B with 80% solids content and 3%, 3.5% and 4% Type C with 79% and 80% 

solids contents. It is evident that one or more of these mixes could be replacements for 

the Type A 3.5% currently used, depending the cost considerations.  
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Figure 6.20. UCS versus binder contents with 79% and 80% solids of paste fill at 28 days of curing. 

 

________________________________________________________________________________________________________________ 
 203



Chapter 6                                      A Cemented Paste Fill Model for Cannington Tailings                       
 
 

 

 

 

 

 

 

 

 

 

 

 

Type A 

Type B 

Type C 

Figure 6.21. The effect of binder type on the UCS of paste fills (Lamos and Clark, 1989). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.22. Young’s modulus vs. binder content for 79% and 80%  

solids of paste fill at 28 days of curing. 

 

Figure 6.23 shows the relationship between Young’s modulus and UCS for Types A, B 

and C binder mix paste fills. While the Types B and C paste fill mixes have 

approximately equal Young’s modulus at any UCS, the Type A paste fills have 25 MPa 

more  than the Types B and C paste fills at a specific UCS. In the case of a low 

percentage of cement into the paste fills, the UCS is lower for all binder cases. The 
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ratio between Young’s modulus and UCS for Cannington paste fills with Types A, B 

and C binders could be approximated as ranging from 110 to 155. 

 

 
Figure 6.23. Variation of E with UCS for paste fills with Types A, B and C binders. 

 
 

Curing period is one of the main factors that contribute to gaining strength, stiffness, 

and failure strain. In addition, curing must be undertaken for a reasonable period of 

time to ensure whether the fill achieves its expected strength and durability. In this 

research, short (from 7 to 14 days), medium (between 14 and 28 days) and long (from 

28 to 90 days) term curing periods were considered for the compressive strength 

investigations. Figure 6.24 shows the development of compressive strength with curing 

periods of up to 90 days for the paste fills containing 3%, 3.5% and 4% of the Types A, 

B and C binders and 80% solids content. The rate of compressive strength 

development is relatively high between 7 and 28 days in all cases. As expected, UCS 

increases with curing time for all three types of binders at the three binder contents. 
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Figure 6.24. UCS versus curing periods for past fill mixtures of 80% solids content.   
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While Types A and B had similar UCS values, Type C showed significantly higher 

strength. Therefore, the selection criteria of an alternative binder could be based on 

cost analysis of Types B and C binders and this is discussed below in detail. 

 

Cost analysis 
Archibald (1999) discussed the operational costs associated with paste fill. Hassani 

and Archibald (1998) reported that the binder cost generally accounts for between 35% 

and 45% of the operating cost. Binder costs are the highest cost within all operational 

costs in paste fill operation. It is important to analyse cost estimation of all selected 

binders during the optimization processes. Cost analysis of the three binders was 

carried out based on cement prices from Cement Australia (CA). The sample 

calculation of the binder cost for Type A binder is given below: 

 

Calculation for binder cost (Type A) per tonne of Cannington paste fill: 

Consider current usage of paste fill mixtures (i.e., 79% solids content and 3.5% binder 

contents) 

For a tonne of paste fill, 

 Required amount of tailings by weight  = (1*0.79*0.965)*1000 kg 

        = 762 kg 

 Required amount of binder by weight   = (1*0.79*0.035)*1000 kg 

        = 28 kg 

The current price of 50 kg Type A bag at the market (based on CA) = $ 11.25 

Therefore, the binder cost per tonne of Cannington paste fills during their operations 

        = $ 6.22 

 
The current price of 50 kg Types B and C bags at the market is $10.00 and $12.45 

respectively. Similar steps were carried out in the evaluation of the binder cost for all 

different paste fill mixes.  Figure 6.25 shows the relationships between binder cost per 

tonne and UCS for paste fills with 79% and 80% solids and 3%, 3.5% and 4% of the 

Types A, B and C binders. For all six sets (3 types of blended cements and 2 different 

solid contents) shown in Figure 6.25, understandably, there is significant increase in 

cost with the binder content. All 3% mixes are below the reference value of $6.20 and 

all 4% mixes are above this value. The mixes with 3.5% binders can be above or 

below this value, depending on the mix type and solid content. The 3.5% Type A mix 

with79% solid content, currently used at Cannington, is indicated by a circle drawn
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Figure 6.25. Binder cost versus UCS (28 days) relationships for the Types A, B and C binders. 
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around it. The plot is divided into four rectangular regions by the horizontal and vertical 

lines passing through it. The hatched rectangular region at the bottom right identifies 

the mixes that have lower cost and higher UCS than the above reference mix. The 3% 

Type C mix with 79% solid content and the 3.5% Type B mix with 80% solid content, 

shown with circles, appear to be the most suitable mixes of all the different mixes tried. 

The cost is reduced, the UCS and Young’s Modulus are increased compared to the 

currently used 3.5% Type A binder with 79% solid content. The 3.5% Type B mix with 

79% solid content is not suitable due to very low Young’s Modulus compared to the 

current mix and it is approximately half of the current mix.  

 

The yield stresses of these two mixes lie between 800 Pa suggested by Bloss and 

Revel (2001) and 500 Pa currently used at Cannington mine. Also, Mr. Mehmet Ymlu, 

Principal Geotechnical Engineer of AMC Consultants, Australia, adviced personally 

that there is no difficulty in supplying paste fills up to yield stress of 1000 Pa through 

pipes and boreholes in underground mines. Finally, the Young’s modulus, UCS, Yield 

stress and the binder costs for the current mix at Cannington and the proposed two 

alternatives are summarized in Table 6.9. Therefore, author has suggested Type C 

would be a better alternative binder for current (Type A) binder due to having higher 

strength and stiffness of paste fill compared to current mix with less amount of cement 

addition.    

 
Table 6.9. Comparison of the proposed and current paste fill mixes 

 

Description Current mix Proposed mixes 

Binder type A C B 
UCS                    (kPa) 500 595 608 
E                         (MPa) 37.5 48.2 43.0 
Yield stress         (Pa) 400 500 770 
Binder                 (%) 3.5 3.0 3.5 
Solids of tailings (%) 79 79 80 
Binder cost per tonne of paste   fill   ($) 6.2 5.9 5.6 
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6.4.2 Long term paste fill strength analysis on Tailings I with OPC 

Paste fill designs have typically relied on the 28 day UCS values of fill samples. This 

originated from the cement industries where the 28 day cured strength is used as 

reference for cement strengths. It is also necessary to investigate the long term 

strength and stiffness of paste fill, well beyond this conventional 28-day period, to 

understand the long term stability of backfilled stopes. The curing periods can be 

divided into following categories such as short, medium and long terms, which were 

discussed in Section 6.4.1. In this research, it was proposed that short term refers to 7 

to 14 days, medium term refers to 28 days and long term refers to 56 days and more.  

 

There are limited studies and records available in literature on long-term strength 

investigation for Cannington paste fills. Rankine (2004) carried out the total stress 

analysis using triaxial to investigate the total stress parameters (cu and φu) for 

Cannington paste over a period of one month to one year. It was proposed to study the 

long-term strength and stiffness using uniaxial compressive strength after personal 

communication with Cannington group (Dr. Martyn Bloss and Dr. Rudd Rankine). They 

cited anecdotal evidences suggesting that there could be a reduction in paste fill 

strength with longer curing period according to what was experienced in Cannington 

mines. In this thesis, it was proposed to investigate the paste fill strength over long 

term, from 7 days to one year. Further, paste fill mixes using tailings and ordinary 

Portland cement (OPC) in different percentages were studied. Here, 79% and 80% 

solids contents were mixed with 2%, 3%, 4% and 5% of ordinary Portland cement. 

 

The sample preparation techniques and testing methodology were the same as 

presented in Section 6.4.1. In this Section, 240 paste fill samples were prepared to 

conduct the long term strength of paste fills. The corresponding results and 

correlations are reported below.   

 

Figures 6.26 and 6.27 show the variation of uniaxial compressive strength against the 

curing period for 79% and 83% paste fill mixes respectively. In the case of 79% solids 

content of the paste fill with 2%, 3% and 4% of OPC, the trend is almost same for all 

curves and the strength approximately remained constant throughout the curing 

period. There was a significant increment within short period of time, i.e. from 3 days to 

14 days, for all cases. The strength of all paste fill samples with these three binder 

percentage was approximately 25 kPa at 3 days and increased to 190 kPa, 210 kPa 

and 240 kPa at 14 days curing. In addition, the paste fill samples with 5% binder   
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Figure 6.26. UCS vs. curing time for 79% solids content of Cannington paste fill with Type A binder (OPC).
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Figure 6.27. UCS vs. curing time for 83% solids content of Cannington paste fill with Type A binder (OPC). 
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achieved approximately twice the strengths of above three cases from 14 to 200 days. 

It increased further from 450 kPa to 560 kPa between 200 days and 365 days. 

 

As shown in Figure 6.27, the strength of paste fills increased significantly with 

increasing binder contents from 2% to 5% at 83% of solid contents throughout the 

curing period. Further, the trend of UCS of paste fills mixes against curing periods was 

approximately same for all binder contents. Within the first 14 days the strength 

increased similar to 79% solids contents of paste fills and then approximately remained 

constant up to 56 days for all cases. UCS values at 28 days were 375 kPa, 485 kPa, 

635 kPa and 927 kPa for the binder contents of 2%, 3%, 4% and 5% respectively. 

Within the next 35 days, it increased by about 100 kPa for all the mixes and there was 

a slight increment in strength from 90 days to 365 days. At the end of a year, the UCS 

values were 523 kPa, 764 kPa, 889 kPa and 1165 kPa for 2%, 3%, 4% and 5% binder 

paste fills.  

 

Figure 6.28 shows the effect of cement content on UCS of paste fill mixes using filtered 

mill tailings and ordinary Portland cement (Type A) (Lamos and Clark 1989). The UCS 

of paste fill mixes with 3%, 6% and 10% of binder contents were significantly lower 

compared to 20% of binder paste fills. These results closely matched the trend of 79% 

solids contents with 2%, 3%, 4% and 5% of binder paste fills in this study. There was a 

marginal improvement in strength while increasing the binder percentage from 4% to 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.28. The effect of cement content on UCS of paste fills 

(Lamos and Clark, 1989). 
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5% in Cannington tailings. In the case of 83% solids of tailings, the strength gradually 

increased with an increasing binder percentage from 2% to 5%.  

 

Figure 6.29 shows 28-day strength results for paste fills of 79% and 83% of solids 

using the Cannington tailings and the work of Amaratunga and Yaschyshyn (1997), 

Belem et al. (2000) and Rankine (2004), which dealt with different solids contentsm but 

all used the Type A binder (OPC). It can be seen that all the strength data are bounded 

between the paste fills of 79% and 83% solids.  

 

For the paste fills of 83% solids from this dissertation, the UCS increased linealy with 

increasing of binder content from 2% to 5%. However, for the paste fills with 79% 

soilds, the strength approimately remained constant when the binder content was 

below 4%, it then increased linearly as the binder content increase from 4% to 5%. The 

corresponding relationships are: 

For 83%  (UCS)28 days = 178c+16   2%<c<5% 6.6 

For 79% (UCS)28 days = 153c-384 4%<c<5% 6.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.29. UCS against binder content for paste fill mixes of 79% and 83% solids with Type A 

binder from current and previous research. 
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This chart can be used as a guide for the mining industry for preliminary studies of the 

UCS of paste fill when the solids contents is between 79% and 83% and the Type A 

binder contents are from 2% to 5%. However, it is recommended to conduct further 

laboratory tests using 80%, 81% and 82% solids contents of paste fills with different 

percentage of the Type A binder.  

 

6.5 Summary and conclusion 

Paste fill composes mine tailings, with a typical effective grain size of 5 μm, water and 

a small percentage of binder. Paste fill must remain stable while extracting the 

neighbouring stopes, i.e. secondary and tertiary stopes. The paste dilution will be 

introduced if the fill mass becomes unstable.  

 

A review of available short term flow characteristics, strength and stiffness 

measurements of paste fill and cost estimation of binders in paste fills were summaried 

in this Chapter. The main objective was to optimize the paste fill models using blended 

cements and to investigate the effect of the curing period, especially long term, on 

strength of Cannington paste fills.    

 

In this dissertation, the Cannington tailings, were used to produce various paste fill 

mixes using three types of binders: an Ordinary Portland cement binder (Type A), a 

mixture of Portland cement and fly ash based binder (Type B) and a mixture of 

Portland cement and slag based cement (Type C). The short, medium and long term 

uniaxial compressive strength and Young’s Modulus of the paste fill mixes were tested. 

It was proposed that short term refers to 7 to 14 days, medium term refers to 28 days 

and long term refers to 56 days and more. The main observation was that the fill mass 

with the Type B binder behave similar to the fill mixes having the Type A binder in 

terms of short, medium and long term strengths, but the slag based binder shows the 

significant improvement in strengths throughout the curing period. Strength increases 

with the increasing binder content, solid content and curing time.  

 

Yield stress measurements or slump tests are commonly used to determine the short 

term flow characteristics of paste fills. Here, yield stresses of corresponding mixes 

have been studied to understand the short-term flow characteristics using a high solids 

testing vane rheometer. The yield stresses increased with solids contents increasing 

from 77% to 83% and yield stress curves shifted towards left upwards for mixes with 
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the Types B and C compared to the Type A mixes. Further, cost analysis was carried 

out in terms of UCS and the binder cost per tonne of paste fills for these three types of 

binders.  

 

In considering relative binder costs, flow properties and strength performances, it was 

shown that 3.0%Type C binder (30% ordinary Portland cement and 70% Slag) with 

79% solids contents and 3.5% Type B binder (75% ordinary Portland cement and 25% 

fly ash) with 80% solids contents are better alternatives to the currently used 3.5% 

Type A binder (100% ordinary Portland cement) with 79% solid content. Table 6.9 

compares strength values (UCS), Young’s Modulus, yield stress, binder percentages, 

solid contents and binder cost per tonne of paste fills ($) for the current mix and the 

two proposed mixes. 

 

Finally, a series of UCS tests were conducted to investigate the influence of long term 

curing period on strength of Cannington paste fills. It was noticed while the strength of 

paste fills significantly increased within 28 days, it slightly increased within the next 28 

days for both solid contents and all cement contents. After 56 days, the strength 

slightly increased for most of the paste fill mixes. Finally, correlations were developed 

for the 28-day UCS values at solid contents of 79% to 83% and binder percentages 

between 2% and 5%. 
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Chapter 7 

 

Summary, Conclusions and 

Recommendations 

 
7.1 Summary  
Due to the varied and complex nature of geotechnical and mining applications, all of 

the available methods for determination of the maximum vertical stress in hydraulic 

filled stopes and optimization of minefills worldwide were reviewed. In mining 

applications, the severe consequences of backfill failures demand a high level of 

confidence in design. Greater understanding of stability of backfilled stopes and 

surrounding regions would lead to maximize the safety and minimize cost in backfill 

operation. Whilst this thesis does not seek to supply a definite method for the design of 

backfill, it adds value by contributing to the understanding of strength, stress and 

stiffness of minefills within stopes.  

 

When the minefill is placed within the stope, part of the self-weight of minefill materials 

is transferred to the walls due to the friction between the minefill and the adjacent rock 

walls. It means that the vertical normal stress at a particular depth is significantly less 

than the overburden pressure, which is given simply as the product of unit weight (γ) 

and depth (z). This phenomenon is called arching, and the stress reductions within 

soils due to arching phenomenon were discussed by several researchers in various 

geotechnical and mining applications. To investigate the lateral thrusts on the 

barricades realistically, it is necessary to fully understand the stress developments 

within the minefill stopes.  

 

A thorough geotechnical characterization of minefills used across Australia was 

conducted as part of this dissertation, and typical strength and stability properties of 

minefills were discussed, along with relationships developed from the laboratory tests. 

It has been found that as a result of the milling process, the grains are very angular 

and the internal friction angles (φ) are relatively higher than those of common granular 
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soils. Also, the interfacial friction angles (δ) were determined to be 0.75-0.90 of internal 

friction angle of hydraulic fills measured using the modified direct shear tests.  

 

This research includes a comprehensive experimental study of strength, stiffness and 

stress developments for Australian mine backfills. The unique testing techniques and 

apparatus developed to investigate the arching effects during the backfill operations, 

especially for dry hydraulic fills are discussed. Four different model stopes, two circular 

and two square, made from Perspex, were used in the study. Dry hydraulic fills 

obtained from three different Australian mines were used in the study. The model was 

filled in 100 mm layers, and the fractions of the fill weight, carried by the bottom and 

the wall of the stope, were separately measured. From these measurements, the 

variation of average vertical stress with depth was calculated. These experimental 

values were compared against those obtained from numerical modelling using FLAC 

and FLAC3D, and the agreement was excellent, thus validating the numerical model. 

  

Two-dimensional numerical models were developed for narrow and circular stopes 

using the commercially available finite difference package FLAC to model the 

sequential filling and stability of an idealized minefill stope. Initially, the 2-dimensional, 

finite difference model was developed by modifying the Li et al. (2003) model for 

narrow stopes. Here, the stope was filled as a number layers without using interface 

elements in order to improve the Li et al. (2003) model and it was concluded that filling 

in 1 m layers was adequate in numerical modelling in this dissertation. Later, this 

model was extended by using interface elements to predict the vertical normal stress 

realistically within narrow stopes. In addition, an axi-symmetric model was developed 

for circular stopes using FLAC and compared against the models developed for square 

stopes by Rankine (2004) for Cannington paste fills using FLAC3D.  

 

The three-dimensional numerical models were developed for general vertical stope 

using FLAC3D. Numerical models were compared to proposed analytical solutions for 

rectangular stopes in order to design backfills economically and safely. 

 

Paste fill is a popular minefill that is used for backfilling underground voids created in 

the process of mining. While Ordinary Portland Cement (OPC) has been the typical 

binder in paste fills, there is an increasing trend to replace OPC with blended cements 

(i.e. OPC/Slag and OPC/fly ash) at different proportions to minimize the cost. In this 

dissertation, a series of tests were carried out where OPC and the two blended 

cements are mixed with Cannington tailings at 3%, 3.5% and 4% with solids contents 
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of 79%, 80% and 81%. All mixes were tested for uniaxial compressive strength and 

Young’s modulus after 7, 14, 28, 56 and 90 days of curing. Flow properties of paste fill 

were studied through yield stress measurements of the above binders, mixed at 3.5% 

to the tailings with 77%, to 83% solids contents. The study improves the understanding 

of the effects binders, solid contents and curing periods on strength, stiffness and flow 

characteristics.  It was concluded that, 3.0% OPC/Slag and 3.5% OPC/fly ash binders 

mixed with 79% and 80% solids contents respectively appear to be good alternatives 

to the current practice of using 3.5% OPC to less than 79% solids content.  

 

A series of laboratory tests were conducted to investigate the influence of long term 

curing period on strength of Cannington paste fills. It was noticed while the strength of 

paste fills significantly increased within 28 days, it slightly increased within the next 28 

days for both 79% and 83% solid contents and all cement contents of 2-5%. After 56 

days, the strength increased further, but only slightly, for most of the paste fill mixes. 

 

7.2 Conclusions 
The conclusions drawn from this thesis are divided into the sections corresponding to 

the Chapters of the thesis. 

 
7.2.1 Physical arching model 

A series of laboratory studies were undertaken using direct and modified direct shear 

apparatuses to investigate the internal friction angle (φ) and interfacial friction angles 

(δ) for the three Australian hydraulic fills. In addition, a unique laboratory test apparatus 

was developed to simulate the filling process within a mine stope and to measure the 

average vertical normal stress at the bottom of the stope. This laboratory model was 

very useful in validating the analytical solutions and numerical models developed in 

this research. Some of the important conclusions from this laboratory work are: 

• Typical Australian hydraulic fills falls within a narrow band in terms of the grain 

size distribution. The shape and size of the hydraulic fill grains are significantly 

different from one mine tailings to an other. The grain shape is also very 

angular which gives relatively high internal friction angles for these fills.  

• The friction angle of the Australian hydraulic fills was selected as 35 degrees at 

60% of relative density to investigate average normal design stress within the 

mine stopes through numerical modelling. Some of the previous laboratory and 

field measurements such as Nicholosn and Wayment (1964), Pettibone and 
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Kealy (1971), Corson (1981) and Rankine (2006) support the assumption of 

average relative density as 60%.  

• The interfacial friction angle between the hydraulic fills and different wall 

roughness was investigated using various packing stages. The ratio between 

the interfacial friction angle and internal friction angle was determined in the 

cases of low, medium and high surface roughnesses. The ratio increased with 

increasing of the surface roughness from low to high for these Australian 

hydraulic fills. The average values of δ/φ were 0.75, 0.83 and 0.92 for the low, 

medium and high surface roughnesses, respectively. These values agree with 

those reported by Ampera and Aydogmus (2005) and Acar et al. (1982).  

• Two circular (100 mm x 600 mm and 150 mm x 900 mm) and two square (100 

mm x 600 mm and 150 mm x 900 mm) model stopes, made out of Perspex, 

were used in the laboratory tests to study arching effect. The hydraulic fills, 

obtained from Australian mines, were placed dry at approximately 25% relative 

density in all four stopes. The vertical stress at the bottom of the stopes and the 

additional vertical stress applied at the bottom of the stope by completing the 

filling were computed and compared with the values obtained from numerical 

modelling.  

• The experimental data for the two square and two circular stopes were very 

consistent in trend, and the vertical normal stress values for circular stopes 

were around 85% of the square stopes throughout the filling. The testing results 

clearly show that there is significant arching taking place within the stopes. 

• Finally, the vertical stresses within the stope, as measured using the laboratory 

model, were verified by the numerical predictions, obtained using FLAC and 

FLAC3D for circular and square stopes respectively, and the agreement was 

excellent. 

 

7.2.2 Analytical arching models 

Several analytical solutions are available for estimation of the stress developments 

within minefill. Analytical solutions are reasonably simple and popular for estimating 

the average stresses within the backfilled stopes. In this dissertation, an attempt was 

made to extend the Marston (1930) theory to develop expressions for vertical and 

horizontal stresses within a 3-dimensional minefill stope. These are also extended to 

circular and square stopes.  
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7.2.3 Numerical arching models 

The numerical models developed using FLAC and FLAC3D have proven to be very 

powerful tools in studying the backfilling and stability of minefill stopes. The major 

findings from the two-dimensional and three-dimensional numerical modelling work 

include: 

• The maximum vertical normal stress in stopes increases with depth along stope 

center line and it was significantly less than the overburden pressure at a 

specific stope depth.    

• A replication of the 2-dimensional narrow stope program written by Li et al. 

(2003) was coded in FLAC, where the stope was filled in several layers to 

modify their model in order to satisfy the aspect of geotechnical issues, 

especially the vertical normal stress within the stope should be less than the 

overburden pressure of corresponding fill at any depth. There was a significant 

improvement in vertical normal stress at the 1/3 of the stope height while filling 

as several layers compared to the model of Li et al. (2003) where the entire 

minefill is placed at the one go.   

• Later, the modified Li et al. (2003) model was extended using the interface 

elements between backfills and rock in FLAC. When there are interface 

elements located between the backfill and rock, the vertical normal stress along 

the stope center line is slightly higher than that without the interface elements, 

which is expected intentively. At the bottom of the stope, it was around 80 kPa 

higher with interface elements for a narrow stope with a dimension of 10 m 

width and 60 m height.  Therefore, it is necessary to use interface elements to 

study the stress developments within filled stopes realistically.  

• An axi-symmetric model was developed in FLAC to model the backfilling and 

stability of the idealized circular stopes. The purpose of the axi-symmetric 

model is to compare the results and solution time to Rankine’s (2004) FLAC3D 

models. The vertical normal stress the in FLAC using the interface elements for 

circular stopes were little larger than the FLAC3D model for square stopes, and 

the solution time was significantly less than the FLAC3D model.  

• A sensitivity analysis of grid mesh density and boundary conditions were 

completed to ensure the accuracy and efficiency of the models. The variation of 

the maximum vertical normal stress with stope geometry and properties of the 

backfills was studied for various stope aspect ratios, in addition of the effect of 

the variation of the input parameters.  
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7.2.4 Paste fill optimization models  

A complete geotechnical characterization of Cannington paste fills using blended 

cements was discussed in detail in Chapter 6. The short, medium and long term 

strength and stiffness of Cannington paste fills were also investigated. Some of 

important outcomes are: 

• The Cannington tailings were used to produce various paste fill mixtures using 

three types of binders: an ordinary Portland cement (Type A), a mixture of 

Portland cement and fly-ash based binder (Type B) and a mixture of Portland 

cement and slag based cement (Type C). The short, medium and long term 

uniaxial compressive strength and Young’s Modulus of the paste fill mixtures 

were investigated. 

• The main observation was that while the fly-ash based binder behaves similar 

to the ordinary Portland cement binder in terms of short, medium and long term 

strengths, the slag based binder shows significant improvement in strengths 

throughout the curing period. Strength increases with the increasing binder 

content, solid content and curing time. 

• Yield stresses of corresponding mixes have been studied to understand the 

flow characteristics of fill reticulation. The yield stresses increased with solids 

contents increasing from 77% to 83% for mixes with the Types B and C binders 

compared to Type A mix. It confirms that the flow characteristics of Types B 

and C binder mixes are better than Type A mix. 

• Cost analysis was carried out in terms of UCS and the binder cost per tonne of 

paste fills for the three types of binders. In considering relative binder costs, 

flow properties and strength performances, it was shown that 3.0% Type C 

binder (30% ordinary Portland cement and 70% Slag) with 79% solids contents 

and 3.5% Type B binder (75% ordinary Portland cement and 25% fly ash) with 

80% solids contents are alternatives to the currently used 3.5% Type A binder 

(100% ordinary Portland cement) with 79% solid content. 

• Finally, a series of laboratory tests were conducted to investigate the influence 

of curing time on strength of Cannington paste fills and correlations were 

developed for 28 day UCS values at solid contents of 79% to 83% and binder 

percentage from 2% to 5%. 
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7.3 Recommendations for Future Research 
Whilst there have been considerable achievements through this dissertation in 

understanding the effect of arching within the backfilled mine stopes, the methods of 

testing these characteristics and the numerical modelling tools to predict the stress 

developments behaviours, there are many areas that deserve further study. These 

recommendations are outlined below: 

  

7.3.1 Arching models 

Based on the parametric study of critical stope parameters, the laboratory model 

compared to actual field situations for refinement of the apparatus and the comparison 

of physical, analytical and numerical models on arching effects, It is recommended that 

research in the avenues listed below would be valuable: 

• Modification of the laboratory arching models in order to conduct tests for wet 

minefills to represent the field situations more realistically.  

• Modification of the laboratory arching models in order to conduct tests on 

inclinded stopes to represent site conditions. 

• Determining an effective method for introducing cohesion into the arching 

laboratory model. 

• The effect of void ratio on stress developments. 

• Inclusion of coupling effects into the developed finite difference program to 

determine the arching effects; especially within hydraulically backfilled stopes.   

• The effect of stope inclination on stress developments by extending numerical 

models in FLAC and physical models at James Cook University. 

• It is suggested that further in situ measurements on strength, stress and 

stiffness in local mines be carried out to verify the numerical models, analytical 

solutions and physical models.   

• The exact nature of the risk of failure of barricades and backfilled stopes and 

methods of investigating the critical stability parameters are not fully 

understood within mining industry. Therefore, research into stability of 

backfilled stopes and surrounding regions within minefills stopes would be 

highly valuable to the Australian mining industry. 

 

It is expected that that these analyses and further research will result in a greater 

understanding of the arching mechanism which will result in safer mining practices. 
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7.3.2 Paste fill model with blended cements 

• Long term strength testing on Cannington paste fills with boarder range of 

solids density and the blended binders. 

• Validation of laboratory results with in situ tests. 

• Further investigations into the effect of consolidation on backfill masses. 

• The effects of additives used for the improvement of paste fill reticulation (lower 

yield stress) at higher solid contents and their effect on strength and 

deformability.  
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