
 

 

 

A PROCEDURE FOR DETERMINING 

THE STRESS STATE OF THE FILL AND 

SAFETY ISSUES IN MINE BACKFILL 

By 

Xu Zhao 

B.Eng. 

 

 

 

This thesis is presented for the degree of 

Doctor of Philosophy 

of 

The University of Western Australia 

Department of Civil, Environmental and Mining Engineering 

September 2019 



 

 

  





  

ii 

 

  



  

iii 

 

 

ABSTRACT 

The voids (referred to as “stopes”) are generally created during underground mining 

activities. Varying in size but can be as large as 30 m × 30 m in plan dimensions and over 

100 m tall, these voids can lead to regional geotechnical instability. To assist in managing 

the stability of mining related voids and improve recovery of orebodies, mining 

backfilling has been widely used in many mined stopes.  

In the design of backfilling strategy, the specific function and engineering 

requirements of the filling are intimately dependent on the stress distribution within the 

backfilled stope. However, due to the complicated interactions of mechanisms of filling, 

consolidation and hydration process (when cement added), the knowledge of backfill 

behaviours and related safety issues in backfilling is limited. As a result, a number of 

failures of containing barricades constructed at end of the access tunnel have been 

reported around the world in recent years, imposing great potential for injury or loss of 

life to miners. 

The core of this thesis is to design a comprehensive and sound procedure for 

evaluating the stress state within stope and associated safety of containing barricades and 

exposed fill face during the backfill deposition process. 

Firstly, to obtain the stress distribution and development of fill properties during the 

backfill deposition process, the two-dimensional finite element code Minefill-2D was 

introduced. Developed to fully couple mechanisms of filling, consolidation and 

cementation hydration, Minefill-2D was used to investigate the stress distribution in a 

backfilled stope scenario. In addition, influences of various factors on the fill behaviours 

were also modelled with the intent of paving the way for design of filling strategy and 

related safety issue analysis. 
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To investigate the interaction between consolidation and total stress distribution in 

uncemented backfilling, a centrifuge experiment was conducted. The feasibility of 

Minefill-2D was also validated with these centrifuge results. The good agreement 

between the simulated behaviour and measured results indicates that the Minefill-2D 

predicts quite well the behaviour of fill during the deposition process. 

Finally, an analytical solution for evaluating the safety of vertical exposed faces with 

given cohesive strength of the fill and an analytical solution based on elastic thin plate 

theory for calibrating the design of barricades in backfilled mines stope were presented 

respectively. Combining the obtained stress distribution and evolvement of cohesion 

strength within the backfilled stope, these studies in the thesis form an integrated 

procedure that can provide useful evaluation to the safety of in situ backfilling operations. 
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1 INTRODUCTION 

Extracting valuable minerals from the earth’s crust is the essence of mining (Potvin 

and Thomas 2005). Mining activities generally result in the creation of voids. Referred to 

as stopes, these voids vary in size but can be as large as 30 m × 30 m in plan dimensions 

and over 100 m tall, leading to both local and regional geotechnical instabilities (El 

Mkadmi et al. 2013; Helinski et al. 2010b). In order to maintain geotechnical stability, 

significant pillars of valuable ore must be left between stopes, which can significantly 

reduce the quantity of ore recovered (Salmi et al. 2017).  

To assist in managing the stability of mining related voids and improve recovery of 

orebodies, backfilling has been widely used in many mined stopes (Belem and 

Benzaazoua 2008; Sivakugan et al. 2006b). The types of fill applied and their specific 

functions and engineering requirements are intimately dependent on mining methods, 

mining strategies and mining sequences. 

The main types of mine backfilling includes hydraulic filling, in which high-density 

slurry is delivered through boreholes and pipelines to the underground workings, paste 

backfill, whose source is full-stream tailings, and is now a widely accepted alternative 

means of mine backfilling, and rock fill, which economically uses waste rock generated 

from mining operations as the main component of the fill material.  

This thesis is focused on tailings-based backfill, which includes both hydraulic and 

paste fills. A key advantage of tailings-based backfill is the ability to transport the material 

hydraulically. Due to this characteristic, material handling and delivery costs of tailings-

based backfill are relatively low. Establishing the stress state within a tailings-based 

backfill is complicated due to the existence of water. In cases where cement is added to 

the backfill material, attempting to characterise the fill behaviour during deposition and 

subsequent hydration is even more complicated.  
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Figure 1.1 shows schematically the backfilling system in a stope. At the bottom of the 

stope, an access tunnel (also called “draw-point”) is connected with the stope for recovery 

and removal of blasted ore. To enable filling of the stope, at some location along the 

access tunnel a containment barricade is constructed to prevent the fill from flowing out 

of the stope during and after backfilling.  

 

Figure 1.1. Schematic showing a typical layout in a backfilled stope. 

In the design of a filling strategy, the stress state within the backfilled stope should be 

controlled such that it does not present a risk to workers underground, e.g. if the full 

hydraulic head within a stope is imposed on a barricade it can result in rupture of the 

barricade, potentially causing an underground mud rush. This is to be avoided at all costs, 

as it presents a serious risk to workers. However, limited knowledge or unexpected 

behaviour of the fill can result in catastrophic consequences such as the failure of 

containment barricades or the failure of a fill mass during exposure. Therefore, more 

insights into the stress state within a backfilled stope are required to ensure the safe 

operation of tailings-based fill systems. 
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1.1 Significance of consolidation to the stress state in a 

backfilled stope  

In the traditional self-weight solution, the stress distribution within a backfilled stope 

can be determined from the self-weight of the backfill. However, it is clear that in some 

cases, the actual vertical stress can be much less than the weight of the overlying backfill. 

This phenomenon is termed “arching”. Arching in a backfilled stope results from the 

relatively soft fill material compressing and interacting with the stiffer rock walls of the 

stope. As a result, the shear forces developed along the wall/fill interface may induce load 

transfer, i.e. the arching in the backfill. 

Over the years, many researchers have applied various methods to investigate the non-

geostatic stress distributions (arching) within backfilled stopes. However, they have 

seldom agreed on what an arching is qualitatively or how stress distribution evolves in a 

specific backfilled stope for a given situation. This is because, as will be outlined 

throughout this thesis, development of a stress state within a backfilled stope involves the 

interaction of some complex mechanisms. Among them, one of the most important 

mechanisms adopted in this thesis is the consolidation behaviour during the filling process.  

Consolidation is the process in which the stress transfers from the water phase to the 

soil phase, i.e. the development of effective stress. Different from other types of filling, 

tailings-based backfill is transported hydraulically, consisting both of solid and water. 

Due to the large compressive stiffness of the pore water, the application of load (due to 

the accretion of filling) creates an increase in the pore fluid pressure. Only when excess 

pore pressure dissipates, the effective stress within the fill and shear stress between 

interfaces of fill and surround rock mass will develop, and the arching phenomenon may 

occur. Therefore, topics investigated in this thesis included the characteristics influencing 

the consolidation process, such as drainage conditions of the backfilled stope, the strength, 

stiffness and permeability of the material, etc. 

In practice, to increase the strength of the fill, small proportions of binder (cement) 

are often added to the tailings. When cement is added to the paste, the prediction of fill 

behaviour becomes even more complicated. Unlike conventional soil mechanics, cement 
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hydration may alter the characterisations of fill materials. For example, the material 

stiffness and yield strength would be increased by a cemented structure, which can in turn 

potentially be destroyed by excess applied load. Furthermore, the growth of cement 

hydrates has been shown to reduce the material permeability. In addition, the cement 

hydration reaction creates a net volume reduction, which is termed “self-desiccation”. All 

these changes have significant influences on the overall consolidation behaviour and must 

be incorporated into the understanding of the cemented paste backfill (CPB) deposition 

process. 

1.2 Stability of the exposed face 

When adjacent stopes are extracted, exposed fill faces need to be self-supporting, 

usually arising from the cohesive strength within the paste. Considering the cost of paste 

backfilling, fill material should be cost-effective while capable of ensuring the stability 

of the exposed face. Therefore, in terms of safety and efficiency, the determination of the 

stability of an exposed backfill face is a critical issue in backfill design. Although some 

solutions have been widely applied to predict the strength required of paste in practice, 

these solutions are generally regarded as oversimplified because they ignore the 

influences of arching and the evolution of the cohesive strength of the fill within the stope. 

Therefore, a more rational method that can accurately predict the development of stability 

of the exposed face is needed for mine designs.  

1.3 Safety of the barricade 

Because the tailings-based fill enters the stope as a fluid, the barricade is constructed 

across the access tunnel to retain the fill. However, a number of barricade failures have 

been reported around the world over the years. These failures may lead to an inrush of fill 

to the drifts, causing damage to equipment and in extreme cases even injury or fatality of 

miners. Figure 1.2 presents a failure of a barricade reported by Revell and Sainsbury 

(2007a). In this case, rapid filling rates resulted in excessive loading on the barricade, 

which resulted in a large energy release with fill flowing up to 250m from the location of 

barricade. 
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Figure 1.2. The failure of a barricade (after Revell and Sainsbury (2007a)). 

According to Revell and Sainsbury (2007b), the most commonly used tailings-based 

backfill barricade designs include: sprayed shotcrete or fibrecrete, sprayed aquacrete, 

mullock pile sprayed with shotcrete, and hybrid mullock pile and shotcrete. Given the 

importance of the loading pressure, many underground mining operations have 

implemented instrumentation programmes which monitor the backfill-generated 

pressures on the sprayed shotcrete barricades. The measured data indicate that many of 

the failures occurred because of the bending failure caused by the large pressures imposed 

on the barricade by paste backfill. 

To effectively control the stress imposed on the barricade, the mining industry has 

either applied a “rule of thumb” strategy developed through experience at various sites, 

or in some cases have applied an intrinsically conservative strategy. For example, a two 

staged pour, which is divided into an initial plug pour, followed by a continuous stope 

pour has been widely used in many mines. Although the plug pour usually protects the 

barricade once the rest of the stope is filled (stope pour), the curing time of the plug 

(filling operations stop during this period) largely reduce the efficiency of the mining 

process. Additionally, there is limited knowledge of the structural behaviour and response 

of barricades to fill loading in the mining industry. 

Therefore, without a fundamental understanding of the likely maximum imposed 

stress and how large a stress the barricade can withstand, it is impossible to determine 
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when subtle characteristics associated with a given situation will result in the “rules of 

thumb” becoming invalid, or to reduce the cure times of plug pours or move to a 

continuous pour strategy.  

1.4 Project methodology 

Previous sections introduced the significance of consolidation to the stress state within 

a stope, as well as the importance of safety of the vertical exposed face and barricades. 

Therefore, to achieve an efficient and safe backfill strategy, three things should ideally be 

known: 

 The stress state within the backfilled stope, which determines the pressures 

the barricade and exposed face will experience.  

 The pressure that the designed barricade can withstand. 

 The strength that the exposed face needs. 

Only by applying a rigorous approach to these problems, can certainty be developed 

regarding these areas of concern. The main focus of this thesis is to investigate the 

processes and mechanisms affecting the stress state within tailings-based backfilled 

stopes during the consolidation process, and develop a sound methodology for evaluation 

of safety issues (stability of containment barricades and exposed face) occurring during 

the filling operations, including: 

 Providing a rigorous technique for estimating the stress distribution (total 

stress and water pressure) within a backfilled stope during and after the 

backfilling operation. 

 Providing an analytical solution for stability of exposed faces in backfilled 

stopes. 

 Providing a methodology to ensure a safe barricade installed in a draw-point. 

The first objective of this thesis was to find a rigorous means for estimating the stress 

distribution (total stress and water pressure) within a backfilled stope during the 

deposition process. A two-dimensional finite numerical program (named “Minefill-2D”) 

developed by Helinski (2007) is introduced and applied to conduct fully coupled 
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consolidation analyses. Minefill-2D incorporates all of the relevant paste mine backfill 

mechanisms, as well as the ability to simulate the progressive accretion of material and 

any stress redistribution onto the surrounding stiff rock mass (“arching” phenomenon). 

To shed more light on the interactions between consolidation, arching and the stress state 

within the stope, as well as verifying the accuracy of Minefill-2D, a new centrifuge 

experimental apparatus that has been specifically designed to measure the distributions 

of stress and water pressure in a mine backfill scenario were conducted and analysed. 

Having explored the stress state within the backfilled stope, the second objective of 

this thesis was to find a practical and rigorous analytical solutions to solve two specific 

safety issues directly related to the stress state in the backfilled stope: the stability of the 

exposed face in vertical backfill stopes and containment barricades constructed at the end 

(or at least near the end) of a draw-point. 

This thesis proposed a new three-dimensional analytical solution for estimating the 

safety of a vertical exposed face. Based on the differential slice method, the proposed 

solution emphasizes the arching effect, being suitable for both uniform and non-uniform 

paste and features the advantages of being more rigorous and wider scalable. The 

feasibility of the proposed solution was validated against classic centrifuge results from 

the literature for uniform paste material.  

Finally, an analytical solution based on elastic thin plate theory for calibrating the 

design of shotcrete barricades in underground mines was presented. This solution was 

used to determine the quantitative relationships between uniformly or linearly distributed 

lateral loading from paste and the response of a barricade in 3-D during the backfilling 

process. The results show that the proposed solution agrees well with in situ data. 

According to the actual responses of barricades, the acceptable tensile stress and analysis 

of crack development are proposed. Additionally, a parametric study of different elastic 

modulus and dimensions of barricades is also presented.  

1.5 Outline of thesis 

Chapter 1 provides an introduction and methodology of the thesis.  
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Chapter 2 provides background data on current knowledge and approaches dealing 

with: non-geostatic stress state (arching) within a backfilled stope; significance of 

consolidation; fill behaviour when cement is added; safety of barricade and stability of 

exposed face. 

Chapter 3 contains the programming methodology of Minefill-2D in which the stress 

state evolves with time, and the influence of hydration progress on the stress state. 

Chapter 4 presents high speed centrifuge test data for a stope scenario and discusses 

the results of the model validation of Minefill-2D.  

Chapter 5 presents an improved analytical solution of stability of exposed face. Based 

on a differential slice method, the proposed solution incorporates the arching 

phenomenon.  

Chapter 6 presents a new analytical solution based on elastic thin plate theory for 

calibrating the design of shotcrete barricades, which can be used to determine the 

quantitative relationships between uniformly or linearly distributed lateral loading from 

paste and the response of the barricade during the backfilling process. 

Chapter 7 provides a summary of the conclusions and provides recommendations for 

future work arising from this thesis.
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2 BACKGROUND & LITERATURE 

REVIEW 

2.1 Introduction 

This chapter presents an overview of the literature relevant to mechanisms in the mine 

backfilling process. Firstly, there is a discussion regarding the non-geostatic stress state 

of “arching” in mine backfill. Then topics of consolidation theory, cement hydration, 

methodologies of fully coupling of these mechanisms and the influence of the behaviour 

of surrounding rock mass are addressed. Finally, previous approaches to stability analysis 

of exposed fill face and barricade safety are presented.  

These topics are closely relevant to this thesis, providing the fundamental concepts 

throughout the thesis. In addition to the overview of previous work, at the end of each 

section there is a brief description of how the literature has been applied in the context of 

the thesis. 

2.2 Arching theory 

As mentioned above, the primary focus of this thesis is to investigate the stress state 

within the backfilled stope. Many scholars have found the actual stress can be 

considerably lower than the self-weight of the backfill, which they attribute to the 

mechanism known as “arching” (Aubertin et al. 2003; Cui and Fall 2017b; Fahey et al. 

2009; Li and Aubertin 2009a). The essence of arching in a backfilled stope is the load 

transfer along the wall/fill interfaces induced by the shear forces. It should be noted that 

the “arching” in a backfilled stope is one of most important concepts adopted in this thesis, 

for it may have a very large impact on the stress state within the stope and thereby the 
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safety issues of an exposed vertical face and barricade in the access tunnel. As a starting 

point, this section provides an overview of existing methodologies to investigate the 

arching phenomenon and highlights a number of areas where further research can deliver 

an improved understanding of this phenomenon.  

The concept of stress arching has been discussed by many different researchers over 

the years, including the pioneering work by authors such as Janssen (1895), Marston 

(1930) and Terzaghi (1944). In recent times this theory has been applied to the 

development of limit state solutions specific to the mine backfill situation (Aubertin et al. 

2003; Belem et al. 2004; Li et al. 2005; Winch 1999). 

Marston (1930) provided a specific analytical solution for estimating the arching 

effect in a backfilled mine stope, which takes into account the shearing forces along the 

fill/rock interfaces. Figure 2.1 shows the different force components in a backfilled mine 

stope. 

v vF dF

vF

dh dW

sF
cF

h

sF
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   vH
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Figure 2.1. Schematic showing acting forces in a typical vertical backfilled 

stope. 

As shown in Figure 2.1, 𝐻 and 𝐿 are the height and width of the backfilled stope 

respectively. A horizontal layer element (at position ℎ ) is subjected to vertical 
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compressive forces 𝐹v and 𝐹v + d𝐹v , a shearing force 𝐹s  and a horizontal compressive 

force 𝐹c; the weight of this layer element (d𝑊) is obtained from:  

d𝑊 = 𝛾𝐿dℎ (2.1) 

where 𝛾 represents the bulk unit weight of the fill, and dℎ represents the thickness of the 

element.  

The earth pressure coefficient 𝐾 is the ratio of the lateral stress to vertical stress: 

𝐾 =  𝜎h/𝜎v (2.2) 

where 𝜎v is the vertical stress and 𝜎h is the horizontal stress in the layer element. 

𝐹c is expressed as: 

𝐹c = dℎ𝐾𝐹v/𝐿 (2.3) 

Using the Mohr–Coulomb criterion, 𝐹s is defined as (cohesionless material): 

𝐹s = (𝜎htan𝛿)dℎ = (𝐾𝐹v/𝐿tan𝛿)dℎ (2.4) 

where 𝛿 is the interfacial friction angle.  

The cohesion 𝑐 of the backfill should be considered when cements is added into the 

fill. Hence, the shearing force 𝐹s turns to be: 

𝐹s = (𝜎htan𝛿 + 𝑐)dℎ = (𝐾𝐹v/𝐿tan𝛿 + 𝑐)dℎ (2.5) 

By considering the equilibrium of the horizontal layer element, one obtains: 

𝐹v + 𝑑𝐹v + 2𝐹s = 𝐹v + d𝑊 (2.6) 

Introducing Equation 2.5 into Equation 2.6, the equations are obtained as: 

d𝐹v = 𝛾𝐿dℎ − 2(𝐾𝐹v/𝐿tan𝛿 + 𝑐)dℎ (2.7) 

where average vertical stress 𝜎v = 𝐹v/(𝐿 ∗ 1) and 
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d𝜎v = 𝛾dℎ − 2(𝐾𝜎v/𝐿tan𝛿 + 𝑐)dℎ (2.8) 

By solving Equation 2.8, the average total vertical stress acting at the bottom (𝜎vH) 

can be written as follows: 

𝜎vH = (𝛾𝐿 − 2𝑐) (
1 − exp (−2𝐾𝐻tan𝛿/𝐿)

2𝐾tan𝛿
) (2.9) 

The effect of the dimension length 𝐿 (in Equation 2.9) needs to be noted: when 𝐿 ≤

2c

𝛾
, the fill would be self-supporting due to the arching phenomenon; when 𝐿 → ∞,  𝜎vH →

𝐻𝛾, the contribution of the frictional resistance between the fill and walls decreases to 

zero.  

Some useful modifications have also been made based on this solution to adapt to 

wider geometric boundaries and external mechanical conditions. For example, Li and 

Aubertin (2009d) extended the analytical solution for “fully drained” conditions to 

consider the case in “hydrostatic” condition: 

𝜎vH = ((𝛾sat − 𝛾w)𝐿 − 2𝑐) (
1 − exp (−2𝐾𝐻tan𝛿/𝐿)

2𝐾tan𝛿
) + 𝑢w (2.10) 

where 𝛾sat and 𝛾w are saturated unit weight of fill and unit weight of water respectively; 

𝑢w is the water pressure under hydrostatic equilibrium. 

Rajeev et al. (2016) and Widisinghe (2014) extended the analytical expression of total 

stress to three dimensional scenario (for cohesionless backfill), such as that of a cylinder: 

𝜎v = ((𝛾sat − 𝛾w)𝐿) (
1 − exp (−4𝐾𝐻tan𝛿/𝐿)

4𝐾tan𝛿
) + 𝑢w (2.11) 

where the 𝐿 turns into the diameter of the cylinder. 

The calculated vertical stress of analytical solution Equation 2.9 is highly dependent 

on the interfacial friction angle 𝛿 and the 𝐾 value.  

For the Marston theory, three values of the earth pressure coefficient 𝐾 have been 

considered (Bowles 1996): 
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 Pressure at rest, 𝐾0: 

𝐾0 = 1 − sin𝜙 (2.12) 

 Active pressure, 𝐾a: 

𝐾a = tan
2 (45° −

𝜙

2
) (2.13) 

 Passive pressure, 𝐾p: 

𝐾p = (1 + sin𝜙)/(1 − sin𝜙) (2.14) 

where 𝜙 is the friction angle of the fill material. 

The coefficient at rest (𝐾0) and active pressure (𝐾a) have previously been used in 

Equation 2.9 (Aubertin et al. 2003; Pirapakaran and Sivakugan 2007a).  

The expressions of Marston theory (Marston 1930) and extended theory are a useful 

and fast methodology for preliminary evaluation of the stress distribution for some 

specific and simplified conditions. However, as with the limit equilibrium method, this 

method has many internal limitations: 

 Always assumes the full mobilization of shearing stress at the fill and rock 

interface (Li and Aubertin 2009a).  

 Ignores the possibility of material yield at the fill and rock interface when large 

deformation occurs. 

 Only works in fully-drained or hydrostatic conditions, not considering the effect 

of consolidation and hydration process.  

 Assumes a constant value of Rankine’s earth pressure coefficient, while 

investigations clearly show that this coefficient tends to vary with the location in 

a backfilled opening (Fahey et al. 2009; Sobhi et al. 2016). In this thesis, the 

Marston theory has been applied to evaluate the stress state within the apparatus 

used for centrifuge testing and compared to other approaches. The details of these 

comparisons are shown in Chapter 4. 
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Besides the analytical approach, small scale experiments of the arching effect within 

a backfilled stope was investigated by Pirapakaran and Sivakugan (2007a), simulating a 

“fully drained” backfilling scenario. The fractions of the fill weight, imposing on the base 

and the wall of the stope, were separately measured. Experimental results show that only 

30% of the overburden of the fill (in fully drained condition) is transferred to the bottom 

and the rest of the self-weight is transferred to the walls, indicating the arching effect has 

well developed in this situation.  

Additionally, some numerical investigations into the arching effect in the fully 

drained condition were also undertaken. For example, Rankin (2004) found that much of 

the self-weight stress can be redistributed to surrounding walls of the stope.  

The above investigations found that even in “fully drained” condition, the arching 

effect is governed by a complex interaction between geo-mechanical parameters. The 

behaviour of the fill is more complex in saturated condition, when the mechanism of 

consolidation is involved. As will be shown in the following section, neglecting pore 

pressures in the calculation of the stress distribution can lead to a gross oversimplification 

of the process. 

2.3 Consolidation behavior of fill 

This section presents current research of the complicated interactions between 

mechanisms of stress arching and the consolidation process during and after the fill 

placement.  

Fourie et al. (2007) explained the significance of effective stress to the analysis of fill 

behaviors. In a saturated fill material, the total vertical stress 𝜎v that results from the 

weight of overlying fill is apportioned between the pore pressure 𝑢 in the water phase and 

the effective stress 𝜎v′ in the soil phase. The simplest expression of relationship is:  

𝜎v = 𝜎v
′ + 𝑢 (2.15) 

When a load increment is suddenly imposed on the saturated fill, it is actually the 

water phase that carries this increment, not the soil phase. This is because the water is 
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less compressible than the fill material. As the water pressure gradually dissipates, the 

load is transferred to the soil matrix, resulting in the reduction of pore pressure and 

development of effective stress. The adjective “effective” is used to indicate that it is this 

stress, and not the total stress, that dictates the strength and stiffness of non-cemented 

soils; furthermore, it is this effective stress that produces deformation of the soil 

“skeleton”. In summary, consolidation reduces the pore pressure, increasing the 

horizontal effective stress and allowing some frictional shear strength (arching 

phenomenon) to exist at the rock and fill interface. Therefore, a thorough understanding 

about the mechanism of stress redistribution to the surrounding rock mass is constructed 

upon the understanding of the effective stress. In order to understand effective stress, an 

understanding of the consolidation process is required.  

Many numerical investigations have been devoted to demonstrate the significance of 

consolidation on the arching phenomenon in a backfill mass (Cui and Fall 2017b; El 

Mkadmi et al. 2013; Fahey et al. 2009; Li and Aubertin 2009c; Widisinghe 2014).  

Fahey et al. (2009) undertook a series of numerical simulations using the finite 

difference program Plaxis 2D code, and the Mohr-Coulomb constitutive model was 

chosen. In this study, a stope of 50 m height and 20 m width was modelled. To determine 

the effect of consolidation on the stress state, as well as the arching mechanism, Fahey et 

al. (2009) divided these cases into either fully drained or saturated conditions: 

 The fully drained case neglected the influence of pore water pressure and is 

considered to be a valid representation of the “best case scenario”. Assuming 

the water table had been drawn to the bottom of the stope very quickly and 

atmospheric pressures existed throughout most of the fill mass, the importance 

of elastic parameters was studied. 

 In a fully saturated backfill, the investigation was focused on the differences 

in stress state (effective, total stress and water pressure) within the stope at the 

end of undrained filling, at the end of consolidation process, and at the end of 

complete drawdown of the water table.  

The corresponding curves of stresses in three cases (A, B and C) which assumed a 

fully drained situation are reproduced as Figure 2.2. Material properties adopted in this 
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analysis included a dry unit weight of 20 kN/m3, Poisson’s ratio (𝜈′) of 0.2, Young’s 

modulus (𝐸) of 10 MPa, angle of dilation (𝜓) of 10° and angle of friction (𝜙′) of 45°. 

Case A presented a plane-strain stope with width of 20 m and case C showed an 

axisymmetric stope with diameter of 20 m. The stress distribution for the stope with width 

of 10 m (case B) was also studied, where the width is only half that of case A. To 

demonstrate the influence of arching theory, a dash line of overburden of fill without 

arching was also presented in Figure 2.2. 

 

Figure 2.2. Vertical and horizontal stresses in three cases, filled fully drained 

(from Fahey et al. (2009)). 

As shown in Figure 2.2, vertical stresses in both cases are lower than overburden 

weight, due to the arching effect. The effect of dimension of width of the stope is also 

clear: the arching effect is more significant when the stope is narrower, which agrees with 

the conclusion of the analytical approach of the Marston theory in Section 2.2. 

Besides, some interesting results for drained filling were also provided: 
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 The value of Poisson’s ratio (𝜈′) is significantly important in the modelling 

for it determines the values of “elastic” 𝐾0 value, constrained modulus (𝑀′) 

and thus the shear modulus 𝐺.  

 As the fill becomes more incompressible (𝜈′ → 0.5), there is insufficient 

settlement of the fill to mobilize the shear force along the fill/rock interface, 

hence no arching would occur.  

 The arching is more developed in the axisymmetric model than in the plane-

strain model when 𝐷 = 𝐵. This is because the plane-strain model could not 

represent the three-dimensional arching (termed “doming”) in the 

axisymmetric case.  

It is also interesting to note that, in the lower 5 m of the stope, there are different 

degrees of steeper increase in vertical total stress. This phenomenon has also been 

observed in other works (Helinski 2007; Rankin 2004). This is due to the reduction of 

settlement towards the stiff base of the stope, less shear strain is mobilized at the interface. 

As a result, less stress redistribution or “arching” occurs towards the base.  

Apart from these results from “drained” cases, the most significant aspect of this work 

(Fahey et al. 2009) has been to investigate the importance of consolidation on the overall 

arching development. 
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Figure 2.3. Undrained filling: vertical and horizontal total stresses at end of 

filling (EOF), end of consolidation (EOC), and end of drawdown (EOD) (from 

Fahey et al. (2009)). 

Figure 2.3 shows the curves of total vertical stress for the “undrained filling” case at 

three stages of the process: at the end of filling (EOF), at the end of consolidation (EOC), 

and at the end of drawn down of the water table (EOD). This case modelled a plane-strain 

stope with 2-way consolidation. The water table was set at the top during consolidation, 

then drawn down to the base. Material properties used included a unit bulk weight of 

20 kN/m3, width of the stope 𝐵 of 20 m, Poisson’s ratio (𝜈′) of 0.2, Young’s modulus 

(𝐸) of 10 MPa, angle of dilation (𝜓) of 0°, angle of friction (𝜙′) of 45°, effective cohesion 

𝑐′ of 0, permeability 𝑘 of 1×10-3 m/day.  

At the end of filling, both of total vertical and horizontal stresses were almost equal 

to the total overburden stress, in the situation called “almost undrained”. If the stope 

applies a backfilling strategy where the filling rate is quick enough and the permeability 

of the fill material is low enough, the “almost undrained” or even “completely undrained 

situation” may occur.  



 BACKGROUND & LITERATURE REVIEW 

2-11 

 

As explained in above sections, in order to mobilize any shear stress at the fill and 

rock interface, shear strains are required. To generate shear strain the material must settle, 

but under “almost undrained” conditions the compressive stiffness of the bulk material is 

that of water, which is very high, and thus very little settlement occurs. If all of the self-

weight stress were supported by the water phase, the horizontal total stress would be equal 

to the vertical total stress. It is not until water is squeezed out of the fill mass that soil 

compression (settlement) can occur and shear strains at the interface can occur, generating 

the “arching” effect. With proceeding consolidation, the vertical stress begins to reduce 

and horizontal stress is obviously lower than vertical stress at same depth (curves at EOC).  

In the end of drawn down of the water table (EOD), the stress was further reduced, 

reaching the state of “fully drained”. It should be noted that in this study the permeability 

was assumed to remain constant, whereas in practice the permeability will reduce as the 

compression of the backfill. 

The study of Fahey et al. (2009) leads to a very important conclusion: arching effects 

can only develop within a backfilled stope with the progress of consolidation, due to the 

development of shear stress along the fill/rock interface induced by the combined effects 

of settlements of the fill and development of effective stress. 

Other Authors (Belem et al. 2004; Grabinsky and Bawden 2007; Hasan et al. 2014b; 

Helinski et al. 2010a; Thompson et al. 2012) have attempted to investigate the total stress 

and water pressure distributions through in situ monitoring projects. According to 

Thompson et al. (2012), a hydrostatic loading at bottom of stope was measured for greater 

than 20 h, indicating no arching occurred in the early filling stage, after which backfilling 

operation was stopped and measured pressures reduced with proceeding of consolidation.  

Gibson (1958) proposed an analytical expression for calculation of the consolidation 

in a deposit of a saturated soil where the thickness of the deposit is increasing with time. 

The derived solution is a relationship between the development of excess pore pressure 

(𝑢ex), the coefficient of consolidation (𝑐v), the current thickness of the deposit (ℎ(𝑡)) and 

the time that filling has been ongoing (𝑡) in a one-dimensional situation (𝑥 is the elevation 

of above the base): 
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𝑐v
∂2𝑢ex
∂2𝑥2

=
∂𝑢ex
∂𝑡

−
∂ℎ

∂𝑡
 (2.16) 

The Gibson theory is well suited to the case of paste and hydraulic backfill placement 

into the stope. It should be noted that both permeable and impermeable boundary 

conditions at the base were analyzed by Gibson (1958). In most cases, the floor stratum 

of rock is often considered as impermeable while the barricade constructed at the end of 

the draw-point is considered free-draining (although this is often not ensured in practice), 

and the flow area of the draw-point is often significantly smaller than that of the stope. 

As a result, it may be more appropriate to ultimately assume an impermeable condition 

at the base.  

Another point that might be argued is that the one dimensional solution cannot strictly 

describe behavior of fill in a stope, as it neglects the potential effect of arching between 

the rock and fill. Therefore, Gibson’s theory can provide a reasonable representation of 

consolidation process in the very early stages of placement when arching has not occurred 

(Fahey et al. 2009). 

2.4 Cementation hydration process of cemented backfill 

When cement is added into the fill and cement particles are undergoing hydration, a 

number of chemical reactions take place. These reactions result in the growth of hydrates 

that effectively act to connect particles. The hydration process of cement has significant 

influence on the strength, consolidation and many other characteristics of backfill 

behavior (Belem et al. 2016; Cui and Fall 2018; Haiqiang et al. 2016; Helinski et al. 2007b; 

Yilmaz et al. 2015). The previous works in these fields are reviewed in the following 

sections. 

2.4.1 Maturity of hydration process 

During the placement of cemented backfill, the material initially behaves in 

accordance with the uncemented material characteristics, but as cement hydrates the 

behaviour of the material changes. In order to represent the cementation process, the 

maturity functions in the previous researches are reviewed in this section. 
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Illston et al. (1979) simulated the rate of hydration for four main compounds that 

make up cement paste. This work indicated that the individual compounds react at vastly 

different rates, ranging from 𝐶3𝑆, which achieved 70% of its ultimate strength after 28 

days, to 𝐶2𝑆 which achieved only 5% of its strength after 28 days.  

Other researchers have developed empirical relationships to represent the rate of 

hydration for the overall cement product (Helinski et al. 2007b; Rastrup 1956). These 

authors term the rate of hydration “maturity” and essentially fit various curves to the 

development of cement related characteristics (maturity) against time. 

The exponential relationship suggested by Rastrup (1956) was adopted to represent 

the maturity of cement throughout this thesis. This work provides a simple exponential 

relationship between cement hydration and time: 

𝑚 = exp (
−𝑑

√𝑡∗
) (2.17) 

where 𝑚 is the maturity degree (from 0 at beginning to 1 at the end of the process), 𝑑 is 

a constant (day−
1

2), 𝑡∗ (day) is the time since initial set 𝑡0. 

Investigations presented later in this thesis indicate that the rate of change of strength, 

stiffness, permeability and volume due to hydration process can all be appropriately 

represented using the same maturity relationship.  

2.4.2 Mechanism of “self-desiccation” 

The mechanism of “self-desiccation” has been well documented with respect to its 

influence on the stress state within a backfilled stope (Cui and Fall 2015; Helinski et al. 

2010b; Helinski et al. 2007b).  

The essence of “self-desiccation” process is that after the hydration reaction, the 

hydrated volume is less than the total volume of the unhydrated constituents (water and 

cement). Prior to cement hydration, assumes per unit volume of cemented backfill 

contains an unhydrated cement volume (𝑉cu). After hydration, the increase volume of 

cement is expressed as: ∆𝑉hyd = 𝑉ch − 𝑉cu, where 𝑉ch is the hydrated cement volume. 
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However, this increase ∆𝑉hyd is less than the volume of water used in hydration (𝑉wh). 

Therefore, the total loss of volume in this enclosed system is denoted ∆𝑉sh (the “chemical 

shrinkage” volume).  

Helinski et al. (2007b) proposed an analytical model between the incremental change 

in pore pressure (𝑢 ) and shrinkage volume (𝑉sh)  by using the principles of stress 

equilibrium and strain compatibility:  

∆𝑢 = −
∆𝑉sh
𝑉w𝑉T

𝐾w𝐾s
(𝐾𝑠/𝑉T + 𝐾w/𝑉w)

= −
∆𝑉sh
𝑉T

𝐾w
(𝑛 + 𝐾w/𝑉s)

 (2.18) 

where 𝑉T represents the total volume of the combined soil and water and 𝑉w represents 

the total volume of the pore water; 𝐾w and 𝐾s represent stiffnesses of the water and soil, 

𝑛 represents the porosity of the fill. 

In conventional concrete masses, the water content is relatively lean. To derive the 

expression of shrinkage volume ∆𝑉sh , Powers and Brownyard (1946) obtained 

experimentally a relationship between ∆𝑉sh and the mass of chemically-combined water 

(𝑊n) for a cement paste in a fully hydrated system: 

∆𝑉sh(cm
3) = 0.279𝑊n(cm

3/g) (2.19) 

Empirically, the mass of cement contained in most General Portland cements is: 𝑊n =

0.23𝑊c, where 𝑊c is the mass of unhydrated cement. Therefore, an empirical expression 

for shrinkage volume and original mass of cement: 

∆𝑉sh(cm
3) = 0.064𝑊c(cm

3/g) (2.20) 

It should be noted that this just an empirical expression for General Portland cements. 

For each particular ratio of cement and tailings, a variable (𝐸ℎ) can be adopted (Helinski 

et al. 2007b): 

∆𝑉sh = 𝐸ℎ𝑊c (2.21) 
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Combining with the “maturity model” for cement hydration (Equation 2.17), Helinski 

et al. (2007b) proposed a relationship to present the volume of the chemical shrinkage at 

a given time (𝑡). Then the rate of change of water volume was derived as: 

δ(∆𝑉sh)

δ𝑡
= −

1

2
𝐸ℎ𝑊c (

𝑑

(𝑡∗)1.5
) exp (

−𝑑

√𝑡∗
) (2.22) 

Walske (2014) compared the chemical shrinkage determined from Equation 2.22 with 

that measured in the laboratory test. Results indicate that with fitted values of 𝐸ℎ and 𝑊c, 

Equation 2.22 can favourably represent the experimental chemical shrinkage data. 

It should be noted that, different from conventional concrete masses, tailings-based 

backfill slurries typically have much higher initial water content and lower cement 

content.  Thus, only a small volume of water will be involved in hydration process. 

Despite this, these volume changes still have significant impacts on the pore pressure 

changes and thus the stress state in the backfill, as will be shown in Chapter 3. 

2.4.3 Coupled analysis model of cemented backfilling process 

One-dimensional consolidation and hydration modelling 

Gibson et al. (1981) derived large-strain consolidation equation through combining 

equilibrium of the soil and water phases using Darcy’s law to represent flow. Combining 

these equations and maintaining continuity, the following governing equation was 

derived to represent one-dimensional large strain consolidation of uncemented slurry. 

δ𝑢

δ𝑡⏟
(A)

+ {(1 + 𝑒0)
δ𝜎v

,

δ𝑒
}

⏟        
(B)

{
δ

δ𝛼
[
𝑘

𝛾w
(
1 + 𝑒0
1 + 𝑒

)
δ𝑢

δ𝛼
] +

δ𝑘

δ𝛼
}

⏟                
(C)

=
δ𝜎v
δ𝑡⏟
(D)

 
(2.23) 

where 𝑒0 is the initial void ratio, 𝑒 is the void ratio at the given time 𝑡, 𝛾w is the unit 

weight of water, 𝛼 is a Lagrangian coordinate, 𝑘 is the permeability, and 𝜎v
,
 and 𝜎v are 

the vertical effective and total stresses, respectively. In this equation, term 𝐷 presents the 

rate of application of total stress, resulting a rate of change in pore pressure (term A), term 

C is the volumetric strain, which contains the current permeability (𝑘) of the fill, and term 

B is the current stiffness of the fill. 
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In cemented backfill, a number of mechanisms associated with cement hydration need 

to be considered. These include the development of cement-induced stiffness and strength, 

a reduction in permeability and the mechanism “self-desiccation”. Therefore, Helinski et 

al. (2007a) modified a constitutive model that addressed the influence of cement 

hydration on the governing equation, presented as: 

{
δ𝑢

δ𝑡
[1 −

𝑒

𝐾w

δ𝜎𝑣
′

δ𝑒
(𝑡, 𝐶c, 𝑒, 𝜎v

′)]}
⏟                  

(A)

+ {
δ𝜎𝑣

′

δ𝑒
(𝑡, 𝐶c, 𝑒, 𝜎v

′)(1 + 𝑒0)}⏟                
(B)

{
δ

δ𝑒
[
𝑘(𝑒eff)

𝛾w
(
1+𝑒0

1+𝑒
)
δ𝑢

δ𝛼
] +

δ𝑘(𝑒eff)

δ𝛼
}

⏟                    
(C)

+

{
δ𝜎v

′

δ𝑒
(𝑡, 𝐶c, 𝑒, 𝜎v

′)
δ𝑉sh(𝑡,𝐶c)

δ𝑡
}⏟                

(E)

=
δ𝜎v

δ𝑡⏟
(D)

  

 (2.24) 

where 𝐾w is the bulk modulus of water, 𝑒eff is the effective void ratio. The highlighted 

terms correspond with the relevant terms in Equation 2.23. The term A (the change in 

pore pressure) accounts for 𝐾w and the matrix stiffness (
δ𝜎v

′

δ𝑒
), which depends on the void 

ratio (𝑒) and vertical effective stress (𝜎v
′), time (𝑡) and cement content (𝐶c). In the term 

C (volumetric strain), the permeability (𝑘) is dictated by the effective void ratio (𝑒eff), 

which is influenced by the cement gel developed in the void. The term E accounts for the 

volumetric changes 𝑉sh, associated with the “self-desiccation” mechanism. 

Multiphysics modelling 

The coupled multiphysics analysis is well documented in cemented backfill literature 

(Nasir and Fall 2009; Nasir and Fall 2010; Wu et al. 2014). 

Among these studies, Cui and Fall (2015) proposed a thermo-hydro-mechanical-

chemical (THMC) model to describe and predict the coupled THMC behavior of CPB 

and its evolution with time. 
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𝑛𝑆
∂𝜌w
∂𝑡

+ 𝑛𝜌w
∂𝑆

∂𝑡
+ 𝑆𝜌w (

∂휀v
∂𝑡
+
(1 − 𝑛)

𝜌s

𝜕𝜌s
∂𝑡
) − 𝑛𝑆𝑚hydr = −∇(𝑛𝑆𝜌w𝑣

rw) (2.25) 

𝑛(1 − 𝑆)
∂ρa
∂𝑡
− 𝑛𝜌a

∂𝑆

∂𝑡
+ (1 − 𝑆)𝜌a (

∂휀v
∂𝑡
+
(1 − 𝑛)

𝜌s

∂𝜌s
∂𝑡
−
𝑛𝑆

𝜌s
𝑚hydr)

= −∇𝑛(1 − 𝑆)𝜌a𝑣
ra) 

(2.26) 

∇ (
∂𝜎

∂𝑡
) +

∂((1 − 𝑛)𝜌s + 𝑛𝑆𝜌w + 𝑛(1 − 𝑛)𝜌a)

∂𝑡
𝑔 = 0 (2.27) 

((1 − 𝑛)𝜌s𝐶s + 𝑛𝑆𝜌w𝐶w + 𝑛(1 − 𝑆)𝜌a𝐶a) (
∂𝑇

∂𝑡
) + 𝑄ad + 𝑄cd = 𝑄hydr (2.28) 

where 𝑆 refers to the degree of saturation; 𝜌a, 𝜌w and 𝜌s represent the density of the air, 

water and solid, respectively; 휀v is the volumetric strain; 𝑚hydr denotes the rate of water 

reduction per unit volume due to the hydration process; 𝑣rw and 𝑣ra are apparent velocity 

of water and air in the fill; 𝑔 refers to the acceleration of gravity; 𝐶a, 𝐶w and 𝐶s represent 

the specific heat capacity of air, water and solid); 𝑄ad and 𝑄cd stand for the advection and 

conduction heat transfer, respectively; and 𝑄hydr is the heat generated through hydration 

process.  

The developed THMC model was implemented into the commercial finite element 

code COMSOL. This THMC model has been validated against laboratory data and in situ 

measured data. Furthermore, consideration of interface interaction between the fill and 

rock mass has been coupled in terms of an evolutive elastoplastic interface model (Cui 

and Fall 2017a). Some important conclusions were made: 

 The CPB materials can be treated as a multiphysics system; 

 The developed THMC model can accurately characterize the coupled 

processes and the resulting influences on the CPB properties and behaviors, 

therefore it can be used as a helpful tool to conduct analysis of the arching 

phenomenon. 

Coupled consolidation and hydration analysis with the finite element numerical 

program 

Helinski (2007) developed a plane strain finite element numerical program (named 

“Minefill-2D”) to conduct fully coupled consolidation analysis. The program has been 
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verified to provide accurate prediction of the behaviour of fill within the backfilled stope 

(Helinski 2007; Helinski et al. 2010b). Furthermore, being a self-developed program, the 

Minefill-2D features unique scalability and ability for evolution. This is one of reasons 

that this thesis used the Minefill-2D to approach the fill behaviour and stress distribution 

in a backfilled stope. The description of the governing equations and numerical 

formulations developed and material models adopted within the program Minefill-2D are 

presented in detail in Chapter 3. 

2.5 Influence of deformation and movement of 

surrounding rock mass 

The anomalous stress increase within the backfill mass without disturbance of mining 

oprations has been captured in some in situ monitoring projects (Hasan et al. 2014a; 

Hasan et al. 2014b; Thompson et al. 2009). The unexpected increases of stress reduces 

the agreement of predicted and measured fill behaviour and thus imposes a danger to the 

stability of a fill mass and retaining structures. For example, more than 100 kPa of rising 

stresses during 80 days in the absence of any further filling was recored by Thompson et 

al. (2009).  

The reason for the anomalous increase of stress has been discussed extensively. 

Thompson et al. (2012) arribute this phenomenon to the temperature increase casued by 

hydration of cement. However, in the case of an underground mine in Australia, a similar 

stress increase was also observed, but with only a 6°C measured temperature increase 

(Hasan et al. 2014b), indicating that there may be some ohter mechanisms contributing 

to these anomalous stress increases. 

Qi and Fourie (2019) suggest this anomalous stress increase is closely relevant to the 

movement of surrounding rock mass. Although the surrouding rockmass of a backfilled 

stope have been specified in models of previous studies (Cui and Fall 2017b; Sobhi et al. 

2016), this has invariably been represented as a rigid boundary. However, the influence 

of the behaviour of surrouding rock on the fill mass is a time-dependent process. 

Therefore, Qi and Fourie (2019) incorporated the creep behaviour of the rock mass 
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(CBRM) adjacent to the stope and they demonstrate the influence of CBRM on the stress 

distribution within the stope.  

A plane strain stope was modelled with the finite element code FLAC to estimate the 

interaction between the fill mass and the CBRM in backfilled stopes. The good agreement 

with the engineering applications indicate that their proposed modelling framework can 

potentially explain the continuous increase in stress during and subsequent to backfill 

operations. 

It should be noted that the influnce of the behaviour of surrounding walls is not 

investigated in this thesis. In practice, after the stope is created, there is often a rest time 

before the starting of filling operations. It was thus assumed that the main convergence 

of surrounding walls have finished during this period and thus rock walls are assumed to 

be rigid and totally fixed. However, this is definitely a very interesting topic that could 

be investigated in the future work, especially in mines where the deformation of rock 

strata or disturbance from nearby mining oprations is significant.  

2.6 Strength of the cemented paste fill and stability of 

exposed face 

When adjacent stopes are extracted, there is a reduction in confining stress, which 

reduces the stability of the fill mass and the exposed fill faces need to become self-

supporting. If the fill mass has insufficient cohesive strength, fill failure can occur, 

resulting in dilution of the ore being mined in the adjacent stope. Therefore, a critical 

issue in backfill design is the determination of the stability of an exposed backfill face by 

considering the strength of paste (Belem and Benzaazoua 2008).  

A number of authors have proposed analytical solutions for estimating vertical 

exposure strength requirements. The most commonly adopted analytical solution is the 

upper bound mechanisms by Mitchell et al. (1982) and modifications (Dirige and De 

Souza 2008; Dirige et al. 2009; Li and Aubertin 2012; Zou and Nadarajah 2006). 

Essentially, these improved solutions are based on the same basic assumption and 
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methodology (equilibrium state of a whole sliding fill mass) as the work of Mitchell et al. 

(1982). The details of Mitchell theory are reviewed in Chapter 5. 

The interesting point discussed here is what the contact strength between the fill and 

rock interface could be and how it may be influenced by other mechanisms. In the 

expression of Mitchell et al. (1982), the interface is cohesive and contact strength 

(apparent cohesion 𝑐b) equals to that of the fill. Therefore, before estimating the stability 

of the exposed face, it is important to predict the shear behaviour of fill/rock interface and 

the cohesive strength of the fill.  

During the filling process, development of shear strength at interfaces is dependent 

on not only material properties, but also other mechanisms such as boundary conditions, 

filling rate and consolidation (Helinski 2007). Many tests have been conducted to 

evaluate the shear characteristics of the interface between the fill and rock (Fall and Nasir 

2010; Fang and Fall 2019; Koupouli et al. 2016; Nasir and Fall 2008). 

In tests of Nasir and Fall (2008), the shear failure envelope for the studied fill-rock 

interfaces obey well with the Mohr–Coulomb failure criterion. In addition, the shear 

strength of the fill is greater than that of the fill-rock interface for similar stress conditions.  

Fang and Fall (2019) experimentally investigated the impact of curing stress, drainage 

condition and backfilling rate on the shear strength of fill-rock interface. It is found that 

higher curing (effective) stress and backfilling rate increase the shear strength, due to the 

increased effective stress and matrix suction at the interface. 

Additionally, it has been documented that in situ backfill strengths are influenced by 

settlement and drainage and often significantly greater than those measured in the 

laboratory (Belem et al. 2002; Le Roux et al. 2002).  

Fahey et al. (2011) pointed that the cohesive strength of in situ cemented backfill is 

also influenced by the curing (effective) stress acting on the backfill, with the process of 

connsolidation thourgh drainage and “self-desiccation” mechanism. The final strength of 

the fill specimen was affected by applying diffenet stresses at different curing stages. 

Therefore, firstly a coupled analysis taking account of the arching, consolidation and 

cement hydration mechanisms is required to determine the development of the effective 
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stress acting on the fill, then the strengths representative of in situ conditions can be 

obtained by using curing protocols for laboratory specimens proposed by Fahey et al. 

(2011). 

In order to improve understanding of the stability of the exposed face, the final 

properties of mine backfill is needed; to obtain the final material properties, a thorough 

understanding of the interaction of arching, the consolidation process and cement 

hydration is required.  

In Chapter 5, a new analytical solution to evaluate the stability of an exposed face 

considering arching is proposed. It should be noted that the quantitative interactions 

between fill strength and various mechanisms in the filling process is out of the scope of 

this thesis. Therefore, Chapter 5 focuses on calculation of stability of an exposed face 

with a given distribution of fill strength.  

2.7 The safety of a barricade 

To prevent failure of a barricade, typical design and construction of shotcrete 

barricades apply conservative strategies and the discontinuous filling strategy, causing 

increased stope cycle times (Li et al. 2014).  

Veenstra (2013) pointed that the value of pressure exerted on the barricade and the 

pressure that the designed barricade can withstand are the prerequisites for a complete 

and rational methodology for the design of barricades in backfilled stopes.  

Given the importance of the loading pressure, much emphasis has been placed on 

investigating the pressures on a barricade.  

Li and Aubertin (2009a) presented a three-dimensional analytical solution of 

horizontal stress imposing on the barricade, which takes into account the interaction 

between the backfill and walls of access drift in a “fully-drained” situation. In particular, 

this solution considers the influence of the drift length on the barricade pressure. This 

solution was expanded to hydrostatic conditions (Li and Aubertin 2009b). The limitations 

of this solution are as same as those of the Marston theory (Marston 1930), ignoring the 

influence of consolidation and hydration processes. 
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Thompson et al. (2012) conducted a comprehensive field instrumentation project to 

obtain in situ data in two stopes at the Cayeli Mine in Turkey, where total pressure cells 

were installed at the barricades. Some interesting phenomena were observed: 

 The stope with lower filling rate and higher binder content CPB showed a 

rapid departure from hydrostatic loading , and thus relatively low barricade 

pressures. 

 Conversely, much longer hydrostatic loading and higher barricade pressures 

were observed in the stope with fast filling rate and lower binder content CPB. 

After the plug fill, backfilling operaion was stopped and pressures fell, 

probably due to consoldiation and “self-desiccation” process. 

 Arching effect has been observed, with pressures decreasing significantly with 

distance into the drift  

These observations illustrate the effects of filling rate, cement hydration and geo-

conditions (such as height of brows and length of the drift) on the barricade pressures.  

Although real-time pressure monitoring of paste fill barricades could provide useful 

information, the measured stress of earth-pressure cells are typically lower than the true 

values, called “under-registration”(Helinski 2007). The degree of under-registration is 

related to the relative stiffness between the cell and the surrounding soil. As hydration 

proceeds, the stiffness of a cemented soil increases significantly, and therefore the degree 

of under-registration in such circumstances could also change.  

Therefore, the pressure exerted on the mine backfill barricades is a complex problem 

in the mining industry and there is a need for more research in this area. Some pioneering 

works have shown that a comprehensive investigation of this area should incorporate 

consolidation, hydration dominated by “self-desiccation” and the influence of arching 

(Cui and Fall 2017a; Helinski 2007; Helinski et al. 2010a). This thesis applies the finite 

element program “Minefill-2D” to investigate the barricade pressure in Chapter 3. 

The second question is how much pressure the barricade can withstand. In the mining 

industry, an empirically derived value for the maximum barricade loading pressure is 100 

kPa, which was developed through experience at a number of sites. These “rules of thumb” 
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can result in a successful outcome, but the validity of this rule-of-thumb is still 

questionable because the pressure can and does vary dramatically from one operation to 

another (Potvin and Thomas 2005). Revell and Sainsbury (2007b) investigated the 

sensitivity of barricade performance to material and geometric characteristics that were 

likely to vary in the field. Additionally, field instrumentation projects of the deformation 

of barricades were also conducted (Thompson et al. 2012).  

Currently, the bending behaviour of a shotcrete or concrete barricade subjected to fill 

pressure has been widely simulated as a 2-D beam restrained against axial deformation 

under uniform pressure (Cheung 2012; Ghazi 2011a). Comparisons with experimental 

results have shown that the beam model predicts maximum vertical deflection at mid-

span of reinforced concrete beams well. Thus this simpler, faster two-dimensional 

analysis could be performed for a given barricade in lieu of a more complex three-

dimensional analysis (Ghazi 2011a).  

This thesis calibrates the strength of the barricade using thin plate theory in Chapter 

6. 

2.8 Summary 

This chapter has presented an overview of literature in mine backfilling to 

demonstrate the significance of some mechanisms relevant to this thesis.  

Firstly, some pioneering works are presented to show that the stress distribution 

within a stope is significantly influenced by the degree of arching that occurs in the stope. 

Then the consolidation process during backfill is verified to be essential in attempting to 

determine the stress distribution around a stope. This chapter continues with a brief 

description of the cement hydration process on the behaviour of fill and attempts to fully 

couple these individual mechanisms into analysis of mine backfilling process. Finally, 

background literature of fields relevant to the backfilling process are described, including 

the interaction of fill and surrounding rocks, safety of free standing fill faces and retaining 

barricades.
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3 TWO-DIMENSIONAL COUPLED 

STRESS STATE ANALYSIS 

3.1 Introduction 

As shown in Chapter 2, a fully coupled analysis that includes the consolidation 

process in the saturated fill is needed to evaluate the stress distribution within the stope. 

Specifically, if cement is added to the fill, the hydration process must be considered 

because it can significantly change the stiffness, permeability, strength and compression 

characteristics of the fill. In order to achieve these requirements, a number of 

commercially available programs, including FLAC and Plaxis were examined by the 

author. However, none of these programs proven to be suitable to conduct the above-

mentioned simulations. This is due primarily to the need to simulate accretion of paste 

whose properties evolve with time under fully coupled conditions, which is difficult, if 

not impossible, to achieve using commercially available software. Therefore, it was 

decided that the most appropriate approach would be to apply a finite element program 

which specifically addressed the described criteria, examples of which are Minefill-2D, 

which was developed by Helinski (2007) and COMSOL multiphysics software {Cui, 

2015 #109} . It should be noted that Minefill-2D was chosen for the numerical modelling 

in this thesis. The reliability and applicability of Minefill-2D has already been proved by 

comparing with various well-established analytical solutions and in situ measured data 

(Helinski et al. 2010b). In this thesis, a comparison between the results of centrifuge tests 

and modelling of Minefill-2D is presented in Chapter 4 to verify the performance of the 

program. 

The basic programming methodology of Minefill-2D have been thoroughly presented 

by Helinski (2007). Nevertheless, to make the thesis more coherent, this chapter begins 
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with a brief description of the numerical formulations and governing equations of 

Minefill-2D. Some important mechanisms reviewed in Chapter 2 are studied in more 

detail in this chapter, followed by the description how these mechanisms were addressed 

in this program. Taking advantage of Minefill-2D, a comprehensive study was undertaken 

to capture the arching mechanism and assess the sensitivity of the overall filling response 

to various characteristics in both uncemented and cemented paste filling scenarios. 

3.2 Programming methodology 

3.2.1 Introduction 

This section briefly introduces the relevant numerical components incorporated into 

the program Minefill-2D. It includes an introduction of the program features, a 

description of the calculation sequence, an outline of the governing equations, as well as 

a description of how other numerical difficulties were addressed. It should be noted that 

the contents have been presented in detail by Helinski (2007), so this thesis only briefly 

re-presents and emphasizes some important mechanisms and expressions of them. 

3.2.2 The main features of Minefill-2D 

To cover the full spectrum of tailings-based filling conditions, the main features of 

Minefill-2D include the following: 

 Fully coupled analysis of stress distribution within the stope – i.e. full coupling 

between fill compression, various water outflow or inflow conditions, and 

cementation processes (when cement is added). 

 Taking into account the surplus water accumulated above the fill surface 

(influencing surface total stresses and pore pressures). 

 Taking into account the influence of cement hydration on constitutive 

relationships and permeability of the fill. 

 Taking into account the self-desiccation mechanism.  

 Taking into account the strain softening of the fill mass due to interface shear 

during filling. 
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3.2.3 The finite element method 

The numerical technique adopted in Minefill-2D is the finite element method. 

According to Potts et al. (2001), the finite element method involves 6 main steps, 

including: 

 Element discretization. 

 Primary variable approximation.  

 Element equations.  

 Global equations.  

 Boundary conditions.  

 Solution to the global equations. 

Element discretization 

The stope is firstly discretized into small elements, which are connected by a series 

of nodes. Quadrilateral elements were adopted with 8 boundary nodes to represent 

displacement and 4 boundary nodes to represent pore pressures in Minefill-2D. 

Primary variable approximation 

Like most finite element programs, the primary unknown variables adopted in 

Minefill-2D are displacement and pore pressure.  

Displacements at any point within an element are expressed as: 

[
�̂�
𝑣
] = [𝑁d]{�̂�n1, �̂�n2, ⋯ �̂�n8, 𝑣n1, 𝑣n2, ⋯ 𝑣n8 } (3.1) 

where �̂� and 𝑣 are the global displacements in 𝑥 direction and 𝑦 direction respectively at 

any point within an element; [𝑁d] is the matrix of shape functions and �̂�n𝑖, 𝑣n𝑖 are the 

global displacements at nodal points 𝑖. 

Pore pressures (𝑢) within an element can be obtained as: 

[𝑢] = [𝑁p]{𝑢n1, 𝑢n2, 𝑢n3. 𝑢n4 } (3.2) 
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where 𝑢n𝑖 is the nodal pore pressure at location 𝑖 and [𝑁p] is the shape function. 

In Minefill-2D, isoparametric elements were used, where the relationship between 

global coordinates (𝑥, 𝑦) of any point and that of global nodal coordinates (𝑥𝑖, 𝑦𝑖) is: 

𝑥 =∑𝑁𝑖(�̂�, �̂�)𝑥𝑖

8

1

     (3.3a) 

𝑦 =∑𝑁𝑖(�̂�, �̂�)𝑦𝑖

8

1

 (3.3b) 

where �̂� and �̂� are local coordinates which vary from -1 to 1 across each element. 

Element equations 

For governing the deformation of each element, the element equations are formed by 

combining compatibility with equilibrium and the constitutive relationship. 

Firstly, the compatibility equations can be conveniently represented as: 

{∆휀} = [𝐵]{∆𝑑}n (3.4) 

where [𝐵] contains the derivatives of the shape functions [𝑁𝑖], and {∆𝑑}n contains a list 

of the nodal displacements for a single element. Because the shape functions [𝑁𝑖] depend 

only on the local coordinates (�̂� and �̂�), a chain rule is required to relate derivatives (𝑥 and 

𝑦) in the global coordinate system to local coordinates (�̂� and �̂�): 

{
∂𝑁𝑖
𝜕�̂�

𝜕𝑁𝑖
𝜕�̂�
}
𝑇

= 𝐽 {
𝜕𝑁𝑖
𝜕𝑥

𝜕𝑁𝑖
𝜕𝑦
}
𝑇

 (3.5) 

where 𝐽 is defined as the Jacobian matrix: 

𝐽 = [

𝜕𝑥

𝜕�̂�

𝜕𝑦

𝜕�̂�
𝜕𝑥

𝜕�̂�

𝜕𝑦

𝜕�̂�

] (3.6) 
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To combine the equilibrium and Biot’s consolidation equations, the governing 

equations of finite element consolidation were developed as follows. 

Assuming elastic behaviour over an incremental effective stress ( {∆𝜎′} =

[∆𝜎𝑥
′ , ∆𝜎𝑥

′ , ∆𝜏𝑥𝑦 ]
𝑇

), Hooke’s law states that the relationship between stress and strain 

({∆휀} = [∆휀𝑥, ∆휀𝑦, ∆𝛾𝑥𝑦 ]
𝑇
) can be represented as: 

{∆𝜎′} = [𝐷′]{∆휀} (3.7) 

where [𝐷′] is determined by the drained Young’s modulus (𝐸′) and the drained Poisson’s 

ratio (𝑣′) such that: 

[𝐷′] =

[
 
 
 
 
 
 

𝐸′(1 − 𝜈′)

(1 + 𝜈′)(1 − 2𝜈′)

𝐸′𝜈′

(1 + 𝜈′)(1 − 2𝜈′)
0

𝐸′𝜈′

(1 + 𝜈′)(1 − 2𝜈′)

𝐸′(1 − 𝜈′)

(1 + 𝜈′)(1 − 2𝜈′)
0

0 0
𝐸′

3(1 − 2𝜈′)]
 
 
 
 
 
 

 (3.8) 

The pore fluid continuity is expressed as: 

𝜕 ∨𝑥
𝜕𝑥

+
∂ ∨𝑦

𝜕𝑦
− 𝒬 =

𝜕휀v
𝜕𝑡

 (3.9) 

where 𝒬 is any source or sink term; ∨𝑥, and ∨𝑦 are the components of pore fluid velocity 

in the coordinate directions and are in accordance with Darcy’s law: 

{
∨𝑥
∨𝑦
} = − [

𝑘𝑥𝑥 𝑘𝑥𝑦
𝑘𝑦𝑥 𝑘𝑦𝑦

]

{
 

 
𝜕ℎ

𝜕𝑥
𝜕ℎ

𝜕𝑦}
 

 
 (3.10) 

Or more conveniently: 

{∨} = −[𝑘]{∆ℎ} (3.11) 

where 𝑘𝑖𝑗  is the coefficient of hydraulic conductivity for the soil, [𝑘]is the matrix of 

hydraulic conductivity and ℎ is defined as the hydraulic head: 
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ℎ =
𝑢

𝛾w
+ (𝑥𝑖gx + 𝑦𝑖gy) (3.12) 

Vector {𝑖g} = {𝑖gx, 𝑖gy}
𝑇
 is the unit vector parallel to, but in the opposite direction to 

gravity and 𝛾w is the unit weight of water. 

In Minefill-2D, conservation of energy (i.e. internal (𝜕∆𝑊) and external work (𝜕∆𝐿) 

must be equal) was adopted to obtain the equilibrium equations, that is: 

𝜕∆𝑊 − 𝜕∆𝐿 = 0 (3.13) 

The internal work is given by the integration of the increment of total stress multiplied 

by the increment of strain across the element: 

∆𝑊 =
1

2
∫
𝑉𝑜𝑙
{∆휀}𝑇{∆𝜎}d𝑉𝑜𝑙 (3.14) 

According to Terzaghi’s principle of effective stress: 

{∆𝜎} = {∆𝜎′} + {∆𝑢} (3.15) 

where ∆𝜎 is the increment of total stress, ∆𝜎′ is the increment of effective stress and ∆𝑢 

is the increment of pore pressure. 

Therefore, the internal work is re-written as: 

∆𝑊 =
1

2
∫
𝑉𝑜𝑙
[{∆휀}𝑇[𝐷′]{∆휀} + {∆휀}𝑇{∆𝑢}]d𝑉𝑜𝑙 (3.16) 

While the external work done by the incremental applied loads (∆𝐿) can be divided 

into components from body forces and surface tractions: 

∆𝐿 = ∫
𝑉𝑜𝑙
{∆𝑑}𝑇{∆𝐹}d𝑉𝑜𝑙 + ∫

𝑆𝑟𝑓
{∆𝑑}𝑇{∆𝑇}d𝑆𝑟𝑓 (3.17) 

Combining the above, the equilibrium condition is satisfied during the consolidation 

step when 
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[𝐾𝐸]{∆𝑑} + [𝐿]{∆𝑢} = {∆𝑅𝐸} (3.18) 

where ∆𝑑 is the nodal displacements vector, and 

[𝐾𝐸] = ∫𝑉𝑜𝑙[𝐵]
𝑇[𝐷′][𝐵]d𝑉𝑜𝑙 (3.19) 

which is termed the element stiffness matrix, and [𝐵] is the derivative of the shape 

functions as discussed previously. [𝐿E] is termed the matrix of element volume and is 

defined as: 

[𝐿E] = ∫𝑉𝑜𝑙{𝑚}[𝐵]
𝑇[𝑁P]d𝑉𝑜𝑙 (3.20) 

where [𝑁P] is the matrix of shape functions for pore fluid pressure interpolation and 

{𝑚}𝑇 = {1   1   1   0   0   0} (3.21) 

Using the principle of virtual work, the continuity can be written as: 

∫
𝑉𝑜𝑙
[{∇ℎ}𝑇[𝑘]{∇(∆𝑢)} +

𝜕휀v
𝜕𝑡
∆𝑢] d𝑉𝑜𝑙 = 𝒬∆𝑢 (3.22) 

where [𝑘] is the matrix of permeability and {∇ℎ} is the gradient of total water head 

(consisting of both elevation head 𝑖𝑔 and total pore pressure ∆𝑢 ). The sink term (𝒬) takes 

account of the volumetric changes resulting from self-desiccation. The mechanism of 

self-desiccation is discussed in the following sections. 

If 
𝜕𝜀𝑣

𝜕𝑡
 is approximated as 

∆𝜀𝑣

∆𝑡
, the equation above can be re-written as: 

[𝐿E]
𝑇 (
{∆𝑑}n
∆𝑡

) − [ΦE]{𝑢}𝑛 = [𝑛E] + 𝒬 (3.23) 

where 

ΦE = ∫𝑉𝑜𝑙
[𝐸]𝑇[𝑘][𝐸]

𝛾w
d𝑉𝑜𝑙 (3.24) 

represents the element permeability matrix, 
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𝑛E = ∫𝑉𝑜𝑙[𝐸]
𝑇[𝑘][𝑖g]d𝑉𝑜𝑙 (3.25) 

represents flows due to gravitational forces, and 

[𝐸] = [
𝜕𝑁P
𝜕𝑥

𝜕𝑁P
𝜕𝑦

𝜕𝑁P
𝜕𝑧
]
𝑇

 (3.26) 

represents the derivative of the shape functions for pore water pressure interpolation.  

Assuming at time 𝑡1 , the nodal pore pressure {𝑢}n  and displacements {∆𝑑}n  are 

known, then at time 𝑡2 = 𝑡1 + ∆𝑡, the resulting nodal pore pressures and displacements 

are (assuming a linear interpolation in ∆𝑡): 

∫ [𝛷E]
𝑡2

𝑡1

{𝑢}nd𝑡 = [𝛷E][𝛽({𝑢}n)2 + (1 − 𝛽)({𝑢}n)1]∆𝑡 (3.27) 

Adopting 𝛽 = 1.0 and substituting Equation 3.23 into Equation 3.27 gives: 

[𝐿E]{∆𝑑}n − ∆𝑡[ΦE]{∆𝑢}n = ([ΦE]({∆𝑢}n)1 + 𝒬 + [𝑛E])∆𝑡 (3.28) 

Combining Equations 3.18 and 3.28, the governing equations for finite element 

consolidation analysis can be developed. These governing equations are presented as 

Equation 3.29: 

[
[𝐾E]              [𝐿E]

[𝐿E]
𝑇  − ∆𝑡[𝛷E]

] {
{∆𝑑}n
{∆𝑢}n

} = [
[∆𝑅E]

([𝑛E] + 𝒬 + [𝛷E]{𝑢}n)1 ∆𝑡
] (3.29) 

where [𝐾E] represents the element stiffness matrix, [𝐿E] represents the element volume 

submatrix, [𝛷E] represents the permeability submatrix, [∆𝑅E] is the vector of boundary 

stresses, [𝑛E] represents flow due to gravitational forces, 𝒬 represents an internal sink 

term, {𝑢}n  is the vector of total pore pressure increments, {∆𝑑}n  is vector of nodal 

displacement increments. 

Global equations 

The global finite element equations across the entire problem domain can be obtained 

in accordance with corresponding nodes. 
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[
[𝐾G]              [𝐿𝐺]

[𝐿G]
𝑇  − ∆𝑡[𝛷G]

] {
{∆𝑑}n
{∆𝑢}n

} = [
[∆𝑅G]

([𝑛G] + 𝒬 + [𝛷G]{𝑢}n)1 ∆𝑡
] (3.30) 

The relationship between items in different coordinate systems are: 

[𝐾G] =∑[𝐾E]𝑖

𝑁

𝑖=1

 (3.31a) 

[𝐿G] =∑[𝐿E]𝑖

𝑁

𝑖=1

 (3.31b) 

[ΦG] =∑[ΦE]𝑖

𝑁

𝑖=1

 (3.31c) 

[𝑅G] =∑[𝑅E]𝑖

𝑁

𝑖=1

 (3.31d) 

[𝑛G] =∑[𝑛E]𝑖

𝑁

𝑖=1

 (3.31e) 

Boundary conditions 

In Minefill-2D, the whole calculation is divided into two phases: undrained and 

drained phases. The undrained step involves placement of each layer of fill. As this step 

is assumed to occur over an infinitely short time and as the material stiffness of each new 

layer is initially very low, it is assumed that the layer being placed demonstrates 

completely undrained behaviour. When undertaking an undrained analysis, no pore 

pressure changes and therefore the equilibrium condition is simplified to: 

[𝐾E]{∆𝑑} = {∆𝑅E} (3.32) 

In this situation, the constitutive matrix [𝐷′] takes the form as [𝐷]: 

[𝐷] =

[
 
 
 
 
 
 

𝐸′(1 − 𝜈′)

(1 + 𝜈′)(1 − 2𝜈′)
+ 𝐾W

𝐸′𝜈′

(1 + 𝜈′)(1 − 2𝜈′)
+ 𝐾W 0

𝐸′𝜈′

(1 + 𝜈′)(1 − 2𝜈′)
+ 𝐾W

𝐸′(1 − 𝜈′)

(1 + 𝜈′)(1 − 2𝜈′)
+ 𝐾W 0

0 0
𝐸′

3(1 − 2𝜈′)]
 
 
 
 
 
 

 (3.33) 
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where 𝐾W is bulk modulus of the water phase. 

After the placement of each new layer, nodal displacements are firstly obtained 

through Equation 3.32 and then the strain increments (∆휀). Next, associated changes in 

effective stress, total stress and pore pressure are determined from these strains in 

accordance with: 

∆𝜎′ = 𝐷′∆휀 (3.34a) 

∆𝜎 = 𝐷∆휀 (3.34b) 

∆𝑢 = 𝐾𝑊∆휀 (3.34c) 

These values can then be used during the consolidation calculation phase. 

Solution to the global equations 

As described, a non-linear constitutive equation is adopted to represent the cemented 

mine backfill. To solve the non-linear constitutive relationship, the visco-plasticity 

technique was adopted. The visco-plastic strain rate (휀̇𝑣𝑝) can be obtained in accordance 

with: 

(휀̇𝑣𝑝) = 𝜇. 𝐹𝑦.
𝜕𝒬

𝜕𝜎
 (3.35) 

where [𝐹𝑦] presents the yield function: when it is positive, yielding has occurred; the flow 

rule (
𝜕𝒬

𝜕𝜎
) and viscosity parameter (𝜇). 

Then 휀̇𝑣𝑝 is combined with a pseudo-time step (∆𝑡cr) to determine the increment of 

plastic strain 휀𝑣𝑝. 

It should be noted that the value of ∆𝑡cr must be limited to avoid numerical drift. In 

Minefill-2D, it has been shown that the maximum time step (∆𝑡cr) for stability is given 

by: 
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∆𝑡cr =
2(1 − 2𝜈′)

𝜇𝐺(1 − 2𝜈′ + sin2𝜙)
 (3.36) 

where 𝐺, and 𝜈′ are the shear modulus and Poisson’s ratio, respectively. 

After obtaining the strains, the stress increment 𝜕𝜎 can be expressed as: 

𝜕𝜎 = 𝐷. 𝜕휀 − 𝜇𝜙[𝐹]𝐷
𝛿𝒬

𝜕𝜎
𝜕𝑡𝑐𝑟 (3.37) 

where 𝐷 is the elastic stiffness matrix. 

The unbalanced body stresses can be derived through the last term of Equation 3.37, 

which can be integrated over to determine unbalanced body forces during iteration 

process. The iteration process will continue until all the Gauss-point stresses are less than 

the convergence tolerance (0.0001 adopted in Minefill-2D). 

3.3 The mechanisms and material behaviour adopted in 

minefill-2d 

3.3.1 Introduction 

In this thesis, tailings-based mine backfills are divided by the author into two main 

groups: uncemented fill and cemented fill. In the consolidation analysis of cemented fill, 

besides the mechanisms adopted in uncemented fills, the cement hydration process should 

also be considered. This is because the cementation hydration process can have a 

significant influence on the consolidation response, such as increase in stiffness, 

reduction in permeability, and the self-desiccation mechanism. According to the 

pioneering studies (Helinski et al. 2007a; Seneviratne et al. 1996), the time-scale 

associated with consolidation may be similar to that of the hydration process, which make 

it possible that the cement hydration process can be fully coupled with the consolidation 

process in Minefill-2D. As Minefill-2D undertakes analysis using fundamental material 

properties, it provides an opportunity to investigate the stress state of both uncemented 

and cemented fills.  
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It should be noted that a time of initial set 𝑡0 is set in Minefill-2D, before which the 

fill is assumed to behave in accordance with the uncemented material properties. 

Therefore, for uncemented consolidation analysis or cemented consolidation analysis 

before initial set 𝑡0, Equation 3.29 presented earlier was implemented into Minefill-2D 

as the governing consolidation equation and is repeated below: 

[
[𝐾E]              [𝐿E]

[𝐿E]
T  − ∆𝑡[𝛷E]

] {
{∆𝑑}n
{∆𝑢}n

} = [
[∆𝑅E]

([𝑛E] + 𝒬 + [𝛷E]{𝑢}n)1 ∆𝑡
] (3.29 bis) 

In cemented filling, once the time reaches 𝑡0, the cement-hydration process begins to 

influence the material behaviour, and the cement hydration process should be coupled 

with the consolidation process. According to Helinski (2007), the influence of the 

hydration process was shown to be most significantly associated with: 

 Stiffness: The density of the fill, evolution of cement-hydration, and damage 

to the cement bonds caused by excessive strain can influence the stiffness of 

the fill, reflecting on the time-evolved constitutive matrix [𝐷′], and therefore 

the global stiffness matrix [𝐾G].  

 Strength: The strength of the fill is influenced by cement hydration as well as 

by destruction of cement bonds due to excessive stress, shown by the change 

of constitutive matrix [𝐷′] and the global stiffness matrix [𝐾G]. 

 Permeability: The permeability matrix [𝛷G] interacts with material density, 

particle size distribution and cement hydrate growth.  

 Self-desiccation: This refers to the volume changes that occur during the 

hydration process and can be taken into account through the internal sink 

term 𝒬. 

In order to take into account the cement hydration processes during the consolidation 

process, functions of time, material state (void ratio), and cement content should be 

incorporated into relevant terms in governing consolidation equations: 

[
[𝐾G(𝑡, 𝑒, 𝐶c)]              [𝐿G]

[𝐿G]
T  − ∆𝑡[𝛷G(𝑡, 𝑒, 𝐶c)]

] {
{∆𝑑}nG
{∆𝑢}nG

} = [
[∆𝑅G]

([𝑛G(𝑡, 𝑒, 𝐶c)] + 𝑄(𝑡, 𝑒, 𝐶c) + [𝛷G(𝑡, 𝑒, 𝐶c)]{𝑢}nG)∆𝑡
] 

 (3.38) 
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The behavior of both uncemented and cemented fill material and numerical models 

to characterize such behaviour adopted in Minefill-2D are discussed in the following 

sections.  

3.3.2 Strength and stiffness, 𝑲𝑮(𝒕, 𝒆, 𝑪𝒄) 

According to Helinski (2007), a power law has been successfully applied to the 

compression behaviour of uncemented mine tailings. Hence this function was adopted to 

relate the void ratio to the applied effective stress, taking the form of: 

𝑒 = ac(𝜎
′)bc (3.39) 

where 𝑒 is the void ratio and 𝜎′ is the mean effective stress, while ac and bc are curve 

fitting constants.  

By differentiating Equation 3.39 and combining the result with well known elastic 

relationships, the uncemented shear stiffness 𝐺(uncem) can be derived such that: 

𝐺(uncem) =
𝜕𝜎

𝜕𝑒

(𝑒 + 1)

2(1 + 𝜈′)
=

(𝑒 + 1)

2acbc(1 + 𝜈′)
(
𝑒

ac
)
(
1
bc
−1)

 (3.40) 

The Mohr-Coulomb failure criterion is used as the material model in Minefill-2D, 

where the size of the yield surface is governed by the state of the material and hydration 

degree (Helinski et al. 2010b). The shear stiffness is dependent on the mobilised stress 

and the size of the yield surface. The compressive stiffness is then determined by the 

shear stiffness in accordance with the Poisson’s ratio. In the Mohr-Coulomb failure 

criterion, it is assumed that the friction angle is independent of cementation, which is 

consistent with research results that cementation has little influence on the friction angle 

of the fill material.  

In cemented filling, the cohesive strength increases as a result of cement hydration 

and decreases due to damage caused by yield stress: 

∂c′ =
∂𝐻𝑦𝑑

∂𝑡
−
∂𝐷

∂휀𝑆
𝑃 (3.41) 
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where ∂c′  is the change in the effective cohesion, 
𝜕𝐻𝑦𝑑

𝜕𝑡
 is the change in 𝑐′  due to 

hydration with time and 
𝜕𝐷

𝜕𝜀𝑆
𝑃 is the degradation in 𝑐′ with time due to plastic shear strain 

(𝜕휀𝑆
𝑃).  

In Minefill-2D, a modified equation is adopted to express the cohesion (𝑐′): 

𝑐′ = Ac exp(
X𝐶c + 𝐶c

0.1 − 𝑒

Z𝐶c +W
) (3.42) 

where Ac, X, Z and W are curve fitting constants; 𝐶c is cement content. 

Meanwhile, the maturity relationship (Equation 2.17) is also used to simulate the 

hydration progress: 

𝑚 = exp (
−𝑑

√𝑡∗
) (2.17 bis) 

By combining this with Equation 3.42, the rate of development of cohesion with time 

can be represented. This function is: 

∂𝑐′

∂𝑡
=
1

2
(

𝑑

(𝑡∗)1.5
) exp (

−𝑑

√𝑡∗
)Acexp (

X𝐶c + 𝐶c
0.1 − 𝑒

Z. 𝐶c +W
) (3.43) 

If the material is strained beyond yield, progressive breakdown of the bond strength 

can occur. This mechanism has been accounted for by reducing 𝑐′ linearly as a function 

of the plastic shear strain 휀𝑆
𝑃 (i.e the 

𝜕𝐷

𝜕𝜀𝑆
𝑃 term in Equation 3.41). 

The cement-induced component of stiffness is assumed to be linearly related to 𝑐′, 

with a constant friction angle. This assumption is convenient for modelling in Minefill-

2D, by evolving the cohesive intercept in accordance with Equation 3.43, the cement-

induced component of stiffness can be linearly related to this value in accordance with a 

constant rigidity term. 
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To represent the pre-yield response, a non-linear stiffness function was adopted. This 

function degrades the material tangential stiffness linearly as the shear stress approaches 

yield in accordance with: 

𝐺𝑡(cem) = 𝐺0(cem) [1 − 𝑓(
𝜏mob
𝜏max

)] (3.44) 

where 𝜏mob is the mobilised shear stress, 𝜏max is the yield stress, 𝐺𝑡(cem) is the cement 

contribution to the tangential shear stiffness, G0(cem)  is the cement component of the 

small strain shear stiffness and 𝑓 is a curve fitting constant. The actual value for 𝑓 can be 

experimentally derived from a triaxial stress-strain curve. 

After the cement-induced component of stiffness is calculated, it is directly added to 

the uncemented stiffness (from Equation 3.40) to determine an appropriate stiffness for 

the cemented soil mass. The superposition of the cemented and uncemented properties 

provides a convenient method of addressing the evolution from the uncemented condition 

to the cemented condition. If required, the approach is also suitable for simulating the 

breakdown of the cementation due to excessive shear stress. 

3.3.3 Permeability, [𝜱𝑮(𝒕, 𝒆, 𝑪𝒄)], [𝒏𝑮(𝒕, 𝒆, 𝑪𝒄)] 

Permeability can have a significant influence on the overall consolidation behaviour. 

As shown in Equation 3.29, [𝛷E] represents the permeability submatrix. 

In uncemented filling or before the initial set time 𝑡0 in cemented filling, the void 

volume of the fill reduces with compression, which can lead to a reduction in permeability. 

Carrier III et al. (1983) developed a relationship that has been shown to provide a good 

representation of the relationship between void ratio and permeability for fill materials. 

This function was adopted for Minefill-2D, presented as: 

𝑘 =
ck(𝑒)

dk

1 + 𝑒
 (3.45) 

where 𝑘 is the permeability, ck and dk are constants  
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After the initial set time 𝑡0 in cemented filling, besides the compression, some of the 

void volume is also filled by cement gel produced during the cement hydration process. 

Due to the relatively low permeability of the cement gel itself, it is suggested that in 

addition to the growth of cement solids the entire gel volume should be considered in 

determining the reduction in permeability. In order to account for this characteristic, the 

term of void ratio 𝑒 in Equation 3.45 is modified to be the effective void ratio (𝑒eff). The 

calculation of 𝑒eff  is based on the 𝑒  determined in the conventional manner and the 

hydration process (time 𝑡 and cement content 𝐶c), illustrated as: 

𝑒eff = 𝑓(𝑡, 𝑒, 𝐶c) (3.46) 

Therefore, the permeability function adopted in Minefill-2D is modified to: 

𝑘 =
ck(𝑒eff)

dk

1 + 𝑒
 (3.47) 

3.3.4 Self desiccation, 𝑸(𝒕, 𝒆, 𝑪𝒄) 

As presented in Chapter 2, the mechanism of “self-desiccation” has significant effect 

on the overall behaviour of cemented paste backfill.  

This presented relationship was implemented into Minefill-2D as an internal sink term 

and is repeated below: 

𝑄(𝑡, 𝑒, 𝐶c) = −
1

2
𝐸h𝑊c (

𝑑

(𝑡∗)1.5
) exp (

−𝑑

√𝑡∗
) (3.48) 

The rate of hydration (𝑑) and hydration efficiency (𝐸h) are fundamental properties of 

the fill and can be obtained experimentally with each cement and tailings combination. 

3.4 Consolidation analysis of uncemented tailings-based 

backfilling 

The preceding sections have presented the numerical methodologies and analytical 

models adopted in the two dimensional numerical program Minefill-2D. Developed for 
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fully coupling consolidation, cementation hydration (if cement added) and stress 

evolution in a backfilled stope scenario, Minefill-2D is capable of providing accurate 

representation of backfill deposition processes in mines (Helinski 2007; Helinski et al. 

2010b). Hence, this thesis used Minefill-2D to conduct comprehensive investigations of 

arching mechanisms, evolution of fill properties and various factors that significantly 

influence behavior of filling in the stope, paving the way for the stability analysis of 

exposed fill face and barricade loads in following chapters.  

This thesis divides all the tailings-based filling evaluations into either uncemented 

filling or cemented filling, according to whether the hydration process is relevant, rather 

than material properties of filling. As a starting point, this section emphasizes the behavior 

of uncemented filling, while Section 3.5 focuses on analyzing cemented filling cases 

where the hydration mechanism is coupled in simulations. 

3.4.1 Modelling approach 

Mesh size 

Firstly, an investigation of influence of mesh size on the modelling results is 

undertaken to choose an appropriate mesh size for the following study. The simulated 

stope is 10 m wide and 20 m tall, with typical backfill material properties (uncemented) 

and filling strategy (as shown in Table 3.1).  

Table 3.1. Properties of materials used in the model. 

Property Symbol & Units Value 

Saturated unit weight 𝛾sat (kN/m
3) 21 

Compression parameter 𝑎𝑐 (/) 1.8 

Compression parameter 𝑏𝑐 (/) -0.2 

Permeability parameter 𝑐𝑘 (m/day) 0.25 

Permeability parameter 𝑑𝑘 (/) 10 

Friction angle 𝜙(°) 35 

Dilation angle 𝜓(°) 0 

Filling rate 𝑟f(m/day) 1 
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There are three different mesh sizes adopted in this analysis: a coarse mesh with all 

elements of 2 m × 2 m, a medium mesh consisting of elements of 1 m × 1 m and a fine 

mesh with of elements of 0.5 m × 0.5 m. These meshes are presented in Figure 3.1.  
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Figure 3.1. Finite element mesh used to represent (a) a coarse mesh (b) a 

medium mesh (c) a fine mesh. 

In this analysis, all boundaries (apart from the fill surface) were totally fixed and 

impermeable. The calculated pore pressure, along the centerline of the stope at the end of 

filling, is plotted for each of the meshes in Figure 3.2. As shown in Figure 3.2, the coarse 

mesh produces considerable different results to the other meshes, while the results from 

the medium and fine mesh are very close. Because the variation of results between the 

fine and medium mesh is very small and computational times are considerable different, 

it was decided to adopt the medium mesh in the remainder of the “Minefill-2D” 

calculations in this chapter. 
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Figure 3.2. Calculated pore pressure along the centerline of the stope for 

different mesh sizes. 

The base case 

In order to investigate arching mechanisms and the impact of various parameters on 

the filling process, a base case and a series of other modified cases were modelled. In the 

base case, a plane strain stope (20 m high and 10 m wide) was modelled. A drift of 5 m 

high and 5 m offset distance was also added. The mesh of the stope is illustrated in Figure 

3.3. The medium mesh was adopted. Hence, there was a total of 10 elements and 20 

elements representing the width and height of stope, respectively, 5 elements along the 

length and 5 elements for the height of the drift. The vertical boundary on two sides and 

bottom boundary represented the walls and the bottom of stope. These boundaries were 

totally restrained and thus the surrounding rock was regarded as infinitely stiff. All the 

boundaries were set to be impermeable, while a boundary condition of atmospheric 

pressure was assigned along the boundary that represented the barricade.  
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Figure 3.3. The mesh of the base case modelling. 

The material properties and other parameters are also summarized in Table 3.1. In the 

base case, a continuous filling strategy (constant filling rate of 1 m/day) was applied. In 

most filling practices, filling rates are commonly faster than 1 m/day. The purpose of 

this slow filling rate was to increase the filling schedule and thus highlight the impact of 

consolidation on the “arching” phenomenon. Additionally, a relatively high permeability 

was also assigned to the fill material for the same reason.  

It should be noted that the global water table was always maintained at the fill surface 

in the following simulations (except when surplus water accumulated on the surface, 

which is explained in following sections). An explanation supporting this assumption is 

that tailings-based backfill slurries are fully saturated and have very high water contents 

(typically with an initial water content varying between 18% and 42% for the paste 

backfill and between 42% and 82% for the hydraulic backfill). Therefore, any losses of 

drained water can be replenished immediately by additional water from continuous filling. 

After the cessation of filling, excess pore pressures dissipate and effective stresses 

develop with consolidation proceeding. If pore pressures are still greater than the 

“hydrostatic state”, it means the fill has not fully consolidated, while if pore pressures are 

equal to this value it indicates that the fill has completely consolidated. It must be noted 
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that this situation is somewhat artificial (Helinski 2007), because the water table in the 

stope will eventually draw down to the stope bottom without further addition of water. 

Even so, it has been pointed that the most “dangerous period” during filling operations is 

often the early stage, and desaturation occurs well after the development of maximum 

barricade loads (Helinski 2007). In future work, unsaturated behavior of the model may 

be investigated.  

3.4.2 Investigation of the arching mechanism with the base case 

In this section, emphasis was placed on the arching developed during the filling 

process, evolution of water pressure and effective stress and resulting barricade loads. As 

mentioned before, analysis was undertaken assuming boundary nodes that were fully 

fixed in both directions. The distributions of stresses and pore pressure at the end of filling 

(“EOF”) and at end of consolidation (“EOC”) are shown in Figures 3.4 and 3.5 

respectively. 

 

Figure 3.4. Total vertical stress (kPa) contours at (a) the end of filling (b) the 

end of consolidation. 
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Figure 3.5. Pore pressure contours (kPa) at (a) the end of filling (b) the end of 

consolidation. 

According to Figure 3.4 (a) and Figure 3.5 (a), the rates of total vertical stress and 

pore pressure increase with depth were almost equal to that of the overburden weight, 

indicating no arching occurred at the end of filling. Without the “desiccation” effect of 

cement, uncemented filling could accumulate excess pore pressures even with a slow 

filling rate and high permeability. Therefore, directly applying analytical arching theory 

to predict the stress state in such situations may lead to significant underestimation of 

lateral stresses on the barricade and impose a danger to mining operations.  

After the filling process is complete, total vertical stresses and pore pressures decrease 

due to consolidation. At the end of consolidation, only a small area in the center of the 

stope had a vertical stress greater than 380 kPa, whereas the remainder of the area near 

the stope base was below 280 kPa, i.e. arching developed well. To further demonstrate 

the arching mechanism, the contours of vertical effective stresses are illustrated in Figure 

3.6.  
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Figure 3.6. Effective vertical stress contours (kPa) at (a) the completion of 

filling (b) the completion of consolidation. 

As shown in Figure 3.6 (a), there was virtually no effective stress developed at the 

end of filling. Only in the area near the barricade did the effective stress increase rapidly 

due to the atmospheric pressure assigned along the barricade. Upon consolidation, the 

developed effective vertical stresses transferred to the surrounding rock mass through 

shear strain, resulting in a sharp decrease of total stress, shown in Figure 3.4. At the end 

of consolidation, effective stresses were well developed, resulting in an overall decrease 

of the total stress within the stope. 

Figure 3.7 shows the curves of total stresses and pore water pressure along the 

centerline of the stope at the end of filling (“EOF”) and at the end of consolidation 

(“EOC”). In the centerline of the stope, vertical and horizontal stresses and pore pressure 

were almost equal to the vertical self-weight of the fill. Only slight differences occurred 

near the bottom of the stope. The vertical and horizontal stresses and pore pressure all 

decreased, to different degrees, at the end of consolidation. For example, the horizontal 

stress decreased significantly over the bottom 5 m of the stope, coincident with the drift 

height. This dramatic decrease of total horizontal stress is likely induced by consolidation 

in the area of the drift.  
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Figure 3.7. Total stresses and water pressure along the stope centreline. 

As shown in Figure 3.7, from a height of 14 m to the top of the fill, the calculated 

stresses and water pressures are slightly larger than the overburden pressure of the fill 

material (obtained by multiplying the saturated weight and the depth of the fill). This is 

not a calculation error but a result of the “surplus water” calculated in Minefill-2D. In 

practice, the occurrence of surplus water on the top of backfill in the stope results from 

the high water content required for transportation of the saturated fill and settlement of 

solids that occurs post-deposition resulting in upward flow and possible ponding on the 

surface of the backfilled material. In Minefill-2D, during the creation of a new layer, any 

existing ponded water is transferred directly to the surface of the new layer. Therefore, 

the existence of surplus water will change the stress state and hydraulic gradient within 

the fill, which should be noted in the consolidation analysis of filling in the stope. 
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Figure 3.8. Development of centerline pore pressure and stresses with time. 

The variation of calculated total stresses and pore pressure at the base of the stope in 

the centre of the stope floor are plotted against time in Figure 3.8. According to Figure 

3.8, during the early stages of backfilling both stresses and pore pressure were equal to 

the vertical self-weight stress. Besides the reason mentioned before that no consolidation 

occurred, another reason is there was not sufficient fill height to create any noticeable 

stress redistribution (Helinski 2007). After about 20 hours, total horizontal stress and pore 

pressure began to diverge from the total vertical stress with consolidation occurring, but 

the developed effective horizontal stress was still not sufficient to initiate a significant 

vertical stress redistribution. After filling, with sufficient consolidation, the effective 

stress increased, stress was transferred and the “arching” phenomenon became significant. 

As explained in Chapter 2, the horizontal stress imposed on the barricade is very 

important, due to it concerning the safety of the barricade. Therefore, the development of 

total horizontal stress on the barricade at a height of 2 m is plotted against time in Figure 

3.9. During the early stages of backfilling, total horizontal stress was equal to the vertical 

self-weight stress, but then began to diverge from the total vertical stress with 

consolidation progress, due to effective stresses being developed near the barricade. The 
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horizontal stress peaked at 218 kPa  when filling was finished (94 hours), and then 

proceeded to decrease with time. Hence, the “most dangerous” time, i.e. when the 

barricade bears the maximum stress, occurs at the end of filling, if consolidation is 

minimal.  

 

Figure 3.9. The evolution of barricade stress with time. 

Therefore, an important conclusion can be drawn from this section, that “arching” 

occurring in the stope is a dynamic process that is significantly influenced by 

consolidation. Only through a rational and thorough consolidation analysis, can the 

accurate stress state and maximum stress imposed on the barricade be obtained for mine 

design purposes. 

3.4.3 Investigation of influence of boundary conditions on the arching  

To investigate the significance of boundary conditions on the “arching” phenomenon, 

a comparison was undertaken between the case with boundary nodes fully fixed in both 

directions and one with boundary nodes fixed only against horizontal displacement but 

free to displace in a vertical direction. Although this is not a realistic scenario in practice, 
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it was undertaken to assist in demonstrating the arching effect. The distributions of total 

vertical stress with free and total fixed boundary are illustrated in Figure 3.10. 

 

Figure 3.10. Total vertical stress 𝛔𝐯 contours (kPa) for a stope with (a) free 

vertical and (b) totally fixed at the end of consolidation. 

Figure 3.10 (b) indicates that arching occurred through the whole stope with the 

boundary fixed, whereas the total vertical stress developed equivalent to the overburden 

self-weight for the upper 10-20 m with free boundaries. Towards the bottom of the stope, 

the rate of stress increase with depth reduced and the stress was transferred horizontally 

to the drift. Once again these results indicate that the essence of arching is effective stress 

transfer through the mobilization of shear stress. When the boundary is assigned as free, 

no shear stress is mobilised and thus no arching occurs. 

3.4.4 Investigation of influence of stope geometry on arching  

Stopes may vary in size with regard to plan dimensions. Different configurations and 

sizes will lead to differences in the stress state and hydraulic conditions. This section 

investigates the influence of the width of the stope on the “arching” that develops and the 

stress imposed on the barricade at the end of drift. The distribution of pore pressure and 
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total vertical stress on the centerline for a number of cases with different widths is shown 

in Figure 3.11 for conditions at the end of filling. 

 

Figure 3.11. Total stresses and water pressure along the stope centreline with 

different width stopes. 

In Figure 3.11, the total vertical stress approached the overburden weight as the stope 

became wider. As studied in Equation 2.9 in Chapter 2, the effect of the dimensional ratio 

between height and width of the stope on the total vertical stress needs to be noted: the 

“arching” is more significant when the dimension ratio is small, i.e. in a narrow stope. 

When the stope is very wide, the contribution of arching to the vertical stress will decrease 

to very little, or even zero, causing the vertical stress to equal the overburden of the fill. 

3.4.5 Influence of drift geometry on the barricade stress 

The configuration of the drift may influence the stress imposed on the barricade and 

thus concerns the safety of a barricade. Many researchers have put emphasis on the 

influence of drift geometry on the barricade stress. Mitchell (1992) measured the fill 

pressure on physical bulkhead models with centrifuge tests. Li and Aubertin (2009a) also 

proposed an analytical solution of imposed pressure on the barricade. According to their 



 TWO-DIMENSIONAL COUPLED STRESS STATE ANALYSIS 

3-29 

 

studies, the maximum pressure on the barricade decreases with an increasing length of 

drift, due to the shear stress developed along the wall and fill interfaces in the drift. As a 

limit equilibrium method, the predicted stress in the drift would continually decrease and 

approach to zero at a certain distance from the brow. However, in these studies (Li and 

Aubertin 2009a; Mitchell 1992), a fully drained condition or geo-static hydraulic 

condition was assumed, while the study in preceding sections of this report have shown 

that these assumptions may lead to an underestimation of barricade loads and even 

dangerous results (i.e. potentially leading to barricade overloading) for predicting 

maximum stress on the barricade under saturated conditions.   

Thompson et al. (2012) conducted a comprehensive field instrumentation project, 

where total stresses at the barricade and throughout the drift were measured using earth 

pressure cells. The measurements by Thompson et al. (2012) can only provide localized 

performance information; a quantitative analysis considering the consolidation process is 

still required, particularly in order to provide predictive capacity for future projects. 

In practice, the width and height of the drift are usually decided by the in situ 

conditions and geological conditions. Therefore, this section mainly investigated the 

influence of the drift length on the stress imposed on the barricade, while other 

dimensions of the drift were fixed. Four cases with different length of the drift were 

analyzed using Minefill-2D. The material properties and dimensions of the stope are the 

same as the base case shown in Table 3.1. The total horizontal stresses imposed on the 

barricade against time are illustrated in Figure 3.12. 
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Figure 3.12. The total horizontal stresses imposed on the barricade against time 

with different lengths of the drift. 

As shown in Figure 3.12, during the early stages of deposition, the stresses in all cases 

were the same. With consolidation, shear stresses were mobilized along the drift and 

horizontal stresses began to diverge. It is obvious that the barricade with a longer drift 

bears lower horizontal stress. 

3.4.6 Influences of filling rate and permeability 

Additionally, two other cases, these having different filling rates were simulated to 

evaluate their effect on the stress state within the backfilled stope. Figures 3.13 and 3.14 

show distributions of total stress along the centreline just above the base of the backfilled 

stope and variations of barricade stresses respectively for different filling rates. Figures 

3.15 and 3.16 show the corresponding results for differences in permeability of the 

backfill, with 𝑘1 being the permeability in the base case.  



 TWO-DIMENSIONAL COUPLED STRESS STATE ANALYSIS 

3-31 

 

 

Figure 3.13. Total stresses and water pressure along the stope centreline with 

different filling rates. 

 

Figure 3.14. The barricade stresses with different filling rates. 
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Figure 3.15. Vertical total stresses and water pressures along the stope 

centreline with different permeabilities. 

 

Figure 3.16. Barricade stress against time with different permeabilities. 
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These results indicate that the permeability of the fill and filling rate can significantly 

affect the stress distribution within the stope and stresses imposed on the barricade. 

Apparently, the faster filling rate will create higher total stress because less consolidation 

occurs during filling, while a higher permeability accelerates the dissipation of excess 

pore pressure through consolidation.  

3.5 Consolidation analysis of cemented tailings-based 

backfilling 

The previous section demonstrated the overall stress state within a stope of 

uncemented tailings backfill. Even without the addition of cement, the interactions 

between the fill behaviour and material characteristics during the filling process was 

complex.  

This section analyses the overall behaviour of cemented tailings-based fill during the 

backfilling process, taking account of the hydration process of the cement, which requires 

an even more complex numerical model.  

3.5.1 Modelling approach 

In order to investigate the fill behavior and stress state within a stope in cemented 

tailings-based filling, a basic calculation case (20 m high by 10 m wide and a draw-point 

of 5 m height and 5 m offset distance) was chosen. As shown in Table 3.2, the stope 

geometry and filling strategy is identical to those of the cases in Section 3.4. However, as 

the cement was accounted for, the properties used in the model describing the cement 

behavior were also introduced, including the rate of hydration parameter 𝑑, initial set of 

hydration process 𝑡0, efficiency of hydration 𝐸h. The materials simulated were designated 

Hydraulic Fill B (HFB); all the parameters used in this simulation were obtained 

experimentally (Helinski 2007). 
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Table 3.2. Properties of materials used in the base case analysis. 

Property Symbol & Units Value 

Saturated unit weight 𝛾sat (kN/m
3) 21 

Compression parameter 𝑎𝑐 (/) 1.8 

Compression parameter 𝑏𝑐 (/) -0.2 

Permeability parameter 𝑐𝑘 (m/day) 6.2e-4 

Permeability parameter 𝑑𝑘 (/) 15 

Rate of hydration parameter 𝑑 (day1/2) 0.9 

Initial set 𝑡0 (day) 0.3 

Efficiency of hydration 𝐸ℎ (cm
3/g) 0.032 

Cement content 𝐶c (%) 2 

Initial cohesion 𝑐0 (kPa) 15 

Friction angle 𝜙(°) 35 

Dilation angle 𝜓(°) 0 

Filling rate 𝑟f(m/day) 1 

3.5.2 Influence of the cement content on the stresses within the backfilled 

stope  

The following sensitivity study investigates the influence of cementation on the 

overall stresses within the stope. Calculation cases with different cement contents of 0%, 

1% , 4%  and 5%  were adopted and analyzed with Minefill-2D. The other material 

properties and parameters of the model were all the as same as those of the base case. 
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Figure 3.17. Vertical stress and water pressure along the stope centreline with 

different cement contents at the end of filling. 

The vertical stresses and water pressures along the stope centreline at the end of filling 

with different cement contents are shown in Figure 3.17. As shown, curves of vertical 

stress and pore pressure in the case of 0% cement (uncemented filling) almost overlapped 

that of overburden weight, indicating that no arching occurred, whereas the degree of 

arching increased with increasing cement contents. In the case of 5% cement, the total 

vertical stress on the floor was about 280 kPa, hence about 30% of the overburden weight 

was transferred to the walls through arching.  

Based on these results, it is apparent that the development of arching in these cases is 

highly dependent on the cement content. Due to the low permeability of the material fill, 

the consolidation effect was minimal at the end of filling. It should also be noted that the 

pore water pressure decreased dramatically for cases with 4% and 5% cement contents. 

Ranging from 8 m to 16 m of height, the pore water pressure was almost equal to zero. 

This is the effect of the “self-desiccation” process with high cement contents. 
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3.5.3 Influence of the cement content on the stress imposed on the 

barricade 

As discussed in Chapter 2, the safety of a barricade is determined by the maximum 

horizontal stress imposed on it, while the cement content is one of the controllable fill 

parameters. Therefore, the influence of the cement content on the stress imposed on the 

barricade was specifically evaluated in this section. The following sensitivity study 

investigates the influence of cement content on the maximum stress on the barricade of 

the base case, with more detailed division of cement contents, i.e. 0% (uncemented 

filling), 0.5%, 1%, 1.5%, 3% and 5% respectively. It should be noted that the effect of 

self-desiccation is highly dependant on the type of binder used. The materials simulated 

in the following study were designated the material of HFB. The development of total 

horizontal stresses imposed on the barricade against time are shown in Figure 3.18. 

 

Figure 3.18. Total horizontal stress acting on the barricade with different 

cement contents at the end of filling. 

As expected, the maximum stresses decreased with an increase of cement content, 

with 318.4 kPa for 0% curve and 57.7 kPa for 5% curve. It is interesting to observe that 
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a small addition of cement results in a large change of stress acting on the barricade when 

the cement content was low. However, when the cement content was relatively high, an 

increase of cement content had relatively little influence on the stress imposed on the 

barricade, as shown for the curves of 3%, 4% and 5% cement. The reason for this is that 

yield occurs along the interface between fill and surrounding rock with lower cement 

contents, stress previously supported in shear is redistributed and therefore increasing the 

barricade stresses.  

 

Figure 3.19. The cohesive strength loss (kPa) due to damage within the stope 

with (a) 0.5% cement content and (b) 3% cement content. 

The calculated damaged internal cohesion of the backfill (kPa) of 0.5% and 3.0% 

cement content cases are shown in Figure 3.19 (a) and (b) respectively. In the case of 0.5 

%, damage was mainly along the interface between the fill and vertical walls, near the 

brow and in the central area near the floor, where the cohesive strength of the fill was 

insufficient to support the applied stress and thus some strain softening and subsequent 

damage to the cementation occurred. In contrast no damage of cohesion occurred in the 

3.0% case, indicating that the fill had obtained enough cohesive strength that it resisted 

the imposed shear stress.  
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The above section noted that the optimum content of cement in the cemented paste 

filling strategy requires a comprehensive consideration of coupling of various relevant 

mechanisms. A low cement content may cause softening of the fill and result in high 

stresses that impose a risk to the safety of the barricade, while a high cement content is 

inefficient for improving the safety of the barricade. Besides the impact on the barricade 

stress, strain softening of the fill is also an important consideration when evaluating 

exposed face stability (as discussed in Section 2.6) and this is where a higher cement 

content becomes important. 

3.5.4 Influence of the “plug stage” on the stresses within a backfilled 

stope  

Currently, many mines apply a two staged pour strategy, whereby the filling process 

is divided into a “plug pour” stage and a “final pour” stage, intended to create a plug of 

fill to carry some of overburden load of the fill placed subsequently and hence protect the 

barricade constructed at the end of the drift (Fourie et al. 2007). Once the plug is placed, 

the filling operation stops for a period of time, of the order of 24 hours. During this time, 

with the development of “self-desiccation” and consolidation, excess pore water pressure 

dissipates and effective stress develops, and the cemented paste backfill cures and gains 

strength. 

Theoretically, the optimum height of the plug and the rest time will be unique, 

governed by the conditions at each individual mine. However, there has been an 

acceptance of operational “rules of thumb” in the mining industry, which were developed 

through experience at other mines, or through in situ experience. Typically, the height of 

the plug pour is two or three meters above the brow where the drift and the stope meet, 

and the rest period is usually for 3 to 7 days (Veenstra 2013). 

However, there is potential risk or alternatively potential wastage when implementing 

the strategy according to “rules of thumb”. Firstly, in practice some subtle changes to a 

given filling strategy could cause a dramatic variation from the expected results, as shown 

in the sensitivity analysis in former sections. This variation can even result in catastrophic 

consequences such as the failure of barricades and the failure of an exposed face; secondly, 

there is a significant potential for unnecessary and excessive costs if the plug stage is 



 TWO-DIMENSIONAL COUPLED STRESS STATE ANALYSIS 

3-39 

 

designed too conservatively, e.g. the rest period can significantly delay other mining 

activities, negatively impacting on the mining cycle. Ideally, the rest time should be 

reduced to close to or equal to zero, i.e. switch to a continuous filling strategy, while 

remaining mindful of the safety of the filling operation.  

To study the impact of the plug pour stage on the behaviour of fill, three cases of 

resting for 0.5 day, 1 day and 2 days were simulated. The material properties and other 

parameters of these cases are summarized in Table 3.3. 

Table 3.3. Properties of materials used in the cases. 

Property Symbol & Units Value 

Saturated unit weight 𝛾sat (kN/m
3) 21 

Compression parameter 𝑎𝑐 (/) 1.8 

Compression parameter 𝑏𝑐 (/) -0.2 

Permeability parameter 𝑐𝑘 (m/day) 2.5e-3 

Permeability parameter 𝑑𝑘 (/) 7 

Rate of hydration parameter 𝑑 (day1/2) 0.9 

Initial set 𝑡0 (day) 0.3 

Efficiency of hydration 𝐸ℎ (cm
3/g) 0.068 

Cement content 𝐶c (%) 2 

Initial cohesion 𝑐0 (kPa) 15 

Friction angle 𝜙(°) 35 

Dilation angle 𝜓(°) 0 

Plug height ℎp(m) 8 

Rest time 𝑡p(day) 0.5 

Filling rate 𝑟f(m/day) 10 

Figure 3.20 illustrates the total vertical stress 𝜎v, effective vertical stress 𝜎v
′  and pore 

pressure 𝑢 against time for 0.5 day case. The measurement point was on the centerline 

just above the floor of the stope. As shown in Figure 3.20, during early stages, both 𝜎v 

and 𝑢  developed with the overburden while 𝜎v
′  remained at zero, indicating no 

consolidation and self-desiccation occurred and therefore no arching occurred. After 
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about 0.4 day, once the cement set time was exceeded and the hydration process began to 

take effect in the lower layers, the pore pressure 𝑢 began to diverge from the overburden 

stress and 𝜎v
′  began to increase. The pouring was stopped at 0.8 day and had a rest time 

of 0.5 day. During this period (from 0.8 day to 1.3 day), the pore pressure 𝑢 decreased 

dramatically, due to the effect of “self-desiccation” and consolidation occurring in all the 

filled layers. The effective stress 𝜎v
′  showed a sharp rise while total vertical stress 𝜎v 

decreased slightly from 161 kPa to 152 kPa, indicating “arching” began occurring. After 

1.3 day the filling operation restarted, and both 𝜎v and 𝜎v
′   increased again, peaking at 342 

kPa  and 298 kPa  respectively, while 𝑢  remained below 70 kPa  because of “self-

desiccation” and consolidation.  

 

Figure 3.20. Veritcal stresses and pore pressure against time for base case. 

To demonstrate the impact of the plug pour on the barricade stress, the imposed stress 

on the barricade is shown in Figure 3.21. 
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Figure 3.21. Comparisons of barricade stress against time with different rest 

times. 

As shown in Figure 3.21, the maximum stress that barricades bear decreases with 

longer rest time of the plug pour, being 178.6 kPa, 161.4 kPa and 147.5 kPa for 0.5 day, 

1 day and 2 days stopping respectively. Therefore, a fundamental understanding of the 

influence of the “plug stage” on the overall stresses within the backfilled stope is needed 

to optimize the whole filling strategy. This aspect is suggested as a topic for future 

research. 

3.6 Conclusions 

This chapter presented the basic programming methodology of the two-dimensional 

consolidation program Minefill-2D. A comprehensive study was undertaken to 

investigate the arching mechanism in typical stopes with uncemented and cemented 

backfilling strategies. This study revealed that the “arching” phenomenon can 

significantly reduce stresses within a backfilled stope. Furthermore, the study has 

demonstrated that the stress state of the stope, cohesive strength of the fill and stresses 

imposed on the barricade are influenced by many characteristics. Therefore, Minefill-2D 
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can be used to optimize the filling strategy through implementation of a fully coupled 

analysis method. 

.
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4 INVESTIGATION OF MECHANICS 

OF ARCHING IN BACKFILLED 

STOPES USING CENTRIFUGE 

TESTS 

4.1 Introduction 

This chapter presents a series of centrifuge tests with the intent of investigating some 

aspects of the “arching” phenomenon examined in this thesis. Centrifuge modelling is an 

experimental technique widely utilized in geotechnical research (Schofield 1980). By 

providing an acceleration of 𝑁g, where g is earth’s gravity and 𝑁 is acceleration level, 

centrifuge tests increase the unit weight of the model by a factor of 𝑁, i.e. at a depth 𝑧1 

in the model, the vertical stress is the same as that at a depth 𝑁𝑧1  in the prototype. 

Depending on the square of the drainage path length, the time for consolidation in the 

centrifuge model is 𝑁2 times faster than that in the prototype (Helinski 2007). Therefore, 

centrifuge testing is an ideal approach for investigating saturated paste backfilling, a 

process that involves consolidation. 

Firstly, the configuration of the apparatus and the calibration/interpretation 

methodologies are presented. Then the results from a series of centrifuge experiments are 

shown to demonstrate the capabilities of the apparatus and provide a measure of the 

arching process. Then the back analysis of centrifuge tests with analytical and numerical 

modeling are implemented. The modified analytical solution is based on the classic 

arching theory (Marston 1930) and the numerical modelling is carried out by “Minefill-
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2D”. The aim of this modeling is to provide a more complete interpretation of the 

centrifuge tests, and additionally to assess the validation of the analytical and numerical 

solution using the accurate experimental results.  

4.2 Centrifuge test apparatus 

A hollow cylinder (620 mm high and 180 mm in diameter with an average wall 

thickness of 6 mm) was machined on the inside to provide a rough interface with the fill 

material. Along the vertical axis of the cylinder, six axial and six hoop Wheatstone bridge 

strain-gauge sets were mounted every 100 mm. Each strain-gauge set consisted of 4 

gauges spaced at 90° intervals around the cylinder external circumference. The value at a 

particular elevation was obtained by averaging the readings from each of the strain gauges 

in the set. A schematic section of the apparatus is presented in Figure 4.1. 

 

Figure 4.1. Schematic showing a section through the sample container 

(dimensions in mm). 

The strain gauges were used to measure the hoop and axial strains in the cylinder. 

Combining outputs of axial and hoop strains, the axial and hoop stress in the cylinder was 
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determined. As the strain gauges are sensitive to temperature variations, each strain gauge 

was fitted with a thermocouple. Details of temperature measurements and calibration are 

discussed later. A “floating” base was fitted into the bottom of the cylinder. To ensure a 

water-tight O-ring seal, this base was inserted into a smooth section of the cylinder. The 

base rested on three load cells that measured the load carried by the base throughout the 

test. A drainage hole was drilled into the centre of the base, with a filter placed 

immediately above this surface. A drainage hole was connected to a pore pressure 

transducer (PPT) to monitor the change in pore pressure at the base location throughout 

the experiment. An automatic valve was installed downstream of the base pressure 

transducers and downstream of this valve was a standpipe that was connected to an 

actuator. The pore pressure at the base of the sample could be regulated by opening the 

automatic valve and driving the actuator to the desired elevation.  

The floating base resting on stiff load cells provided a true measure of the stress 

transferred vertically through the fill mass to the base. The displacement of the “floating” 

base was expected to be negligible, due to the high stiffness of the base load cells 

compared to that of the soil. Therefore, the boundary of the apparatus could be regarded 

as rigid, such as the base of a stope. During testing, the experimental apparatus was placed 

within an aluminium “strong box”, which was mounted on the swinging platform of the 

geotechnical centrifuge. Figure 4.2 shows photographs of (a) the strain gauged cylinder, 

(b) the rough cylinder walls inside of the cylinder, (c) base arrangement showing the 

floating base, load cells and the base stand, and (d) the apparatus in place on the centrifuge. 
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(a)

(c) (d)

(b)

 

Figure 4.2. Photographs of (a) strain gauged cylinder that was used to 

represent the stope walls (b) the inside of the cylinder showing the rough cylinder 

walls (c) the false base and load cells that were used in the experiment (d) 

experimental apparatus positioned in a strong box on the UWA geotechnical 

centrifuge. 
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4.3 Calibration 

To calibrate the load cells and strain gauges, they were attached to the cylinder walls 

on the centrifuge. Because the weights of cylinder and acceleration levels were known, 

the readings of them could be compared with created known forces (or stresses). Details 

of this calibration process are as follows.  

4.3.1 Base readings 

All acceleration levels applied in model testing was 100g. Firstly, the empty cylinder 

was placed on the centrifuge and was accelerated from 1g to 100g. During this process, 

only the empty apparatus was subjected to different g-levels, therefore increments of 

strain measured on each instrument was due purely to the weight of the apparatus itself 

at corresponding g-levels. These values were used to determine base-line readings and 

were deducted from all subsequent experimental results recorded in the model tests. 

4.3.2 Load cell calibration 

To calibrate the load cells on the “floating” base, various weights were placed on the 

floating base and the centrifuge accelerated to create a known force. Knowing the weight 

and acceleration levels, the created force could be calculated. A linear correlation was 

found between the force increments and the load cell output. Calibrating the load cells 

using the centrifuge rather than at 1g meant that any friction loss between the O-ring and 

cylinder was taken into account and the logging system was the same as that used in the 

experiment, which improved the accuracy of measurements in the testing. 

4.3.3 Strain gauges 

The potential influence of temperature on the output of strain gauges needed to be 

considered. To eliminate the effect of temperature, warm water (at a temperature of 40°C) 

was poured into the cylinder and the whole apparatus was left stationary overnight. 

During this period, the bridge output was logged, as well as the change of temperature 

measured by the thermocouples mounted on the outer surface of the cylinder at each site. 
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The cylinder was made of aluminium (high thermal conductivity), therefore this measured 

temperature was representative of the real temperature of the cylinder.  

According to the measurements, the temperature of the cylinder reduced from the 

initial 40°C to 20°C. Because the stress conditions remained constant over this period and 

the strain gauges were also manufactured from aluminium, the variations logged by gauge 

bridges could be calibrated for the change of temperature. This calibration was then used 

to eliminate the influence of temperature on the bridge output throughout the testing. 

To calibrate the axial force within the walls of the apparatus, various weights were 

stacked over the empty cylinder, and the centrifuge was accelerated to 50, 100, 150 and 

200g to vary the axial force applied to the cylinder. This process produced an axial force 

without any change in internal radial pressure. To calibrate the radial pressure, the 

cylinder was filled with water and the centrifuge accelerated to 50, 100, 150 and 200g. 

After deducting the influence of the cylinder self-weight stresses, this procedure provided 

an increase in radial pressure without changing the axial force. 

4.3.4 Pore pressure transducer 

To calibrate the pore pressure transducer, the cylinder was filled with water. A 

standpipe pore-pressure transducer was connected to the base and a series of 3 pore 

pressure transducers were suspended at various elevations within the cylinder. Based on 

the calculated water pressure at the transducer elevation and the output of the transducer, 

the calibration factors for each pressure transducer was determined. 

4.4 Experimental program 

To demonstrate the capabilities of the equipment for measuring the arching process, 

a series of studies were undertaken to investigate the interaction between consolidation 

and arching in a typical mine backfill scenario. This study included three centrifuge 

experiments. Details of these experiments are as follows: 
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4.4.1 Test 1 (T1) 

The material used in this experiment was super fine (SF) sand and kaolin mixed at a 

ratio of 75:25. This material was combined with water at a water content of 30%. The 

average bulk density achieved was reasonably consistent at around 1,980 kg/m3. Prior to 

placement of the material into the cylinder, a small (5 mm) layer of water was deposited 

to assist with the removal of any entrained air. The soil was deposited in 10 mm ×50 mm 

thick sub-layers to fill the cylinder to a height of 500 mm. Each sub-layer was tamped 20 

times with a steel rod to remove any entrained air. After the soil was in place the cylinder 

was filled with water to the elevation of the overflow outlet.  

This experiment was undertaken with the base drainage valve closed and the 

centrifuge accelerated to create a gravitational field of 100g. The purpose of the 

experiment was to investigate the influence of excess pore water pressure dissipation on 

the arching process in an “undrained” condition. 

4.4.2 Test 2 (T2) 

The second test consisted of exactly the same material and placement strategy as 

described for test T1, but with a changed drainage condition to investigate the effect of 

an accumulating surface water pond on the total stress distribution throughout the fill 

mass and associated hydraulic gradients. Immediately after reaching 100g, the base drain 

valve was opened. These boundary conditions were maintained for 15 hours, after which 

the centrifuge was ramped down. At this point, the surplus water above the soil mass was 

decanted and the centrifuge once again ramped up to 100g with the base drainage open. 

After between 15 hours and 18 hours the water table was drawn down through the soil 

mass. 

4.4.3 Test 3 (T3) 

The final experiment involved only SF sand, with a moisture content of 25%. The 

average bulk density in this test was 1,938 kg/m3. The material was placed in the same 



 INVESTIGATION OF MECHANICS OF ARCHING IN BACKFILLED STOPES 

USING CENTRIFUGE TESTS 

4-8 

 

way as for the previous experiments and the centrifuge was ramped up to 100g with the 

base drainage valve closed. After 0.15 hours, the base drainage valve was opened. 

4.5 Experimental results 

During each of these experiments, the apparatus was used to monitor the load 

transferred to the floating base, the force transferred along the walls of the cylinder, as 

well as the pore pressure at the base and various elevations along the centre of the sample.  

4.5.1 T1 results 

The measured pore pressure at various locations within the sample is plotted against 

time in Figure 4.3. This shows that immediately after “ramp up” (0.25 hours) the 

measured pore pressures are almost equal to the geostatic stresses, but after 8 hours these 

pore pressures reduce to the hydrostatic levels. 

 

Figure 4.3. Measured pore pressures during the consolidation process in test 

T1. 
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The impact of consolidation on stress arching is illustrated in Figure 4.4, which 

presents the force measured on the base load cells as well as the axial force in the cylinder 

(immediately adjacent to the floating base) against time. Also presented in Figure 4.4 is 

the sum of the base and cylinder axial forces and the force due to the self-weight of the 

contained material. According to Figure 4.4, the sum of measured vertical forces is almost 

equal to the applied force, suggesting that the system is measuring accurately. 

 

Figure 4.4. Vertical forces on the base and vertical stress in the cylinder in test 

T1. 

Comparison of Figures 4.3 and 4.4 indicates that no arching is taking place without 

consolidation, but as consolidation occurs, some of the self-weight stress is transferred 

off the base and onto the surrounding cylinder as arching. It is interesting to note that 

even with hydrostatic pore pressures maintained in the sample, considerable stress 

“arching” is taking place with almost 30% of the self-weight transferred as arching. 
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4.5.2 T2 results 

Figure 4.5 presents the measured pore pressure against time throughout test T2. Also 

presented in this figure are notes describing the activities that have taken place during this 

experiment. As with test T1, immediately after ramping up the centrifuge, the pore 

pressures reach those corresponding to the unconsolidated situation. After opening the 

base drainage valve, the pore pressure dissipates over approximately 1 hours. It is 

interesting to note that, while pressure at the base transducers is reduced to about 60 kPa, 

the pore pressure measurement at the 426 mm PPT is very close to the hydrostatic pore 

pressure (426 kPa). The reason for the relatively high sustained pore pressure is due to an 

accumulated water pond (generated during the consolidation phase) remaining above the 

sample. This water pond essentially maintains steady state seepage-induced pore 

pressures throughout the sample. Only by drawing down the entire volume of water 

contained in this surface pond can these pore pressures reduce. To remove this water the 

centrifuge was ramped down after 14.7 hours and the surface water was decanted. 

Immediately after decanting the surface water, the centrifuge was again ramped up and 

the water table was progressively drawn down over the next 3 hours.  
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Figure 4.5. Measured pore pressures during the consolidation process in test 

T2. 

Figure 4.6 presents the force measured by the base load cells as well as the axial force 

transferred through the cylinder wall against time. The total applied force and the sum of 

base load and cylinder axial forces are also presented in this figure. As with test T1, 

dissipation of excess pore water pressures results in a reduction in force transferred to the 

base and an increase in force transferred to the cylinder wall. Finally, when the water 

table is drawn down through the sample, there is a considerable increase in the amount of 

arching, demonstrating that both excess and seepage-induced pore pressure reduce 

arching. At the completion of the test (when only relatively low pore pressure exists 

within the sample), approximately half of the total soil force is redistributed off the base 

and onto the surrounding cylinder.  
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Figure 4.6. Vertical forces measured on the base and the cylinder wall in test 

T2. 

4.5.3 T3 results 

The pore pressures measured at various locations throughout the sample in test T3 are 

presented against time in Figure 4.7. Also shown in Figure 4.7 are notes describing 

activities that took place during this experiment. Due to the high coefficient of 

consolidation, the sand dissipates all excess pore pressures immediately, reaching a 

maximum of hydrostatic pressures immediately after “ramp-up”. Pore pressures remain 

constant until 0.14 hours, when the base drainage valve is opened and the water table is 

drawn down through the sample.  
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Figure 4.7. Measured pore pressures during the consolidation process in test 

T3. 

Figure 4.8 presents the measured force applied to the base load cells and the axial 

force through the cylinder. As consolidation takes place during the centrifuge “ramp up”, 

there is an immediate distribution of the sample’s weight to the base and the surrounding 

cylinder. Even under the condition of hydrostatic pore water pressure, approximately 40% 

of the self-weight is distributed to the surrounding walls. When the water table is lowered, 

there is a further increase in the redistribution of stress off the base and onto the cylinder. 

After reaching steady state conditions, approximately 67% of the sample weight is taken 

as arching and only 33% of the total sample weight is transferred to the base. 
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Figure 4.8. Vertical forces measured on the base and the cylinder wall in test 

T3. 

4.6 Total stress and pore pressure isochrones 

In addition to investigating the distribution of stress at the base of the cylinder, 

because the apparatus is equipped with axial and hoop strain gauges at 100 mm intervals 

along the height of the cylinder, the amount of force transferred to the surrounding 

cylinder at each of these depths can be determined.  

To determine the total vertical force transferred through the sample at the different 

strain gauge elevations, the total vertical force in the cylinder was deducted from the self-

weight force of the contained material above that particular location. This force was then 

converted to an average stress over the sample cross section. 

The calculated average vertical stresses throughout the sample at various stages of 

consolidation in tests T1 and T2 are presented in Figure 4.9. Also presented in Figure 4.9 

(as dotted lines) is the measured pore pressure against depth at the corresponding times. 
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These tests consisted of the same material and the results are therefore considered to be 

directly comparable.  

 

Figure 4.9. Isochrones of the total stress and pore pressure of tests T1 and T2. 

In the unconsolidated scenario, the pore pressure and total vertical stress are almost 

equal. The increase in stress with depth corresponds to the self-weight stress indicating 

that no arching is taking place. When pore pressures are consolidated to hydrostatic 

conditions, arching is prominent in the lower half of the apparatus.  

When the base drain is opened and some of the hydrostatic pore pressure (which is 

now excess pore water pressure) is dissipated, the amount of arching in the upper portion 

of the cylinder is increased. The total stress increases with depth until approximately 0.43 

m where the gradient decreases. Due to the reduction in pore pressure towards the 

controlled conditions (at the sample base), the vertical stress remains relatively constant 

indicating substantial arching. This arching is most likely a result of the mobilisation of 

interface shear stress at the base due to the higher effective stress. 
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In the final state of test T2, the water table is actually drawn down through the sample 

(“unsaturated” condition). In this case positive pore water pressures only exist within the 

lower 0.08 m of the sample. The reduction in water table elevation increases the effective 

stress within the fill mass creating further arching. As the surface water was decanted 

(changing the total stress) for the last isochrones, it is difficult to compare this curve with 

the previous results, but for the most part the total stress gradient for the fully drained 

situation is less than that for the partially consolidated sample indicating an increase in 

arching. 

Test T3 used different material (SF sand) and therefore the results are separately 

displayed in Figure 4.10.  

 

Figure 4.10. Isochrones of the total stress and pore pressure of test T3. 

Overall, isochrones of vertical stress and water pressure measured in test T3 show 

similar trends to those of tests T1 and T2. The arching still occurs when the fill 

consolidates from the geostatic condition to the hydrostatic condition, and a reduction in 

water table elevation further increases the degree of arching. The phenomenon of arching 
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is prominent in the lower half of the apparatus under both hydrostatic and drained 

conditions, resulting from more mobilisation of interface shear stresses. 

4.7 Back analysis with the generalised Marston’s 

equation  

In the case of backfilled mined stopes, the Marston theory (Marston 1930) provides a 

specific solution ensuing from the general arching concept. This solution has been widely 

used for estimating the stress state in a backfilled stope, which takes into account the fill 

weight and shearing forces between the vertical walls and filling material. Variations of 

the Marston theory have been presented in many applications including backfilled narrow 

mine stopes (Aubertin et al. 2003), square, rectangular and circular mine stopes (Li et al. 

2005; Pirapakaran and Sivakugan 2007b; Widisinghe 2014) and the case where there are 

hydrostatic pore pressures within the stope (Li and Aubertin 2009d).  

Here, calculation with analytical expressions of stress state in “fully drained” and 

“hydrostatic state” conditions was undertaken. To facilitate comparison with the 

experimental data, a circular cross section was assigned to the analytical model.  

Figure 4.11 shows a schematic view of a typical vertical backfilled stope, with the 

different force components. 
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Figure 4.11. Schematic showing acting forces in a backfilled stope with circular 

cross section. 



 INVESTIGATION OF MECHANICS OF ARCHING IN BACKFILLED STOPES 

USING CENTRIFUGE TESTS 

4-18 

 

As shown in Figure 4.11, 𝐻 and 𝑅 are defined as height and diameter of the stope, 

respectively. At depth ℎ, the horizontal layer element with thickness (dℎ) is subjected to 

the shearing force d𝐹s, the vertical forces 𝐹v and 𝐹v + d𝐹v and the self-weight of this layer 

of backfill d𝑊. 

Then, these components are expressed respectively as: 

d𝑊 =
𝑅2𝜋𝛾drydℎ 

4
 (4.1) 

𝐹v =
𝑅2𝜋𝜎v
4

 (4.2) 

𝐹s = (𝜎htan𝛿 + 𝑐)𝑅𝜋dℎ = (𝐾𝜎𝑣tan𝛿 + 𝑐)𝑅𝜋dℎ (4.3) 

where 𝛾dry is the dry unit weight of the backfill; 𝜎v and 𝜎h are the average vertical 

and horizontal stresses acting on the layer element. The shearing force 𝐹s is defined with 

the commonly used Coulomb criterion, the reaction coefficient 𝐾 is the earth pressure 

coefficient (𝐾 = 𝜎h/𝜎v) and 𝑐 is the cohesion of the backfill. 

By considering the equilibrium of the horizontal layer element, one obtains: 

𝐹v + d𝐹v + 𝐹s = 𝐹v + d𝑊 (4.4) 

Introducing Equations 4.1-4.3 into Equation 4.4, one obtains: 

𝑅2πd𝜎v
4

+ (𝐾𝜎vtan𝛿 + 𝑐)𝑅πdℎ =
𝑅2π𝛾drydℎ 

4
 (4.5) 

Considering the boundary condition 𝜎v(0) = 0 and solving Equation 4.5, the average 

of vertical stress at depth ℎ can be written as follows: 

𝜎v(ℎ) = (
𝛾dry𝑅 − 4𝑐

4𝐾tan𝛿
) (1 − exp (

−4𝐾tan𝛿

𝑅
ℎ)) (4.6) 

The above expression is for the “fully drained” condition. In the case where there are 

hydrostatic pore pressures within the stope, 𝛾dry is substituted by (𝛾sat − 𝛾w) and thus 

the total vertical stress is expressed as: 
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𝜎v(ℎ) = (
(𝛾sat − 𝛾w)𝑅 − 4𝑐

4𝐾tan𝛿
) (1 − exp (

−4𝐾tan𝛿

𝑅
ℎ)) + 𝛾wℎ (4.7) 

where 𝛾sat and 𝛾w are saturated unit weight of fill and unit weight of water respectively. 

The average vertical stress determined from analytical solutions (Equations 4.6 and 

4.7) is highly dependent on the value of 𝐾. The coefficient of earth pressure at rest (𝐾0 =

1 − sin𝜙) or Rankine’s active earth pressure coefficient (𝐾a = tan
2 (45° −

𝜙

2
)) have 

been used in previous analytical studies (Aubertin et al. 2003; Pirapakaran and Sivakugan 

2007a).  

For back analysis of test T3, the stress state in a fully drained condition is calculated 

with Equation 4.6 and the stress state in a hydrostatic state is calculated with Equation 

4.7. All the parameters used in analytical calculations are listed in Table 4.1. 

Table 4.1. Parameters used in analytical calculations of test T3. 

Property Symbol & Units Value 

Height 𝐻 (m) 0.5 

Diameter 𝐿 (m) 0.18 

Acceleration factor 𝑁 (/) 100 

Interfacial friction angle 𝛿 (°) 30 

Active earth pressure coefficient 𝐾𝑎 (/) 0.33 

Earth pressure coefficient at rest 𝐾0 (/) 0.5 

Dry unit weight 𝛾dry (kN/m
3) 16 

Saturated unit weight 𝛾sat (kN/m
3) 19.38 

Figure 4.12 presents a comparison between the centrifuge testing results and those 

calculated with the presented analytical solution (Equations 4.6 and 4.7) using 𝐾0 = 0.5 

and 𝐾𝑎 = 0.33 for the cases in fully drained and hydrostatic states, respectively.  
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Figure 4.12. Comparison between total vertical stress calculated with presented 

analytical solution and centrifuge testing results with different K values. 

In the fully drained condition, the major portion of measured stress is fitted very well 

with the calculated curve of 𝐾0 = 0.5 , while towards the apparatus base, measured 

vertical stress increases rapidly and is finally located between two curves of 𝐾0 = 0.5 and 

𝐾𝑎 = 0.33, indicating this coefficient tends to vary with the location in a backfilled stope. 

The key issue here is that the analytical solutions do not acknowledge the reduction 

of settlement towards the stiff base of the centrifuge (or a real stope), where less shear 

strain is mobilized at the interface. Therefore, less “arching” occurs and stress 

significantly increases towards the base.  

Under hydrostatic conditions, both calculated curves overestimate the arching effect 

within the upper half of the sample (although only to a small degree), which could have 

resulted from the absence of full mobilisation of shear stress in the fill mass.  

Nevertheless, the estimate based on Equations 4.6 and 4.7 corresponds overall very 

well to the measured vertical stress in fully drained or hydrostatic states, indicating that 
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the expressions of Marston’s theory (Marston 1930) and extended versions of this theory 

can provide accurate and fast evaluation of the stress distribution for some specific 

drainage conditions (fully drained or hydrostatic state). However, a more complete 

interpretation of experimental results, especially considering the consolidation process 

and evolution of arching effect against time, are still explored in the following numerical 

investigation. 

4.8 Numerical simulation with Minefill-2D 

To provide more insights of centrifuge test measurements, the numerical modelling 

was carried out using the program “Minefill-2D”. The purpose of this part of the thesis is 

to use Minefill-2D to simulate the consolidation progress and replicate the distribution of 

stress that was measured during the experiments. 

4.8.1 Material characterisation 

According to the experimental results, the arching effect is most sensitive to the 

consolidation progress. For the purposes of the accuracy of numerical modelling, the 

consolidation properties of the material were determined using a Rowe Cell consolidation 

test. The test was carried out using one-way drainage, with the pore pressure response at 

the undrained boundary being measured directly.  

The results of the Rowe cell test are presented in Figures 4.13 and 4.14. Figure 4.13 

presents the relationship between applied vertical effective stress and void ratio, and 

Figure 4.14 presents the relationship between vertical effective stress and permeability.  

Also presented in Figures 4.13 and 4.14 are the material relationships that were 

adopted in the numerical back analysis, given as follows: 

 𝑒 = ac(𝜎
′)bc (3.39 bis) 

where 𝑒 is the void ratio and 𝜎′ is the mean effective stress, while ac and bc are curve 

fitting constants, and 
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𝑘 =
ck(𝑒)

dk

1 + 𝑒
 (3.45 bis) 

where 𝑘 is the permeability, ck and dk are constants.  

 

Figure 4.13. Relationships between effective vertical stress and void ratio. 

 

Figure 4.14. Relationships between effective vertical stress and permeability. 
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4.8.2 Modelling approach  

A mesh of a plane strain stope with identical dimensions to the centrifuge apparatus 

(0.5 m high and 0.18 m wide) is illustrated in Figure 4.15. There was a total of 9 elements 

and 25 elements of 0.02 m × 0.02 m representing the width and height of the stope 

respectively. All the boundaries were both vertically and horizontally restrained. Table 

4.2 lists properties of material used in the model describing the filling behaviour. 
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Figure 4.15. Mesh details (all dimensions in meters). 
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Table 4.2. Properties of materials used in the model. 

Property Symbol & Units Value 

Dry unit weight (T1)  𝛾dry (kN/m
3) 20 

Compression parameter 𝑎𝑐 1.4 

Compression parameter 𝑏𝑐 -0.21 

Permeability parameter 𝑐𝑘 (m/day) 3.27 

Permeability parameter 𝑑𝑘 (/) 3.03 

Placed void ratio 𝑒0 (/) 1.2 

Initial cohesion 𝑐0 (kPa) 0 

Friction angle 𝜙(°) 35 

Dilation angle 𝜓(°) 0 

4.8.3 Comparison of Minefill-2D and experimental results of tests T1 and 

T2 

Figures 4.16 and 4.17 present the comparison between the measured pore pressure 

and total vertical stress on the base of apparatus in test T1 and those predicted using 

Minefill-2D.  
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Figure 4.16. Comparison between measurements and Minefill-2D of pore 

pressure in test T1. 

 

Figure 4.17. Comparison between measurements and Minefill-2D of vertical 

forces on the base and walls in test T1. 
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Figures 4.16 and 4.17 indicate that the calculated vertical force on the base and pore 

pressure using Minefill-2D reduced only slightly more rapidly than those measured in the 

experiment, indicating that Minefill-2D is accurately representing the consolidation 

behaviour in test T1. Initially, both experimental and numerical results indicate that 

without consolidation, nearly all of the self-weight is transferred through the saturated 

soil to the floating base and the pore pressure was almost equal to overburden weight. As 

consolidation takes place, the excess pore pressure dissipated and arching occurred, thus 

the total stress began to decrease. The degree of arching continued to increase as the pore 

pressure reduced (or as consolidation takes place), but when the pore pressure tended to 

plateau, further arching also stopped. 

Figure 4.18 presents a comparison between the experimental and numerical results 

for the distribution of vertical stress and pore pressure through the apparatus at 8 hours.  

 

Figure 4.18. Comparison between experimental and numerical results of 

distribution of vertical stress and pore pressure at 8 hours in test T1. 
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This comparison indicates that Minefill-2D provides a good representation of the 

redistribution of stress within the consolidated fill mass in test T1. It can be seen that 

predicted pore pressure was the same as the measured values, while the average of total 

vertical stress of Minefill-2D (averaged over any horizontal plane) is closer to the 

measured data than is the predicted values along the centreline. 

The numerical modelling for test T2 utilised exactly the same material and modelling 

strategy as described previously, but with the centre of the bottom boundary back-

pressure set to zero to simulate the drainage valve being opened.  

It should be noted that the global water table was always maintained at the top 

boundary of this Minefill-2D model. Therefore, any loss of drained water was replenished 

immediately by additional water. This is perhaps somewhat artificials and thus makes the 

comparison with experimental results difficult, but this modelling still returns some 

interesting results for this partially consolidated condition. Figure 4.19 shows the pore 

pressure contours within the model after consolidation. 

 

Figure 4.19. The distribution of pore water pressure within the model after 

consolidation in test T2. 
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As shown in Figure 4.19, towards the semicircle region with a radius of 0.03 m in the 

centre of the sample base, pore water pressure decreases dramatically due to the 

controlled boundary condition, while pressures in the upper portion of the apparatus are 

only slightly smaller than hydrostatic values. Figure 4.20 presents a comparison between 

the experimental and numerical results for the distribution of vertical stress and pore 

pressure through the apparatus after 4 hours.  

 

Figure 4.20. The distribution of water pressure in test T2 after consolidation. 

The predicted pore water pressure distribution does not correlate as well with the 

measured distribution as it did in Test T1. This difference may be due to the assumption 

of a fixed water table in the model, as explained previously. Nevertheless, the numerical 

model provides an insight into the interaction between consolidation and the distribution 

of stress around a stope-shaped container in test T2. As shown in Figure 4.20, the 

calculated average vertical effective stress increased significantly towards the sample 

base due to the large dissipation of excess pore water pressure in this area. As a result, 

the full mobilisation of interface shear stress at the base could reasonably explain the 

gradient decrease of the average total stress in the portion below 0.43 m.  
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4.9 Discussion and conclusions 

This chapter presents results from a centrifuge study that was designed to investigate 

the arching mechanism in a typical uncemented mine backfill scenario. Analysis of the 

results demonstrated that by using a combination of precisely calibrated strain gauges and 

a “floating” base resting on very stiff load cells it was possible to measure arching stresses 

experimentally.  

Using this apparatus it was demonstrated that stress arching is highly dependent on 

the degree of consolidation (or the presence of pore pressure). Furthermore, it was 

demonstrated that excess pore pressure (that is likely to occur immediately after the 

placement of fine grained paste fill) and seepage induced pore water pressures (that 

typically exist in a hydraulic fill scenario) have a significant influence on the arching 

process. 

If a stope is filled in a completely undrained fashion, there will be no arching effect 

at early stages, resulting in total vertical stresses (and indeed horizontal stresses) being 

equal to the total overburden stress.  

With consolidation-induced settlements and the development of effective stresses, 

excess pore pressures dissipate and arching can develop, even under conditions of zero 

base drainage.  

It is necessary to accurately take account of the accumulation of water above the fill 

surface if it occurs (as shown in test T2), since this could affect the total stress distribution 

throughout the fill mass and associated hydraulic gradients, as well as the degree of 

arching that develops.  

When the stope is filled in a drained fashion (corresponding to draw down of water 

elevation), considerable stress arching can occur, with up to two-thirds of the self-weight 

transferred onto the boundary as arching. This would have the obvious benefit of reducing 

lateral stresses on a retaining barricade. 
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It should be noted that in paste backfilling applications where cement is added, the 

complicated of the hydration process that occurs after placement should be taken into 

account. In real stopes, the time-scales of consolidation and cement hydration are similar, 

and hence they may be coupled in a numerical analysis. However, in a centrifuge 

experiment, the coupling between these two processes cannot be directly achieved. This 

is because the time-dependency of cement hydration does not depend on any length scale, 

unlike for consolidation, hence the time for hydration in the prototype is not reduced in 

the model (Helinski 2007). The work presented here is therefore limited to uncemented 

backfills, but the results nevertheless represent data that can be used for calibration of 

analytical and numerical techniques. 

Through comparison of experimental measurement, the generalised Marston’s 

equation was validated to provide accurate evaluation of the stress distribution for some 

specific drainage conditions (fully drained or hydrostatic state) with proper reaction 

coefficients. However, as shown by the experimental measurements, the arching 

occurring in the stope is significantly influenced by the mechanism of “consolidation”, 

which is a gradual, time-dependent process. Therefore, it is suggested that simple 

analytical approaches to determining the stress states within stopes with complex 

consolidation conditions are not likely to be useful.  

Finally, the numerical modelling approach of Minefill-2D is capable of providing a 

reasonable representation of the conventional consolidation and arching behaviour in 

saturated backfill applications, using material parameters measured experimentally.  

The current work demonstrates the complex interaction between arching behaviour 

and the time-scale of consolidation in saturated backfill using centrifuge tests. The 

mechanisms of pore-water pressure developed in a stope is complex and it is only through 

a fully-coupled analysis that accurate predictions of a pore water pressure regime can be 

made for a particular circumstance. Nevertheless, this work has highlighted the crucial 

importance of considering the drainage condition and consolidation process in the design 

of stope backfill strategies. Additionally, the classic analytical solution and the numerical 

modelling approach of Minefill-2D are suitable for back analysis, with the applicability 

being governed by the consolidation conditions. Therefore, both approaches may be 
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useful for conducting further investigations to assess in detail those factors that affect 

arching in backfilled stopes.
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5 THE SAFETY OF AN EXPOSED 

FACE IN A BACKFILLED STOPE 

5.1 Introduction 

In the process of mine backfilling, when adjacent stopes are extracted, the 

freestanding surface of fill in the primary stope, called the “exposed face”, will be created, 

as shown in Figure 5.1. As explained in Chapter 2. in terms of safety and efficiency of 

mining, accurate prediction of the stability of an exposed backfill face is a crucial issue 

in backfill design (Belem and Benzaazoua 2008). 
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Figure 5.1. Schematic showing creation of the vertical exposed face in a typical 

backfilling scenario. 

Although some solutions have been widely applied to predict the strength required of 

paste in practice, these solutions are generally regarded as conservative as they generally 

ignore friction between adjacent rock walls and backfill mass. Such unnecessary 
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conservatism generally results in unnecessary cost and time delays (Mitchell 1986). 

Furthermore, most analytical solutions in the literature are still limited to their 

assumptions of the paste is a uniform material (Li 2014). However, non-uniform 

distribution of paste strength within a stope may occur due to many factors, such as 

different cement contents in each filling stage, especially when the plug pour approach is 

applied, where the plug may have a higher cement content than the remainder of the pour 

(Li 2014; Thompson et al. 2012; Thompson et al. 2009), and the influence of effective 

stress development during curing of the paste (Fahey et al. 2011; Fourie et al. 2007; 

Helinski et al. 2010b), etc. Therefore, a solution incorporating the arching effect and that 

is suitable for both uniform and non-uniform filling paste is needed for mine designs.  

In this chapter, a new three-dimensional solution applying the differential slice 

method (Chen and Morgenstern 1983; Morgenstern and Price 1967) and incorporating 

arching theory is introduced. It is suitable for the stability evaluation of exposed backfill 

in mine stopes, including both uniform- and non-uniform-strength paste. After reviewing 

existing analytical models, the proposed solution and calculation procedure is presented, 

with a calculation example. Then this chapter describes the verification of the proposed 

solution through comparison of the proposed solution with Mitchell’s solution (Mitchell 

et al. 1982) and with classical experimental measurements (Mitchell 1986). Furthermore, 

the evolution of a cohesive strength of fill in a sequential filling case is represented by a 

numerical model (Helinski 2007), and the evolution of the exposed face safety is 

calculated using the proposed solution. The proposed solution is applicable in sensitivity 

studies, feasibility studies, and the verification of numerical modeling. 

5.2 Theoretical analysis 

5.2.1 Traditional self-weight solution 

The traditional self-weight solution only considers self-weight stresses during backfill 

design, which requires the unconfined compressive strength (UCS) of the fill is no less 

than the maximum overburden weight in the stope, given as: 

[𝜎]UCS ≥ 𝛾𝐻 (5.1) 
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where 𝛾 is defined as the bulk unit weight of the fill, 𝐻 is the overall height of the filled 

stope, and [𝜎]UCS is the required UCS. 

Specifically, for a vertical stope and a frictionless backfill (Li and Aubertin 2008; 

Mitchell et al. 1982): 

[𝜎]UCS ≥ 𝛾𝐻/2 (5.2) 

Ignoring shear effects between the adjacent rock walls and backfill mass, these 

solutions may result in very conservative design strategies and could be used as upper-

bound solutions for a two dimensional plane stope (Li and Aubertin 2012). In order to 

prevent failure, most backfill in vertical stopes is designed to account for assumed, 

conservative cohesion of cemented paste backfill (CPB), which means unnecessary cost 

and time delays for underground mines. 

5.2.2 Mitchell’s solution 

Currently, Mitchell’s solution (MS) is widely used in practice for the safety of an 

exposed face within a backfilled stope (Mitchell et al. 1982). Being a limit equilibrium 

method, this solution analyzes the mechanical equilibrium of the whole sliding fill mass 

in the exposed face and considers the mutually supporting effects between backfill and 

rock walls, as shown in Figure 5.2. 
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Figure 5.2. Confined wedge block model of MS. 
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According to the confined wedge block model of MS (Figure 5.2), the net weight 𝑊𝑛 

of a potential sliding fill mass is: 

𝑊n = 𝐵𝐻(𝛾𝐿 − 2𝑐b) (5.3) 

The safety factor 𝐹 is calculated as the resisting forces on the failure plane divided by 

the driving forces on the failure plane, as follows: 

𝐹 =
𝑊ncosαtan𝜙 + 𝑐𝐿𝐵/cos𝛼

𝑊nsin𝛼
=
tan𝜙

tan𝛼
+

2𝑐𝐿

𝐻∗(𝛾𝐿 − 2𝑐b)sin2𝛼
 (5.4) 

where 𝜙  and 𝑐  are defined, respectively, as the internal friction angle and apparent 

cohesion strength of the fill, and 𝛼 is the angle of the critical plane, taken as 45° + 𝜙/2; 

𝐻∗ = 𝐻 − (𝐵tan𝛼)/2 is an equivalent height of the fill mass block; 𝐵  and 𝐿  are the 

width and length of the stope, respectively, and 𝑐b is the adhesion strength along the fill 

and rock wall interface. 

Assuming a stope where 𝐻 is much larger than 𝐵 and adhesion strength is equal to 

apparent cohesion of fill (𝑐b = 𝑐) and ignoring the friction angle (𝜙 = 0), a simplified 

expression of the required unconfined compressive strength that has been easier to use in 

practice is (Mitchell et al. 1982):  

 [𝜎]UCS =
𝛾𝐻

1 + 𝐻/𝐿
 (5.5) 

Generally considered as conservative, this solution is widely used in paste backfilling 

applications for underground mining. Over the years, some useful modifications have 

been proposed based on this solution to adapt to wider geometric boundaries and external 

mechanical conditions (Dirige and De Souza 2008; Dirige et al. 2009; Li and Aubertin 

2012; Zou and Nadarajah 2006). Essentially, these improved solutions are based on the 

same basic assumption and methodology (equilibrium state of a whole sliding fill mass) 

as MS.  

Despite the advantages of MS and subsequent modifications, some assumptions in 

these solutions limit a wider application of these methods, including: 



 THE SAFETY OF AN EXPOSED FACE IN A BACKFILLED STOPE 

5-5 

 

 Equation 5.6 assumes the cemented backfill material is a frictionless material 

(𝜙 = 0 ) and, therefore, the effect of the frictional shearing resistance is 

ignored (Li and Aubertin 2008; Mitchell et al. 1982). According to Mitchell 

et al. (1982), the contribution of the ignored frictional shearing resistance is 

negligible. However, a 0.33 increase in 𝐹  can be obtained from the 

tan𝜙/tan𝛼  term for a typical stope with a 𝜙  value of 33°, which clearly 

should not be ignored.  

 Although in MS adherence between the fill mass and the stope walls (apparent 

cohesion 𝑐b) is considered, studies show that there could be more load transfer 

from the backfill to side walls resulting from a shear effect, this being the 

“arching” phenomenon (Aubertin et al. 2003). Disregarding arching may lead 

to overestimation of the load imposed on the potential sliding surface and 

therefore an overly conservative design strategy.  

 By regarding the sliding wedge as a single, homogenous entity, these solutions 

assume the shear strength along the sliding face (𝜏 = 𝑐 + 𝜎𝑛tan𝜙, where 𝜎𝑛 

is normal stress on the failure plane) to be constant, and therefore, not suitable 

in situations when the strength of the backfill is non-uniform ( 𝑐  and 𝜙 

changing along the sliding surface), as discussed above. 

To address for the above limitations, an improved analytical solution for estimating 

the stability of open (unsupported) faces is proposed in this section. 

5.2.3 The Proposed solution  

This section proposes a three-dimensional solution to predict the stability of exposed 

fill. Proposed solution (PS) is based on Morgenstern’s method (Morgenstern and Price 

1967) and the subsequent modified differential slice method (Chen and Morgenstern 

1983), which are widely applied in evaluating the stability of soil slopes. For a vertical 

face of exposed paste backfill, the PS divides the entire potential sliding fill mass into 

differential vertical slices, as shown in Figure 5.3. Then the vertical stress at the bottom 

of each slice, considering the arching effect, is then obtained (Aubertin et al. 2003; 

McCarthy and McCarthy 1977). Finally, the PS establishes equations of static equilibrium 

for each slice and the whole sliding fill mass separately. Here the safety factor 𝐹  is 
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defined thusly: if the mobilized shear strength of fill along the sliding plane is represented 

by 𝑐/𝐹 and tan𝜙/𝐹, each element along the sliding plane will simultaneously reach its 

limiting equilibrium state (Chen and Morgenstern 1983), i.e., 𝜏 = 𝑐𝑒 + 𝜎𝑛tan𝜙𝑒, where 

𝑐𝑒 = 𝑐/𝐹, tan𝜙𝑒 = tan𝜙/𝐹. 
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Figure 5.3. Differential layer element in wedge block model of PS. 

Correct estimation of the stress state within a stope, inter alia, along the potential 

sliding plane, is essential for safe evaluation of exposed fill face stability. This stress state 

is mainly influenced by “arching” that results from the frictional shear stress developed 

at the wall/fill interfaces (Fahey et al. 2009; Yan et al. 2019). Establishing the 𝑥 and 𝑦 

axes as shown in Figure 5.4, a vertical slice at position 𝑥1, with thickness ∆𝑥, height 𝐻1, 

and length 𝐿, is taken for analysis. To evaluate the influence of the arching effect on the 

vertical pressure on the sliding plane, the vertical slice is divided into horizontal layer 

elements for analysis (Aubertin et al. 2003).  
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Figure 5.4. Horizontal layers and vertical slice with backfill. 

The vertical stress 𝜎𝑣𝐻1 acting across the bottom of the slice (𝐻1) can be obtained by 

the analytical solution in Chapter 2: 

𝜎𝑣𝐻1 = (𝛾𝐿 − 2𝑐) (
1 − exp (−2𝐾𝐻1tan𝛿/𝐿)

2𝐾tan𝛿
) (2.9bis) 

After obtaining the vertical stress 𝜎𝑣𝐻1 , the force equilibrium and moment equilibrium 

for each vertical slice need to be reached. As shown in Figure 5.4, the term 𝐺 is the 

resultant total force acting on the slice, 𝛽 is the angle between the direction of 𝐺 and the 

𝑥 direction, and 𝑦𝑡 is the point along the 𝑦 axis at which force 𝐺 acts. 

The static equilibrium of the element in the 𝑥 and 𝑦 directions gives: 

∆𝑁 sin 𝛼 − ∆𝑇 cos𝛼 − ∆(𝐺 cos 𝛽) = 0 (5.6) 

−∆𝑁 cos 𝛼 − ∆𝑇 sin 𝛼 + 𝜎𝑣𝐻1𝐿 − ∆(𝐺 sin 𝛽) = 0 (5.7) 

where the parameters 𝑇 and 𝑁 are defined as normal force and shear force at the bottom 

of the vertical fill element, respectively. 

Applying Mohr-Coulomb failure criteria and equilibriums of the slice, Equation 5.8 

is then obtained: 
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∆𝑇 = 𝑐e∆𝑥 sec 𝛼 + ∆𝑁𝜙e (5.8) 

When ∆𝑥 → 0 , substituting Equation 5.8 into Equations 5.6 and 5.7 gives the 

differential equation of static equilibrium: 

cos(𝜙 − 𝛼 + 𝛽)
d𝐺

d𝑥
− sin(𝜙 − 𝛼 + 𝛽)

d𝛽

d𝑥
𝐺 = −𝑝(𝑥) (5.9) 

where 𝑝(𝑥) is expressed as: 

𝑝(𝑥) =
d(𝐿𝜎𝑣𝐻1)

d𝑥
sin(𝜙𝑒 − 𝛼) − 𝑐𝑒 sec 𝛼 cos𝜙𝑒  (5.10) 

The function 𝑝(𝑥)  contains the geometrical description of the sliding mass and 

material parameters of the fill.  

Meanwhile, applying the moment equilibrium to the middle point at the bottom of the 

slice, the following equation is obtained: 

(𝐺 + Δ𝐺) cos(𝛽 + Δ𝛽) [(𝑦 + Δ𝑦) − (𝑦t + Δ𝑦t) −
Δ𝑦

2
]  

− 𝐺 cos 𝛽 (𝑦 − 𝑦t +
Δ𝑦

2
) + 𝐺 sin 𝛽Δ𝑥 = 0 

(5.11) 

When ∆𝑥 → 0, Equation 5.11 is reduced to: 

𝐺 sin 𝛽 = −𝑦
d

d𝑥
(𝐺 cos 𝛽) +

d

d𝑥
(𝑦t𝐺 cos 𝛽) (5.12) 

The boundary conditions of the potential sliding fill mass are: 

𝐺(0) = 0 (5.13a) 

𝐺(𝐵) = 0 (5.13b) 

𝑦𝑡(0) = 𝑦(0) (5.13c) 

𝑦𝑡(𝐵) =
2

3
𝑦(𝐵) (5.13d) 

Integrating Equation 5.12, gives: 
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𝐺(𝑥) = −sec(𝜙e − 𝛼 + 𝛽)𝑠(𝑥)
−1 [∫ 𝑝(𝜉)

𝑥

0

𝑠(𝜉)d𝜉 − 𝐺(0)] (5.14) 

where 𝜉 is the dummy variable substituting for 𝑥 and 𝑠(𝑥) is the function: 

𝑠(𝑥) = − sec(𝜙e − 𝛼 + 𝛽)𝑒𝑥𝑝 [−∫ tan(𝜙e − 𝛼 + 𝛽)
d𝛽

d𝜉
𝑝(𝜉)

𝑥

0

] (5.15) 

Equation 5.12 can be integrated into: 

∫ 𝐺(sin𝛽 − cos 𝛽 tan𝛼)d𝑥
𝑥

𝑎

= [𝐺 cos 𝛽 (𝑦t − 𝑦)]0
𝑥  (5.16) 

Considering the boundary conditions in Equation 5.13, and defined 𝑥 = 𝐵 , two 

governing equations are obtained: 

∫ 𝑝(𝑥)𝑠(𝑥)d𝑥
𝐵

0

= 0  (5.17) 

∫ 𝑝(𝑥)𝑠(𝑥)𝑡(𝑥)d𝑥
𝐵

0

= 0 (5.18) 

where 

𝑡(𝑥) = ∫ (sin𝛽 − cos 𝛽 tan𝛼)𝑒𝑥𝑝∫ [tan(𝜙e − 𝛼 + 𝛽)
d𝛽

d𝜉
d𝜉] 𝑑𝜉

𝜉

0

𝑥

0

 (5.19) 

If Equations 5.17 and 5.18 are satisfied, the static equilibrium of the potential sliding 

fill mass can also be achieved. In Equations 5.17 and 5.18, there are in total two unknown 

variables: safety factor 𝐹 and angle function 𝛽(𝑥).  

For calculation convenience, it is feasible to assume 𝑡𝑎𝑛𝛽 = 𝜆𝑓(𝑥) and 𝑓(𝑥) = 1, 

i.e., 𝛽(𝑥) for each slice is constant (Chen and Morgenstern 1983), so that values of 𝐹 and 

the coefficient 𝜆 may be found by solving Equations 5.17 and 5.18. 

To get the precise 𝐹 and 𝜆 values that satisfy Equations 5.17 and 5.18, the Newton-

Raphson iteration method was applied.  
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𝐺n(𝐹, 𝜆) = ∫ 𝑝(𝑥)
𝐵

0

𝑠(𝑥)d𝑥 = 0 (5.20) 

𝑀n(𝐹, 𝜆) = ∫ 𝑝(𝑥)
𝐵

0

𝑠(𝑥)𝑡(𝑥)d𝑥 = 0 (5.21) 

where 𝐺n and 𝑀n are the calculated values of force and moment from Equations 5.20 and 

5.21 respectively.  

First, the assumed values 𝐹1 and 𝜆1 were introduced into Equations 5.20 and 5.21; 

then more accurate values for 𝐹2 and 𝜆2 can be obtained from the following equations 

(Chen and Morgenstern 1983): 

∆𝐹𝑖 = 𝐹𝑖+1 − 𝐹𝑖 =
𝐺𝑛
𝜕𝑀𝑛
𝜕𝜆

− 𝑀𝑛
𝜕𝐺𝑛
𝜕𝜆

𝜕𝐺𝑛
𝜕𝜆

𝜕𝑀𝑛
𝜕𝐹

− 
𝜕𝐺𝑛
𝜕𝐹

𝜕𝑀𝑛
𝜕𝜆

 (5.22) 

∆𝜆𝑖 = 𝜆𝑖+1 − 𝜆𝑖 =
−𝐺𝑛

𝜕𝑀𝑛
𝜕𝐹

+ 𝑀𝑛
𝜕𝐺𝑛
𝜕𝐹

𝜕𝐺𝑛
𝜕𝜆

𝜕𝑀𝑛
𝜕𝐹

− 
𝜕𝐺𝑛
𝜕𝐹

𝜕𝑀𝑛
𝜕𝜆

 (5.23) 

The above steps can be repeated until the following convergence criteria are satisfied. 

In this case, assuming 휀 = 0.01 has already satisfied the accuracy for engineering:  

∆𝐹𝑖 < 휀  (5.24a) 

∆𝜆𝑖 < 휀 (5.24b) 

It should be noted that tension cracks may develop from the top surface and join the 

sliding plane in some cases, such as centrifuge tests, presented later in this section. To 

ensure the accuracy of the stability analysis, a potential tension crack should be 

considered (Li and Aubertin 2012; McCarthy and McCarthy 1977; Smith et al. 1983; 

Terzaghi 1944).  

The depth of such a tension crack (𝐻c) can be estimated by the following expression 

(Terzaghi 1944): 

𝐻c =
2𝑐

𝛾tan (45° + 𝜙/2)
 (5.25) 
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In the PS, the influence of tension cracks was embodied in the geometric boundary of 

the models. Specific calculations considering tension cracks are shown in the following 

sample calculations. 

5.3 Centrifuge testings validation  

To validate the PS, centrifuge testing with detailed information about backfill material 

properties, instruments, and measurements was chosen for comparison (Mitchell 1986). 

Safety factors were calculated using the PS, together with critical heights of the prototype 

fills obtained from centrifuge tests. Critical height (when 𝐹 = 1) as calculated by the PS 

was also compared with test results and the MS. The objective of these case studies was 

to determine the accuracy of the PS and to provide calibration for vertical stope backfill 

faces. Considering the laboratory preparation technique of these models, paste strength 

was regarded as uniform. 

5.3.1 Centrifuge models  

The nominal sizes of the centrifuge models had widths of 200 mm, lengths of 150 

mm, and height of 330 mm, controlled by forms fabricated from preserved plywood 

(Mitchell 1986). Samples were made of 75 wt% solids to simulate in situ conditions, were 

cured for 28 days, and were subjected to unconfined compression testing. To simulate a 

vertical exposed face, a 50 mm spacer was set in the strongbox while pouring slurry into 

the centrifuge models. The profile of the stope could be seen through the Plexiglas wall 

of the model. The parameters for these models are listed in Table 5.1. 
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Table 5.1. Unconfined test results of samples. 

Test Density(g/cm3) Water content wt% Dry density(g/cm3) 

1 2.03 24.0 1.64 

2 1.99 22.7 1.62 

3 2.01 23.0 1.63 

4 2.06 25.5 1.64 

1a 2.09 25.4 1.67 

2a 2.07 24.9 1.66 

3a 2.06 24.9 1.65 

4a 2.08 25.1 1.66 

During the centrifuge tests, the speed of the centrifuge was continuously increased 

until exposed face was exhibited damaged, and the acceleration level 𝑁 was recorded. 

Table 5.2 shows the results of these centrifuge tests. Predicted (obtained by Equation. 5.2) 

and experimental prototype heights are also listed. The average ratio of predicted height 

to that measured was 0.57, indicating that Equation. 5.2 was highly conservative.  

Table 5.2. Centrifuge test results. 

Test  UCS (kPa) 
Predicted height with 

Equation 5.2 (m) 

Acceleration level 

at model failure 

Experimental 

prototype height 

(m) 

1 96.4 10.9 61.5 20.3 

2 96.1 10.9 83.9 27.7 

3  101.6 11.5 50.9 16.8 

4 101.7 11.5 61.8 20.6 

1a 233.0 26.0 158.9 54.5 

2a 212.0 22.5 100.0 33.4 

3a 418.0 46.6 225.9 74.1 

4a  380.0 41.4 214.9 71.8 

The failure process was observed as follows: first, a tension crack parallel to the face, 

at the crest, was observed (approximately 12 cm back from the exposed face). The tension 



 THE SAFETY OF AN EXPOSED FACE IN A BACKFILLED STOPE 

5-13 

 

crack then rapidly deepened, followed by the failure of a mass. At the same time, a failure 

plane appeared near the toe of the model and then extended to join the tension crack. The 

failure process happened over about 15s. Average strain measured was < 1% when 

failure occurred, showing the brittle nature of the fill. The photo of failure in model test 

No.1a is shown in Figure 5.5. 

60° 

Sliding plane

Tension crack

1
1
.5

 c
m

7.6 cm

20 cm

 

Figure 5.5. Failure in model test No.1a. 

5.3.2 Sample calculation: safety factor of test No. 3 of centrifuge model 

study 

To present an application of the analytical solution proposed in this chapter, the same 

model geometry and backfill properties as used in the centrifuge tests were chosen for the 

analysis. Considering the type of failure mechanism reported in the literature, the 

geometric parameters for calculation were chosen as: vertical tensile crack occurs at 15 

cm (model scale distance) back from the exposed face, and a joint with sliding plane (𝛼 =

60°) develops from the toe of the backfill. The safety factor calculation process of test 

No.3 was as follows: 
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First, the parameters for the experimental prototype were obtained using conventional 

centrifuge scaling laws (Schofield 1978) and are shown in Table 5.3.  

Table 5.3. Parameters used for safety analysis for test No.3. 

Property Symbol & Units Value 

Height 𝐻 (m) 16.8 

Length 𝐿 (m) 7.63 

Width of failure mass 𝐵1 (m) 7.63 

The critical plane angle 𝛼 (°) 60 

Friction angle 𝜙 (°) 30 

Length of tensile crack 𝑦𝑡 (m) 3.57 

Bulk unit weight 𝛾 (kN ∙ m−3) 17.8 

Unconfined compressive 

strength  
UCS (kPa) 29.3 

It should be noted that only unconfined compression tests were conducted on the 

sample material, which means the apparent cohesion could not be obtained directly. 

However, the sand was reported to be identical to that used in previous model studies 

(Mitchell et al. 1982), in which the typical 𝜙 of the sample was about 30°. Other evidence 

was that a failure plane developed from the toe, as observed during centrifuge tests was 

at about 60°  to the horizontal. In terms of the Coulomb criteria and an active state 

(𝛼 = 45° + 𝜙/2), 𝜙 was inferred to be 30°. Combining the unconfined strength of 101.6 

kPa and 𝜙 = 30°, the apparent cohesion of the sand used in test No.3 was calculated as 

29.33 kPa by the following equation: 

𝑐 =
UCS

2tan (45° + 𝜙/2)
 (5.26) 

Using Equation 2.9 to obtain the expression for vertical stress acting across the lower 

boundary of each slice, then introducing these parameters into the governing Equations 

5.21 and 5.22 and applying the Newton-Raphson method, the results of this iteration are 

shown in Table 5.4. 
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Table 5.4. Iteration results for test No.3. 

Iteration 

time 
𝐹 𝜆 𝐺n 𝑀n Δ𝐹 Δ𝜆 휀 

1 1 1.73 19.95 0 0.09 0 0.01 

2 1.09 1.73 0.6 0 0.0008 0 0.01 

3 1.09 1.73 — — — — — 

According to the definition of safety factor 𝐹 , the experimental prototype should 

reach limiting equilibrium (that is 𝐹 = 1) when the centrifuge model fails. The final 

obtained value of 𝐹 was 1.09, indicating the PS provided a very good correlation with the 

results of centrifuge test No.3. At the same time, convergence of the PS performed very 

well (with only two calculation steps), reducing computation time and promoting a wider 

application in mining practice. 

5.3.3 Calculation results analysis and discussion 

Safety factors for all eight tests were calculated by both the PS and MS approaches 

(Equation 5.5), and the results are shown in Figure 5.6.  

 

Figure 5.6. Safety factors calculated by PS and MS for eight tests. 
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As shown in Figure 5.6, the average predicted safety factor of PS was 0.97. For MS, 

the error on the calculated safety factor was: 𝐸𝑟𝑟 = √∑ (1 − 𝐹𝑀𝑆/𝐹Measured)𝑚2
8
𝑚=1 =0.61. 

When the PS solution was used, the error was 𝐸𝑟𝑟 = √∑ (1 − 𝐹𝑃𝑆/𝐹Measured)𝑚2
8
𝑚=1 =0.29. 

The smaller error of the calculated safety factor indicated that the PS could more 

accurately predict the experimental results. 

5.3.4 Parametric study of K 

For arching theory, three cases were considered for the reaction coefficient 𝐾 

(Aubertin et al. 2003): (1) for pressure at rest, reaction coefficient is: 𝐾 = 𝐾0 = 1 −

sin𝜙 = 0.5; (2) for active pressure, reaction coefficient is expressed as: 𝐾 = 𝐾a = (1 −

sin𝜙)(1 + sin𝜙) = 0.33; (3) for passive pressure, reaction coefficient is 𝐾 = 𝐾p = (1 +

sin𝜙)/(1 − sin𝜙) = 3. The PS calculation results using these three different 𝐾 values 

are shown in Figure 5.7 for comparison. 

 

Figure 5.7. Safety factors calculated by different K values for eight tests. 
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As evident from Figure 5.7, the safety factor increased when 𝐾a was changed to 𝐾0 

(average of 1.02) or 𝐾p (average of 1.59). This was because an increase in 𝐾 resulted in 

more friction between fill and rock wall, thus decreasing the mean stress acting on the 

sliding plane. In practice, it is generally expected that a large percentage of convergence 

of the wall may have occurred before backfilling took place, in which case, the 𝐾0 value 

is preferred.  

When inward convergence of the sidewalls continues after the placement of fill, 𝐾p 

is probably more representative, which would increase the safety factor, according to the 

PS calculation results. However, the magnitude of this effect could be overestimated 

because the possible yielding of the fill material due to high mean stress has not been 

considered in this chapter (Aubertin et al. 2003). 

5.4 Application of PS in sequential cemented paste 

fillings 

In the pioneering research of exposed face stability, paste was generally assumed to 

be uniform, which has been called an ideal paste (Chen et al. 2017; Helinski et al. 2010a). 

Similarly, most samples prepared for laboratory tests have been regarded as 

instantaneously poured, and the ultimate strength of cured paste used for analysis 

(Mitchell 1989; Mitchell et al. 1982). However, strength characteristics of in situ fill 

within a backfilled stope could be much more complex than this “best case scenario” 

(Chen et al. 2017). First, the strength of fill increases with the cement hydration process, 

i.e., overall safety of the stope is not a fixed factor, but one that evolves with the filling 

process. Considering a typical filling rate of 5 (m/day) and a stope 40 m high, it would 

take eight days to finish the filling operation, by which time the paste in the bottom of the 

stope may have reached its ultimate cohesive strength while the surface layer has only 

just been placed and the hydration process has not even started for this new fill material. 

Although the paste would finally reach its ultimate strength with the ongoing hydration 

process, a non-uniform distribution of cohesion strength could exist until this process 

finishes in all layers of the paste. Hence, using a uniform and ultimate strength of the fill 

can lead to an oversimplification of the stability analysis, particularly if early exposure of 

a face occurs. In other words, if mines can obtain the function between safety factor and 
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curing time, there will be a significant potential contribution to mining efficiency 

improvement. However, it is not possible to obtain this function unless two problems are 

solved: 

 Whether the analytical solution can address the non-uniform distribution of 

strength. 

 How the strength of cemented paste fill develops with curing time. 

As shown in Equations 5.2 and 5.3, Mitchell’s and subsequent solutions are not 

suitable for prediction purposes when it comes to non-uniform paste backfilling. This is 

because these earlier solutions apply average shear strength along a sliding plane. An 

analytical model was developed to study the required strength of an exposed face 

containing a plug pour (Li 2014). Cohesion of the plug fill was different from that of the 

final fill, but, being limited by calculation models, they were still constant in respective 

pours, while the friction angle was assumed to be equal across the whole filling process. 

The new PS can easily accommodate a variation of 𝜙 and 𝑐 in the stope when non-

uniform characteristics of fill strength are taken into account. Specifically, setting the 

functions of 𝜙(𝑥, 𝑦) and 𝑐(𝑥, 𝑦) and introducing them into Equation 2.9, the safety factor 

of an exposed face of non-uniform paste can be obtained. Therefore, the following section 

focuses on the evolution of cohesive strength versus time and relevant safety analysis in 

sequential filling cases.  

5.4.1 Distribution and evolution of cohesive strength in sequential fillings  

To demonstrate the distribution and evolution of cohesive strength in sequential 

fillings, cohesion strength distribution in a stope 20 m high, 10 m wide, and 8 m long was 

modeled by the finite element numerical program “Minefill-2D”. Developed for coupled 

analysis of cementation hydration and stress evolution in a backfilled stope, Minefill-2D 

has been verified as capable of providing accurate representation of fill behavior in mines 

(Helinski 2007; Helinski et al. 2010b). The model applied a continuous filling strategy 

with a constant filling rate of 1 m/day and assumed a constant frictional angle. Filling 

strategy and properties describing the cement behavior are listed in Table 5.5.  
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In Minefill-2D, a function is applied to describe the cumulative development of 

cement cohesion, shown as: 

𝜕𝑐

𝜕𝑡
=
1

2
(

𝑑

(𝑡 − 𝑡0)1.5
) exp (

−𝑑

√𝑡 − 𝑡0
)Aexp(

X𝐶𝑐 + 𝐶𝑐
0.1 − 𝑒

Z𝐶𝑐
) (5.27) 

Equation 5.27 includes those parameters describing the maturity and efficiency of the 

hydration process, where 𝑡 is the time after placement, 𝑡0 is the initial set of hydration 

processes, 𝑑 is the rate of the hydration parameter, 𝐶𝑐 is the cement content (weight of 

cement per unit weight of solids), 𝑒  is void ratio, and A , X  and Z  are curve fitting 

constants.  

Material of the fill was paste fill A (PFA); all of these parameters were obtained 

experimentally(Helinski 2007). 

Table 5.5. Properties of materials used across cases. 

Property Symbol & Units Value 

Bulk unit weight 𝛾 (kN/m3) 16.8 

Rate of hydration parameter 𝑑 (day1/2) 1.4 

Initial set 𝑡0 (day) 0.3 

Friction angle 𝜙 (°) 30 

Cement content 𝐶c (wt%) 1.5 

Filling rate 𝑟f (m/day) 5 

Constant A (cm3/g) 0.032 

Constant X (/) 1.8 

Constant Z (/) -0.2 

Figure 5.8 shows the contours of cohesion strength within the backfilled stope at 

different times. At the end of filling, the paste within the stope showed a remarkable 

layered distribution of strength, with 32.2 kPa at the bottom and 20 kPa at the surface. 

With ongoing curing, the fill from the bottom to top continually increased in strength and 

gradually reached the ultimate strength of 37.8 kPa at 12 days after the filling. 
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Figure 5.8. Distribution of cohesion strength at (a) end of filling (b) 4 days after 

filling (c) 8 days after filling (d) 12 days after filling. 

5.4.2 Development of model safety factor  

Combining the non-uniform distribution of cohesion strength obtained by finite 

element software Minefill-2D, the function of the safety factor changing with time could 

be obtained by the PS. To further demonstrate the PS, the calculation process of safety 

factor with non-uniform strength at the end of filling is given as follows: fitting the 

cohesion strength along the potential sliding plane (𝛼 = 60°) with x axis direction (0 ≤

𝑥 ≤ 10 ) into a function, 𝑐(𝑥) = −0.1068𝑥2 + 6𝐸 − 5𝑥 + 31.32 . Results of each 

iterations are listed in Table 5.6.  
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Table 5.6. Iteration results of safety factor at the end of filling. 

Iteration time 𝐹 𝜆 𝐺n 𝑀n Δ𝐹 Δ𝜆 휀 

1 1 1.73 -275.4 0 -0.281 0 0.01 

2 0.718 1.73 108.0 0 0.057 0 0.01 

3 0.775 1.73 7.95 0 0.004 0 0.01 

4 0.779 1.73 — — — — — 

After three iteration steps, the final safety factor 𝐹 converged to 0.779, indicating it 

was dangerous if the exposed face was created at the end of filling. Similarly, safety 

factors at different times were calculated, and the curve of safety factor versus time are 

shown in Figure 5.9. 

 

Figure 5.9. Effect of time on calculated safety factor. 

As shown in Figure 5.9, the curve began at 0.78 at the end of filling and continually 

increased with the ongoing hydration process. Calculated safety factor reached 1 at about 

3.5 days and then tended toward 1.17 after 12 days. 
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The above section presents the calculation procedure of factor of safety of an exposed 

face accounting for the non-uniform distribution and evolution of cohesion strength 

versus curing time, which paves the way for potential application in the safe design of 

backfilled stopes. 

5.5 Discussion 

To evaluate stability of an exposed face in a backfilled stope, an improved three-

dimensional analytical solution that considers the frictional resistance between the 

backfill and stope walls (i.e., accounting for the arching effect) was proposed. The 

derivation was based on Morgenstern’s original method (Morgenstern and Price 1967) as 

well as subsequent modifications (Chen and Morgenstern 1983) that were developed for 

analysis of slope stability problems.  

To verify application of the PS, the classic MS (Mitchell et al. 1982) and centrifuge 

tests (Mitchell 1986) were chosen for comparison. Results showed that, for a given 

cohesion and angle of internal shear, PS provides a good prediction of the experimentally 

measured failure heights (and thus the factor of safety). Furthermore, when compared 

with the MS, the predicted failure height with PS is more accurate in experimental testings.  

Although the PS favorably represents the experimental results, it has some limitations. 

For instance, the cohesion 𝑐 of the paste varies linearly (changing with elevation) in the 

numerical model of sequential filling. However, some in situ measurements and physical 

simulation experiments (Chen et al. 2017) have shown the actual strength distribution 

may be more complex. Various mechanisms such as segregation upon deposition and 

imposed effective stress during curing both influence the ultimate strength of the fill 

(Fahey et al. 2011). In future research, some regular qualitative distributions of paste 

strength could be considered in more detail. In practice, mines using backfill could obtain 

in situ strengths of the CPB using suitable techniques, such as coring followed by tri-axial 

testing. Setting functions 𝜙(𝑥, 𝑦) and 𝑐(𝑥, 𝑦) to represent these characteristics, the PS 

could provide more precise case-based predictions. 

A key assumption in this chapter is the shape of the sliding surface. The assumption 

of a planar sliding surface was proposed and proved to be effective in mine backfill design 
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(Mitchell et al. 1982). However, it should be noted that this assumption is somewhat a 

simplification. According to a series of laboratory experimental results, the profile of the 

sliding surface is actually a slightly curved surface (Mitchell et al. 1982), while the whole 

sliding surface is more concave than flat (Yi et al. 2018). This trend becomes even clearer 

in models with a high ratio of height to length (𝐻/𝐿). This phenomenon probably results 

from the mutually supporting effects of fill and walls, causing some of the fill mass to 

adhere to the wall. Exploration of this mechanism and improvement of the PS for a 

concave sliding surface is ongoing. 

In addition to providing accurate predictions for a uniform strength paste model, this 

chapter also evaluated the condition where in situ strength distribution characteristics may 

be more complex than uniform, thus taking into account factors such as curing time and 

maturity of the hydration process in cemented paste backfill. While most current methods 

are unable to deal with such non-uniformities, the PS is suitable for calculating the 

stability of a paste-filled stope having a non-uniform strength distribution, taking 

advantage of the differential slice method. 

5.6 Conclusions 

An improved three-dimensional analytical solution considering arching effects was 

proposed in this chapter. The proposed analytical solution provides a useful stability 

calculation model. Compared to previous analytical solutions for evaluating the exposure 

stability of ideal (i.e., uniform strength) paste fill, the PS has wider applicability (both 

uniform and non-uniform strength) and accuracy, as verified by the centrifuge test data 

presented and discussed. If combined with an investigation of particular field situations 

(e.g., in situ strength characteristics of the paste), the safety factor of the stope (for given 

backfilling dimensions and paste fill properties) or the allowable backfilling height (for a 

given strength of paste) can be obtained using the PS. Therefore, the PS can be used by 

paste backfill design engineers as a more rational approach to predicting exposed face 

safety and for specification of required strength properties.
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6 SAFETY OF BARRICADES IN 

PASTE BACKFILL STOPES 

6.1 Introduction 

As shown in Chapters 1 and 2, barricades are constructed across the access tunnel to 

retain the paste backfill during filling operations and while the fill cures. However, 

barricade failures still occur in recent years, imposing great potential for injury or loss of 

life to miners located deeper in the mine (Helinski et al. 2007a).  

Current research indicates that many of the failures occurred because of the bending 

failure caused by the large pressures imposed on the barricade by paste backfill 

(Sivakugan et al. 2006a) and the bending of a barricade is directly related to the lateral 

pressure imposed by the fill in the stope. Therefore, as explained in previous chapters, it 

is impossible to ensure the safety of barricade unless two things are known: how much 

lateral stress is imposed on the barricade, and how much stress the barricade can withstand. 

To date, much research has focussed on investigating the first question, including the 

predicted results using Minefill-2D shown in Chapter 3. However, to the author’s 

knowledge, there are only a few studies where a comprehensive safety evaluation of a 

barricade has been incorporated into the analysis of the mine backfilling process. 

Generally, the barricade displacements are relatively small and these displacements 

are affected by engineering factors, such as in situ global rock mass stresses, barricade 

construction techniques, and mining activities, resulting in larger displacements than 

those caused by only the fill-generated lateral pressure alone. Consequently, it is hard to 

verify the barricade’s strength and the pressure induced on the barricade, as well as to 

provide efficient design guidance for mining operations. To solve these problems, some 
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underground mining operations have implemented instrumentation programs which 

monitor the backfill-generated pressures and resulting deformation of the barricade, 

whereas the knowledge of the damage mechanism of the barricade is still limited in the 

field of mine backfilling.  

The industry, in order to prevent failure, typically designs and builds barricades using 

conservative filling pressures, which means unnecessary cost for underground mines. 

Additionally, in order to reduce the pressure applied to the shotcrete barricade, many 

mines apply the discontinuous filling strategy, in which stopes are poured in multiple 

stages, which causes increased stope cycle times (Li et al. 2014). Currently, the maximum 

barricade loading pressure of 100 kPa has been used as an empirically derived value, 

although the validity of this rule-of-thumb is questionable.  

Therefore, if the structural behavior and response of barricades were better understood, 

it would be possible to make barricade design more cost and time efficient. This chapter 

presents an analytical study of shotcrete barricade deformation characteristics that was 

carried out using traditional elastic thin plate theory.  It should be noted that this study is 

mainly focused on the sprayed shotcrete barricade. 

The first section briefly reviews the existing beam model. Then an elastic thin plate 

mechanical model of the barricade is established. The deflection equation for a barricade 

is derived using the principle of virtual work, and the critical yield conditions of the 

barricade obtained.  

The next section of the chapter describes the verification of the proposed elastic thin 

plate solution by comparison with in situ instrumentation data collected from a barricade 

installed at Ҫayeli Bakir Isletmeleri’s (CBI) mine in Turkey. These verifications include 

a review of the field instrumentation project conducted at CBI and a comparison of the 

analytical solution’s calculated displacement, moment and stress distributions with the in 

situ instrumentation data where possible. This comparison includes an explanation of the 

how cracks that were observed in the barricade developed.  
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Finally, the influence of boundary conditions is considered and a parametric study is 

presented and discussed, including influence of barricade dimensions and barricade 

elastic modulus. 

The results confirm the accuracy and applicability of the analytical solution presented 

in this chapter, which can be used for parametric sensitivity analyses, feasibility studies, 

and verification of numerical modelling during barricade design.  

6.2 Elastic thin plate theory 

6.2.1 Existing models 

The bending behavior of a shotcrete or concrete barricade subjected to backfill 

pressure has been widely simulated as a 2-D beam restrained against axial deformation 

under uniform pressure (Cheung 2012; Ghazi 2011b), as shown in Figure 6.1.  

 

Figure 6.1. A typical model of a beam restrained against axial deformation 

under uniform pressure. 

Comparisons with experimental results have shown that the beam model predicts 

maximum vertical deflection at mid-span of reinforced concrete beams well. Thus this 

simpler, faster two-dimensional analysis could be performed for a given barricade in lieu 

of a more complex three-dimensional analysis (Ghazi 2011b). 

However, the existing beam model has inherent disadvantages for barricade design in 

practice: firstly, the 2-D beam model lacks the ability to accurately predict deflection of 

the entire barricade, especially positions near the edges; secondly, the currently used 

beam model is subjected to a uniformly distributed load, which results in the maximum 

displacement occurring at mid-span. This is often not what is observed from in situ 
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measurements, but rather that the maximum displacement occurs off-centre. Many 

monitoring projects have shown that paste material behaves initially as a fluid, especially 

in the initial pour stage (Thompson et al. 2012). In other words, the exerted pressure is 

hydrostatic and thus changes with height of the position on the barricade. Therefore, in 

such cases it is inappropriate to simplify the pressure to be uniform, especially during the 

initial stage which is particularly important, as well as potentially dangerous for the 

barricade because it results in underestimation of the total applied load. 

In the following sections, a new 3-D solution is proposed to analyse this type of 

problem. It explicitly considers the linearly distributed pressure changing with time to 

obtain the behaviour of a barricade during the backfilling process. 

6.2.2 Basic assumptions and equations of the elastic thin plate theory 

In elastic thin plate theory, the thickness of the plate is far less than the other two 

dimensions of the plate. Basic assumptions of the theory are:  

 The hypothesis of straight normal lines: after deformation, the straight lines 

which were perpendicular to the middle plane of the plate before the 

deformation will remain perpendicular to the middle plane, with their lengths 

unchanged. 

 The strain 휀𝑧 = 0 (휀𝑧 is induced by the normal stress 𝜎𝑧 of the middle plane 

in the thin plate). 

 The moments (𝑀𝑥 and 𝑀𝑦) and torque (𝑀𝑥𝑦) equations of the thin plate are 

shown in Figure 6.2 and can be expressed as follows: 

𝑀𝑥 = −𝐷(
𝜕2𝑤

𝜕𝑥2
+ 𝜈′

𝜕2𝑤

𝜕𝑦2
) (6.1a) 

𝑀𝑦 = −𝐷 (
𝜕2𝑤

𝜕𝑦2
+ 𝜈′

𝜕2𝑤

𝜕𝑥2
) (6.1b) 
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𝑀𝑥𝑦 = −𝐷(1 − 𝜈
′)
𝜕2𝑤

𝜕𝑥𝜕𝑦
 (6.1c) 

 

where 𝜈′ is the Poisson’s ratio of the plate, 𝑤(𝑥, 𝑦) is the deflection function of the plate, 

and 𝐷 is the bending stiffness, defined as: 

𝐷 =
𝐸𝑡p

3

12(1 − 𝜈′2)
 (6.2) 

where 𝐸 and 𝑡p are the Modulus of elasticity and thickness of the plate respectively. 

 

Figure 6.2. Boundary conditions relevant to a typical thin plate. 

The plane stresses components of the plate are expressed as: 

𝜎𝑥 =
12𝑀𝑥𝑧

𝑡p
3  (6.3a) 

𝜎𝑦 =
12𝑀𝑦𝑧

𝑡p
3  (6.3b) 

𝜏𝑥𝑦 =
12𝑀𝑥𝑦𝑧

𝑡p
3  (6.3c) 

The basic curved surface differential equation of the plate is: 
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𝐷 (
𝜕4𝑤

𝜕𝑥4
+ 2

𝜕4𝑤

𝜕𝑥2𝜕𝑦2
+
𝜕4𝑤

𝜕𝑦4
) = 𝑞(𝑥, 𝑦) (6.4) 

 

where 𝑞(𝑥, 𝑦) is the lateral pressure imposed on the barricade.  

6.2.3 The mechanical model of an elastic thin plate 

In practice, the thickness of typical barricades in paste backfill applications is 0.2 - 

0.5 m, while the width and height typically range from 4 - 9 m, so the ratio of thickness 

to width or height is 1/45 – 1/8, which satisfies the dimension requirements of elastic thin 

plate theory (thickness is far less than the other two dimensions of the plate). 

A coordinate system is established as shown in Figure 6.3, where 𝐻 and 𝐿 are the 

height and length of the barricade respectively. Using the top-left corner point of the plate 

as the origin, the direction of the plate length is the 𝑥 axis and the direction of the plate 

height is the 𝑦 axis.  

 

Figure 6.3. Illustration of the model of the barricade. 
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6.2.4 Bending analysis of barricade 

For a plate with all four edges simply supported, the boundary conditions on the edges 

(𝑥 = 0, 𝑥 = 𝐿, 𝑦 = 0 and 𝑦 = 𝐻) are as follows: 

(𝑤)𝑥=0
𝑥=𝐿

= 0 (6.5a) 

(
𝜕2𝑤

𝜕𝑥2
)𝑥=0
𝑥=𝐿

= 0 (6.5b) 

(𝑤)𝑦=0
𝑦=𝐻

= 0 (6.5c) 

(
𝜕2𝑤

𝜕𝑦2
)𝑦=0
𝑦=𝐻

= 0 (6.5d) 

To obtain the displacement, the double sine series was used as the deflection equation 

of the deflected shape of the plate (Huang 2012), which satisfies Equation 6.5: 

𝑤 = ∑ ∑ 𝑎𝑚𝑛 sin
𝑚𝜋𝑥

𝐿
sin
𝑛𝜋𝑦

𝐻

∞

𝑛=1,2,3⋯

∞

𝑚=1,2,3⋯

 (6.6) 

where the parameter  𝑎𝑚𝑛  is the generalized coordinate that determines the deflected 

shape.  

According to the virtual displacement principle, the virtual work done by boundary 

moments, and loading on the barricade 𝑞 equals the deformation energy of the plate 𝑇1: 

d𝑇1 = −
1

2
(𝑀𝑥

𝜕2𝑤

𝜕𝑥2
+𝑀𝑦

𝜕2𝑤

𝜕𝑦2
+ 2𝑀𝑥𝑦

𝜕2𝑤

𝜕𝑥𝜕𝑦
) (6.7) 

By integrating equations, 𝑇1 is expressed as: 

𝑇1 =
1

2
𝐷∬{(

𝜕2𝑤

𝜕𝑥2
+
𝜕2𝑤

𝜕𝑦2
)

2

− 2(1 − 𝜇) [
𝜕2𝑤

𝜕𝑥2
𝜕2𝑤

𝜕𝑦2
− (

𝜕2𝑤

𝜕𝑥𝜕𝑦
)2]} d𝑥d𝑦 (6.8) 

Therefore, the deformation energy of the plate 𝑇1 can be calculated: 



 SAFETY OF BARRICADES IN PASTE BACKFILL STOPES 

6-8 

 

𝑇1 =
𝜋4𝐿𝐻𝐷

8
∑ ∑ 𝑎𝑚𝑛

2 (
𝑚2

𝐿2
+
𝑛2

𝐻2
)2

∞

𝑛=1,3⋯

∞

𝑚=1,3⋯

 (6.9) 

When the parameter 𝑎𝑚𝑛 increases to 𝑎𝑚𝑛 + 𝛿𝑎𝑚𝑛, the increments of deformation 

energy of the plate are 𝛿𝑇1 and work 𝛿𝑇2 which is done by external force 𝑞(𝑥, 𝑦) 

respectively expressed as follows: 

𝛿𝑇1 =
𝜋4𝐿𝐻𝐷

4
𝑎𝑚𝑛(

𝑚2

𝐿2
+
𝑛2

𝐻2
)2𝛿𝑎𝑚𝑛 (6.10) 

𝑇2 = ∫ ∫ 𝑞(𝑥, 𝑦)
𝐻

0

𝐿

0

𝛿𝑤d𝑥d𝑦 (6.11) 

According to the principle of virtual work, 𝛿𝑇1 = 𝛿𝑇2, and the following equation can 

be obtained: 

𝜋4𝐿𝐻𝐷

4
𝑎𝑚𝑛(

𝑚2

𝐿2
+
𝑛2

𝐻2
)2 = ∫ ∫ 𝑞(𝑥, 𝑦) sin

𝑚𝜋𝑥

𝐿
sin
𝑛𝜋𝑦

𝐻

𝐻

0

𝐿

0

d𝑥d𝑦 (6.12) 

Thus, the expression of 𝑎𝑚𝑛 can be calculated as: 

𝑎𝑚𝑛 =
∫ ∫ 𝑞(𝑥, 𝑦)

𝐻

0

𝐿

0
sin
𝑚𝜋𝑥
𝐿 sin

𝑛𝜋𝑦
𝐻 d𝑥d𝑦

𝜋4𝐿𝐻𝐷
4 (

𝑚2

𝐿2
+
𝑛2

𝐻2
)2

 (6.13) 

Introducing Equation 6.13 into Equation 6.6, the expression of the deflected shape 

of the plate can be written as: 

𝑤 =
4

𝜋4𝐿𝐻𝐷
∑ ∑

∫ ∫ 𝑞(𝑥, 𝑦) sin
𝑚𝜋𝑥
𝐿 sin

𝑛𝜋𝑦
𝐻

𝐻

0

𝐿

0
d𝑥d𝑦

(
𝑚2

𝐿2
+
𝑛2

𝐻2
)
2

∞

𝑛=1,2,3⋯

∞

𝑚=1,2,3⋯

sin
𝑚𝜋𝑥

𝐿
sin
𝑛𝜋𝑦

𝐻
 

 (6.14) 
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6.2.5 Critical condition of failure of the barricade 

The behavior of the barricade subjected to backfill lateral pressure is similar to an 

elastic thin plate with simply restrained edges subjected to load. When the plate bears 

load from the paste, the face subjected to the load will resist in plane compression and the 

opposite face will go into tension, shown in Figure 6.4. With increasing bending, the 

tensile stress will induce plastic deformation, followed by yield and ultimately failure, 

starting from the surface of the shotcrete barricade. To ensure the safety of the barricade, 

the maximum tensile stress must be less than the tensile strength of the shotcrete: 

𝜎𝑥𝑚𝑎𝑥 =
6𝑀𝑥𝑚𝑎𝑥
𝑡p2

≤ [𝜎safe] (6.15a) 

𝜎𝑦𝑚𝑎𝑥 =
6𝑀𝑦𝑚𝑎𝑥

𝑡p2
≤ [𝜎safe] (6.15b) 

𝜏𝑥𝑦𝑚𝑎𝑥 =
6𝑀𝑥𝑦𝑚𝑎𝑥

𝑡p2
≤ [𝜎safe] (6.15c) 

[𝜎safe] is the ultimate safe tensile stress of the shotcrete.  

 

Figure 6.4. Stress distribution within a thin plate. 

If the maximum tensile stress exceeds the tensile strength of the shotcrete, cracks will 

develop, beginning from the surface and extending to the mid-plane. 
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6.3 Case study: 685N20 barricade in cayeli mine. 

To calibrate the results calculated by thin plate theory, a suitable methodology to 

verify the calculated stresses imposed on a barricade is needed. Ideally this required 

calibration of the proposed model against a comprehensive field instrumentation project. 

The project chosen was a test stope called 685N20 at CBI with geometric properties, paste 

material properties, and instruments and measuring details having previously being 

presented in detail by Ghazi (2011b) and Thompson et al. (2012). Displacements were 

calculated using the thin plate theory, using the measured pressure on the barricade. The 

objective of this case study was to determine the practicality of using elastic thin plate 

theory and to provide calibration for barricade pressure-displacement relationships using 

measured in situ data. 

It should be noted that all the information about the CBI Mine monitoring projects in 

the following sections was obtained from Thompson et al. (2012). 

6.3.1 Barricade construction details 

The whole barricade was fixed by 20 mm diameter rebar grouted into the surrounding 

rock at 1000 mm spacing, so any in-plane and out-of-plane displacement along its four 

edges was restrained, although rotation was likely possible. Along the upstream side of 

the barricade, two layers of 28 mm diameter rebar perpendicular to one another were 

placed. Spacing of the horizontal reinforcement was 400 mm and spacing of the vertical 

reinforcement was 300 mm. The 685N20 barricade had a nominal thickness of 300 mm. 

6.3.2 Measurement of cement paste backfill pressure and barricade 

displacements 

Stope 685N20 was filled with backfill having 8.5% binder content for the first 8 m 

height and 6.5% binder for the rest of the stope. The stope utilised a continuous pour 

strategy for 2.85 days, because the measured pressure on the barricade never reached the 

pre-defined safety value of 100 kPa. Pressure instrumentation used at CBI Mine typically 

consisted of three, orthogonally mounted Total Earth Pressure Cells (TEPCs). These 



 SAFETY OF BARRICADES IN PASTE BACKFILL STOPES 

6-11 

 

instruments were fixed within a wire cage, which was then more easily fitted to the 

shotcrete barricade frame. The locations of these TEPCs are shown in Figure 6.5.  
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Figure 6.5. The locations of TEPCs and displacement transducers at 685N20 

Barricade (after Thompson et al. (2012)). 

Position Transducers with 25 mm displacement range were used as a suitable 

displacement monitoring instrument (designated by 𝐷𝑖 in Figure 6.5) in the test stope. An 

array of six of these transducers was mounted to a steel frame, which was offset from the 

shotcrete barricade. The positions of the instruments on the barricade are also shown in 

Figure 6.5. 

Figures 6.6 and 6.7 present the pressure and displacement response of the barricade 

installed at 685 level for the first day and first five days respectively.  
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Figure 6.6. Measured pressures on barricade (a) during first day (b) over first 

five days (after Thompson et al. (2012)). 
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Figure 6.7. Displacement response of the barricade within first five days (after 

Thompson et al. (2012)). 

Overall, pressures measured at the barricade initially increased constantly to a peak 

value. After 0.8 days (by which time the whole barricade was estimated to be covered by 

the paste), the total horizontal pressure measured on the barricade reached the first peak 

value of 39.9 kPa at TEPC1, 30.4 kPa at TEPC2 and 17.7 kPa at TEPC3. After that a 

slight reduction in pressure was measured. This reduction may be due to the isolation of 

the barricade from the effects of continued backfilling as the backfill height exceeds the 

brow level. Barricade pressures then decreased for about 6 hours, after which a gradual 

increase was measured. The measured pressure at TEPC 3 increased significantly, which 

was perhaps due to hydration and expansion of the backfill. The pressure monitored by 

TEPC 3 finally peaked at 46 kPa, then decreased continuously to 42 kPa, while the 

pressures at TEPC 1 and TEPC 2 decreased from 33 kPa and 25.5 kPa to 26 kPa and 22.4 

kPa respectively. 

Figures 6.6 (a) indicates a clear and positive correlation between pressure and time. 

The monitored displacements showed a simple, continuous increase with time throughout 

the monitoring period (Figure 6.7). During the whole process, the maximum 
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displacements always occurred at D4, i.e. the centre of the barricade. As expected, there 

is a direct correlation between measured pressures and measured barricade displacement. 

For example, the deflection at D4 was 4.97 mm when the corresponding pressures 

(TEPC2) was 30 kPa, increasing to 7.77 mm after 2.8 days when the corresponding 

pressure was 46 kPa. There is thus significant potential to use barricade displacements as 

an additional quality control parameter.  

6.3.3 Results of elastic thin plate theory applied to barricade 685N20  

According to the variation of the measured pressures, the whole backfilling process 

may be divided into three stages: 

 Stage one started from beginning of filling until 0.6 days, when TEPC 3 (at 

4.2 m height) was estimated to be covered by paste.  

 Stage two lasted from 0.6 days to 1 days. During this stage the pressure exerted 

on the barricade showed a linear distribution from the top to the base of the 

barricade. As the paste initially behaves as a fluid, with the level of paste 

increasing (rise rate being 35 cm/hr), the pressures of each TEPC also 

increased linearly with time.  

 Stage three was a 4 days rest period, during which the TEPC 3 pressure 

increased substantially, resulting in a non-linear distribution and shifting of 

the location of the maximum barricade displacement. 

During stage one, the pressure was relatively small and the barricade integrity was 

unaffected. Therefore, for obtaining accurate quantitative calibration, this chapter chose 

mainly pressures measured during stage two as input data for calculation purposes.  

The deflection equation, moment equation and critical condition of failure were 

derived for a barricade regarded as a thin plate in previous sections. According to the 

published monitoring data, the height 𝐻 and width 𝐿 of the 685N20 barricade were 5.6 m 

and 8.5 m, respectively. Another important parameter used in this calculation is the elastic 

modulus (𝐸) of the barricade. Considering that the displacement induced by the lateral 

pressure was relatively small in this case, a typical elastic modulus of shotcrete (20 GPa) 

and Poisson’s ratio 𝜈′ (0.25) were assigned to represent the whole barricade during the 
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initial elastic bending stage (Ghazi 2011b). The bending stiffness 𝐷 was obtained by 

introducing these parameters into Equation 6.2. Parameters for the barricade used in the 

analytical solution are shown in Table 6.1.  

Table 6.1. Parameters used for displacement analysis for 685N20 barricade. 

Height (m) Length (m) Thickness (m) E (GPa) 𝜈′ (/) 𝐷 (GPa) 

5.6  8.5 0.3 20 0.25 0.049 

It should be emphasized that at any moment during stage two, the measured data 

presented an approximately linear distribution of stresses from the top to the base of the 

barricade, until the brow was covered by backfill (around 1 days). To simulate the 

displacement development process of the whole barricade, the model was run using a 

linearly distributed input pressure distribution, corresponding to the recorded in situ data. 

The calculated results are shown in Figure 6.8 and are compared to the measured data. 

 

Figure 6.8. Comparison of measured and predicted barricade displacements at 

four locations. 
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As shown in Figure 6.8, the maximum displacement always occurred at point D4. The 

correlation between the measured and calculated results for D4 is excellent, while 

acceptably small differences at the other monitoring points were also observed. Overall, 

the results provided by the proposed thin shell approach provided good predictions of the 

bending of the barricade during the initial backfilling stage. In particular, the very good 

correlations between maximum predicted and measured displacements (i.e. location D4) 

is encouraging, as this is where the maximum tensile stress occurs. 

To further demonstrate the potential benefit of the proposed solution and analyze the 

stress distribution within the barricade, the measured barricade response at 0.8 days (first 

pressure peak time) was given as follows (𝑦 = 0 was set at elevation of low boundary of 

the barricade): 

𝑞 = 53 − 8𝑦 (kPa) (6.16) 

Using the barricade parameters at 0.8 days (shown in Table 6.1) in Equation 6.14, the 

predicted displacement contours of the barricade is shown in Figure 6.9. 

 

Figure 6.9. Contours of displacement of the barricade; results obtained for 

length=8.5 m, height=5.6 m, E=20 GPa, 𝝂′=0.25, thickness=0.3 m, time of 0.8 days. 
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The predicted maximum displacement at the D4 location was 4.95 mm which matches 

the displacement measured in situ at this location. However, the maximum displacement 

calculated by the proposed solution was 5 mm, located on the central vertical line of the 

barricade but at a height of 2.7 m, not at the D4 location. The off-centre maximum 

displacement is caused by the linear distribution of pressure on the barricade in stage two, 

something that is not captured by most analytical solutions. 

Solving Equations 6.1 and 6.2 to obtain the bending moment distributions and 

introducing results into Equation 6.3, the horizontal and vertical tensile stress 

distributions of the downstream surface were obtained and are plotted in Figures 6.10 and 

6.11 respectively. 

 

Figure 6.10. The horizontal tensile stress (MPa) distributions on the 

downstream surface of barricade; results obtained for length=8.5 m, height=5.6 m, 

E=20 GPa, 𝝂′=0.25, thickness=0.3 m, time of 0.8 days. 
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Figure 6.11. The vertical tensile stress (MPa) distributions on the downstream 

surface of barricade; results obtained for length=8.5 m, height=5.6 m, E=20 GPa, 

𝝂′=0.25, thickness=0.3 m, time of 0.8 days 

Due to the non-linearity of the pressure distribution after 1 days, a time of 2.8 days 

was chosen for calculation with uniform pressure, the parameters and results are shown 

in Table 6.2. As shown in Table 6.2, the solution with a simplified uniform pressure of 

46 kPa is 7.38 mm, which was still smaller than the measured value of 7.8 mm.  

Table 6.2. Parameters used for displacement analysis for 685N20 barricade at 

2.8 days. 

Height 

(m) 

Length 

(m) 

Thickness 

(m) 

𝐸 

(GPa) 

𝜈′ 

(/) 

𝐷 

(GPa) 

Pressure 

(kPa) 

Displacement 

(mm) 

5.6 8.5 0.3 20 0.25 0.049 46 7.38 



 SAFETY OF BARRICADES IN PASTE BACKFILL STOPES 

6-20 

 

6.3.4 Observed cracks  

Invariably, shotcrete displays a significant compressive strength, whereas the tensile 

strength is relatively low. To optimize the tensile resistance of a barricade, the steel 

reinforcing should be placed on the tension face, as close to the surface as possible, 

allowing for usual cover requirements so that the reinforcing is not exposed. However, 

the reinforcing steel, in most barricade construction is positioned for use as shotcrete 

formwork, meaning that the steel reinforcement is placed within the upstream side of the 

barricade, or at best along the middle plane (where there is no tensile stress). This means 

the tensile stress is thus borne by the shotcrete on the tension surface, and there is no 

benefit from the reinforcing, which is highly undesirable.  

Therefore, according to the results shown in Figures 6.10 and 6.11, the mid-low area 

of the barricade bears the highest tensile stress, with maximum stress within the barricade 

being predicted as 5.6 MPa. If the ultimate tensile strength of the shotcrete [𝜎safe] is 

approximately 5 MPa (Carmona and Aguado 2012), at the surface of the barricade the 

shotcrete has evolved from elastic deformation into plastic deformation, with cracks 

possibly developing. This could explain why the observed cracks concentrated at the mid 

and low area (Figure 6.12) and the final displacement is larger than predicted (i.e. there 

is a small amount of plastic deformation in addition to elastic deformation).  
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Figure 6.12. Crack development in the 685N20 barricade. 

6.3.5 Model of fully fixed thin plate  

The proposed solution utilised a simply supported boundary condition and the results 

agree well with measured data. However, real boundary conditions in the field are likely 

to be more restrained than simply supported. Other boundary conditions and 

corresponding geometric conditions should be analyzed where possible. Therefore, this 

section considers the influence of boundary conditions on the behavior of the barricade. 

Another extreme condition was considered: fully fixed on the edges of the barricade. 

According to the equivalent substitution principle, the plate with four edges fully fixed 

was simplified to a plate with four edges simply supported and subjected to moments 𝑀𝑥, 
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𝑀𝑦1 and 𝑀𝑦2 on the boundaries. The 𝑀𝑥 loads along the boundaries of 𝑥 = 0 and 𝑥 = 𝐿, 

vary along the 𝑥  axis, while the 𝑀𝑦1  and 𝑀𝑦2 loads along the boundaries of 𝑦 = 0 

and 𝑦 = 𝐻 respectively, vary along the 𝑦 axis.  

For a plate with all four edges fully fixed, the boundary conditions on the edges are 

as follows: 

(𝑤)𝑥=0
𝑥=𝐿

= 0 (6.17a) 

(
𝜕𝑤

𝜕𝑥
)𝑥=0
𝑥=𝐿

= 0 (6.17b) 

(𝑤)𝑦=0
𝑦=𝐻

= 0 (6.17c) 

(
𝜕𝑤

𝜕𝑦
)𝑦=0
𝑦=𝐻

= 0 (6.17d) 

To obtain the displacements, the same double sine series was used: 

𝑤 = ∑ ∑ 𝑎𝑚𝑛 sin
𝑚𝜋𝑥

𝐿
sin
𝑛𝜋𝑦

𝐻

∞

𝑛=1,2,3⋯

∞

𝑚=1,2,3⋯

 (6.6bis) 

The part that makes the fully fixed solution different from the former (simply 

supported) solution is the virtual work 𝛿𝑇2 done by external force 𝑞, 𝑀𝑥, 𝑀𝑦1 and 𝑀𝑦2 

(assume 2𝑀𝑦1=𝑀𝑦2 at 0.8 days), which is expressed as follows: 

𝛿𝑇2 = ∫ ∫ 𝑞(𝑥, 𝑦)𝛿𝑤 d𝑥d𝑦+
𝐻

0

2
𝐿

0

∫ 𝑀𝑥d𝑥𝛿 (
𝜕𝑤

𝜕𝑦
)
𝑦=0

𝐿

0

 

= ∫ ∫ 𝑞(𝑥, 𝑦) 𝛿𝑎𝑚𝑛sin
𝑚𝜋𝑥

𝐿
sin
𝑛𝜋𝑦

𝐻

𝐻

0

𝐿

0

d𝑥d𝑦 + 2
𝑛𝜋

𝐻
∫ 𝑀𝑥d𝑥 sin

𝑚𝜋𝑥

𝐿

𝐿

0

 𝛿𝑎𝑚𝑛

+
𝑚𝜋

𝐿
∫ (𝑀𝑦1 +𝑀𝑦2)d𝑦 sin

𝑛𝜋𝑦

𝐻

𝐻

0

 𝛿𝑎𝑚𝑛 

 (6.18) 

where 𝐸𝑚  and 𝐹𝑛  are the coefficients of 𝑀𝑥  and 𝑀𝑦 , which can be expanded into a 

Fourier series as: 
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𝑀𝑥 = ∑ 𝐸𝑚 sin
𝑚𝜋𝑥

𝐿

∞

𝑚=1,2,3⋯

 (6.19a) 

𝑀𝑦 = ∑ 𝐹𝑛 sin
𝑛𝜋𝑦

𝐻

∞

𝑛=1,2,3⋯

 (6.19b) 

According to the principle of virtual work, the expression of the deflected shape of 

the plate can be written as: 

𝑤 =
8

𝜋4𝐿𝐻𝐷
∑ ∑

1

(
𝑚2

𝐿2
+
𝑛2

𝐻2
)
2 [(

2𝐿𝐻𝑞

𝑚𝑛𝜋2
+
𝑛𝜋𝐿

2𝐻
𝐸𝑚 +

𝑚𝜋𝐻

2𝐿
𝐹𝑛) sin

𝑚𝜋𝑥

𝐿
sin
𝑛𝜋𝑦

𝐻
]

∞

𝑛=1,3⋯

∞

𝑚=1,3⋯

 

 (6.20) 

The slopes of the deflected shape on the boundaries of plate can be expressed as: 

(
𝜕𝑤

𝜕𝑥
)𝑥=0
𝑥=𝐿

= ±
8

𝜋3𝐿𝐻2𝐷
∑ ∑

1

(
𝑚2

𝐿2
+
𝑛2

𝐻2
)
2 [(

2𝐿𝐻𝑞

𝑚𝜋2
+
𝑛2𝜋𝐿

2𝐻
𝐸𝑚 +

𝑚𝑛𝜋𝐻

2𝐿
𝐹𝑛) sin

𝑚𝜋𝑦

𝐻
]

∞

𝑛=1,3⋯

∞

𝑚=1,3⋯

 

 (6.21a) 

(
𝜕𝑤

𝜕𝑦
)𝑦=0
𝑦=𝐻

= ±
8

𝜋3𝐻𝐿2𝐷
∑ ∑

1

(
𝑚2

𝐿2
+
𝑛2

𝐻2
)
2

∞

𝑛=1,3⋯

∞

𝑚=1,3⋯

[(
2𝐿𝐻𝑞

𝑛𝜋2
+
𝑚𝑛𝜋𝐿

2𝐻
𝐸𝑚 +

𝑚2𝜋𝐻

2𝐿
𝐹𝑛) sin

𝑛𝜋𝑥

𝐿
] 

 (6.21b) 

Considering the boundary conditions (Equation 6.17), Equation 6.21 then turns into: 

∑
1

(
𝑚2

𝐿2
+
𝑛2

𝐻2
)
2 (
2𝐿𝐻𝑞

𝑚𝜋2
+
𝑛2𝜋𝐿

2𝐻
𝐸𝑚 +

𝑚𝑛𝜋𝐻

2𝐿
𝐹𝑛) = 0

∞

𝑛=1,3⋯

 (6.22a) 

∑
1

(
𝑚2

𝐿2
+
𝑛2

𝐻2
)
2 (
2𝐿𝐻𝑞

𝑛𝜋2
+
𝑚𝑛𝜋𝐿

2𝐻
𝐸𝑚 +

𝑚2𝜋𝐻

2𝐿
𝐹𝑛) = 0

∞

𝑚=1,3⋯

 (6.22b) 

Infinite simultaneous equations can be obtained to solve coefficients 𝐸𝑚  and  𝐹𝑛 , 

which are introduced into Equation 6.22. 
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Using the barricade parameters at 0.8 days (shown in Table 6.1) in Equation 6.22, the 

predicted displacement contours of the barricade is shown in Figure 6.13. 

 

Figure 6.13. Contours of displacement of the barricade (fully fixed); results 

obtained for length=8.5 m, height=5.6 m, E=20 GPa, 𝝊′=0.25, thickness=0.3 m, 

time of 0.8 days. 

As shown in Figure 6.13, the response of a barricade with fully fixed boundaries 

varies significantly from the simply supported condition. Under the same lateral pressure 

and same dimensions, taking the case of 0.8 days, the ratio of maximum displacement of 

the simply supported model to the maximum displacement of the fully fixed model was 

1.84.  

The fully fixed condition is unlikely in practice. Some studies have shown that the 

commonly made design assumption of a fully rigid boundary resulted in unconservative 

over-predictions of barricade strength (Cheung 2012). The specific condition of the 

barricade may be somewhere between fully fixed and simply supported: if the 

construction position is properly selected and the barricade well constructed, the 

boundary of the barricade could be more like a fully fixed condition; on the contrary, if 

factors such as the disturbances caused during mining operations, the potential variability 
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of adjacent rock types, sudden increases of paste pressure, and other construction flaws 

are considered, the boundary condition may be more like a simply supported condition.  

6.4 Parametric study 

It can be expected that the maximum displacement of the barricade is influenced by 

the geometry of the barricade (particularly thickness 𝑡p) and by the properties of the 

barricade material (such as elastic modulus 𝐸). To evaluate these two parameters (𝑡p and 

𝐸) that are likely to control the displacement and inner face tensile stress, a parametric 

analysis was carried out using the proposed analytical solution in the following section. 

The results are shown in Figures 6.14 and 6.15.  

 

Figure 6.14. The maximum tensile stress developed in barricades of varying 

thickness; results were obtained for length=8.5 m, height=5.6 m, pressure at 0.8 

days, 𝝊′=0.25, E=20 GPa. 
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Figure 6.15. The maximum tensile stress of the barricade with different elastic 

modulus; results were obtained for length=8.5 m, height=5.6 m, pressures of 0.8 

days, 𝝊′=0.25, thickness=0.3 m. 

It is seen that the analytical solutions show an inverse relationship between thickness 

and maximum stress within the barricade (Figure 6.14), and also the elastic modulus of 

the barricade and maximum displacement (Figure 6.15).  

If the material properties remain constant and other dimensions of the barricade 

(length and height) are decided by the geometry of the access tunnel, the thickness of the 

barricade is an important controllable parameter during the design process. The results 

indicate that the proposed solution gives a clear description of the influence of the 

thickness on displacement of the barricade, as shown in Figure 6.14. An analysis of 

barricade design must consider the thickness of the barricade in terms of safety and 

optimal economic use of construction materials. The solid square in Figure 6.14 indicates 

that the desirable barricade thickness to prevent crack development is 0.31 m (maximum 

tensile stress of 5 MPa reached), while it is also observed that when the thickness is more 

than 0.35 m, the maximum displacement stabilizes, indicating a possible upper limit to 
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economical barricade thickness (Figure 6.16) for the geometry of the particular barricade 

analyzed.  

 

Figure 6.16. Ratio of total decrease of displacement obtained for every 0.05m of 

barricade thickness change; results were obtained for length=5.6 m, height=5 m, 

lateral pressure=63 kPa, 𝝊′=0.25, E=40 GPa. 

6.5 Conclusions  

In this chapter, an analytical solution using elastic thin plate theory was developed to 

explain the bending behavior of reinforced shotcrete barricades used in paste backfill 

mining. The mechanical model of a barricade was established and the relationship 

between lateral pressure (linearly or uniformly distributed) from the retained paste and 

displacement was obtained.  

The analytical solution shows that failure of a barricade may be induced by tensile 

stresses on the barricade face and the maximum tensile stress occurs just below the central 

mid-height area of the barricade. To ensure barricade safety, the maximum value of the 
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tensile stress must be less than the tensile strength of the shotcrete of the barricade. 

Furthermore, to maximize the effect of the reinforcement, the reinforcing should be 

placed in the central area on the downstream (tension) side of the barricade.  

To evaluate the accuracy and practicability of the proposed analytical solution, a 

review of measurements of in-situ backfill behaviour at CBI was undertaken. The 

analytical solution was compared with published, measured in situ data. The results show 

that the calculated displacement agrees well with the actual response of the monitored 

barricades, including the observation that the theoretical model explained the 

phenomenon of off-centre maximum displacement, which is usually ignored in 

monitoring programs. The high conformity between calculated results with measured 

displacements means the proposed solution can be used in practice for barricade design.  

A parametric study was also conducted. Important factors, such as the elastic modulus 

and thickness of barricades that were discussed in the parametric study played a key role 

in the design of such barricades, as illustrated by the results of the parametric study. 

The work presented in this chapter assumed the lateral pressure is linearly or 

uniformly distributed over the barricade. This is due to the simplifications used for the 

calculation method presented. In situ measurements have shown that the actual pressure 

distribution is not uniform or linear. This may be due to different curing rates and volume 

changes of the retained paste. In future research, a variable distribution of lateral pressure 

could be considered in more detail. 

As stated in the introduction, this work only focuses on the initial bending stage, 

where the barricade can be regarded as an elastic plate. This is because the pressure from 

the paste and the displacements induced by this pressure are both relatively small, at least 

until the tensile stress exceeds the shotcrete tensile strength and cracks begin to occur. If 

displacements continue to increase, the barricade will not deform elastically, in which 

case plastic deformation characteristics of a barricade will need to be studied. However, 

it is suggested that maintaining the barricade within the elastic region is desirable for 

safety purposes. 
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Another limitation of this study is that it assumed the access tunnel itself does not 

deform, thus neglecting potential pressure imposed on the barricade from displacements 

of the tunnel (i.e. displacements of the barricade boundaries).  

Despite these current limitations, the proposed analytical solutions provide a useful 

barricade strength model. Compared to previous analytical solutions for barricade 

performance, the proposed solution has wider applicability and accuracy, as verified by 

the in situ data presented and discussed. If combined with particular evaluation of field 

situations (the boundary fixity decided by geo-conditions, barricade construction 

technique, mining activities, etc.), the allowable safe lateral pressure can be obtained by 

the dimension of the barricade constructed. Therefore, the proposed solution can be used 

as a more rational approach to barricade selection and specification.
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7 CONCLUSIONS AND FUTURE 

WORK 

7.1 Concluding remarks 

The core of this thesis was to provide an integrated procedure for fully coupled 

analysis of the stress state within a backfilled stope and relevant safety issues in mine 

backfill. Specifically, this procedure consists of the investigation of the stress state within 

the backfilled stope using a two-dimensional finite element numerical program Minefill-

2D, experimental verification with centrifuge testing in a backfilled stope scenario, the 

safety analysis of an exposed fill face with an improved analytical solution and the safety 

calibration of a retaining barricade using thin plate theory. Some useful results are 

obtained from each individual section. By integrating these sections, this thesis has 

presented a coherent and rational procedure for mine backfilling analysis, paving the way 

for academic research and potential practical use in the mining industry.  

7.1.1 The fully coupled stress state analysis with Minefill-2D  

The first significant work from this thesis is to introduce the two-dimensional finite 

element program Minefill-2D developed by Helinski et al. (2010b) and the application of 

two-dimensional coupled stress state analysis in the backfill deposition process.  

Verified to be capable of providing accurate representation of fill behaviour in a 

backfilled stope, the main features of Minefill-2D were shown to be as follows:  

 Fully coupled three time-dependent mechanisms-i.e. mechanical behaviour 

of filling operation, consolidation, and the cementation process (when cement 

is added).  
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 Taking account of surplus water accumulated above the fill surface. 

 Taking account of influence of interaction between fill and surrounding rock 

mass on the stress distribution, i.e. the arching phenomenon.  

Through a comprehensive numerical investigation using Minefill-2D, many 

significant aspects of the stress state within a backfilled stope are demonstrated in this 

thesis: 

 The “arching” phenomenon, which results from the shear strain between fill 

and rock interface can make a significant contribution to reducing stresses 

within a backfilled stope. 

 The magnitude of arching occurring in the stope is largely dependent on the 

degree of consolidation that occurs during filling. For example, an “undrained” 

situation may occur with a fast filling rate and low permeability fill, when little 

“arching” occurs and thus total stress and pore water pressure depend solely 

on the self-weight of the overlying fill mass. Ignoring the consolidation 

process will lead to an oversimplified estimation of the fill stress state and 

potentially constitute a risk to mining operations.  

In the case of cemented paste backfilling (as opposed to uncemented fill), the 

influence of cementation on the filling process is assessed by Minefill-2D and 

demonstrates: 

 The cement hydration process will significantly increase the fill stiffness, 

reduce permeability and reduce the volume of soil matrix, which can lead to a 

significant drop in pore pressure (so called “self-desiccation” mechanism). 

 The cement hydration process can make a significant contribution to the 

consolidation process in a backfilled stope. 

In addition, the influence of various factors on fill behaviour were also investigated, 

with the intent of providing a fundamental understanding of related safety issues. 
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 The evolution of fill cohesion strength is accounted for by Minefill-2D 

numerical modelling. The potential strain softening of the fill mass due to 

interface shear during filling may also be obtained by Minefill-2D. 

 The lateral stress imposed on a barricade is significantly influenced by 

consolidation and cement hydration processes. Additionally, subtle 

characteristics such as the filling strategy, geometric dimensions of the stope 

and the access tunnel may also influence the evolution of barricade pressure.  

Therefore, Minefill-2D can be implemented as a fully coupled analysis method to 

optimize the filling strategy. 

7.1.2 Experimental verification with centrifuge testing  

A series of high-speed centrifuge tests were utilised to investigate the interaction 

between consolidation and total stress distribution in uncemented backfill. Significant 

insights provided by Minefill-2D numerical modelling included: 

The consolidation process largely influences the degree of arching. If a stope is filled 

in a completely undrained fashion there will be no arching effect, and the total vertical 

stress will be equal to the total overburden stress.  

Furthermore, the usefulness of Minefill-2D was validated by comparison with the 

centrifuge results. The good agreement between numerical back analysis and 

experimental results indicates that Minefill-2D provides accurate prediction of the fill 

behaviour during the deposition process. 

7.1.3 Evaluation of the safety of an exposed face in a backfilled stope 

An improved analytical solution for evaluating the safety of vertical exposed faces of 

cemented fill was presented. Combining the obtained stress distribution and evolution of 

cohesion strength within the backfilled stope, these studies form an integrated procedure 

that can provide useful a useful evaluation of the safety of in situ backfilling operations. 
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7.1.4 The safety of barricades assessed using thin plate theory  

The proposed analytical solutions provide a useful barricade strength model. 

Compared to previous analytical solutions for barricade performance, the proposed 

solution has wider applicability and accuracy, as verified by the in situ data presented and 

discussed. If combined with specific evaluation of field situations (the boundary fixity 

decided by geo-conditions, barricade construction technique, mining activities, etc.), the 

allowable safe lateral pressure for a barricade can be calculated. Therefore, the proposed 

solution is considered a rational approach to barricade selection and specification. 

7.2 Discussion and future work 

To create an integrated procedure, the two-dimensional finite element program 

Minefill-2D, high speed centrifuge testing, analytical solutions of an exposed fill face and 

retaining barricade were successively used in respective chapters to obtain important 

outcomes and present significant aspects relevant to the backfilling process. These works 

are logically related and mutually supporting. For example: 

 The centrifuge tests in Chapter 4 experimentally verified the view of inherent 

interaction between arching and consolidation proposed in Chapter 3.  

 The performance of Minefill-2D was verified to be versatile by the numerical 

back analysis of Test.1 in Chapter 4.  

 The evolving cohesion strength obtained by Minefill-2D was used in 

calculations in Chapter 5 to evaluate the safety of an exposed fill face.  

 Outcomes of barricade stress obtained by Minefill-2D in Chapter 3 and 

strength calibration of barricades in Chapter 6 make up a comprehensive 

procedure for predicting the barricade safety in backfilling design. 

In the future, critical improvements should be made to further integrate these 

individual sections into a unified system that can realistically represent the mine backfill 

deposition process and evaluate the significance safety aspects in order to provide 

valuable guidance in mining operations.  
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Furthermore, the work of each chapter in this thesis could be refined to further 

improve the reliability and applicability of the approach followed. The following sections 

present s potential improvements in the future work. 

7.2.1 The potential improvement of Minefill-2D  

As a researcher-developed finite element program, Minefill-2D has been verified to 

be suitably rigorous for the applications in this thesis. Nevertheless, some potential 

improvements will increase the performance and scalability of this program. 

 Quantification of the self-desiccation process need to be improved. Minefill-

2D applied an analytical model to quantify the self-desiccation process. 

However, this process, which involves various chemical reactions is very 

complex. A more accurate quantification would need detailed models that 

involve the input of many fundamental cement properties. Assisted by in-situ 

experimentation, an improved quantifying model will provide a more accurate 

representation of cement fill behaviour during backfilling deposition 

processes. 

 Extension of the geometry from two dimensions to three dimensions. In the 

current version of Minefill-2D, the stope is represented by a plane strain model. 

If the model were extended into three dimensions, the access tunnel could be 

more appropriately represented and the influence of geometrical factors 

further investigated. 

 Consideration of desaturation of fill. Setting the water table at the upper 

surface of the fill is somewhat artificial. Without any addition of water, the 

water table will eventually draw down to the stope bottom, leading to the 

desaturation of fill. 

 Coupling the thermal response of fill into Minefill-2D. During the cement 

hydration process, significant amounts of heat can be generated from chemical 

reactions. These thermal variations directly affect the hydration rate, and thus 

influence the stiffness of the fill and cause mechanical deformation through 

thermal expansion.  



 CONCLUSIONS AND FUTURE WORK 

7-6 

 

 Consideration of deformation of surrounding rocks. Currently, the boundary 

condition of the stope is fixed to represent the very stiff rock mass. However, 

under the disturbance of nearby mining activities and gravity stress from 

overlying strata, the sudden or creep deformation of surrounding rock will 

influence the stress distribution within the stope. 

7.2.2 The potential improvement of safety analysis of an exposed face in 

a backfilled stope  

The analytical solution proposed in Chapter 5 is suitable for analysing the safety of 

an exposed face using a three-dimensional model. Nevertheless, some improvements 

should be considered in future study. 

 The expression of potential sliding surface. The presented study assumed the 

potential sliding surface as a plane surface. According to a series of laboratory 

experimental results in the literature, the profile of the sliding surface is 

actually a slightly curved surface. This phenomenon gets more significant 

when the stope is narrow, resulting from the mutually supporting effect 

between fill and walls and thus some of the fill mass adheres to the wall. 

Exploration of this mechanism and improvement of the proposed solution for 

a concave sliding surface is warranted. 

 The safety analysis of a fill mass with two exposed faces. The situation where 

a backfilled stope has two exposed faces can occur in some mines. Without 

confining support from surrounding walls, the mechanical analysis of stability 

is distinctly different from that of a stope with only one exposed face. In future 

study, a new three-dimensional model is proposed, aimed at the safety of a fill 

mass with two exposed faces. Relevant numerical and experimental studies 

are also planned. 

 Consideration of damaged strength of fill. In the model of Minefill-2D in 

Chapter 3, the distribution of damaged cohesive strength was obtained. This 

damage occurs mainly at the interface between the rock and the fill mass, as 

well as within the fill mass where large strains occur. Future study should 

consider the impact of damaged strength on the stability analysis.  
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7.2.3 The safety of barricades assessed using thin plate theory 

The current work only focuses on the initial bending stage of a barricade, where the 

barricade is regarded as an elastic plate. If displacements continue to increase, the 

barricade will not deform elastically, in which case plastic deformation characteristics of 

concrete and effect of reinforcing steel will need to be studied.  

Furthermore, rigid and fixed boundary conditions are assumed in the current study. 

Thus potential pressure imposed on the barricade from deformation of surrounding rocks 

needs to be considered in future work.





 BIBLIOGRAPHY 

8-1 

 

8 BIBLIOGRAPHY 

Aubertin, M., Li, L., Arnoldi, S., Belem, T., Bussière, B., Benzaazoua, M., and Simon, R. 

2003. Interaction between backfill and rock mass in narrow stopes. Soil and rock 

America, 1: 1157-1164. 

Belem, T., and Benzaazoua, M. 2008. Design and application of underground mine paste 

backfill technology. Geotechnical and Geological Engineering, 26(2): 147-174. 

Belem, T., Benzaazoua, M., Bussière, B., and Dagenais, A.M. 2002. Effects of settlement 

and drainage on strength development within mine paste backfill. In Proceedings 

of tailings and mine waste' 02, Balkema, Rotterdam, 27–30 January 2002. pp. 139-

148. 

Belem, T., Harvey, A., Simon, R., and Aubertin, M. 2004. Measurement of internal 

pressures of a gold mine pastefill during and after the stope backfilling. In 

Proceedings of 5th International Symposium on Ground Support in Mining and 

Underground Construction, Perth, Western Australia, Australia, 28–30 September 

2004. pp. 619-630. 

Belem, T., El Aatar, O., Bussière, B., and Benzaazoua, M. 2016. Gravity-driven 1-D 

consolidation of cemented paste backfill in 3-m-high columns. Innovative 

Infrastructure Solutions, 1(1): 37. 

Bowles, J.E. 1996. Foundation Analysis and Design. 5th ed. McGraw-Hill, New York. 

Carmona, S., and Aguado, A. 2012. New model for the indirect determination of the 

tensile stress–strain curve of concrete by means of the Brazilian test. Materials 

and structures, 45(10): 1473-1485. 



 BIBLIOGRAPHY 

8-2 

 

Carrier III, W.D., Bromwell, L.G., and Somogyi, F. 1983. Design capacity of slurried 

mineral waste ponds. Journal of Geotechnical Engineering, 109(5): 699-716. 

Chen, Q.-s., Zhang, Q.-l., Fourie, A., Chen, X., and Qi, C.-c. 2017. Experimental 

investigation on the strength characteristics of cement paste backfill in a similar 

stope model and its mechanism. Construction and Building Materials, 154: 34-43. 

Chen, Z.-y., and Morgenstern, N.R. 1983. Extensions to the generalized method of slices 

for stability analysis. Canadian Geotechnical Journal, 20(1): 104-119. 

Cheung, A. 2012. Influence of rock boundary conditions on behaviour of arched and flat 

cemented paste backfill barricade walls. Masters thesis, Department of Civil 

Engineering, University of Toronto, Toronto, Canada. 

Cui, L., and Fall, M. 2015. A coupled thermo–hydro-mechanical–chemical model for 

underground cemented tailings backfill. Tunnelling and Underground Space 

Technology, 50: 396-414. 

Cui, L., and Fall, M. 2017a. Modeling of pressure on retaining structures for underground 

fill mass. Tunnelling and Underground Space Technology, 69: 94-107. 

Cui, L., and Fall, M. 2017b. Multiphysics modeling of arching effects in fill mass. 

Computers and Geotechnics, 83: 114-131. 

Cui, L., and Fall, M. 2018. Modeling of self‐desiccation in a cemented backfill structure. 

International Journal For Numerical and Analytical Methods In Geomechanics, 

42(3): 558-583. 

Dirige, A.P.E., and De Souza, E. 2008. Engineering design of backfill systems in adjacent 

pillar mining. In Proceedings of the 42nd US Rock Mechanics Symposium 

(USRMS), Alexandria, VA, USA, 29 June–2 July 2008. 

Dirige, A.P.E., McNearny, R.L., and Thompson, D.S. 2009. The effect of stope 

inclination and wall rock roughness on back-fill free face stability. In Rock 

Engineering in Difficult Conditions: Proceedings of the 3rd Canada–US Rock 



 BIBLIOGRAPHY 

8-3 

 

Mechanics Symposium, Toronto, Ont., Canada. 9–15 May 2009. Edited by M. 

Diederichs and G. Grasselli. 

El Mkadmi, N., Aubertin, M., and Li, L. 2013. Effect of drainage and sequential filling 

on the behavior of backfill in mine stopes. Canadian Geotechnical Journal, 51(1): 

1-15. 

Fahey, M., Helinski, M., and Fourie, A. 2009. Some aspects of the mechanics of arching 

in backfilled stopes. Canadian Geotechnical Journal, 46(11): 1322-1336. 

Fahey, M., Helinski, M., and Fourie, A. 2011. Development of specimen curing 

procedures that account for the influence of effective stress during curing on the 

strength of cemented mine backfill. Geotechnical and Geological Engineering, 

29(5): 709-723. 

Fall, M., and Nasir, O. 2010. Mechanical behaviour of the interface between cemented 

tailings backfill and retaining structures under shear loads. Geotechnical and 

Geological Engineering, 28(6): 779-790. 

Fang, K., and Fall, M. 2019. Shear behavior of the interface between rock and cemented 

backfill: effect of curing stress, drainage condition and backfilling rate. Rock 

Mechanics and Rock Engineering: 1-12. 

Fourie, A.B., Helinski, M., and Fahey, M. 2007. Using effective stress theory to 

characterize the behaviour of backfill. In Proceedings of the Minefill Conference, 

Perth, Austrlia, 29 April–3 May 2007. 

Ghazi, S. 2011a. Modeling of an underground mine backfill barricade. Masters thesis, 

Department of Civil Engineering, University of Toronto, Toronto, Canada. 

Ghazi, S. 2011b. Modeling of an underground mine backfill barricade. University of 

Toronto. 

Gibson, R.E. 1958. The progress of consolidation in a clay layer increasing in thickness 

with time. Geotechnique, 8(4): 171-182. 



 BIBLIOGRAPHY 

8-4 

 

Gibson, R.E., Schiffman, R.L., and Cargill, K.W. 1981. The theory of one-dimensional 

consolidation of saturated clays. II. Finite nonlinear consolidation of thick 

homogeneous layers. Canadian Geotechnical Journal, 18(2): 280-293. 

Grabinsky, M.W., and Bawden, W.F. 2007. In situ measurements for geomechanical 

design of cemented paste backfill systems. In Proceedings of the 9th International 

Symposium in Mining with Backfill, Montréal, Que, Canada, 29 April–2 May 

2007. 

Haiqiang, J., Fall, M., and Cui, L. 2016. Yield stress of cemented paste backfill in sub-

zero environments: Experimental results. Minerals Engineering, 92: 141-150. 

Hasan, A., Suazo, G., Doherty, J., and Fourie, A. 2014a. In-stope measurements at two 

Western Australian mines. In Proceedings of 17th Int. Seminar on Paste and 

Thickened Tailing Paste 2014, Vancouver, pp. 355–368. 

Hasan, A., Suazo, G., Doherty, J.P., and Fourie, A.B. 2014b. In situ measurements of 

cemented paste backfilling in an operating stope at Lanfranchi Mine. In 

Proceedings of the eleventh international symposium on mining with backfill, 

Perth, Australia, 20–22 May 2014. pp. 20-22. 

Helinski, M. 2007. Mechanics of mine backfill. Ph.D. thesis, School of Civil and 

Resource Engineering, University of Western Australia, Perth, Australia. 

Helinski, M., Fahey, M., and Fourie, A. 2007a. Numerical modeling of cemented mine 

backfill deposition. Journal of geotechnical and geoenvironmental engineering, 

133(10): 1308-1319. 

Helinski, M., Fahey, M., and Fourie, A. 2010a. Behavior of cemented paste backfill in 

two mine stopes: measurements and modeling. Journal of geotechnical and 

geoenvironmental engineering, 137(2): 171-182. 

Helinski, M., Fahey, M., and Fourie, A. 2010b. Coupled two-dimensional finite element 

modelling of mine backfilling with cemented tailings. Canadian Geotechnical 

Journal, 47(11): 1187-1200. 



 BIBLIOGRAPHY 

8-5 

 

Helinski, M., Fourie, A., Fahey, M., and Ismail, M. 2007b. Assessment of the self-

desiccation process in cemented mine backfills. Canadian Geotechnical Journal, 

44(10): 1148-1156. 

Huang, Y.L. 2012. Ground control theory and application of solid dense backfill in coal 

mines. D, China University of Mining and Technology. 

Illston, J.M., Dinwoodie, J.M., and Smith, A.A. 1979. Concrete, timber and metals. The 

nature and behaviour of structural materials. Van Nostrand Reinhold, New York. 

Janssen, H.A. 1895. Versuche uber getreidedruck in silozellen. Verein Deutscher 

Ingenieure, 39(35): 1045-1049. 

Koupouli, N.J.F., Belem, T., Rivard, P., and Effenguet, H. 2016. Direct shear tests on 

cemented paste backfill–rock wall and cemented paste backfill–backfill interfaces. 

Journal of Rock Mechanics and Geotechnical Engineering, 8(4): 472-479. 

Le Roux, K.A., Bawden, W.F., and Grabinsky, M.W.F. 2002. Assessing the interaction 

between hydration rate and fill rate for a cemented paste backfill. In Proceedings 

of the 55th Canadian Geotechnical and 3rd joint IAH-CNC groundwater specialty 

conference, Niagara Falls, Ontario, 20–23 October 2002. pp. 427-432. 

Li, J., Ferreira, J., and Le Lievre, T. 2014. Transition from discontinuous to continuous 

paste filling at Cannington Mine. In Proceedings of the llth international 

Symposium on Mining with Backill, Preth, Australia, 20-22 May 2014. pp. 381-

394. 

Li, L. 2014. Analytical solution for determining the required strength of a side-exposed 

mine backfill containing a plug. Canadian Geotechnical Journal, 51(5): 508-519. 

Li, L., and Aubertin, M. 2008. An improved analytical solution to estimate the stress state 

in subvertical backfilled stopes. Canadian Geotechnical Journal, 45(10): 1487-

1496. 

Li, L., and Aubertin, M. 2009a. Horizontal pressure on barricades for backfilled stopes. 

Part I: Fully drained conditions. Canadian Geotechnical Journal, 46(1): 37-46. 



 BIBLIOGRAPHY 

8-6 

 

Li, L., and Aubertin, M. 2009b. Horizontal pressure on barricades for backfilled stopes. 

Part II: Submerged conditions. Canadian Geotechnical Journal, 46(1): 47-56. 

Li, L., and Aubertin, M. 2009c. Numerical investigation of the stress state in inclined 

backfilled stopes. International Journal of Geomechanics, 9(2): 52-62. 

Li, L., and Aubertin, M. 2009d. Influence of water pressure on the stress state in stopes 

with cohesionless backfill. Geotechnical and Geological Engineering, 27(1): 1. 

Li, L., and Aubertin, M. 2012. A modified solution to assess the required strength of 

exposed backfill in mine stopes. Canadian Geotechnical Journal, 49(8): 994-1002. 

Li, L., Aubertin, M., and Belem, T. 2005. Formulation of a three dimensional analytical 

solution to evaluate stresses in backfilled vertical narrow openings. Canadian 

Geotechnical Journal, 42(6): 1705-1717. 

Marston, A. 1930. The theory of external loads on closed conduits in the light of the latest 

experiments. Iowa State College, USA. 

McCarthy, D.F., and McCarthy, D.F. 1977. Essentials of soil mechanics and foundations. 

Reston Publishing Company. 

Mitchell, R.J. 1986. Centrifuge model tests on backfill stability. Canadian Geotechnical 

Journal, 23(3): 341-345. 

Mitchell, R.J. 1989. Model studies on the stability of confined fills. Canadian 

Geotechnical Journal, 26(2): 210-216. 

Mitchell, R.J. 1992. Centrifuge model studies of fill pressures on temporary bulkheads. 

CIM(Canadian Mining and Metallurgical) Bulletin, 85(960): 48-54. 

Mitchell, R.J., Olsen, R.S., and Smith, J.D. 1982. Model studies on cemented tailings 

used in mine backfill. Canadian Geotechnical Journal, 19(1): 14-28. 

Morgenstern, N.R., and Price, V.E. 1967. A numerical method for solving the equations 

of stability of general slip surfaces. The Computer Journal, 9(4): 388-393. 



 BIBLIOGRAPHY 

8-7 

 

Nasir, O., and Fall, M. 2008. Shear behaviour of cemented pastefill-rock interfaces. 

Engineering Geology, 101(3-4): 146-153. 

Nasir, O., and Fall, M. 2009. Modeling the heat development in hydrating CPB structures. 

Computers and Geotechnics, 36(7): 1207-1218. 

Nasir, O., and Fall, M. 2010. Coupling binder hydration, temperature and compressive 

strength development of underground cemented paste backfill at early ages. 

Tunnelling and Underground Space Technology, 25(1): 9-20. 

Pirapakaran, K., and Sivakugan, N. 2007a. A laboratory model to study arching within a 

hydraulic fill stope. Geotechnical Testing Journal, 30(6): 496-503. 

Pirapakaran, K., and Sivakugan, N. 2007b. Arching within hydraulic fill stopes. 

Geotechnical and Geological Engineering, 25(1): 25-35. 

Potts, D.M., Zdravkovic, L., and Zdravković, L. 2001. Finite element analysis in 

geotechnical engineering: application. Thomas Telford, London. 

Potvin, Y., and Thomas, E. 2005. Handbook on mine fill. Australian Centre for 

Geomechanics, The University of Western Australia, Nedlands, Australia. 

Powers, T.C., and Brownyard, T.L. 1946. Studies of the physical properties of hardened 

Portland cement paste. J. Am. Concr. Inst, 43(9): 101-132. 

Qi, C., and Fourie, A. 2019. Numerical investigation of the stress distribution in backfilled 

stopes considering creep behaviour of rock mass. Rock Mechanics and Rock 

Engineering: 1-19. 

Rajeev, P., Sumanasekera, P.R., and Sivakugan, N. 2016. Average vertical stresses in 

underground mine stopes filled with granular backfills. Geotechnical and 

Geological Engineering, 34(6): 2053-2061. 

Rankin, R. 2004. Geotechnical characterisation and stability of paste fill stopes at 

Cannington mine. Ph. D. thesis, School of Engineering, James Cook University, 

Townsville, Australia. 



 BIBLIOGRAPHY 

8-8 

 

Rastrup, E. 1956. The temperature function for heat of hydration in concrete. In RELIM 

Symp.: Winter Concreting, Theory and Practice, Session B(II), Danish Institute 

for Building Research, Copenhagen, Denmark. 

Revell, M.B., and Sainsbury, D.P. 2007a. Paste bulkhead failures. In Proceedings of 

International Symposium of MineFill07, Montreal, QC, Canada, 29 April-2 May 

2007. 

Revell, M.B., and Sainsbury, D.P. 2007b. Advancing paste fill bulkhead design using 

numerical modeling. In Proceedings of International Symposium of MineFill07, 

Montreal, QC, Canada, 29 April-2 May 2007. 

Salmi, E.F., Nazem, M., and Karakus, M. 2017. The effect of rock mass gradual 

deterioration on the mechanism of post-mining subsidence over shallow 

abandoned coal mines. International Journal of Rock Mechanics and Mining 

Sciences, 91: 59-71. 

Schofield, A.N. 1978. Use of centrifugal model testing to assess slope stability. Canadian 

Geotechnical Journal, 15(1): 14-31. 

Schofield, A.N. 1980. Cambridge geotechnical centrifuge operations. Geotechnique, 

30(3): 227-268. 

Seneviratne, N.H., Fahey, M., Newson, T.A., and Fujiyasu, Y. 1996. Numerical 

modelling of consolidation and evaporation of slurried mine tailings. International 

Journal For Numerical and Analytical Methods In Geomechanics, 20(9): 647-671. 

Sivakugan, N., Rankine, K., and Rankine, R. 2006a. Permeability of hydraulic fills and 

barricade bricks. Geotechnical & Geological Engineering, 24(3): 661-673. 

Sivakugan, N., Rankine, R.M., Rankine, K.J., and Rankine, K.S. 2006b. Geotechnical 

considerations in mine backfilling in Australia. Journal of Cleaner Production, 

14(12-13): 1168-1175. 

Smith, J.D., Dejongh, C.L., and Mitchell, R.J. 1983. Large scale model tests to determine 

backfill strength requirements for pillar recovery at the Black Mountain Mine. In 



 BIBLIOGRAPHY 

8-9 

 

Proceedings of international symposium on mining with backfill, Lulea, June. pp. 

7-9. 

Sobhi, M.A., Li, L., and Aubertin, M. 2016. Numerical investigation of earth pressure 

coefficient along central line of backfilled stopes. Canadian Geotechnical Journal, 

54(1): 138-145. 

Terzaghi, K. 1944. Theoretical soil mechanics. Chapman and Hali, Limited John Wiler 

And Sons, Inc, New York. 

Thompson, B.D., Bawden, W.F., and Grabinsky, M.W. 2012. In situ measurements of 

cemented paste backfill at the Cayeli Mine. Canadian Geotechnical Journal, 49(7): 

755-772. 

Thompson, B.D., Grabinsky, M.W., Bawden, W.F., and Counter, D.B. 2009. In-situ 

measurements of cemented paste backfill in long-hole stopes. In ROCKENG09: 

proceedings of the 3rd CANUS rock mechanics symposium, Toronto, Canada, 

May 2009. Edited by M. Diederichs and G. Grasselli. pp. 199. 

Veenstra, R.L. 2013. A design procedure for determining the in situ stresses of early age 

cemented paste backfill. Ph.D. thesis, Department of Civil Engineering, 

University of Toronto, Canada. 

Walske, M. 2014. An experimental study of cementing paste backfill. Ph.D. thesis, 

School of Civil, Environmental and Mining Engineering, University of Western 

Australia, Australia. 

Widisinghe, S.D. 2014. Stress developments within a backfilled mine stope and the lateral 

loading on the barricade. Ph.D. thesis, School of Engineering and Physical 

Sciences, James Cook University, Australia. 

Winch, C. 1999. Geotechnical characteristics and stability of paste backfill at BHP 

Cannington mine. BE Hons Thesis, James Cook University, Townsville, Australia. 



 BIBLIOGRAPHY 

8-10 

 

Wu, D., Fall, M., and Cai, S.-j. 2014. Numerical modelling of thermally and hydraulically 

coupled processes in hydrating cemented tailings backfill columns. International 

Journal of Mining, Reclamation and Environment, 28(3): 173-199. 

Yan, B., Zhu, W., Hou, C., and Guan, K. 2019. A three-dimensional analytical solution 

to the arching effect in inclined backfilled stopes. Geomechanics and 

Geoengineering: 1-12. 

Yi, X.W., Ma, G.W., and Fourie, A. 2018. Centrifuge model studies on the stability of 

fibre-reinforced cemented paste backfill stopes. Geotextiles and Geomembranes, 

46(4): 396-401. 

Yilmaz, E., Belem, T., Bussière, B., Mbonimpa, M., and Benzaazoua, M. 2015. Curing 

time effect on consolidation behaviour of cemented paste backfill containing 

different cement types and contents. Construction and Building Materials, 75: 99-

111. 

Zou, S., and Nadarajah, N. 2006. Optimizing backfill design for ground support and cost 

saving. In Proceedings of Golden Rocks 2006, The 41st US Symposium on Rock 

Mechanics (USRMS), Golden, Colorado, 17-21 June 2006. 

 




