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ABSTRACT 

This study investigated the mechanical behaviour of layered cemented tailings 

backfill. Indeed, paste backfill in low stopes can be poured completely at once. 

However, this strategy is difficult in large stopes since it exerts excessive pressure 

on the barricade leading to the failure of the barricade. As result, layer-by-layer 

backfilling poured within a 24-hour interval is adopted. This practice leads to the 

stratification of the backfill structure which then results in a layered backfill body. 

Several studies on backfill bodies have neglected the effect of layering on the 

mechanical strength of the backfill structures. This study attempted to close this 

gap by incorporating the shear force between the layers in the estimation of the 

safety factor of the backfill structure. 

In order to study the mechanical behaviour of layered cemented backfill, laboratory 

tests, numerical simulations and mathematical modelling were conducted. Uniaxial 

compressive strength tests were performed using an unconfined compression 

machine. The OPTUM G3 software package, on the other hand, was utilised for 

numerical analysis. The limit equilibrium wedge solution was used to evaluate the 

stability of layered cemented backfill while results from the laboratory tests were 

used to develop a deformation model of layered cemented backfill. 

It was concluded from the deformation model that the strength of cemented backfill 

decreases with increasing layers of backfill at early age (14 days). Nonetheless, 

the strength of layered cemented backfill gradually increases when more layers 

are added. The limit equilibrium solution was also improved by incorporating the 

shear forces acting along the backfill-backfill interfaces and the sliding plane. The 

limit equilibrium solution also demonstrated a decreasing safety factor when the 

shear force along the backfill interfaces is included. In contrast, the safety factor 

decreased with increasing stope height. It is however recommended in future that 

advanced numerical analysis is explored to develop stability graphs that would 

predict the waiting period for the backfill body to set till the next blast. This would 

pave the way for improved safety and productivity of mines. 

 

Keywords: Cemented tailings backfill, backfilled stope stability, layered backfill, 

UCS 
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Chapter 1 Introduction 

 

1.1 Context of the research 

The mineral processing plant generates large volumes of tailings which then pose 

a threat to the environment if not disposed of appropriately. Furthermore, to 

alleviate this environmental problem, the mining industry has adopted the strategy 

of disposing of mine tailings in underground mined voids through backfill 

(Benzaanzoua et al., 2004; Nasir and Fall 2010; Yilmaz et al., 2009). It is in this 

light that cemented tailings backfill (CTB) has gained popularity as an underground 

backfill support system. Once the CTB is placed in underground stopes, its key 

role is to maintain the stability of adjacent stopes being mined (Zhao, 2021). 

Several authors have developed stability methods and graphs to analyse backfilled 

stopes and CTB design. The sliding wedge failure by Mitchell et al. (1982) is one 

such well-known method. It allows one to determine the required strength of backfill 

that would stabilise a certain stope. Although widely used, the method by Mitchell 

et al. (1982) has undergone several modifications by Aubertin (2003), Li et al. 

(2003), and Wang et al. (2021) among others. This has been done mostly to 

address the limited ability of the method to guide the design of CTBs. 

The design and mechanical strength of a CTB are of paramount importance 

considering its primary application in underground mines. Indeed, CTB has 

commonly been used as a secondary or tertiary support system in open stopes 

and other massive mining methods. Qin et al. (2021) explained that a backfill 

support system is preferred as it leads to increased ore recovery and reduced 

dilution across the mining stope. Furthermore, CTB is one viable mechanism that 

can be used to reduce the surface area needed for tailings disposal (Yang et al., 

2020) as well as surface pollution and surface subsidence (Ercikdi et al., 2017). It 

is because of the above benefits that several experimental studies have been 

conducted to evaluate the mechanical strength of CTB and optimise its design. In 

one such study, Chen et al. (2020) examined the change in uniaxial compressive 

strength (UCS) of CTB with time. Their results showed a notable increase in the 

development of UCS from 0.2 MPa to 4 MPa after 28 days. Concordant studies 

have also reported similar observations, see for example Benzaazoua and Belem 

(2008), Nasir and Fall (2010), and Zhou et al. (2019). It can therefore be argued 
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that the adequate design of CTB is mainly dictated by its UCS which in turn enables 

one to perform affordable, reliable and simple UCS tests when studying CTB. This 

understanding has led to numerous studies on CTB in view to identify the factors 

that contribute largely toward its increased strength. Zheng et al. (2018) for 

example found that the UCS of CTB increases with the content in ordinary Portland 

cement. Shunman et al. (2021), on the other hand, reported an increase in UCS 

when both curing stress and curing temperature were increased. For this reason, 

they recommend that curing stress and curing temperature must be incorporated 

into the design of CTB. However, caution needs to be exercised as Xu et al. 

(2019b) have reported that high curing temperatures promote the cement hydration 

reaction with dire consequences on the strength of CTB. That is why scholars such 

as Shunman et al. (2021) argue that more experimental validation is still needed 

for a way forward. 

The other important factor determining CTB strength is the size of the stope to be 

supported. The size of stopes may vary in height or width from high to narrow and 

wide depending on the rock mass stability. For large (high) stope, it is impossible 

to complete the filling process all at once (Xu et al., 2019a). Doing so would result 

in high hydrostatic pressure on the barricade thereby increasing the risk of failure. 

According to Cao et al. (2018), mines generally adopt a strategy whereby 

backfilling is performed in two stages: a plug pour and a final pour to alleviate the 

pressures on the barricade. Thus, a large-scale stope should be backfilled 

gradually and at regular intervals; this results in the layering of CTB with 

consequences that are yet to be clarified. The present doctoral study, therefore, 

seeks to investigate the effect of layering on the mechanical strength of CTB. The 

findings are expected to contribute towards addressing the paucity of analytical 

solutions and stability graphs for layered stope supports. Most importantly, layering 

can be incorporated in CTB design since mining stopes vary in shape and size. 

To achieve the above, laboratory tests were conducted to test the mechanical 

strength of non-layered and layered CTB samples under compressive loading. 

Samples were cured at a constant temperature and humidity and tested for uniaxial 

compressive strength (UCS). Results were then used to develop stability graphs 

and deformation curves for the CTB design tested. Complementary numerical 

simulations were also carried out for the purpose of better understanding the 

expected behaviour of the CTB in an underground environment. 
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1.2 Problem statement 

Cemented tailings backfill (CTB) has become common practice in the management 

of tailings generated by underground mining operations. CTB is placed in open 

stopes mainly to control ground convergence and surface subsidence (Fu et al., 

2020). Once placed underground, the CTB is expected to maintain its mechanical 

stability while providing support to surrounding excavations and a safe working 

environment for mine workers (Wu et al., 2018; Zhao, 2021). And when mining the 

adjacent stope, the exposed backfill wall must remain stable; otherwise, it might 

fall into the recently blasted stope and cause dilution. The problem is that currently 

available guidelines (see for example Mitchell et al., 1982; Li, 2014a) as well as 

Mathew’s stability graphs (Mathews et al., 1981) cannot be used to predict the 

stability of layered CTB. They may provide inaccurate predictions since they were 

developed and intended for uniform and homogenous backfill bodies (Wang et al., 

2021). 

The problem is compounded by the fact that stopes exist in various sizes and 

shapes depending on the mining layout and method used. In the case of large 

underground stopes, it is a logistical challenge to backfill at once; instead, this is 

done in gradual and successive sequences. As a result, the CTB pillar appears 

stratified (Fu et al., 2020; Wang et al., 2019; Xu et al., 2019a) essentially altering 

its mechanical properties and failure mode. Indeed, Wang et al. (2019) support that 

the mechanical properties of single-layered backfill and multi-layered backfill differ. 

It is thus important to study the strength of CTB as stope height increases and 

understand better the stress distribution within layered backfill. 

 

1.3 Research objectives 

The main objective of this study is to investigate the effect of layering on the 

stability of large backfill bodies. As stated earlier, mining stopes vary in size from 

narrow to wide to large with the latter being difficult to backfill continuously and at 

once. Instead, large stopes are backfilled in successive layers from the bottom up. 

The number of layers, therefore, increase with stope height which then results in a 

layered or stratified backfill structure. It is the effects of this layering on the 

mechanical performance of cemented backfill that the doctoral aims to investigate. 
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To achieve this goal, specific objectives are set as follows: 

• determine the selected properties (chemical composition, particle size 

distribution) of the tailings obtained; 

• determine unconfined compressive strength of Cemented Tailings Backfill 

(CTB) cube produced in the laboratory; 

• develop a constitutive damage model that characterizes the mechanical 

properties of a layered backfill support system; 

• develop deformations curves on the mechanical performance of layered 

backfill support system; and 

• develop an analytical solution capable of appraising the stability of vertically 

exposed and layered backfilled stope. 

 

1.4 Contribution to the body of knowledge 

In a recent review, Zhang et al. (2022) highlight the fact that the systematic study 

of the mechanical behaviour and failure characteristics of layered CTB is relatively 

rare yet needed. This doctoral study, therefore, seek to close the gap by refining 

existing predictive models and solutions for the stability of CTB to allow for the 

layering effect. The current solutions by Mitchell et al. (1982), Li (2014b) and Li and 

Aubertin (2014) amongst others neglect the effects of the shearing force existing 

along the interfaces between the backfill layers. Furthermore, their solutions do not 

consider the multiple layers existing in the backfill structure, which further 

exacerbates the shearing force. This result in the overestimation of the stability of 

underground backfill structures. Therefore, this thesis aims to incorporate the 

shearing force existing within the backfill layers to further investigate the change in 

the safety factor of the backfill with increasing backfill layers. When this is achieved, 

mines using large-scale mining methods will be able to design safe backfilled 

stopes and reduce dilution and associated operational costs. 

 

1.5 Structure of the thesis 

The present chapter of the doctoral thesis introduces the research problem and 

objectives. It also outlines the envisaged contribution of the research study. 

Chapter 2 then reviews previous research that has been conducted in the area of 

backfilling. The review covers the properties of CTB and the various factors 
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contributing to the strength of CTB. Empirical and analytical methods used to 

analyse the stability of CTB structures are also discussed. Lastly, the chapter 

concludes by identifying the knowledge gap which this study aims to address. 

Chapter 3 explains the research methods used to collect empirical data in line with 

the objectives set out for the doctoral thesis. Procedures and protocols used in 

measuring the physical properties of the backfilling material such as particle size 

analysis and the Atterberg limits are presented. The experimental method applied 

to prepare, cure and test CTB samples are also described. The challenges and 

limitations of the experimental protocols are identified and succinctly discussed. 

Chapter 4 covers the analysis of the experimental data collected in the laboratory. 

Particle size distributions, plasticity index, and mechanical properties of CTB 

(including UCS, stress-strain curves, and elastic modulus) are also presented. 

Chapter 5 discusses the process followed to develop a constitutive damage model 

capable of predicting the strength of layered backfill support. The damage model 

is based on the empirical regressing model developed from the data obtained from 

laboratory experiments. 

Chapter 6 provides a detailed description of the numerical model developed to 

analyse the stress distribution within a layered backfilled stope. The chapter further 

presents the deformation curves developed from the results of the numerical model 

carried out on a typical stope. 

Chapter 7 outlines the procedure followed to develop the mathematical solution 

used to assess the stability of exposed layered backfilled stope. The use of the 

solution is further demonstrated by drafting a predictive graph of the safety factor 

of backfilled stopes. 

Chapter 8 concludes the thesis by summarising the main findings as well as the 

recommendations for future work. 

  



6 
 

Chapter 2 Literature review 

 

This chapter discusses the characteristics of CTB and how these are factored into 

the analysis of the stability of backfill walls. Firstly, a brief introduction to CTB, its 

mixture design, and its use in underground mining are covered. Secondly, the 

chapter explores the physical, hydraulic, chemical and mechanical properties of 

CTB and how they influence its behaviour. Then, factors including binder-tailing 

ratio, water content, mineral admixtures, consolidation, and stope geometry are 

discussed in terms of their individual effects on the strength of CTB. Lastly, the 

application of analytical and numerical methods to analyse the stability of CTB is 

reviewed from previous studies. 

 

2.1 Overview of cemented tailings backfill 

Mine tailings are generated during the processing of the extracted minerals in the 

processing plant (Fall et al., 2008). A major concern for the mining industry is their 

safe disposal to prevent environmental pollution (Qi et al., 2018). It is for this reason 

that mine tailings are used as backfill in underground open stopes. Cemented 

tailings backfill (CTB) is the most widely used for backfilling. CTB is usually made 

of dewatered tailings (70 – 85% by weight), a hydraulic binder (3 – 7%) and mixing 

water (Kesimal et al., 2005). It is delivered into underground workings as a slurry 

using pipeline reticulation infrastructure (Rankine, 2004). CTB provides several 

benefits including safe disposal of mine tailings, improved ground support, ore 

recovery, and reduced rehabilitation costs (Jahanbakhshzadeh et al., 2018; Qi et 

al., 2018; Xu et al., 2020). These benefits amongst others have resulted in the 

worldwide use of CTB technology (Kesimal et al., 2005; Chen et al., 2019; Cui and 

Fall, 2016; Lu et al., 2018; Fu et al., 2019; Wang et al., 2020a; Zhang et al., 2022). 

According to Benzaanzoua et al. (1999), backfill is usually mixed with hydraulic 

cement. Acting as a binding agent, the hydraulic cement may involve ordinary 

Portland cement (OPC), fly ash, blast-furnace slag, or a combination of these. The 

main purpose of these binders is to augment the mechanical strength of backfill 

(Kesimal et al., 2005). Some binding agents are not only used for strength gain but 

also to resist sulphate attack. For example, Ercikdi et al. (2009) conducted an 

experimental study to determine the effect of binder type on sulphide-rich CTB. 
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They used ordinary Portland cement (OPC), Portland composite cement (PCC), 

sulphate-resistant cement (SRC) and a 50:50 mixture of OPC and SRC as binding 

agents. The binder dosage was kept at a constant of 5% for all types of binders 

considered. Results showed that all samples had developed strength after 28 days 

of curing. However, only OPC samples had acquired the required UCS > 0.7 MPa. 

Interestingly, after 56 days, the OPC and PCC samples started to show a drop in 

strength while SRC and SRC/OPC mixture samples maintained their strength 

development. These findings suggest that OPC and PCC are not suitable binders 

for sulphide-rich tailings unless used in high dosages to meet the strength 

requirements. It should also be noted that OPC is rich in Calcium (Ca) and is hence 

vulnerable to acid and sulphate attacks (further detail in Section 2.8.3). Cihangir et 

al. (2012) tested and compared sulphide-rich CTB samples prepared with different 

binders; namely, OPC and alkali-activated blast furnace slags at different dosages 

(5 – 7 wt.%). Loss in strength in OPC CTB samples was observed after 56 curing 

days. The decrease was reported to be of the order of 42.65%, 12.61% and 5.52% 

at 5 wt.%, 6 wt.% and 7 wt.% binder dosages respectively. In contrast, alkali-

activated slag (AAS) binders demonstrated remarkably high strength at longer 

curing days (i.e., after 360 days) compared to OPC samples. In addition to this, no 

strength loss was recorded for AAS binders. Cihangir et al. (2012) attributed this 

to the ability of AAS binders to resist sulphate attack and to their low content of 

calcium oxide (CaO). The difference in strength performance of CTB samples 

made of OPC and alkali-activated slags is illustrated in Figure 2.1. 

 

 

Figure 2.1 (a) Effect of OPC on the strength of CTB overtime with different 
dosages, and (b) Effect of sodium silicate-activated neutral slag (NS-LSS) on the 
strength of CTB overtime with different dosages (after Cihangir et al., 2012) 
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Du et al. (2021) also studied the effect of binder types using red mud, Portland 

cement and slag cement (mixed with fly ash). From the UCS tests, slag cement 

exhibited higher strength than Portland cement. It may be argued that sulphate-

resistant cement acts as a good binding agent in the preparation of CTB. Its low 

tricalcium aluminate (C3A) content reduces the formation of expansive ettringite as 

well as the damage to the CTB matrix. However, the use of sulphate-resistant 

cement is common practice in the mining industry because of its prohibitive cost 

(Tariq and Yanful, 2012). Moreover, to address this limitation, several researchers 

studied CTB designed using a mix of Portland cement and fly ash as a binder. For 

example, Jiang et al. (2020a) prepared CTB samples using the following OPC/slag 

ratios: 100% OPC (i.e., 100:0), 90:10, 80:20, 70:30, 50:50, and 20:80. The strength 

of CTB was noted to drop by 20%, 29%, 37%, 48% and 72% respectively as slag 

was gradually topped up. Jiang et al. (2020a) argued this reduction in strength to 

be due to the low pozzolanic reactivity of the slag. In a follow-up work, Jiang et al. 

(2020b) compared OPC-based and AAS-based CTBs. They reported UCS values 

for AAS-based CTB samples as high as 1.29 to 2.94-fold those recorded for OPC-

based CTB. This is because calcium silicate hydrate gel, as the main hydration 

product of ASS-based CTB, greatly contributes to strength development. 

It can therefore be deduced that the mechanical properties of CTB are primarily 

based on the mineral composition and source of its constituents. The subsequent 

sections present a review of the properties of CTB as well as the effects of internal 

and external factors on its mechanical performance. 

 

2.2 Rheological properties of cemented tailings backfill 

The transportability and flowability of CTB are highly dependent on its rheological 

properties with transportability being governed by flowability (Wu et al., 2013). 

Indeed, poor flowability of CTB not only affect the efficiency of pumping to stopes 

but can also clog pipes thereby incurring unnecessary costs to the mine. Indeed, 

if pipes become clogged, the transportation of CTB comes to a halt while the 

pipeline network must be disconnected to clear the clogs. This delays production 

and increases operational costs for the mine. 

The rheological behaviour of CTB can be evaluated using the traditional method 

known as slump (Lang et al., 2015). A slump is a measure of the decline in height 
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when a slurry is freed from a conical mould. The slump can be used to characterize 

the consistency of a material which in turn can be linked to its transportability. A 

low-slump mix will flow less easily than a high-slump mix, even if both are produced 

from the same material. The true rheological properties of a slurry are difficult to 

acquire in practice. However, the conventional slump test is commonly used to 

provide a quick and simple measure of the consistency of paste backfill (Wu et al., 

2013). Here, the target slump of CTB is generally between 152 and 254 mm with 

a high slump drop indicating the preferred rheological properties of CTB (Belem et 

al., 2016; Ouattarra et al., 2017 & 2018). 

Yield stress and viscosity are a less empirical way of describing the rheological 

behaviour of CTB. Ouattara et al. (2017) define yield stress as the minimum 

pressure required to start the flow of the material while plastic viscosity (or viscosity 

for short) is the frictional resistance between two layers of the fluid. 

Fresh CTB slurry generally behaves like a non-Newtonian fluid; it can therefore be 

described by the Bingham model and the Herschel-Bulkley (H-B) model. The H-B 

model has better fitting capabilities of the shear rate-shear stress curve that can 

be produced from a CTB slurry. It is summarised below (Zhang et al., 2021): 

𝜏 = 𝜏0 + 𝜂 ⋅ 𝑥∩         (2.1) 

where 𝜏0 is the yield stress [Pa] 

𝜂 is the plastic viscosity coefficient [Pa.s] 

𝑥 is the shear rate [s−1] 

∩ is the flow index. When ∩> 1, the material has the characteristic of shear 

thickening. With 𝑛 < 1, the material is said to be shear-thinning. And for 

∩= 1, it degenerates into the Bingham model. 

Rheological properties must be known to determine the pressure gradient and flow 

velocity through a pipeline. Indeed, pressure gradient aid in the optimization of 

pumping energy consumption (Boger, 2012; Ouattarra et al. 2017; Paterson, 

2012). Sellegren et al. (2005) recommend a yield stress of less than 200 Pa for 

easy transportation of CTB. This translates into a CTB mixture of solid content 

below 76% (Ouattara et al., 2018). 

The rheological properties of CTB are influenced by several factors including as its 

solid content as well as the shape, size, surface chemistry of tailing particles 

(Huynh et al., 2006). 
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Yin et al. (2012) investigated the effect of solid components on CTB rheology. 

Slump tests were performed on CTB samples prepared at 68%, 74%, 78%, and 

80% solid content. A slight decrease in the slump was noted at solid contents below 

78%. In contrast, a sharp decline in the slump was recorded when solid content 

exceeded 78%. In a sense, the water content dictated the consistency of the slurry. 

In another study, Zhao et al. (2021) investigated the rheological properties of 

cement paste blended with iron tailings. Here, a decrease in both yield stress and 

plastic viscosity was observed as the particle size of iron tailings was increased. 

This is because coarser iron tailings created more voids within the fill, thus, 

reducing yield resistance. Another observation was that an increase in temperature 

had a positive effect on both yield stress and viscosity. Interestingly, Cheng et al. 

(2020) found that an increase in temperature led to decreased yield stress and 

plastic viscosity. A rise in temperature from 5C to 50C resulted in the yield stress 

changing exponentially from 145.63 GPa to 96.8 GPa. Similarly, plastic viscosity 

dropped linearly from 0.328 Pa.s to 0.198 Pa.s. Note that Zhao et al. (2021) used 

tailings from an iron ore while Chen et al. (2020) used nickel mine tailings. As such, 

the different properties of tailings may have contributed to the discrepancy. 

 

2.3 Physical properties of cemented tailings backfill. 

The performance of CTB is known to be influenced by its physical properties. 

These properties include void ratio (or porosity), particle size distribution, specific 

gravity, and Atterberg’s limits to name but a few (Ghirian and Fall, 2017; Lang et 

al., 2015; Shunman et al., 2021). In turn, the physical properties of a mine backfill 

vary with the proportions of the mixed constituents (Rankine and Sivakugan, 2007; 

Cui, 2017). Other factors contributing to variations are preparation techniques and 

the properties of cement and tailings (le Roux et al., 2005). In the thesis of Cui 

(2017), it was found that the physical properties of mine backfill are affected by the 

mixture recipe. It is therefore evident that the design of CTB is unique to every 

mine. 

The void ratio is defined as the volume of voids to the volume of solids. It is closely 

related to the packing density of CTB. Qiu et al. (2020) performed a wet packing 

test to investigate the effect of packing density on the fluidity of CTB. The void ratio 

of CTB decreased when highly packed tailings-cement particles were considered. 
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Excess water content in the CTB mixture drained because of the short average 

distance between the particles which resulted in lower fluidity. This finding is also 

supported by Wang et al. (2021) while Qiu et al. (2020) postulate that packing 

density may be inversely proportional to binder content. 

Tests for Atterberg’s limits aim at determining the water content at which the state 

of soil changes to another. The name is derived from the inventor of the tests, 

Albert Atterberg (Atterberg, 1911). The initial tests were modified by Terzaghi and 

Casagrande (1932) who added a Casagrande cup. The updated test is now done 

to determine the liquid, plastic, and shrinkage limits of soil (Niroshan et al., 2018). 

The liquid limit (LL) is the moisture content at which a slurry loses viscosity. The 

plastic limit (PL), on the other hand, is the water content at which the wet soil can 

be rolled without breaking into crumbs. The shrinkage limit (SL) is the moisture 

content at which the slurry no longer changes volume upon drying (Kamiakin, 

2017). 

Atterberg’s limits are captured in the unified soil classification system chart in 

Figure 2.2. This chart is used to classify the plasticity of soil. The A-line in the chart 

is a boundary between two categories of soil, i.e., clay (C) and silt (M). For 

example, say the liquid limit of soil is 55% and the plastic limit is 35%, the chart 

leads to CH, which means the soil is of high plasticity with clay material. 

 

Figure 2.2 Plasticity chart where C: clay; M: silt; L: low plasticity, I: intermediate 
plasticity, H: high plasticity, V; very high plasticity and E: extremely high plasticity 
(after Craig, 2004) 
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From the perspective of CTB performance, the plasticity of tailings affects the 

strength of the fill. To illustrate this, Niroshan et al. (2018) reported a liquid limit 

and plasticity index of 22% and 7% respectively for typical base metal tailings 

falling in the category of low-plastic clay material. And in another study by Zhao et 

al. (2021), cupro-auriferous tailings were reported to be slightly plastic with a liquid 

limit of 19.2% and a plasticity index of 6.1%. Lastly, Yilmaz et al. (2011) studied 

sulphide-rich polymetallic tailings that yielded a liquid limit of 23% and a plastic limit 

of close to zero. This type of tailings was classified as a non-plastic silt. The above 

typify how the Atterberg’s limits of tailings will differ depending on their source. 

Particle size distribution is one of the most critical parameters in the design of any 

backfill system. It is generated by means of a particle size analysis. This basically 

refers to the determination of the percentage by mass of particles within the 

different size ranges (Craig, 2004). The result of a particle size analysis is 

presented as a curve on a semi-logarithmic scale similar to Figure 2.3. 

 

Figure 2.3 Particle size distribution curves for poorly and well-graded backfill 
material (Ercikdi et al., 2017) 

The flatter the distribution curve, the wider the range of particle sizes in the soil; 

the steeper the curve, the narrower the particle size range. A soil is deemed well-

graded if there is no excess of particles in any size range and if no intermediate 

sizes are lacking. In general, a well-graded soil is represented by a smooth, 

concave distribution curve. Conversely, a soil is poorly graded if a high proportion 

of particles have sizes within narrow limits (uniform soil) or particles of both large 

and small sizes are present but with a relatively low proportion of particles of 
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intermediate size (Cheng et al., 2020 and Ercikdi et al., 2017). Similarly, well-

graded backfill material is constituted of particles of a wide range of sizes. It is 

poorly graded if its constituent particles are in a narrow range of sizes (refer to 

Figure 2.3). The general slope and shape of the distribution curve can be described 

by employing the coefficient of uniformity (𝐶𝑢) and the coefficient of curvature (𝐶𝑐), 

defined as follows (Craig, 2004): 

𝐶𝑢 =
𝐷60

𝐷10
         (2.2) 

𝐶𝑐 =
𝐷30

2

𝐷10×𝐷60
         (2.3) 

Where 𝐷10, 𝐷30 and 𝐷60 denote the respective aperture size of the screen at which 

10%, 30%, and 60% of particles pass through. The higher the coefficient of 

uniformity, the wider the range of particle sizes in the soil. A well-graded soil should 

have a coefficient of curvature between 1 and 3. 

In a series of experimental tests, Ke et al. (2015) demonstrated that finely graded 

fresh and hardened CTBs consistently result in reduced flowability. Wang et al. 

(2021) also noted a significant decrease in the flow spread of fresh CTB as the fine 

content of tailings was increased. Landriault (2006) proposed that a CTB mixture 

must comprise 15% by weight of particles finer than 20 μm to retain adequate water 

and form a slurry fill. Otherwise, the mixture would be classified as fine material as 

pointed out by Kasap et al. (2022) which will lead to a low transportability of the 

CTB into underground workings. 

 

2.4 Hydraulic properties of cemented tailings backfill 

According to Ercikdi et al. (2017), the hydraulic properties of CTB collectively refer 

to the hydraulic conductivity of both saturated and unsaturated backfill as well as 

the pore water pressure in the cemented backfill. 

Hydraulic conductivity may be closely associated with permeability. This is 

because permeability controls the durability of CTB and the rate of seepage of 

groundwater through the CTB structure (Fall et al., 2009; Pokharel and Fall, 2013). 

Permeability also provides useful information about the pore structure, coarseness, 

and cracking of CTB. Indeed, less desirable pore structures (i.e., coarse pores with 

high connectivity) and cracks can allow and accelerate fluid transfer between the 
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CTB and the surrounding rock mass. This in turn may result in increased potential 

oxidation of the sulphide minerals in the tailings and reduced service life due to 

sulphate attacks (Fall et al., 2009). 

In terms of pore water pressure (PWP) as a hydraulic property, CTB is commonly 

known to generate excess of PWP once placed underground. A great concern is 

when the pressure applied by the CTB becomes critically high threatening the 

stability of the retaining barricade at the base of the stope (Fourie et al., 2007; 

Jaouhar and Li, 2019). High PWP is generally expected with a faster filling rate of 

CTB. Nonetheless, the peak value of PWP can be reduced by adding draining 

holes through the barricade. Another alternative way of alleviating the effect of 

PWP is by binder hydration through the consumption of water (Tian and Fall, 2021). 

 

2.5 Thermal properties of cemented tailings backfill 

The thermal properties and processes of CTB materials fall into two main 

categories: inherent thermal properties such as thermal conductivity and external 

thermal factors such as curing temperature and the heat released through binder 

hydration. Both are required to better understand the thermal behaviour of cement-

backfilled structures. 

Thermal conductivity is defined as ‘the heat flux under a unit temperature gradient 

under a steady state’ (Lee and Shang, 2013). This property is required for the 

thermal analysis of CTB structures in terms of heat transfer between CTB and the 

surrounding environment (Ghirian and Fall, 2017). It is also required together with 

compactness in the selection of adequate backfill material to ensure that its thermal 

conductivity is not lower than that of the surrounding rock mass. 

Fall and Pokharel (2010) reported that the mechanical strength of CTB is sensitive 

to changes in thermal conditions. Since there are several sources of heat in the 

underground environment, it is crucial to evaluate the effect of thermal load on the 

performance of CTB and its response under different thermal conditions (Celestin 

and Fall, 2009; Li et al., 2022). Indeed, this information would assist in the 

optimization of the heating or cooling loads of the mines. Contributions by 

Ghoreishi-Madiseh et al. (2015), Liu et al. (2018) and Zhang et al. (2020) support 

the fact that backfill can serve as a heat storage material or as a heat transfer 

medium. As a result, having a good understanding of the thermal characteristics of 
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backfilling material is critical to the design of cost-effective and high-efficiency 

energy storage or extraction systems. 

 

2.6 Chemical properties of cemented tailings backfill 

The chemical properties of CTB are primarily dependent upon the chemistry and 

mineralogy of its constituents, i.e., tailings, binders, and mixing water (Cui, 2017; 

Ghirian and Fall, 2017). 

In terms of chemistry, chemical properties are interrelated and somehow have an 

action-reaction effect on each other. For instance, Wu et al. (2015) found that the 

chemical elements of mixing water may affect the reaction of cement to hydration, 

thereby influencing the flocculation and strength properties of CTB. This is 

especially true for water with high content of calcium and magnesium. Indeed, 

calcium is the primary constituent of hydration products in the form of calcium–

silicate–hydrate (or C–S–H). This product is recognised as the main binding phase 

in the cement hydration process. The said process causes cement hydration 

products to precipitate into the pores causing pore refinement. The reduced 

porosity eventually improves the hardening and strength of CTB (Fall et al., 2009; 

Ghirian and Fall, 2014 & 2017). 

In terms of the mineralogical composition of tailings, this is usually determined by 

X-ray diffraction (XRD) analysis that outputs the type of chart shown in Figure 2.4. 

 

Figure 2.4 A typical XRD chart showing the mineral composition of certain tailings 
(Qi et al., 2018) 
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Qi et al. (2018) measured the mineral composition of tailings for use as inputs to a 

predictive algorithm for the mechanical properties (e.g., UCS) of CTB. The authors 

found, as can be seen in Figure 2.4, the highest concentration of compounds 

contained in the tailings is iron disulphide (FeS2), followed by dolomite 

(CaMg(CO3)2), and silicon dioxide (SiO2). This information is useful as one may 

understand that SiO2 affects the filling stability of CTB but improves its permeability 

(Kasap et al., 2022). Moreover, aluminium trioxide (Al2O3) and calcium oxide (CaO) 

are important oxides for the coagulation and carrying capacity of CTB (Wang et al., 

2017). 

 

2.7 Mechanical properties of cemented tailings backfill 

The principal mechanical properties of CTB include strength, modulus of elasticity, 

stress-strain behaviour, and shear strength (Ghirian and Fall, 2019; Liu et al., 

2019). It is crucial to understand the mechanical properties of CTB and effectively 

evaluate its stability of CTB. It is for this reason that several authors (e.g., Liu et 

al., 2019; Wu et al., 2019; Wang et al., 2020b; Huang et al., 2021) have 

investigated the mechanical properties of CTB using various testing methods. 

The stress-strain behaviour of CTB is generally appreciated graphically. And as 

illustrated in Figure 2.5, the stress-strain curve can be divided into five stages. 

According to Wu et al. (2019), the OA stage is characterised by pore compaction 

whereby stress has a proportional relationship with strain. In this zone, the CTB 

sample is said to obey Hooke’s law (Roylance, 2001). 

 

Figure 2.5 Stress-strain curve of CTB samples (Ruijie et al., 2018) 



17 
 

Hooke’s law, also known as the law of elasticity, states that the stress of a material 

is proportional to its strain within the elastic limit of the material in the elastic zone. 

This means that under compression, stress within the CTB sample will increase 

with an increase in strain. In addition to this, the CTB material will only return to its 

original position once the load is removed, hence, the term “elastic” (Roylance, 

2001; Sharmain, 2020; Pan et al., 2021). The constant proportionality in this region 

is also known as the modulus of elasticity or Young’s modulus, denoted 𝐸 in 

Equation (2.4) (Roylance, 2001): 

𝜎 = 𝐸 휀         (2.4) 

where 𝜎 and 휀 represent stress and strain respectively. 

In the plastic strain-hardening region AB of Figure 2.5, the stress increases, and 

the microscopic structure of the CTB sample becomes rearranged (Roylance, 

2001). The sample loses its elasticity and exhibits plasticity. When the stress on 

the sample exceeds its yield stress, a fracture is formed then expands in volume 

(Ruijie et al., 2018). Note that in the plastic zone, the sample never returns to its 

original state. Afterwards, zone BCD witnesses localized deformation; strain-

softening in stage BC is apparent where the destruction of the CTB sample occurs 

while stage CD exhibits residual strength of the broken rock particles (Wu et al., 

2019). 

Deformation or strain is explained by Fall et al. (2007) in an experimental study by 

characterizing the stress-strain behaviour of cemented paste backfill under 

compression. From the study, CTB samples were noted to exhibit elastic behaviour 

at about 30 – 40%of peak stress levels regardless of the type of tailings used. Non-

linear behaviour followed as stress increased and later stress level started to 

decrease slowly as deformations became pronounced. This is because when the 

cracks generated in the pre-peak and peak regions propagate, the stress-bearing 

capacity of the samples drops. 

Ghirian and Fall (2016) also studied the strength evolution and deformation 

behaviour of CTB. Their findings showed that all CTB samples exhibited a plastic 

behaviour after 1 day of curing irrespective of their curing stress and drainage 

conditions. The observed deformation at failure was 4 – 6% for 1 curing day and 1 

– 2 % for 7 curing days. However, the samples exhibited less ductile behaviour as 

curing time increased, i.e., the sample could return to its original shape after 
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compression. Several other experiments confirmed these findings by arguing that 

CTB tend to show low ductility due to ongoing binder hydration as curing time 

increases (Yi et al., 2015; Jiang and Fall, 2017). In another study, Chen et al. 

(2018) studied the compressive behaviour of CTB reinforced with polypropylene 

fibre. The main purpose of adding polypropylene (PP) was to improve the stability 

of CTB and reduce cement usage. As can be seen below, Figure 2.6 shows two 

sets of stress-strain curves for the two CTB samples coded as per their mixture 

design, i.e., T2 (25% cement; 0.1% of fibre) and T6 (20% cement; 0.05%), each 

sample with and without fibres. The following average deformability secant 

modulus (or E50) at 50% of the peak stress were found: 107.78 MPa, 54.92 MPa, 

182.94 MPa and 84.18 MPa for T2 (No fibre), T6 (No fibre), T2 (PP fibre) and T6 

(PP fibre) respectively. It is evident from Figure 2.6 that the PP fibre enhanced CTB 

ductility; Yi et al. (2015) also reported similar findings. 

 

Figure 2.6 Stress-strain curves of CTBs at 28 curing days for mixtures T2 (no fibre), 
T6 (No fibre), T2 (PP fibre) and T6 (PP fibre) (after Chen et al., 2018) 

Zhang et al. (2022) proposed a simplified interpretation of the stress/strain curve 

in terms of the failure modes experienced by CTB samples. Five failure points are 

identified; they correspond to the loading start point, the yield point, the peak point, 

the post-peak point, and the loading end point. As evidenced in Figure 2.7, no 

cracks are yet apparent in the sample in the elastic zone (pore compaction stage). 

The first crack becomes visible when the sample enters the yield stage. The 
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existing cracks gradually propagate while new ones are generated as the loading 

continues. As additional cracks form and penetrate the matrix, the strength of the 

sample diminishes. The CTB sample finally experiences mainly tensile failure 

accompanied by some secondary tensile cracks extending from both ends of the 

backfill sample to the middle. 

 

Figure 2.7 Failure modes of CTB under various stages of the elastoplastic and 
post-rupture zones (after Zhang et al., 2022) 

In another study, Pan et al. (2021) explored the behaviour of CTB samples in terms 

of their shear strengths. They found that shear stress is proportional to shear strain 

until peak stress is reached. This is believed to be due to the breaking of the 

cement bonds. However, after the peak, the shear stress started to progress in an 

inversely proportional relation to shear strain. The mobilization of full frictional 

resistance may explain this switch. And in the last stage, the shear stress remained 

constant or decreased slightly as shear strain increased. 

Two shear strength properties are used to characterize the failure and shear 

behaviour of CTB structure: cohesion and internal friction angle. They play a critical 

role in the stability of side-exposed cemented backfill and control the interface 

between CTB and the surrounding rock mass. It is also important to note that 

interfacial failure mainly happens on the soft side of the CTB structure since the 

rock mass is stiffer and stronger than CTB (Libos and Cui, 2021). 

The general assumption is that failure occurs when shear stress matches shear 

strength in a CTB structure. The commonly used method to describe this is Mohr-

Coulomb’s theory expressed as follows (Wu et al., 2019): 

𝜏𝑓 = 𝑐′ + 𝜎𝑓
′ 𝑡𝑎𝑛 𝜙′        (2.5) 
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The strength parameters in Equation (2.5) are cohesion (𝑐′) and internal friction 

angle (𝜙′) while 𝜏𝑓 is the shear strength and 𝜎𝑓
′ is the effective normal stress. 

Komurlu et al. (2018) also investigated the shear strength of CTB by means of 

laboratory experiments. From their work, they were able to show that the 

compressive strength of CTB material can be inferred from its cohesion and 

internal friction angle as follows: 

𝑈𝐶𝑆 =  2 𝑐′ √
1+𝑠𝑖𝑛 𝜙′

1−𝑠𝑖𝑛 𝜙′        (2.6) 

In closing, the strength of CTB is mainly determined by uniaxial compressive tests 

because of their reliability and simplicity. The strength here refers to the maximum 

compressive stress the CTB samples can withstand before failure (Mozaffaridana, 

2011). Shear strength tests are resorted to when necessary due to the logistical 

challenges associated with the implementation of the tests. Equation (2.6) may 

alternatively be relied upon to infer the shear strength properties from UCS results. 

The next section discusses some of the internal factors that affect UCS in view of 

how central it is in testing for the properties of CTB. 

 

2.8 Effects of internal factors on the strength of cemented backfill 

Internal factors are primarily associated with tailings, binder, and water as the main 

ingredients of backfill. Other internal factors include the physical and chemical 

properties of backfill (Benzaazoua et al., 2004; Ercikdi et al., 2017). That is why in 

this section, the effects of the following internal factors are reviewed: particle size 

distribution, chemical composition, binder content, admixtures, and binder 

hydration. 

 

2.8.1 Effects of particle size distribution 

Particle size distribution is one of the most critical parameters in the design of any 

backfill system. It affects not only the backfill support capabilities, but also how the 

backfill is transported and placed hydraulically (Stacey, 2001). 

Concordant research recommends that the CTB mixture must comprise 15% by 

weight of particles finer than 20 μm to retain adequate water and form a slurry fill 

(e.g., Kesimal et al., 2004; Landriaut, 2006). High fine content also reduces the 
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permeability of CTB as pointed out by Cheng et al. (2020). This is because fine 

particles fill the pores between coarse particles and reduce the porosity of the 

material consequently improving the strength of CTB. 

Ke et al. (2015) experimentally studied the effect of particle gradation on fresh and 

hardened CTB. In doing so, they were able to show that UCS values consistently 

increase with the content in fine particles in the tailings irrespective of curing time. 

This was attributed to the fact that fine particles in the tailings filled the voids 

between larger particles thereby increasing the packing density. The latter is 

known to improve strength development (Fall et al., 2005; Kwan et al., 2014). In 

contrast to the above, Wang et al. (2021) prepared tailings of different fine contents 

(< 20 μm) to study the effect of fine tailings on the properties of CTB. They then 

reported a 30% increase in UCS when fines were increased from 22.08% to 42.2%. 

They further noticed a 9.1% decline in UCS when the fraction of fines changed 

from 42.2% to 62.94%. The cause of the decline is unknown; however, it is possible 

that the packing density may have contributed to this trend. 

As a last noteworthy account, Wu et al. (2018) explored the effect of particle size 

distribution. This team of researchers reported that particle size distribution not 

only strengthens the structure of CTB but also increases its corrosion resistance. 

However, the researchers stress that looking at the effect of particle size 

distribution alone is not enough because their backfill was cured under confining 

pressure. In this case, backfill samples cured under pressure generally go through 

the rearrangement of particles caused by the settlement of fine particles. The fine 

particles settle under the influence of consolidation, which significantly affects the 

structural and mechanical properties of backfill. 

 

2.8.2 Effects of mineral composition 

The mineral composition of tailings is reported to have an impact on the 

characteristics of CTB (Ercikdi et al., 2017). Although mineral content differs from 

tailings to tailings, Lemos et al. (2021) stated that gold tailings commonly consist 

of quartz, silicates (e.g., gypsum), oxides (e.g., iron-based), carbonates (e.g., 

calcite), sulphides (e.g., pyrite), sulphates (e.g., gypsum) and gold minerals. 

Akkaya et al. (2021), on the other hand, found CaO, Fe2O3, Zn, Pb and K in the 

gold tailings samples they used. Other studies have also indicated that tailings from 
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gold, zinc and lead mines usually contain sulfidic minerals, mainly pyrite (FeS2), 

arsenopyrite (FeAsS) and pyrrhotite (Fe1-xS). The oxidation of the aforementioned 

compounds leads to chemical reactions with hydration products and binder 

phases. This may decrease the strength of the CTB material and cause its 

undesirable expansion (Cihangir et al., 2012; Liu et al., 2020; Yin et al., 2020). 

Adding to this, Tariq and Yanful (2013) were able to argue that the high content of 

C3A in Portland cement increases the formation of expansive ettringite in the CTB 

matrix which contributes to the damage of hardened CTB. 

It is therefore clear from the above that mineral composition needs to be factored 

into the design of CTB. Looking at work by Feng et al. (2015) and Jiang et al. 

(2020a), the authors suggested that the formation of expansive sulphate phases 

such as gypsum can cause expansion and cracks of CTB. In this light, Li and Fall 

(2016) found that sulphate affects the strength development of CTB at an early 

age. Indeed, by testing four samples of CTB with different content of sulphate (0, 

5 000, 15 000, and 25 000 ppm), they demonstrated that sulphate-containing CTB 

yields a slow strength development compared to sulphate-free CTB for all curing 

times as shown in Figure 2.8. They attributed this to the combined effects of 

inhibition of cement hydration, formation of expansive products (e.g., ettringite) and 

sulphate absorption by calcium silicate hydrate (C–S–H). 

 

Figure 2.8 Effect of initial sulphate content on the strength of CTB at an early age 
(Li and Fall, 2016) 

Similarly, Wang et al. (2020a) investigated the effect of sulphate attack on the 

mechanical strength of backfill. In this case, they found that the chemical reaction 

between sulphate and hydration products at the initial stage had a positive effect 

on the UCS of backfill due to the refinement of the pores. However, a continuous 
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reaction results in excess gypsum in the pore space that damages the 

microstructure and degrades the fill material. The effect of sulphate attack on the 

strength of CTB is summarised in Figure 2.9. It can be seen that the sulphate 

treated CTB (red graph) shows a great increase in UCS at the early stage which 

eventually decreases after 160 curing days. In contrast, the sulphate clean CTB 

(black graph) shows a gradual increase of UCS with the curing time. 

 

Figure 2.9 Comparison of UCS values for sulphate-treated and sulphate-free CTBs 
(Wang et al., 2020a) 

Dong et al. (2019) also reported similar observations and found that sulphur 

content before 90 curing days has a strengthening effect on the CTB samples. 

However, the strength of CTB decreased gradually after 20 days of curing due to 

severe erosion of sulphur. As a result of this, the authors deduced that in the long 

run, the lower the sulphur content the better as far as the long-term strength of 

CTB is concerned. The initial gain in strength of sulphate-treated CTB is clarified 

by Zheng et al. (2018 & 2019) who explained that the gypsum fills the openings of 

the matrix. This produces an expansion force that strengthens the fill material. 

However, when the gypsum is produced in excess, the expansion force exceeds 

the strength of the backfill causing cracks in the sample and UCS decrease. 

The experimental study by Akkaya et al. (2021) also attests that sulphate 

decreases the mechanical strength of CTB. This is mainly due to the chemical 

reaction between sulphate and the sulphuric acid produced from hydration. 

However, the difference with this study as illustrated in Figure 2.10 resides in the 

relationship between the UCS and the sulphate content of CTB. According to the 

reported findings, increasing cement content from 3% to 7% reduced total sulphur 
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concentration due to residual stiffness. It is clear that in high cement contents, the 

dispersion of sulphate inside the CTB sample and its conversion to ettringite will 

be slowed down with curing time. However, it should be noted that Akkaya et al. 

(2021) used Portland Pozzolan (CEM II/A-P) and Pozzolanic (CEM IV/A) cement 

often preferred in works where sulphate and chloride ions are relatively high. 

 

Figure 2.10 Relationship between UCS and sulphate content for CEM II/A-P 
pozzolan (C2) and CEM IV/A (C4) cements (Akkaya et al., 2021) 

In closing, Akkaya et al. (2021) asserted that increasing cement content above 7 

wt.% and fast setting time can prevent the formation of secondary gypsum and 

ettringite. This positive contribution has the potential to assist in preventing 

sulphate attacks when using high sulphide tailings. However, the financial 

implications of using these types of cement is yet to be established. This is highly 

important considering that binder consumption contributes over 60% to operational 

costs (Ghirian and Fall, 2014; Wang et al., 2021; Zhang et al., 2021). 

 

2.8.3 Effects of binder-to-tailing ratio 

Binders are added to mine tailings to enhance the strength of CTB. A commonly 

used binder is cement. Alternative binders that have also been tested to provide 

effective strength enhancement include fly ash and blast furnace slag. Binders 

used when preparing CTB mixtures are referred to as hydraulic reagents. Hydraulic 

reagents are anhydrous phases that react with water to create hydrated phases. 
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The latter provides backfill cohesiveness and long-term strength (Benzaazoua et 

al., 2004; Wang et al., 2018). 

Some authors have reported that the higher the binder content, the higher the 

strength development of CTB (e.g., Sasa et al., 2019; Wang et al., 2018). Similarly, 

Fall et al. (2008) investigated the mixed proportions of CTB and found that 

increasing the cement content leads to increased UCS of CTB. They explained 

that the strength gain was due to the fact that increasing cement content led to the 

formation of more hydration products which subsequently strengthens the cement 

matrix. These findings are consistent with Yilmaz and Ercikdi (2016) who estimated 

the UCS of CTB from the ultrasonic pulse velocity test. The two authors found that 

UCS increased with increasing binder dosage regardless of curing time. The 

continual increase of UCS even after 28 days was attributed to the on-going 

hydration process. In other words, the formation of hydration products proceeded 

even after 28 curing days. Studies supporting this assertion are available; they also 

show that the increase in binder content accelerates binder hydration and reduces 

voids in the matrix: see for example Wang et al. (2018) and Yilmaz (2018). 

Finally, in an interesting study, Xu et al. (2018) assessed the effect of the cement-

to-tailing ratio on the strength of CTB by electrical resistivity measurement. The 

study reported the highest strength increment rate of CTB (i.e., 20%) at an early 

age (i.e., 3 to 7 days). In contrast, the lowest strength increment rate (i.e., 5%) was 

recorded at 7 – 28 days of curing. The decline was attributed to the dilution of the 

concentration of soluble ions such as K+, Ca2+, Na+ and OH-, which led to the 

reduction of the generation of hydration products. 

 

2.8.4 Effects of moisture content, porosity and saturation 

The mechanical performance of CTB is known to be influenced by its physical 

properties, i.e., void ratio (or porosity), degree of saturation, and water content 

(Ghirian and Fall, 2017; Shunman et al., 2021). 

Moisture content is a measure of the quantity of water present in the soil. It is 

defined as the ratio of the mass of water to the mass of dry soil whereas water 

saturation is the amount of water that has filled the voids in the soil (Naguleswaran, 

2018). 
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Zou and Sahito (2004) used 20.5% of water to mix binder and tailings and found 

that the mixture (binder + tailings) was still too dry to mix well. They increased the 

water content to 24.6% and observed a decrease in CTB strength. Researchers 

such as Mozaffaridana (2011) and Yilmaz (2018) also reported similar findings: 

UCS decreases with an increase in water content. They argued that, on the one 

hand, high water-to-cement ratio increases the porosity of the CTB and, on the 

other, a low ratio leads to a significant increase in CTB strength due to reduced 

porosity of the matrix. 

This now brings us to talk about the effect of porosity. Liu et al. (2018) studied the 

relationship between pore characteristics and UCS of cemented paste backfill. 

They found that UCS decreases exponentially as porosity increases as captured 

in Figure 2.11. 

 

Figure 2.11 Relationship between porosity and UCS for CTB (Liu et al., 2018) 

In terms of the effect of water saturation, as defined above, Wang et al. (2017) 

measured the mechanical properties of fly ash concrete. They found that the UCS 

of concrete decreased with an increase in water saturation (Figure 2.12). When 

the concrete samples were fully saturated, the UCS declined to a minimum. The 

limitation of these findings is that they should be applied to CTB with caution since 

CTB is a different material from concrete. 
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Figure 2.12 Relationship between UCS and water saturation for fly ash concrete 
(Wang et al., 2017) 

To address the limitation in their previous study (Wang et al., 2017), Wang et al. 

(2021) explored the effect of water saturation on the mechanical characteristics of 

CTB. Figure 2.13 shows that the UCS first increases and then decreases with 

water saturation. When saturation was increased from 22.1% to 47.0%, the UCS 

was found to increase from 2.71 MPa to 3.91 MPa. However, between 65.3% to 

100% water saturation, the UCS of CTB dropped sharply. The authors ascribed 

the initial increase of UCS to the high saturation that accelerated the formation of 

hydration products. From 65.3% saturation and beyond, the formation of hydration 

products was already complete. The excess water molecules expanded the 

internal structure of the CTB. The pore structure began to increase thereby 

compromising cohesion and UCS. 

 

Figure 2.13 Relationship between UCS and water saturation for CTB material 
(Wang et al., 2021) 
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Of note here is that the work conducted by Wang et al. (2021) has led to results 

not in agreement with what was presented by Wang et al. (2017). From Figure 

2.13, it is posited that the initial positive correlation between saturation and UCS is 

due to the accelerated rate of hydration. Meanwhile, other studies argue that pore 

water is consumed during cement hydration (Nasir and Fall, 2010; Libos and Cui, 

2020). The cause of the discrepancy in these findings is contended, the reason 

being that Libos and Cui (2020) used quartz tailings while Wang et al. (2021) did 

not disclose the source of their tailings. Although, both tailings have a high content 

of SiO2 as per their mineral composition findings. There is, however, a possibility 

that the findings by Wang et al. (2021) may be mispresented because the authors 

did not consider curing time when reporting these findings. If the findings were 

observed at an early age (1 day) then they would not raise an alarm. 

 

2.8.5 Effects of chemical admixtures 

Admixtures are defined as “ingredients other than cement or water that may be 

added to CTB to impart a specific quality” (Mozaffaridana, 2011). One of the 

admixtures usually added in tailings is fibres. The use of fibres was introduced by 

Zou and Sahito (2004) to reinforce tailings and used shotcrete for underground 

support. Indeed, the flexural strength of the shotcrete was found to increase by 

59% when polymer fibres were added. However, CTB has different properties from 

concrete which raises the question as to whether similar results can be obtained. 

Festugato et al. (2013) attempted to answer this by studying the shear response 

of fibre-reinforced CTB under cyclic shear tests. They then found that the addition 

of fibre enhances the load-carrying capacity of CTB. The drawback of this study 

was that it mainly focused on shear strength and did not look at the compressive 

strength of the backfill. In an attempt to bridge this gap, Yi et al. (2015) conducted 

an experimental study on the compressive behaviour of polypropylene fibre-

reinforced CTB. The UCS of fibre-reinforced CTB samples with 5% cement was 

found to have increased faster (70 – 90%) than unreinforced samples with 5% 

cement. The findings showed that the fibre samples were more ductile while the 

unreinforced ones exhibited brittle behaviour. However, this study only investigated 

one type of fibre, i.e., polypropylene. It did not also compare various types of fibre 

reinforcement. As such, it is yet to be established which type of fibres may be 

adequate for use in cemented backfills. 
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In another study, Chen et al. (2018) paid attention to the dosage of polypropylene 

fibre added to CTB samples. The addition of fibre was found to have a positive 

effect on UCS to a point beyond which UCS dropped after 28 days. Fibre can 

reinforce the interaction of the tailing’s particle-particle structure and improve the 

strength of CTB. As more fibre is added, this creates weak structural spots within 

the CTB matrix with unintended consequences on the integrity of the CTB. Chen 

et al. (2018) therefore concluded that the best fibre content for highest UCS is 

0.15%. Similar findings on CTB were obtained by Xu et al. (2019b) who reported 

an increase in UCS with a steady but marginal addition of fibres. Here, the 

argument was that fibres intertwined during the preparation of CTB samples with 

marginally high fibre content. This then led to increased mechanical strength as 

the network of fibres delayed the propagation of cracks. This understanding was 

later confirmed by Chen et al. (2020) who noted experimentally that the presence 

of fibres prevented the formation of tensile and shear cracks. Similar studies may 

be required on sulphide-rich tailings widely used in underground backfilling. 

To this end, one paper was identified in which poly-naphthalene sulfonate and 

polycarboxylate condensate were used as water-admixtures in the preparation of 

sulphide-rich cemented tailings backfill. Ercidki et al. (2010) found that the effect of 

sulphate attack on the strength of CTB was negligible. The improved strength was 

ascribed to the ability of fibres to delay the propagation of cracks in the CTB 

samples. Further work is required to consolidate these empirical findings. 

Other authors have studied the effect of different fibres such as superplasticizers 

on the strength of CTB. Simon et al. (2011) for example found that the UCS of CTB 

continuously increased with an increase in fibre content; thus, diverging from the 

previous findings. On the other hand, Zhang et al. (2018) studied the effect of poly 

naphthalene sulfonate, a different kind of fibres known as superplasticizer, on the 

UCS of CTB. Unlike the previous findings, this study found that the addition of a 

superplasticizer had a negligible effect on strength of CTB at an early age (1 day). 

Then, an increase in CTB strength was recorded between 7 and 28 days. Figure 

2.14 presents the evolution of CTB strength for different content of poly-

naphthalene sulfonate and curing times. The capability of the superplasticizer to 

improve CTB strength was attributed to its propensity to reduce moisture content 

while maintaining the fluidity of the backfill mixture. 
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Figure 2.14 Strength evolution of CTB specimens with different poly naphthalene 
sulfonate dosages (Zhang et al., 2018) 

The findings from Xue et al. (2021) that diverge from those of Zhang et al. (2018) 

are worth noting. Indeed, Xue et al. (2021) studied the mechanical properties of 

CTB when reinforced with different superplasticizers. The highest strength was 

noted at a 0.6% fibre content. However, when the fibre content was increased to 

0.9%, the corresponding strength decreased from 3.432 MPa to 3.058 MPa, from 

3.314 MPa to 2.933 MPa, and from 3.025 MPa to 2.465 MPa for polypropylene-, 

polyacrylonitrile-, and glass-fibre reinforced backfills cured after 28 days 

respectively. The tailings-fibre interaction may be at play, but just like Chen et al. 

(2018) and Xu et al. (2018), Xue et al. (2021) suggest that once the fibre content 

is in excess in the CTB mixture, a weak structure is formed thereby leading to 

failure of the CTB material. 

 

2.8.6 Effects of binder hydration 

The hydration heat in CTB is mainly caused by cementitious materials added to 

CTB during preparation. The addition of water to ordinary Portland cement starts 

the cement hydration reaction immediately. The cement hydration process causes 

cement hydration products to precipitate into the pores, which can lead to pore 

refinement and reduction of porosity (Fall et al., 2009). Reduced porosity further 

improves the hardening and strength of CTB (Ghirian and Fall, 2014). It is for this 

reason that several studies have attempted to scrutinise the effect of binder 

hydration on the strength of CTB. 
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Nasir and Fall (2010) studied the coupled effect of hydration and temperature on 

the strength development of CTB. The study found that the effect on CTB is 

significant at early ages (7 days) when the rate of binder hydration is high. This 

leads to high water consumption, thus, hardening of the CTB material. 

Fall et al. (2010) also studied the mechanical properties of CTB. The UCS of CTB 

was found to increase as binder hydration progresses. This is because binder 

hydration generates heat, consequently, hydration products such as calcium, 

silicate and hydrate are formed (Fang et al., 2021). 

In summary, the hydration products are major binding agents responsible for CTB 

hardening (Nasir and Fall, 2010; Fang et al., 2021). This is further corroborated by 

Liu et al. (2021) who studied the effect of binder hydration on CTB and found that 

CTB gains the required strength to form structural support through binder 

hydration. 

 

2.9 Effect of external factors on the strength of cemented backfill 

External factors refer to external surrounding and how it affects the performance 

of backfill. These factors include temperature, confining pressure/stress, humidity, 

and stope geometry within the rock mass and in-situ (Zhang et al., 2020). Other 

external factors of interest are the stope dimension, the backfill-rock interaction, 

the placement conditions, consolidation, and drainage conditions (Yin et al., 2020). 

They are succinctly presented in the sub-sections below. 

 

2.9.1 Effects of curing conditions 

Cemented tailings backfill (CTB) poured in underground stopes is subjected to 

different curing conditions. The CTB material experiences effective stress due to 

self-weight consolidation and overburden pressure. The in-situ environmental 

conditions include high humidity and high temperatures (Walske et al., 2015). This 

state of affairs has led to several studies attempting to understand the effects of all 

these conditions on the strength of CTB. For example, Hu et al. (2019) studied the 

strength characteristics of CTB under different humidity curing conditions. It was 

found that the greater the humidity, the lower the strength. This was attributed to 

the greater humidity means high moisture content between the CTB particles which 

results in a decrease in the UCS of CTB. Wu et al. (2020) also investigated the 
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effect of humidity on the performance of CTB and found that higher humidity 

improves the peak value of total stress in the CTB. This is because increased 

humidity increases the water content and temperature of CTB. Consequently, the 

binder hydration is enhanced by generating more hydration products which 

improves the strength development of CTB. 

There seems to be a lack of research work done to support the findings by Wu et 

al. (2020). However, Yilmaz et al. (2009) attempted to reproduce underground 

curing conditions of temperature, pressure/stress and humidity. To do that, they 

use a modified laboratory apparatus called curing under applied pressure (CUAPS) 

and studied the strength development of CTB. Although much insight was gained 

from the exercise, the effect of humidity on the CTB samples was not reported. 

Further research is therefore required to close this gap. 

Every underground mine is unique with regard to its prevailing temperature. This 

may vary with depth, geological conditions, geographical location, and the heat 

generated from the rock and machinery (Fall et al., 2010). As ore reserves are 

depleted at shallow depths, underground mining operations are moving to greater 

depths. This is naturally associated with heat influx increases because of the 

geothermal gradients. The average geothermal temperature of a mine ranges 

approximately from 30C to 40C at 1 km depth (Jones, 2018). From 

measurements done in a South African gold mine, Rawlings and Phillips (2001) 

reported temperatures of the order of 35°C, 50°C and 70°C at 3 km, 4 km and 5 

km respectively. Even Xu et al. (2021) confirmed that the underground stope 

temperature can reach up to 50°C at a mining depth of 4 km. And in an 

experimental enquiry, Xu et al. (2019a, 2020, 2021) discovered that the 

mechanical strength of CTB can be enhanced by increasing the curing 

temperature. They noted that the UCS of CTB samples increased proportionally 

with the curing temperature. Like with Selah and Eskander (2020), higher UCS 

values were reported from samples cured at 50°C regardless of the curing age. 

The higher curing temperature was argued to enhance binder hydration. Fall et al. 

(2010) and Walske et al. (2015) also found that the strength development of CTB 

increased with increasing temperature as shown in Figure 2.15. However, Fall and 

Samb (2009) cautioned that temperatures should not exceed 400°C; otherwise, 

hydration products would decompose and lead to the formation of cracks by 

dehydration. 
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Figure 2.15 Relationship between temperature and UCS of CTB (Fall et al., 2010) 

In the context of a mining operation, once CTB is placed underground, it is 

immediately exposed to ground stress. Vertical stress is known to improve water 

drainage as it consolidates CTB which also results in high strength development 

of CTB at an early age (Yilmaz et al., 2009). Similar findings were reported by 

Ghirian and Fall (2016) who explained that samples cured under stress have higher 

UCS than those cured under stress-free conditions. This is because higher stress 

increases the packing density of the particles of tailings, thus, reducing the porosity 

of CTB. Following from this, Shunman et al. (2021) investigated the coupled effect 

of curing stress and temperature on CTB. They found that its UCS increased with 

an increase in curing stress under the same curing temperature. The influence of 

curing stress on the UCS of CTB was more significant at early ages than later on. 

This happens when the CTB material had been completely drained through 

consolidation (Belem et al., 2016). 

 

2.9.2 Effects of stope layout/dimensions 

In one study, Belem et al. (2016) highlighted the importance of the conditions of an 

underground open stope. In particular, stope geometry should be taken into 

account in order to obtain a representative mechanical and physical behaviour of 

CTB. For this reason, Yilmaz et al. (2015) studied the effect of specimen size on 

the strength of CTB placed under different placement conditions. The idea was to 

simulate stope layout by testing various samples with different sizes (diameter x 

height), i.e., D × H: 10 × 20 cm, 7.5 × 15 cm, and 5 × 10 cm. They found that the 

samples with the smallest diameter yielded high UCS regardless of the placement 

conditions. A low density of micro-cracks and pores was created because of the 
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small size of samples. In a complementary study, Cui and Fall (2018) simulated 

the effect of stope size on the strength of CTB using a multi-physics model. A range 

of stope sizes (i.e., width x height) were considered: 5 × 10 m, 8 × 16 m, and 10 × 

20 m. The simulation outputs revealed that higher strength (UCS) was experienced 

with larger stopes due to more heat generated in the CTB mass. This is also in 

agreement with the findings of Nasir and Fall (2009). 

Yilmaz (2018) investigated the effect of stope depth on-field behaviour of CTB by 

curing the CTB samples under different magnitude of stress to simulate different 

stope depths. For example, he applied a vertical pressure of 113 kPa to mimic a 

stope depth of 5 m. Pressures of 227 kPa and 340 kPa translated to stope depths 

of 10 m and 15 m respectively. Using this approach, Yilmaz (2018) reported high 

strength gain in 50 m stope due to high vertical stress. He also found that the 

strength gain of the CTB samples was higher at the bottom of the stope than at the 

top because of the consolidation effect. Cui and Fall (2018) also reported 

consistent findings; however, they postulated that the higher strength gain at the 

stope bottom is because freshly poured CTB is found higher on the stope whether 

backfilling is continuous or done in sequences. 

The size of stopes may vary in height or width from large to narrow and wide 

depending on the rock mass stability. For a large stope, it is impossible to complete 

the filling process all at once (Xu et al., 2019a). This would result in high hydrostatic 

pressure on the barricade, increasing the risk of failure. According to Cao et al. 

(2018), mines adopt a strategy whereby backfilling is performed in two stages: a 

plug pour and a final pour to alleviate the pressures on the barricade. And for a 

large-scale stope, backfilling should be done gradually and at regular intervals. As 

a result, the CTB pillar appears in a layered structure owing to multiple fillings (Fu 

et al., 2020; Wang et al., 2019; Xu et al., 2019b). Fu et al. (2020) also add that 

multiple filling of backfill changes the mechanical properties of CTB and influences 

its failure mode. In addition to this, Wang et al. (2019) support that the mechanical 

properties of a single-layered backfill and stratified backfill differ. Wang et al. (2019) 

also explained in the same paper that the peak strength of CTB decreases with 

increasing backfilling time. And unlike single-layered backfill, the failure modes of 

stratified backfill mainly occur in the upper layer near the loading area. The 

researchers hence deduced that the weakening of the CTB structure is closely 

related to the layering structure of the fill. 
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Perhaps the most important point to make pertains to the outstanding study by Xu 

et al. (2019b). In this work, the scholars provide invaluable insights on the response 

of stratified CTB in large stopes. They highlight the fact that a high backfilling ratio 

(the rate at which backfilling is done) more often than not negatively affects the 

strength of stratified CTB. And lastly, stratified CTB samples tend to display greater 

brittleness. 

 

2.9.3 Closing remarks 

A review of the factors affecting the strength (UCS) of CTB was conducted. 

Although several factors such as curing conditions, temperature, binder hydration, 

and particle size distribution have been extensively studied, there is still room for 

further explorative work. For example, there is no documented study that 

extensively explore the effects of the aforementioned factors on the behaviour of 

CTB structure. Layered CTB  is backfilled in intervals (24 hours gap), therefore, 

there is definitely temperature differences between the layers. Additionally, if the 

CTB is placed in environment with high horizontal stress, the dislocation of the 

layers may occur. Moreover, the seepage of water through layers interfaces may 

gradually disintegrate the backfill material. Thus, opening several gaps of research 

for further investigation. 

 Indeed, scrutinising the effect of internal and external factors on the behaviour of 

CTB has led to the betterment of the design of CTB in the mining industry. With 

the continuous improvement in mining technology and methods, on-going research 

on CTB for underground support is required. In addition to laboratory experimental 

study, numerical modelling and simulation can be another effective method to 

describe and analyse the behaviour of CTB. The next section presents some of 

the analytical and numerical methods used to study the behaviour of CTB. 

 

2.10 Stability analysis of backfilling body 

Alternate primary and secondary stopes are generally delineated in high-

production mining technologies such as blast hole stopping. First, the major stopes 

are removed and backfilled. Then, the backfill is allowed to cure for some time. 

After that, the secondary stopes are extracted. During secondary stope extraction, 

the cemented fill acts as an artificial rib pillar that must remain self-standing, and 
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the side wall of the fill will be exposed as shown in Figure 2.16. Any failure of the 

backfilled material from the primary stope may result in ore dilution and may lead 

to ground instability. As a result, the stability of backfill walls is critical (Godugu et 

al., 2021; Yang and Aubertin, 2017). The stability of paste fill stopes increases with 

an increase in binder percentage and declines with an increase in stope size, 

according to the literature review (Godugu et al., 2021). 

 

Figure 2.16 Side exposed backfill body during secondary stope extraction (Wang 
et al., 2021) 

 

2.10.1 Vertical exposed stopes 

The exposed backfill is often designed and built to withstand the pressure 

generated due to its self-weight. The CTB pillar is then treated as a freestanding 

vertical 1-dimensional (1D) prism, with the required unconfined compressive 

strength (UCS) exceeding the vertical stress 𝜎𝑣 = 𝛾ℎ. Here, 𝛾 is the fill unit weight 

and ℎ is the depth from the top of the fill (Liu et al., 2016; Yang and Aubertin, 2017). 

With this method, the fill structure must meet the condition 𝜎𝑣 ≥ 𝛾ℎ (Porathur et al., 

2022). Additionally, the vertical stress of the fill structure is zero at the top of the fill 

to a maximum value of 𝛾𝐻 at the bottom of the fill, whereby 𝐻 being the overall 

height of the exposed fill. This method offers a CTB with strength that is 

proportional to depth in a linear manner. 

The second design method is based on the analysis of cemented fill with an open 

face as a two-dimensional (2D) vertical slope (90°) and a linear sliding plane. 

However, it is applied to backfill material that is cohesive and frictionless, i.e., 𝜙 =

0 with 𝑈𝐶𝑆 = 2 𝑐 (𝑐 is the fill cohesion). The limit equilibrium analysis of a 2D wedge 
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in a strength then yields 𝑈𝐶𝑆 ≥ 𝛾𝐻 2⁄  (Liu et al., 2016; Yang and Aubertin, 2017). 

The drawback of this method is that it does not consider the stabilisation effect of 

the confining walls, thus rendering the method conservative. 

The two methods presented above neglect the lateral confinement along the 

sidewalls and may result in overconsumption of binder. They are thus perceived 

as overly conservative. This shortcoming has been partly overcome later by the 

solution proposed by Mitchell et al. (1982) discussed in the next sub-section. 

 

2.10.2 Limit Equilibrium Wedge model 

In general, when the exposed area of the backfilled stope is continuously 

increased, a typical failure mode of shear sliding can be observed. This failure 

essentially presents itself in the form of a plane failure surface that dips outwards 

into the excavation (open stope). This then causes parts of the exposed filling body 

to move to the new stope. When the height of backfilling body is sufficiently large, 

a filling block with enough weight will be developed to overcome any resistance to 

sliding along a critical failure plane. The block's net weight acts as the driving force 

at the point of failure, while the cohesion and particle fraction along the failure 

surface and at the side walls interact to provide the resistance to shear sliding 

(Yang et al., 2015). 

Mitchell et al. (1982) developed a three-dimensional (3D) analytical method 

considering a limit equilibrium of a sliding wedge confined by three walls. This is 

illustrated in Figure 2.17 where 𝐻, 𝑊, and 𝐿 are the backfill height, width, and 

length respectively. The term 𝑐′ represents the adherence cohesion along with the 

interfaces between the backfill and the side walls; 𝛼 = 45° + 𝜙′ 2⁄  is the angle 

between the wedge sliding and horizontal planes; 𝜙 is the effective friction angle 

of the backfill. 
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Figure 2.17 Wedge block mechanism proposed by Mitchell et al. (1982) 

Subsequent to this, Mitchell et al. (1982) proposed Equation (2.7) in order to 

calculate the safety of factor of the backfill. In deriving the equation, the equilibrium 

of the wedge was considered and the backfill material was assumed to obey the 

Mohr-Coulomb criterion: 

𝐹𝑆 =  
𝑡𝑎𝑛𝜙

𝑡𝑎𝑛 𝑎
+

2 𝑐 𝐿

𝐻∗ (𝛾 𝐿−2 𝑐𝑠
′) 𝑠𝑖𝑛 2𝛼

       (2.7) 

The term 𝑐 in Equation (2.7) denotes the effective cohesion of the backfill while 

𝐻∗ = 𝐻 − (𝑊 𝑡𝑎𝑛𝛼 2⁄ ) is the block equivalent height of the wedge block. Assuming 

𝑐𝑠
′ = 𝑐, 𝜙 = 0, and 𝐻 ≫ 𝑊 (thus, 𝐻∗ = 𝐻) and 𝐹𝑆 = 1, UCS can be solved for 

(Mitchell et al., 1982): 

𝑈𝐶𝑆 = 2𝑐 =
𝛾𝐻

1+𝐻∕𝐿
         (2.8) 

Equation (2.7), known as limit equilibrium wedge model or also simply as Mitchell’s 

model, have several limitations. The most important are listed below (Li, 2014a): 

• The method cannot be applied to low and wide stopes but to high aspect 

ratio stopes (i.e., 𝐻 𝐵⁄ ≥ 𝑡𝑎𝑛𝛼). 

• It assumes that the cohesion along the interfaces between the backfill and 

the sidewalls is equal to the cohesion of the backfill. This shortcoming was 

addressed later by Fall and Nasir (2010) who assumed that the cohesion 

of the interfaces is much smaller than the cohesion of the backfill. 
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• The method neglects shear strength by assuming that the material is 

frictionless, even though frictionless material only applies to undrained and 

consolidated material (Thompson et al., 2012). The shear strength of the 

interfaces between the backfill and the sidewalls as well as the back walls 

were also neglected. 

Li and Aubertin (2012) modified Mitchell’s model and proposed a solution that can 

be applied for both high and low height-to-width aspect ratio stopes. The modified 

model uses the same principle as in Mitchell’s model by not considering the friction 

along with the backfill-rock interfaces. The modified model also considers the 

addition of a surcharge 𝑝0 on the backfill surface. And based on experimental tests, 

Li and Aubertin (2012) are able to show that the backfill-sidewall interface cohesion 

is proportional to that of the backfill: 

𝑐𝑏 = 𝑟𝑏 𝑐         (2.9) 

Where 𝑟𝑏 = 𝑐𝑏 𝑐⁄  is the adherence ratio of the backfill-sidewall interfaces; its value 

ranges from 0 to 1. 

Li and Aubertin (2012) proposed for the adherence (cohesion) along the side walls 

to be estimated as a fraction of the backfill cohesion. And just like in Mitchell’s 

model, the friction angle between the backfill and side walls and the shear strength 

(cohesion and friction angle) along the back wall are considered negligible (Li and 

Aubertin, 2012; Liu et al., 2016). This is also deemed a conservative approach to 

the problem. That is why, Li (2014a) proposed a generalised solution to address 

the identified limitations of Mitchell’s modified model. The solution takes into 

account the shear strength along the two sides walls (𝜏𝑠) and the back wall (𝜏𝑎) by 

assuming that the walls are made up of different materials that may have different 

geotechnical properties from those of the backfill. The solution neglects the normal 

stress of the back wall so that the shear strengths of the back wall and side walls 

can be obtained respectively as follows: 

𝜏𝑎 = 𝑐𝑎          (2.10) 

𝜏𝑠 = 𝑐′ + 𝜎ℎ  𝑡𝑎𝑛 𝛿        (2.11) 

Where 𝑐𝑎 is the adherence cohesion along the back wall interface 

𝛿 denotes the friction angle along the interfaces between the backfill and 

the side wall. 
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Equations (2.10) and (2.11) can be applied to both low and high-aspect ratio 

stopes. Li and Aubertin (2014) also proposed an alternative solution that examined 

the upper rectangular block and a lower triangular wedge. The block is assumed 

to be moving vertically downwards while the wedge moves parallel to the sliding 

plane of the plane failure. The limitation of this model is the neglect of the internal 

shear stress along the interfaces between the rectangular block and the wedge. 

Another limitation is overlooking the effect of an additional exposed wall during the 

estimation of stress distribution on the backfill structure. This is corroborated by 

Rankine (2004) who stated that the major shortfall of the limit equilibrium methods 

is it is only valid for single-side exposure on a backfill structure, although stopes 

are usually exposed on a minimum of two 5/9 sides. 

All the methods and refinements discussed so far were developed for a single-

layered backfill mass. In practice, open stopes are filled with an initial pour called 

plug pour with high binder content; then, the last pour (also called final pour) is 

done with less binder content compared to the plug pour (Grabinsky et al., 2021). 

Li (2014b) proposed an analytical method to estimate the required strength of 

exposed backfill with a stronger plug pour. The method separately examines a 

stope when the sliding plane occurs within the plug pour and when the sliding plane 

intersects the top surface of the plug pour (Figure 2.18). The solution considers a 

stope with a high height-to-width ratio: 𝐻 ≥ 𝐻𝑝 + 𝐵 𝑡𝑎𝑛𝛼 where Hp is the plug 

thickness, and B represents the backfill width. 

 

Figure 2.18 Backfill with a high height-to-width ratio containing plug pour at its 
base, when the sliding plane (a) remains within the plug, and (b) intersects the top 
surface of the plug 
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Li (2014b) therefore formulated his model by distinguishing two scenarios. In the 

first instance when there is a contrast in strength between the plug pour and the 

final pour, two possibilities can be considered: the sliding plane may either remain 

within the plug pour or intersect the top surface of the plug. Therefore, for a sliding 

plane within the plug pour, when the wedge block above the sliding plane is 

considered and the assumption that the material obeys the Mohr-Coulomb 

criterion, the safety factor of the exposed backfill is given by: 

𝐹𝑆 =  
𝑡𝑎𝑛 𝜙

𝑡𝑎𝑛 𝛼
+

𝐶𝑝 𝐿 𝐵

𝑤𝑛 𝑠𝑖𝑛 2𝛼
=

𝑡𝑎𝑛 𝜙

𝑡𝑎𝑛 𝛼
+

2 𝑟𝑝 𝐶

𝑝𝑛 𝑠𝑖𝑛 2𝛼
      (2.12) 

Where 𝑃𝑛 = 𝑃0 + (𝛾 −
2 𝑟𝑖𝑓 𝐶

𝐿
) 𝐻𝑓 + (𝛾 −

2 𝑟𝑖𝑃 𝑟𝜌 𝐶

𝐿
) 𝐻′     (2.13) 

And 𝐻′ = 𝐻𝑝 − 𝐻𝑠 −
𝐵𝑡𝑎𝑛𝛼

2
       (2.14) 

The required backfill cohesion is estimated as follows: 

2 𝑐 =
𝑝0 + 𝛾 𝐻𝑓 + 𝛾𝑝 𝐻′

𝑟𝑝
𝐹𝑆−𝑡𝑎𝑛𝜙

𝑡𝑎𝑛𝛼
 𝑠𝑖𝑛2𝛼

 + 𝑟𝑖𝑓 
𝐻𝑓

𝐿
 + 𝑟𝑖𝑝 𝑟𝑝 

𝐻′

𝐿

      (2.15) 

Where 𝑃0 is the pressure due to surcharge on the top surface of the backfill 

𝐻 and 𝐿 are the height and length of the backfill respectively 

𝐻𝑓 is the thickness of the final pour 

𝛾 is the unit weight of the fill 

𝑐 and 𝜙 represent the cohesion and friction angle. 

The interpretation of the symbols in Equation (2.15) remains the same regardless 

of the subscripts (𝑝 or 𝑓) attached to it. These subscripts 𝑝 and 𝑓 refer to plug and 

final pour respectively. When the plug is of the same properties as the final pour, 

this means that the unit weight 𝛾𝑝 of the plug pour is similar to that of the final pour 

𝛾𝑓 and that the interface adherence ratio of the plug 𝑟𝑝 = 1. Moreover, the interface 

adherence ratio of the plug with the side walls 𝑟𝑖𝑝 is equal to that of the final pour 

with the sidewall 𝑟𝑖𝑓. And if the elevation of the line of intersection between wedge-

sliding and front-wall planes is zero; then, Equation (2.12) reduces to: 

𝐹𝑆 =  
𝑡𝑎𝑛 𝜙

𝑡𝑎𝑛 𝛼
 +  

2 𝑐

[𝑝0+ (𝛾 − 
2 𝑟𝑖𝑓 𝑐

𝐿
) + (𝐻 − 

𝐵 𝑡𝑎𝑛𝛼

2
 )] 𝑠𝑖𝑛2𝛼

     (2.16) 

And Equation (2.15) reduces to: 
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2 𝑐 =  
𝑃0+ 𝛾 (𝐻 − 

𝐵 𝑡𝑎𝑛𝛼

2
 )

[(𝐹𝑆− 
𝑡𝑎𝑛 𝜙

𝑡𝑎𝑛 𝛼
 ) sin 2𝛼]

−1
+ 

𝑟𝑖𝑓

𝐿
 (𝐻 − 

𝐵 𝑡𝑎𝑛 𝛼

2
 )
     (2.17) 

Equations (2.16) and (2.17) correspond to the modified Mitchell’s solution for the 

case of backfilled stope having a high height-to-width ratio. By considering 𝑃0 = 0, 

𝜙 = 0, 𝑟𝑖𝑓 = 1, 𝐻 ≫ 𝐵, and 𝐹𝑆 = 1, Equation (2.16) further reduces to Mitchell’s 

original model (i.e., Equation 2.7). 

The second scenario presented by Li (2014b) refers to the formulation whereby 

the sliding plane is intersecting the top surface of the plug pour. In this case, the 

factor of safety can be expressed as follows: 

𝐹𝑜𝑆 =
𝑡𝑎𝑛 𝜙

𝑡𝑎𝑛 𝛼
+

𝑡𝑎𝑛𝛼 + (𝑟𝑝 − 1)(
𝐻𝑝 − 𝐻𝑠

𝐵
)

(𝑠𝑖𝑛𝛼)2 𝑝0 + (𝛾 − 
2 𝑟𝑖𝑓

𝐿
 𝑐) 𝐻∗ + (𝛾𝑝−

2 𝑟𝑖𝑃 𝑟𝜌

𝐿
 𝑐) 

(𝐻𝑝 − 𝐻𝑠)
2

2 𝐵 𝑡𝑎𝑛𝛼

   (2.18) 

Where 𝐻∗ is given by 𝐻∗ = −𝐻𝑓 −
(2 𝐵 𝑡𝑎𝑛𝛼 − 𝐻𝑝 + 𝐻𝑠)

2

2 𝐵 𝑡𝑎𝑛𝛼
    (2.19) 

The required cohesion can be estimated as follows: 

𝑐 =
𝑝0+ 𝛾 𝐻∗ + 𝛾𝑝 

(𝐻𝑝 − 𝐻𝑠)
2

2 𝐵 𝑡𝑎𝑛𝛼
 

𝑡𝑎𝑛 𝛼 + (𝑟𝑝 − 1) 
𝐻𝑝 − 𝐻𝑠

𝐵

(𝐹𝑆 − 
𝑡𝑎𝑛 𝜙
𝑡𝑎𝑛 𝛼

 ) 𝑠𝑖𝑛2 𝛼
 + 

2

𝐿
 [𝐻∗ + 𝑟𝑖𝑝 𝑟𝑝 

(𝐻𝑝 − 𝐻𝑠)
2

2 𝐵 𝑡𝑎𝑛𝛼
] 

     (2.20) 

In a similar fashion, if the plug pour has the same properties as the final pour (i.e., 

𝛾𝑝 = 𝛾, 𝑟𝑝 = 1, and 𝑟𝑖𝑝 = 𝑟𝑖𝑓) and again if the elevation from the bottom of the plug 

pour to the line of intersection between the wedge and the sliding plane 𝐻𝑠 = 0; 

then, Equations (2.18) and (2.20) reduce to Equations (2.16) and (2.17) 

respectively. 

It should be stressed that the solutions proposed by Li (2014b) adopted the same 

approach and assumptions as Mitchell’s model. To put it simply, the shear strength 

along the two side walIs (i.e., the friction angle of the backfill-sidewall interface) is 

deemed negligible. The same is assumed for the contact between the back wall 

and the backfill. In other words, the cohesion and the friction angle of the backfill-

back wall interface are also negligible. 

Zhou et al. (2019) also proposed an analytical solution that incorporates the 

arching effect for both uniform and non-uniform backfill strength. For the purpose 

of this thesis, suffice it to say that the solution is based on Morgenstern’s method 
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and some modified differential slice methods used to evaluate the stability of soil 

slopes. The vertical fill body is divided into differential vertical slices; then, the 

vertical stress at the bottom of each slice is measured. For a given cohesion and 

angle of internal shear, the solution provides a prediction of the safety factor. 

In closing, the methods discussed here rely on a simplified stope geometry, i.e., 

the underground stope is taken as a vertical rectangular block whereas in practice, 

it is usually irregular and inclined (Wang et al., 2021). These methods also do not 

consider the effect of blasting vibrations on the adjacent backfill pillar. Finally, back 

wall closure is ignored so that the contact between the back wall and backfill mass 

is negligible. The next sub-section looks at the problem empirically and expounds 

on the stability graphs applied in open-stope design. 

 

2.10.3 Stability charts for open stope design 

In the mining industry, there is a prevalent pressure to maximise reserves and 

increase revenue by reducing operational costs. Cost-cutting methods include the 

reduction of stope dilution and the optimisation of ore recovery. To this end, backfill 

is usually exposed either vertically or horizontally when placed in the underground 

open stopes. As such, the backfill body must be strong enough not to fall into the 

recently opened stope when blasting and mucking occurs. Otherwise, the backfill 

body will fail and causes dilution into the stope (Veenstra, 2015). It is important to 

design the backfill body with the size of vertical exposure and expected dilution in 

mind. The present and subsequent sub-sections discuss the various empirical 

stability charts developed for the purpose. They are mostly based on the Mathews 

stability charts (refer amongst other to Potvin, 1988; Nickson, 1992; Potvin and 

Milne, 1992; Hadjigeorgiou, 1995). As the name states, this first stability graph was 

introduced by Mathews et al. (1981) based on 50 mining cases. It is the most 

frequently used method for managing dilution and stope stability (Jang, 2014). The 

method can provide optimal stope dimensions with low mining costs at a depth 

lower than 1000 m (Papaioanou and Suorineni, 2016). By using the Mathews 

stability chart, the stability of the stope can be classified as stable, potentially 

unstable, or potentially caving as shown in Figure 2.19 with the three stability zones 

separated by transition zones. 
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Figure 2.19 Mathews stability chart showing the three stability zones (Mathews et 
al., 1981) 

The chart relies on two calculated variables to characterise stability: the Mathews 

stability number and the shape factor. The Mathews stability number (𝑁′) denotes 

the ability of the rock mass to remain stable under certain stress conditions. On the 

other hand, the shape factor (𝑆), also known as the hydraulic radius, represents 

the surface geometry of the stope (Mawdesley et al., 2001; Kang et al., 2019). The 

principal concept behind the stability graph is that the size of an excavation surface 

can be related to the rock mass competency to indicate stability or instability. 

As depicted in Figure 2.19, the stability number on the y-axis is plotted against the 

shape factor on the x-axis. If the estimated data point falls in the stable zone, it 

means that the surface of the stope has a high probability of being stable. In the 

unstable zone, there is a high probability that the surface will fail but the stability 

can be improved by ground support. If the stope surface lands in the caving zone, 

there is a high chance that 30% of the surface will slough. The “caving” term is the 

caving zone does not necessarily mean that the stope will cave in. 

In terms of application, the stability number is calculated as follows: 

𝑁′ = (
𝑅𝑄𝐷

𝐽𝜂
) × (

𝐽𝑟

𝐽𝑎
)  × 𝐴 × 𝐵1  × 𝐶      (2.20) 

Where 𝑅𝑄𝐷 represents the rock quality designation; 𝐽𝜂 denotes the joint set 

number; 𝐽𝑟 is the joint roughness number; 𝐽𝑎 is the joint alteration number; 𝐴, 𝐵1 
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and 𝐶 represent the stress factor, the joint orientation factor, and the gravity factor 

respectively. The empirical charts to determine 𝐴, 𝐵1, and 𝐶 are presented in 

Figures 2.20 – 2.22. The product of (
𝑅𝑄𝐷

𝐽𝜂
) × (

𝐽𝑟

𝐽𝑎
) is defined as the modified 

tunnelling quality (𝑄′) by Mathews et al. (1981). The authors assumed that the joint 

water reduction parameter and the stress reduction factor are both equal to one. 

 

Figure 2.20 Graphical determination of stress factor 𝐴 (after Potvin, 1988) 

 

Figure 2.21 Graphical determination of joint orientation factor 𝐵 
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Figure 2.22 Graphical determination of gravity adjustment factor 𝐶 (after Potvin, 
1988) 

Finally, the shape factor/hydraulic radius (𝑆) is defined as the area of the stope 

surface divided by the length of its perimeter. The area and perimeter of the stope 

are respectively determined through the application of the general mathematical 

formula for area or perimeter of a square or rectangle, depending on the shape of 

the stope.  

 

2.10.4 Modified Mathews stability charts 

Since the inception of the Mathews stability graph, several authors (Potvin,1988, 

Nickson, 1992; Stewart and Forsyth, 1995; Hadjigeorgiou et al., 1995) have made 

a significant contribution to the modification of the method to improve its reliability. 

For example, with more than 170 case studies, Potvin (1988) modified the 

Mathews stability graph by reducing the number of stability zones. Figure 2.23 

shows the stability graph by Potvin (1988) with only two stability zones: stable and 

caved zones separated by a transition. Potvin also modified the way of calculating 

the rock stress, joint orientation, and gravity adjustment factors. Nonetheless, 
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Mathews and Potvin’s stability graphs were found to be limited because they could 

only be applied to Canadian mines (Mawdesley et al., 2001). Additionally, the 

original stability graph was designed for large ‘non-entry’ stopes (Papaioanou and 

Suorineni, 2016). 

 

Figure 2.23 Modified stability graph by Potvin using the modified stability number 
(after Potvin, 1998) 

The modified stability graph by Potvin (1988) was further refined by Nickson (1992) 

statistically using discriminant analysis. Nickson (1992) posited that Potvin’s 

transition zone can be only used for the design of unsupported stopes (Mawdesley 

et al., 2001). He incorporated zones (stable/unstable) for cable bolt design as 

shown in Figure 2.24 and applied the Mahalanobi’s distance to separate the two 

zones. Further modifications were made when Stewart and Forsyth (1995) 

criticised Potvin’s stability graph by arguing that the method is non-rigorous. To 

improve the validity of the Mathews stability graph, Stewart and Forsyth (1995) 

added a fourth zone named a possible significant failure zone separated by three 

transitions as depicted in Figure 2.25. The authors employed Laubscher’s caving 

stability graph in their modernized version to approximate the position of the 

potential caving line. 
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Figure 2.24 Stability graph incorporating cable bolt (Nickson,1992) 

 

Figure 2.25 Modified stability chart by Stewart and Forsyth (1995) 

According to Suorineni (2012), Hadjigeorgiou et al. (1995) developed another 

stability graph just after Stewart and Forsyth (1995). To develop this new graph, 

the authors applied discriminant analysis to design a partial statistical definition of 

stable/unstable zones and obtained similar results. Figure 2.26 depicts the stability 

graph by Hadjigeorgiou et al. (1995) that includes a stability zone in which cable 

bolting may effectively be utilized to provide back support. 
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Figure 2.26 Modified stability graph by Hadjigeorgiou (1995) 

The 50 case studies by Mathews were extended to 485 by Mawdesley et al. (2001). 

The authors considered a variety of stope geometries and rock mass conditions, 

thereby increasing the reliability of the Mathews stability chart. These cases were 

validated by Trueman and Mawdesley (2003) and roughly 100 cases from the 

database had uncertainties and therefore, were removed in the final version of their 

modified stability graph. Their results are illustrated in Figure 2.27 which considers 

four stability zones; namely, stable, failure, major failure, and caving. This 

extended Mathews stability graph allows for individual cases to be distinguished 

as well as presents the increased range of shape factors captured within the 

stability database. 
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Figure 2.27 Extended Mathews stability graph by Trueman and Mawdesley (2003) 

Regardless of the reputation of the stability graph methods, certain limitations have 

been noted. They are summarised below (Jang, 2014; Suorineni, 2010; 

Papaioanou and Suorineni, 2016; Potvin and Hadjigeorgiou, 2001): 

• Complex stope geometries are often oversimplified 

• The effect of blasting on the surrounding rock mass 

• Backfill surface stability is not accounted for; it is assumed that all stope 

surfaces are in-situ rock 

• Stand-up time is not considered, i.e., the exposure period of the stope wall 

is neglected 

• Effects of faults are not considered 

• The design of stability zones and assessment of stope stability is subjective 

• They cannot be applied to rock-burst conditions. 

 

2.10.5 Dilution-based stability graph 

Various factors can affect a mine’s productivity, but ore loss and dilution are 

recognised as the most significant. Henning and Mitri (2007) define unplanned 

dilution as any waste material derived from rock or backfill outside the stope 

boundaries due to blast-induced overbreak, sloughing of unstable wall or backfill. 

Hence, there are quantitative methods used to assess stope performance based 

on the level of dilution incurred. For example, Clark and Pakalnis (1997) developed 
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a dilution design graph which is the most preferred method due to its simplicity and 

reliability. The graph is based on the concept of equivalent linear overbreak slough 

(ELOS) and is used to quantify the level of unplanned dilution generated as a result 

of instabilities within the stope (Suorineni, 2010). 

ELOS can be defined as follows (Henning and Mitri, 2007) 

ELOS (m) = 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑜𝑣𝑒𝑟𝑏𝑟𝑒𝑎𝑘 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑡𝑜𝑝𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
      (2.21) 

The limitation of the ELOS stability graph is that the database used for the purpose 

is primarily from narrow vein mines. However, the method can be used for narrow 

and wide orebodies provided that ELOS is converted to percent dilution. An 

example by Papaioanou and Suorineni (2016) outlines that for a hangingwall ELOS 

of 0.5 m in a 1 m wide orebody the dilution is 50% while a dilution of 5% is also 

possible for a 10 m wide orebody with the same ELOS. Equation (2.22) provides a 

means of converting ELOS values into percent dilution: 

Dilution (%) = 
𝐸𝐿𝑂𝑆

𝑂𝑟𝑒𝑏𝑜𝑑𝑦 𝑤𝑖𝑑𝑡ℎ
 × 100      (2.22) 

A dilution graph presented in Figure 2.28 illustrates the estimation of dilution where 

a plot of stability number and hydraulic radius of a stope meet. The dilution zones 

are interpreted as follows: 

(1) ELOS < 0.5 m means no blast damage; 

(2) 0.5 m < ELOS < 1.0 m means minor sloughing; 

(3) 1.0 m < ELOS < 2.0 m is for moderate sloughing and (4) ELOS > 2.0 m 

denotes severe sloughing or possible wall collapse. 
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Figure 2.28 ELOS lines superimposed on the Potvin-Nickson graph (after Clark 
and Palaknis, 1997) 

 

2.10.6 Numerical methods 

This section reviews past studies in the numerical analysis of the strength of CTB. 

From the perspective of mine tailings, Seneviratne et al. (1996) are amongst the 

first to develop a one-dimensional finite element method (FEM) code called 

MinTaCo capable of simulating the consolidation and evaporation behaviour of 

slurried mine tailings. Since then, the method has been widely used to improve 

CTB design by incorporating various processes that contribute to the strength 

development of CTB. For example, Helenski et al. (2007) have developed a model 

based on MinTaCo to describe the consolidation of CTB. Their model was named 

CeMinTaco with the “Ce” denoting the addition of cement into the tailings. It is 

because of the addition of cement that the numerical tool considered the effect of 

cement hydration in the consolidation of CTB. 

Nasir and Fall (2010) developed a model to predict the UCS development of 

undrained CTB structures using the FLAC 3-D tool. The authors studied the effect 

of stope size by selecting a range of 2.5 m by 5 m, 5 m by 10 m, and 10 m by 20 

m. Other variables considered are CTB temperature of 20C and backfilling rate of 

2.5 m per day. The model successfully predicted the strength development of CTB 

for three different mix characteristics. 
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Due to the lack of a model to simulate the thermo-hydro-chemical process of CTB, 

Wu et al. (2014) developed a FEM model to predict and describe the coupled 

thermal and hydraulic processes that take place within CTB. The limitation of this 

model is that it does not consider the mechanical factors (i.e., confining pressure, 

self-weight pressure) acting on the CTB. Therefore, to close this gap, Cui and Fall 

(2015) developed a thermo-hydro-mechanical-chemical model to study the 

coupled processes and the resulting influence on the properties and behaviour of 

CTB. The results from the model were successfully validated against the laboratory 

experiments. 

Another worth-mentioning numerical study was done by Liu et al. (2017) using the 

Particle Flow Code (PFC) 2-D to simulate the stress-strain behaviour of CTB. This 

discrete element model incorporates the particle description of tailings and cement 

particles. The model uses the true particle size distribution of tailings to simulate 

the tailings particles and the bond between cement and tailings particles. Other 

input variables include void ratio, the normal and shear stiffness of the tailings and 

the ratio between the bulk modulus and shear modulus as the main component of 

tailing. The limitation of the model is that it assumes that the stiffness of the 

cementing materials is the same as the tailings. The reproducibility of the stress-

strain curve is also not guaranteed due to the circular grain used in the PFC 2-D. 

Yu et al. (2018) analysed the effects of mechanical properties (for example, friction 

angle, Poisson’s ratio, elastic modulus) on the stress distribution of backfilled 

stopes. The authors used stope dimension of H = 45 m, B = 6 m and the space 

from the top of the backfill to the hanging wall is 0.5 m. FLAC was used to create 

the numerical model and the backfill was modelled in 5 layers with a thickness of 

9 m. The overall depth is set to be 250 m while the rock mass is assumed to be 

homogeneous, isotropic and linearly elastic. The results of the model are depicted 

in Figure 2.29 where a non-uniform stress distribution across the stope is displayed 

using several colours. The intensity of the stress is colour-coded with 0 MPa 

highlighted in blue and the stress increases in ascending order until 240 MPa in 

red. The results show that the higher the aspect ratio of the backfilled stope, the 

greater the vertical stress. 
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Figure 2.29 Vertical stress distribution contours within backfill and surrounding 
rocks (after Yu et al., 2018) 

 

2.11 Successful and failures of backfill stopes – Case studies. 

The strength design of backfill is encouraged to ensure the safety of mine 

personnel through effective ground support. Insufficient strength of the CTB 

structure can lead to stope failures when the hanging wall confining pressure 

exceeds the UCS of the backfill. For instance, the collapse of the backfilled stope 

in an undisclosed gold mine in Jilin, China (Chang et al., 2021). The required 

strength of the CTB after 28 days is 0.8 MPa. The gold mine uses tailings 

purchased from another mine since their tailings are highly concentrated with 

cyanide. Moreover, the filling timeline is increasing with the mining, so the slurry 

concentration needs to be reduced to achieve gravity transportation. 

Consequently, a high dosage of cement must be added to achieve the expected 

CTB strength, thus, leading to high operational costs. Alas, the quality of the CTB 

in use that the mine can only reach 0.76 MPa at 28 days when the cement content 

is 10%, which has led to many collapses in the mine. Notably, Chang and his 

colleagues did an experimental study to improve the strength of the CTB by adding 

fly ash into the mixture, thereby, reducing cement cost. 
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A study by Han et al. (2019) reported that frequent failures of backfilled stopes 

occurred at Jinying Gold Mine due to a low-strength CTB body. The Jinying Gold 

Mine is located in cold regions of Baishan City, Jilin Province. The annual 

temperatures around the mine area range between -3C to 7C. The mine uses a 

high sublevel subsequent filling mining method and the stability of the backfill is 

essential when mining the adjacent secondary stope. To improve the strength of 

the CTB in this mine, Han et al. (2019) studied the effect of temperature on the 

strength development by reflecting on cement hydration, backfill microstructure, 

evaporation and drying rate of the slurry. The authors were able to improve the 

strength of CTB by 129% through thermal insulation and heated water application 

and underground ventilation. 

A case related to surface subsidence was reported in Longshou Mine (Ding et al., 

2018). Longshou Mine is a large Nickel underground mine located in Gansu 

Province, China. The extraction method employed by the mine is cut-and-fill mining 

due to high in-situ stresses.  Sudden violent caving of the hanging wall occurred at 

the mine resulting in air blasts and ground vibration. The scale of the collapse 

extended up to 11 000 m2, which is a major threat to life and mine equipment. The 

cause of the caving was fault slip; as a result, the fill around the fault lost strength 

(Ding et al., 2018). The backfill body could self-support itself for only some time 

until it failed. This is because the backfill is softer than the surrounding rock mass. 

The difference in mechanical properties between the fill and the rock mass can 

cause stress transfer and redistribution between both materials (Sivakugan et al., 

2014). 

 

2.12 Closing comments 

The use of CTB as a means of ground support has gained popularity and it seems 

that its use will continue to grow exponentially. It is evident from the literature 

reviewed that backfill must be self-supporting and be able to remain standing 

during the excavation of the adjacent stope. The stability of the exposed backfill 

can only be assured once the secondary stope has been backfilled, thus, it offers 

confinement to the primary stope. While there are proposed solutions for high 

height-to-width stope ratios, there is little to no evidence of any published literature 

documenting the successful or unsuccessful implementation of these solutions to 

layered CTB. The same can be said regarding the numerical investigations of 
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stress distributions for layered backfill. Indeed, while most studies focus on 

simulating the coupled effects of the hydro-thermal-mechanical-chemical process 

on the mechanical properties of CTB, some only cover the effects of only two or 

three processes. Thus, the study of the mechanical properties of layered CTB is 

utterly rare, which is the main objective of this study. 

 

2.13 Summary and future work 

This review has shed some light on the future of research on CTB. The articles 

assessed in this review provided some insights into the knowledge gap for future 

consideration. For example, it cannot be deduced how saturation affects the 

strength of CTB. Based on the reviewed articles, it can be deduced, from the 

perspective of the long-term effect that saturation reduces the strength of CTB. 

Although it has been reported to increase the strength of CTB at the first stages 

due to cement hydration, other findings show that cement hydration consumes 

pore water, thus hardening the CTB. It is thus, recommended that the effect of 

saturation on the short-term (i.e., at an early age) strength of CTB be studied to 

clarify this confusion. 

Furthermore, the literature reveals that ordinary Portland cement (OPC) is not 

resistant to sulphate attack. It is for this reason that other alternatives such as fly 

ash, alkali-based slag and other pozzolanic cement are used in high sulphide 

tailings. Although it has been reported that fly ash or furnace slag can reduce 

cement consumption, the unanswered question from the literature is whether it can 

provide competitive strength as OPC. This conclusion is derived from the various 

findings that the UCS was observed to either increase or decrease when fly ash or 

furnace slag was used. This conflicting finding is attributed to the different mineral 

compositions of the binders according to where they were sourced. 

The effect of stope height on the strength of backfill is still not well understood. The 

performance of multiple-layered backfill is different from a single-layered one, 

therefore, the same method of designing a backfill cannot be applied to both. The 

numerical solutions to analyse the stability of backfill stopes also have their 

limitations. That is, they do neglect the effect of geological discontinuities such as 

faults and the effect of layering in large stopes. On the other hand, the published 

findings on the difference in mechanical properties between single-layered and 
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multiple-layered have recently been brought to attention. This explains the paucity 

of documented work in this area. Thus, more room for exploration has been opened 

from the perspective of research and innovation. This study is anticipated to close 

some of the gaps and contribute to the development of charts that considers the 

layering of CTB. The following chapter presents the procedures adopted in the 

collection of empirical data in view to achieve the objectives set out for this doctoral 

research study. 
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Chapter 3 Data collection procedure and research methodology 

used 

 

This chapter discusses the experimental design, procedure, and equipment used 

to collect empirical data. Moreover, the steps followed to develop the simulation 

model are described. Lastly, the challenges encountered as well as associated 

remedies are detailed. 

 

3.1 Introduction 

The experimental work carried out as part of this doctoral study entailed 

measurements of the particle size distribution (gradation curve), Atterberg’s limits, 

X-ray fluorescence profile of the tailings. Cemented tailings backfill samples were 

also meticulously prepared by casting and curing before UCS testing was done. 

To complement the experimental data, Finite Element Method (FEM) was used to 

develop the numerical simulation model aimed at predicting the backfill support 

behaviour with different layers. FEM analysis was used because it is considered to 

be the most appropriate numerical method for continuum material (Sengani and 

Mulenga, 2020). The model was built to study the variation of the strength of backfill 

as the layers increase.  

In the first phase of the research work, gold-bearing tailings material was collected 

in bulk from a selected site. The collected bulk material was analysed for particle 

size distribution to determine the grading of the tailings. This was followed by 

determining Atterberg’s limits to classify the plasticity of the tailings. The second 

phase involved preparing the CTB using tailings, cement and tap water. The CTB 

slurry was subjected to a slump test to ascertain the consistency of the material 

prepared. Thereafter, the slurry was moulded and cured for a maximum of 28 days. 

Throughout the entire curing period, the CTB cubes were subjected to UCS tests 

after 7 days, 14 days, 21 days and 28 days as per the experimental design 

generally used in mining and civil engineering research. The last phase of the work 

was centred on the development of the FEM simulation model. The subsequent 

sections cover in detail the three phases of the research work succinctly introduced 

above. 
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3.2 In-situ collection of the bulk tailings sample 

The tailings were collected from a mine dump located on the southern side of 

Johannesburg, South Africa, alongside the coordinates 26°13'16.6"S 28°01'42.4"E 

shown on the map in Figure 3.1 9 (circled in red). Old dry tailings from a gold mine 

were used in this doctoral study. South Africa has several gold tailings dumbs that 

are openly accessible. The tailings used in this study were selected randomly to 

save costs. Other types of tailings required a need of transport to other provinces 

which would be more expensive when opposed to traveling in Johannesburg. 

 

Figure 3.1 Location of tailing dumps where the samples were collected; 
coordinates: 26°13'16.6"S 28°01'42.4"E (Google Maps) 

The samples were collected according to the American Society for Testing and 

Materials (ASTM) D75 standards. The upper layer was scraped off by about 20 cm 

deep and discarded since this layer may be contaminated by foreign materials 

through water deposition. A shovel was used to dig the tailings from the top, middle 

and bottom of the pile. These samples were collected randomly from different 

points in the stockpile to at least have a representative sample of the tailings 
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stockpile. About 9 points were randomly selected on the pile to collect the tailings. 

A 25 kg container was used to pour the samples into plastic bags and later 

transported to the laboratory storeroom (see Figure 3.2). The tailings were not 

consistent throughout the pile, i.e., the hardness and colour of the material were 

different at the top layer as compared to the bottom of the pile. The tailings were 

brittle at the top but was lumpy and difficult to dig through at the bottom. The colour 

of the tailings was yellowish at the top due to the chemical reaction when exposed 

to oxygen and water. However, the tailings at the bottom were brownish like the 

natural colour of soil. In total, nine (9) bags weighing an average of 50 kg each 

were collected from the pile. 

 

Figure 3.2 (a) Collecting tailings samples; and (b) Samples stored in refuse bags 

 

3.3 Laboratory experiments 

Upon collecting the bulk samples from the identified site, these were prepared for 

characterisation. This section details the experimental tests carried out at the 

laboratory facility. The laboratory tests include sieving, Atterberg’s limits, XRF 

analysis, and slump test. The experiments, on the other hand, entail the 

preparation and UCS tests of CTB specimens also covered in this section. 

 

3.3.1 Particle size distribution 

Particle size distribution was carried out to separate particles into different size 

ranges and to determine the mass of particles in each range. The test was done 



61 
 

as per the ASTM D6913 standards. As highlighted in Sections 2.3 and 2.8.1, the 

size of particles of tailings affects the behaviour of CTB (Cheng et al., 2020; Qi and 

Fourie, 2019; Wu et al., 2018); hence, the importance of conducting this type of 

test. 

The following tools and equipment were used for particle size analysis: a stack of 

sieves of different sizes in descending order (i.e., 50 mm, 28 mm, 20 mm, 14 mm, 

5 mm, 2 mm, 0.425 mm and <0.425 mm); a pan at the bottom of the sieves; a 

plate; a weighing scale; and a drying oven. 

The samples were placed in an oven and dried overnight at 110°C for 24 h as 

shown in Figure 3.3. Before starting with the sieving, the sieves and the pan were 

cleaned and stacked. The sieves were arranged from top to bottom starting with a 

50 mm sieve and ending with a less than 0.425 mm sieve. The dried sample was 

weighed on the scale, poured into the 50 mm sieve and gently shaken by hand 

before pouring another portion. The dried sample was sieved through a stack of 

sieves on a shaker for 20 min. The tailings retained on each sieve were collected 

onto various plates and weighed. The masses from individual sieves were used to 

calculate the fraction of material passing through each sieve as a percentage of 

the total sample. The results were used to develop a gradation curve or particle 

size distribution for the tailings material similar to Figure 2.3. 

 

Figure 3.3 (a) Tailings placed in an oven for overnight drying; and (b) Putting 
tailings in a stack of sieves. 

Finally, the coefficient of uniformity (𝐶𝑢) and curvature (𝐶𝑐) using Equations (2.2) 

and (2.3) were extracted from the gradation curve. 
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The next section discusses the process followed to conduct the Atterberg tests on 

the tailings material. 

 

3.3.2 Atterberg’s limits 

Atterberg’s tests were done to determine the liquid limit (𝐿𝐿) and plastic limit (𝑃𝐿) 

of the tailings according to the ASTM D4318 standards. The objective of these 

tests is to classify the characteristics of soil material in terms of its liquidity, 

plasticity, and solidity (refer to Figure 2.2). 

The liquid limit is the water content at which the tailings change from a liquid to a 

plastic state (Balegh et al., 2020; Chen and Lin, 2009; Hong et al., 2012). The 

Casagrande cup method was used to determine the liquid limit of the tailings. The 

types of equipment required for this test are shown in Figure 3.4. Nonetheless, for 

the full test, a Casagrande liquid limit device, a grooving tool, a water bottle, mixing 

dishes, a spatula, and a drying oven are required. 

 

Figure 3.4 (Left) Equipment used for the limit liquid test: (a) water bottle, (b) mixing 
bowl, (c) spatula, (d) weighing scale (e) Casagrande’s cup. (Right) Tailings sample 
is split at the centre to observe the closing gap when tapping. 

The cup was lifted and then dropped from a 10 mm height using the crank-operated 

cam. The oven-dried tailings particles that passed through the 0.425 mm were 

weighed to exactly 100 g. The tailings were poured into a mixing dish, few drops 

of water were gradually poured while mixing the tailings using a spatula. When the 

tailings seemed a bit moist, the mixture was transferred into the cup and divided 

into two portions using a grooving tool. The device was then cranked at 2 

revolutions per second until the two halves of the soil pat come into clear contact 
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of about 13 mm long at the bottom of the groove. The gap closed after 28 taps and 

a sample of the paste was collected, weighed using a small container, and dried in 

an oven at 110°C overnight. Three empty containers were weighed and recorded 

to measure the weight of the sample without the weight of the can. Two similar 

procedures were repeated at varying moisture contents. 

After the first procedure is completed, a few drops of water were added to the paste 

to increase moisture content. In the second procedure, the gap in the paste was 

closed at 23 taps and at 18 taps in the third procedure. A sample was also collected 

from all varying moisture content for weighing. The samples were dried in an oven 

overnight at 110°C. The moisture content 𝑀𝐶 (%) at each tap was calculated as 

follows: 

𝑀𝐶 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙
× 100%       (3.1) 

The number of taps (𝑁) was plotted against the water content. A straight line was 

constructed for which the liquid limit (𝐿𝐿) was determined as the water content 

corresponding to 25 taps. In plotting the liquid limit data, some data recorded from 

the tests did not form a straight line probably due to the small volumes of tailings 

in the cans, or inadequate height of fall. It is for this reason that Equation (3.2) was 

used to compensate for these inaccuracies (South African National Standard: 

SANS, 2011) 

𝐿𝐿 = 𝑀𝐶 (
𝑁

25
)

0.121
        (3.2) 

Where 𝑁 denotes the number of taps  

This brings us to discuss the steps taken to carry out the plastic limit procedure. 

The plastic limit (𝑃𝐿) is the water content at which the paste changes from a plastic 

state to a semisolid state. Three ellipsoidal-shaped portions of the paste were 

rolled repeatedly on a glass surface by hand. This was done until the thread of the 

paste started to crumble (see Figure 3.5), the diameter of the thread was not 

greater than 3 mm when it started to crumble. The crumbs were combined and 

kneaded again into ellipsoidal masses and were rolled again. The paste was rolled 

until it crumbled and could no longer be rolled into a 3 mm diameter thread. The 

same paste was then put in two containers (the empty weight of the containers 

was recorded) and dried in an oven overnight at 110°C. All the dried samples were 

weighed and recorded; the results were used to determine the plasticity index. 
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Figure 3.5 Rolling of ellipsoidal paste for determining plastic index. 

The plastic index (𝑃𝐼) was calculated as follows (SANS, 2011): 

𝑃𝐼 = 𝐿𝐿 − 𝑃𝐿         (3.3) 

Where 𝐿𝐿 is the liquid limit and 𝑃𝐿 represents the plastic limit. The moisture content 

was deemed to represent the plastic limit of the paste. The interpretation of the 

value from Equation (3.3) can be done in line with the description in Section 2.3 

and Figure 2.2. 

 

3.3.3 X-Ray fluorescence spectrometer 

The mineral composition of the tailings was determined using the handheld X-Ray 

fluorescence device at the mining engineering laboratory of the University of South 

Africa. The elemental analysis was carried out by placing the front window of the 

device in contact with the sample. In order to detect the elements, the analysis was 

done by pressing the trigger finger button which releases x-rays into the sample. 

The X-rays characteristics are released from the sample and the detector 

quantifies the elements in the sample. The results of this analysis are presented in 

Chapter 4. 

 

3.3.4 Slump tests 

A slump test was conducted according to ASTM C143 standards to determine the 

consistency and viscosity of the CTB. Slurry liquidity is an important feature of 
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backfilling transportation. The higher the slump, the better the slurry liquidity is 

(Zhou et al., 2017). 

As shown in Figure 3.6a, the apparatus used for the slump test is a frustum mould 

known as the slump cone (length: 30 cm, diameter: 20 cm, top opening: 20 cm), 

together with a base plate, a steel tamping rod and a measuring tape. 

 

Figure 3.6 (a) Equipment required for a slump test procedure; (b) Performing a 
slump test. 

The internal surface of the slump cone was cleaned and placed on the base plate. 

The cone was filled with CTB in three layers. The first layer (1/3) was tamped 25 

times using a steel tamping rod uniformly over the entire cross-section of the 

sample. A second layer (2/3) was poured and circularly tamped 25 times, as done 

in the previous layer. Once the slump was full, tamping was also done 25 times, 

even penetrating slightly the second layer. The excess CTB material was scraped 

off and the opening was levelled. The cone was lifted gently (see Figure 3.6b) in a 

vertical direction and the unsupported material was left to slump. The slump cone 

was inverted, and the tamping rod was placed across the slump cone base with 

one end suspended over the pile of the backfill. A measuring tape was used to 

measure the distance from the edge of the top surface of the backfill to the bottom 

of the tamping rod. The decrease in height of the material is known as the slump. 

The same procedure was applied for all different mixing proportions, the water 

content remained constant. 
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3.3.5 Mixing and curing procedure 

An Ordinary Portland Cement (CEM V 42.5 N) was used as the hydraulic binding 

agent. The acronym CEM represents the term cement while V refers to the 

constituents of the cement. A cement type CEM V contains a high percentage of 

blast furnace slag and fly ash, up to a maximum content of 38%. This particular 

cement is highly used to resist sulphate attack. The 42.5 N refers to the grade 

(strength) of the cement and the rate of strength gain; the cement is of strength 

42.5 MPa with normal (N) strength gain. The addition of 20% of fly ash to cement 

results in reduced water consumption (Szczesniak et al., 2020) and the use of slag 

aids in the reduction of carbon dioxide emissions (Saleh and Eskander, 2020). 

The CTB specimens were prepared according to the ASTM C 192 standards. The 

backfill samples were made with a cement/tailing (c/t) ratio of 2.5 which makes up 

a solid concentration of 73% and a water content of 27%. The ingredients were 

mixed using a concrete mixer as shown in Figure 3.7a, for at least 10 min (as 

recommended by Qi et al. (2018) to obtain a homogenous slurry. The cement 

content in the above mixture is 20%; therefore, the cement content was increased 

by 10% in other proportions to observe the change in the strength of CTB. 

The control mixture (non-layered) was placed in 150 mm cubic moulds (see Figure 

3.7b) in 3 layers of equal volume. After the first layer was placed, a rod was used 

to strike the mixture 25 times uniformly over the cross-section of the mould. 

Another layer was poured and rodded 25 times, the mould was tapped 15 times to 

close the holes of the rod. The same procedure was followed with the last layer 

and the mould was vibrated until the top surface of the CTB mixture became 

smooth. The backfill specimens were then cured for 24 h at 25°C. After 24 h of 

curing, the specimens were removed from the moulds and coded as per the curing 

period, i.e., for 7 days, 14 days, 21 days, and 28 days respectively (adapted from 

Nasir and Fall, 2010). The specimens were then immersed in water in a water 

storage tank to be cured as per the specified curing days. The above-mentioned 

procedure was used for single-layered specimens. 
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Figure 3.7 (a) A concrete mixer used to mix CTB slurry; (b) Casting CTB slurry into 
a cubic mould. 

To establish the layering of the specimens, the first layer was poured into the 

mould, vibrated, and allowed to cure for 24 h before placing the last year. When all 

the moulds were full, the specimens were cured for 24 h, demoulded and coded 

as per the experiment design. For example, 20% cement content, two layers (2L) 

and 7 days of curing was coded as 20%;2L;7d. The filling height of the two-layered 

and three-layered CTB specimens was 75 mm and 50 mm at each time, 

respectively. Similarly, the samples were also coded accordingly, i.e., 20%;3L;7d. 

Three specimens of each curing day were made for validation purposes (Wang et 

al., 2021). Table 3.1 shows the reproducibility of the experiment and the total 

number of specimens made. 

Table 3.1 Number of CTB specimens made per mixture design. 

Curing periods 

20% cement content 7 days 14 days 21 days 28 days 

Single layer 3 samples 3 samples 3 samples 3 samples 

Two layers 3 samples 3 samples 3 samples 3 samples 

Three layers 3 samples 3 samples 3 samples 3 samples 

The total number of specimens is 36 for a 20% mixture design. Therefore, an 

overall total of 108 specimens were prepared in this study. 
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3.3.6 Mechanical compression tests 

The UCS of the CTB samples was tested using a universal testing machine 

following ASTM C39 standards. The upper and lower surfaces of the CTB were 

levelled and subjected to a UCS test. The specimen was placed and aligned with 

the centre of thrust of the spherically seated bearing block. The load indicator was 

set at zero before commencing the tests. A loading rate of 0.5 mm per minute was 

applied to the specimens until failure occurred. The deformation was measured by 

a calliper and recorded to measure the strain. The compressive strength of the 

specimen was calculated by dividing the maximum load achieved during the test 

by the cross-sectional area of the specimen. Three replicates of each UCS test 

were done and their mean value was calculated, the results are presented later in 

Chapter 4. The process followed starting from mixing to testing is illustrated in 

Figure 3.8 below. Summarily, once the tailings were mixed with water and cement 

to form a CTB slurry, this was moulded in cubes and cured before the universal 

mechanical press was used to test the load-bearing capacity of the CTB. 

 

Figure 3.8 Step by step procedure from mixing the backfill to testing compressive 
strength. 

The results obtained from the UCS tests were used to calculate the stress (𝜎), 

strain (휀) and elastic modulus (𝐸) of CTB material using Equations 3.4 to 3.7: 

휀 =
∆𝑙

𝐿0
          (3.4) 
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where 휀 is the strain, ∆𝑙 is the change in the measured length of the specimen, and 

𝐿0 denotes the original length of the specimen. 

𝜎 =
𝑃

𝐴0
          (3.5) 

where 𝜎 is the compressive stress, 𝑃 is the load, and 𝐴0 is the cross-sectional area 

of the specimen. Therefore, the uniaxial compressive strength (𝑈𝐶𝑆) was 

calculated for the maximum load applied: 

𝑈𝐶𝑆 =
𝑃𝑚𝑎𝑥

𝐴0
         (3.6) 

Lastly, the elastic modulus (𝐸) was calculated: 

𝐸 =
𝜎
          (3.7) 

 

3.4 Development of simulation model 

OPTUM G3 is a finite element method commercial software with a possibility of a 

one-month trial, thereafter, a monthly subscription is required to continue the use 

of the software. Nonetheless, the software also offers a free academic version for 

some institutions. The computer system requirements of the software to operate 

optimally are as summarised in Table 3.2. 

Table 3.2 System requirements of OPTUM G3 

Parameter Description 

Operating 

System 

• Microsoft® Windows® 7 SP1 with Update KB4019990 (64-bit) 

• Microsoft Windows 8.1 (64-bit) 

• Microsoft Windows 10 (64-bit) 

CPU Type 64-bit Intel Multicore processor or AMD Athlon 64 processor 

Memory Required: 4GB 

Recommended: 8 GB 

Display 

Resolution 

Basic: 1024 x 768 pixels, 32-bit colour palette 

Recommended: 1920 x 1080 pixels, 32-bit colour palette 

Disk Space 6 GB 

.NET 

Framework 

.NET Framework Version 4.5.2 
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In terms of the development of the FEM-based simulation model, the sub-sections 

below provide a succinct breakdown of the procedure followed. And later, Chapter 

6 expands on the numerical model itself and the significance of the simulation 

outputs. 

 

3.4.1 Meshing 

The numerical analysis exercise simulated an underground rock block with an 

open stope located 1000 m deep. The open stope is first analysed to measure the 

principal stress acting on it and later backfilled through various steps to study the 

fluctuations of the stress with every backfilling step. The simulation work is 

essential to validate the laboratory work conducted. When the simulation results 

reveal any variation of the stress distribution within the stope under different layers 

of backfill, the objectives of this PhD thesis would be successfully met. 

A block of 75 by 100 m was developed to simulate the rock mass located 

underground. The block was then discretized into 1 000 elements. The simulation 

processing time was very short and so was the principal stress also very low. 

Thereafter, the mesh size was refined to 10 000 elements (see Figure 3.9) with the 

consideration that a mesh size that is too coarse may generate inaccurate results 

(Newman, 2018). Conversely, a too-dense mesh may increase the calculation 

period and cause a difficult stress convergence (Qi et al., 2022). Once the mesh 

has been refined, the results of the simulations changed by 150%. 

 

Figure 3.9 Mesh refinement 



71 
 

 

3.4.2 Properties of the rock mass and backfill material 

A block size of 30 × 25 × 20 m was excavated in the rock mass to simulate a 20 m 

open stope. The schematic view of the model is shown in Figure 3.10. The 

properties of the rock mass and backfill are adapted from literature and are shown 

in the Tables 3.3 and 3.4. The rock mass is assumed to be homogeneous, and 

isotropic and obeys the Mohr-Coulomb (MC) properties. The results from 

Atterberg’s tests indicated that the tailings are clayey. Therefore, the backfill 

material was also assumed to be stiff clay and obeys elastic-plastic behaviour (Cui 

and Fall, 2016). 

 

Figure 3.10 Schematic view of the backfilled stope 

The input material properties used for the model is adapted from Guo et al. (2022), 

Qi et al. (2022), and Zhao et al. (2021) as shown in Tables 3.3 and 3.4. Note that 

most input parameters were extracted from the data collected in this chapter and 

the results presented in Chapter 4. However, additional mechanical parameters 

such as cohesion, Poisson ratio and angle of friction were sourced from previous 

studies available in the literature. 

Table 3.3 Properties of the rock mass used in the numerical modelling (Guo et al., 
2022; Qi et al., 2022; Zhao et al., 2021) 

Bulk density 2 700 kg/m3 

Cohesion (c) 5.5 MPa 

Shear modulus (𝑮) 12 200 MPa 

Bulk modulus (𝑲) 26 400 MPa 
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Young’s modulus (𝑬) 0.66 MPa 

Unit weight (γ) 28 kN/m3 

Friction angle (𝝓) 57° 

Poisson ratio (v) 0.3 

 

Table 3.4 Properties of the backfill material used in the numerical modelling (Guo 
et al., 2022; Qi et al., 2022; Zhao et al., 2021) 

Bulk density 2 700 kg/m3 

Cohesion (c) 20 MPa 

Shear modulus (𝑮) 62.5 MPa 

Bulk modulus (𝑲) 83 300 MPa 

Young’s modulus (𝑬) 150 MPa 

Unit weight (γ) 20 kN/m3 

Friction angle (𝝓) 30° 

Poisson ratio (v) 0.3 

 

3.4.3 Initial stresses around the stope 

For the initial stresses, the overburden weight of 1000 m and the ground pressure 

coefficient (𝐾0) of 0.5. The initial stress calculated using Equation (3.8) was found 

to be 26.5 MPa. 

𝜎𝑣 = 𝜌 ℎ 𝑔         (3.8) 

Wherein 𝜌 denotes the density of material (kg/m3), ℎ is the mining depth (m) and 𝑔 

is the gravity acceleration at 9.81 m/s2.  

 

3.4.4 Backfilling process 

The 20 m stope was backfilled using different strategies, i.e., an immediate single 

pour, two layers of backfill and consecutively to four layers of backfill. It is assumed 

that the stope is backfilled from the top, thus, a tight fill is achieved. Therefore, no 

gap is left at the top of the stope. The simulation of each filling strategy is run from 

the excavation stage until backfilling is complete. After the excavation, the 

backfilling process is simulated as the material is placed in layers until the stope 

has been backfilled. Figure 3.11 illustrates the modelling procedure followed, from 
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creating a block (rock mass), followed by the excavation and the backfilling 

process. 

 

Figure 3.9 Illustration of the backfill modelling process. 

The shape and dimensions of the stope were kept constant throughout the 

simulation process to limit the impact of external factors on the strength of the 

backfill as these are not part of the scope. 

 

3.5 Challenges encountered with the experimental tests. 

The first mixture of CTB prepared was very stiff as shown in Figure 3.12. When the 

slump test was performed, the measured slump was very low at 75 mm, which is 
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less than the minimum 150 mm recommended by Wu et al. (2015). Initially, a 

cement/tailing ratio of 1:4 was used adapted from Wang et al. (2021). However, 

due to the material differences, the mixture did not work on the tailings used in this 

study. As a result, the mixture was sticky and stiff. This challenge was overcome 

by doing a trial run of the mixture design until we selected one with a slump value 

of 180 mm. In support of the trial-and-error method, Yilmaz et al. (2015) add that 

there is no standard backfill recipe and specimen size for the determination of the 

UCS of CPB materials. Additionally, shaking the stack of sieves by hand may 

present some errors as compared to using a mechanical shaker. Indeed, shaking 

the sieves by hand is a tedious process, this may result in some material that was 

meant to pass through a certain sieve being retained. 

 

Figure 3.12 The failed slump test due to a stiff mixture 

Last note, this chapter outlined and discussed the empirical method followed to 

collect the raw data for the study. The next chapter presents the findings obtained 

from the laboratory tests while Chapters 5 and 6 cover the empirical and analytical 

analysis of the stability of backfill respectively. 
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Chapter 4 Effects of cement-to-tailings ratio and layering on the 

compressive strength of cemented tailings backfill. 

 

4.1 Introduction 

In Chapter 2, it was discussed how the properties of tailings (particle size, mineral 

composition, plasticity) affect the performance of CTB. A high percentage of fines 

in tailings is known to improve the strength of CTB. Indeed, the fine particles fill the 

pores between the coarse particles, reducing the porosity of the CTB structure. As 

a result, the strength of CTB increases (Cheng et al., 2020; Ke et al., 2015; Wu et 

al., 2018). Although the fines improve the mechanical performance of CTB, it 

affects the flowability of CTB. This is crucial for transporting CTB in underground 

stopes without clogging the pipes. Fines have been reported to absorb excess of 

water; thus, more water may be needed to maintain the consistency and viscosity 

of CTB (Fall et al., 2005; Qiu et al., 2020; Wang et al., 2021). This was observed 

at the lab when performing a slump test. The sample had a high content of fines, 

as a result, the fines absorbed more water and the mixture sticky. Consequently, 

the viscosity of the slurry was very low. 

The chemical composition of tailings is also known to affect the performance of 

CTB. For example, high sulphide tailings diminish the strength of CTB by forming 

and expanding cracks into the CTB structure. On the other hand, some compounds 

found in tailings, e.g., Silicon dioxide and Calcium oxide are reported to improve 

the filling stability and carrying capacity of CTB, respectively (Kasap et al., 2022; 

Wang et al., 2017). Moreover, UCS is widely used to determine the strength of 

CTB due to its reliability, simplicity, and affordability. It is the above information that 

governs the methods used to collect data for this study. 

This chapter presents and discusses the results obtained in UNISA and Civilab 

laboratories from various tests conducted. It commences by discussing the results 

obtained from the sieving analysis. The tailings sample is classified and graded 

based on its size distribution. Afterwards, Atterberg’s limits are calculated for 

categorisation as solid, plastic, non-plastic clayey or silty. The chemical 

composition of the tailings follows. Lastly, all the above are linked to the 

corresponding mechanical properties of the CTB (i.e., UCS and elastic modulus). 
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4.2 Particle size distribution of the tailings material collected 

This section presents the data collected when conducting sieving analysis. Key 

characteristics of the material are also extracted from the gradation curve. 

Stating off with the sieving results, Table 4.1 shows the mass of particles retained 

in each specified sieve size. The information in the table was used to draw the 

graph in Figure 4.1. This graph shows that the fractions of particles passing through 

different sieves range from 10% to 100% while particles in the tailings material are 

of size less than 50 mm. 

Table 4.1 Mass fractions of tailings particles retained in different sieves. 

Sieve size 

[mm] 

Mass of material 

retained [g] 

Mass 

retained [%] 

Cumulative mass 

passing [%] 

50 0 0 100 

28 312.3 11.5 89 

20 304.3 11.2 78 

14 214.9 7.9 70 

5 715.4 26.4 44 

2 446.2 16.5 28 

0.425 460.2 17.0 11 

Pan 253.0 9.3  

Total 2707.9   
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Figure 4.1 Gradation curve of the collected tailing sample. 

From Figure 4.1, it can be seen that 𝐷60, 𝐷30, and 𝐷10 are 10 mm, 2.2 mm, and 0.3 

mm respectively. So, by substituting these values read off Figure 4.1 into Equations 

(2.2) and (2.3), the following were obtained 𝐶𝑢 = 33.3 and 𝐶𝑐 = 1.61. These values 

indicated that the tailings material collected is well-graded. The 𝐶𝑢 of the tailings 

was found to be greatly higher than 5, signifying a great imbalance between coarse 

and fine tailings (Peng et al., 2021). However, the balance was created during the 

mixing of the tailings with water and cement. The concrete mixture equipment is 

robust, and the tailings were ground to fine material during mixing. Thus, the 

backfill slurry had no coarse tailings but fines. Furthermore, the 𝐶𝑐 of the tailings 

was found to be between 1 and 3. Therefore, indicating well-graded tailings (Dalce 

et al., 2019; Zhou et al., 2019). 

 

4.3 Atterberg’s attributes of the tailings material 

At varied degrees of moisture content, the behaviour of soils is different due to 

unique engineering properties. It is therefore important to determine the properties 

of the tailings. This section presents the results for the liquid limit 𝐿𝐿, plastic limit 

𝑃𝐿, and plasticity index 𝑃𝐼 of the tailings. 

The results recorded from the Atterberg limit procedure are shown in Table 4.2. 

The results from Table 4.2 were further used to produce Figure 4.2 to determine 

the moisture content of the tailings at 25 taps. The moisture content corresponding 

to 25 taps is the liquid limit of the tailings. 
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Table 4.2 Data recorded from Atterberg’s tests. 

 Test 1 Test 2 Test 3 

Container label A B C 

Mass of container and wet soil [g] 31.9 32.5 31.5 

Mass of container and dry soil [g] 30.8 31.8 30.9 

Mass of container only [g] 28.2 28.5 28.4 

Mass of moisture [g] 1.1 0.7 0.6 

Mass of dry soil [g] 2.6 3.3 2.5 

Moisture content [%] 42.31 21.21 24 

Number of taps 28 23 18 

When using Figure 4.2, it has been found that the liquid limit of the tailings is 26%. 

As it can be seen, the graph did not form a straight line as it should. This is 

attributed to the small quantities of tailings in the cans since a small portion of the 

mixture was randomly taken from the mixture. Therefore, to account for any 

inaccuracies, Equation (3.2) was used to calculate the liquid limit and was found to 

be liquid limit 27%. 

 

Figure 4.2 Liquid limit (moisture content) corresponding to 25 taps. 

Table 4.3 presents the findings from the plastic limit tests, i.e., a test to determine 

the moisture content at which the tailings change from plastic state to semisolid 

state. The plastic limit is required to determine the plasticity index, which is an 

important value when classifying tailings. The moisture content of both samples 
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i.e., test 1 and 2, was determined using Equation 3.1. The average moisture 

content (plastic limit) from both tests is 15.11%. 

Table 4.3 Data recorded from the liquid limit tests. 

 Test 1 Test 2 

Container label D E 

Mass of container and wet soil [g] 42.8 43.5 

Mass of container and dry soil [g] 42.7 43.2 

Mass of container only [g] 41.3 41.9 

Mass of moisture [g] 0.1 0.3 

Mass of dry soil [g] 1.4 1.3 

Moisture content [%] 7.14% 23.08% 

The liquid limit and plastic limit values were substituted into Equation (3.3) to 

calculate the plasticity index. The plasticity index was found to be 11.89%. 

According to Figure 4.3, the tailings can be classified as a low-plasticity clay 

material. Indeed, the tailings were sticky and clayey as observed in the laboratory 

(see Figure 3.12). 

 

Figure 4.3 Plasticity index chart to classify tailings type. 

These Atterberg’s tests results are further used in the plasticity index chart to 

determine the category of soil which the tailings fall under. Therefore, it has been 

determined from the chart that the tailings are of low plastic clay material. This is 
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information is also significant when defining the properties of the tailings during 

simulations. Islam (2021) conducted the same tests to study the mechanical 

behaviour of three different types of tailings, namely, coal tailings, gold tailings and 

red mud. He also found that the gold tailings were of the lowest plasticity compared 

to the other tailings. Islam (2021) further adds that most of the mine tailings contain 

significant percentages of clay minerals. The next section presents the XRF 

analysis, and compression tests. The results extracted from the UCS tests include 

the elastic modulus of CTB for different layers. 

 

4.4 Mineral composition of the tailings material 

The mineral content of the tailings material used in this doctoral study is presented 

in Table 4.4. This was obtained by XRF analysis following the protocol presented 

in Section 3.3.3. 

Table 4.4 Mineral composition of the tailings material by XRF analysis 

Component Mass fraction [%] 

MnO 0.024% 

Fe2O3 3.8% 

FeS2 64.4% 

Ni 2.4% 

Zr 2.6% 

Ru 3.4% 

Rh 12.8% 

In 9.5% 

Zn 0.02% 

Cu 0.02% 

 

The tailings used in this work are very high in sulphide minerals. Sulphide minerals 

are known to affect the strength of CTB through a process known as the sulphate 

attack. Wang et al. (2020a) investigated the effect of sulphate attack on the 

compressive strength of backfill. In this case, they found that the chemical reaction 

between sulphate and hydration products at the initial stage had a positive effect 

on the UCS of backfill due to the refinement of the pores. However, a continuous 

reaction results in excess gypsum in the pore space that damages the 
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microstructure and degrades the fill material. The effect of sulphate attack on the 

strength of CTB in this study was overcome by using CEM V Portland cement rich 

in furnace slag and fly ash. The cement was particularly manufactured to resist 

sulphate attack and other harsh conditions. 

 

4.5 Results of the slump tests 

Three mixture designs were adopted in this study, i.e., cement/tailing (c/t) ratio of 

2.5, 2.3 and 2.1 respectively. And for each mixture, the water/cement ratio was 

adopted as such: 1.3, 1.32, and 1.21. A slump test was conducted to measure the 

consistency and flowability of CTB slurry. The results of the slump tests are shown 

in Table 4.5. 

Table 4.5 Slump test results 

Mixture proportion Slump 

2.5 c/t ratio 185 mm 

2.3 c/t ratio 180 mm 

2.1 c/t ratio 160 mm 

 

As indicated in Chapter 2, a slump of CTB of between 152 and 254 mm is 

acceptable (Belem et al., 2016; Ouattara et al., 2018). A slump not only measures 

the flowability of CTB but, also affects its strength. That is, a high slump value 

diminishes the final strength of CTB whilst increasing the pumping ability of the fill. 

On the other hand, a low slump value results in high strength of CTB but with 

difficult transportation of the fill (Niroshan et al., 2018). In this study, the slump 

value of the slurry decreased with an increase in cement. However, the slump for 

every mixture is still within the recommended slump, i.e., 185 mm, 180 mm and 

160 mm. Thus, the transportability of the mixture was not compromised. 

 

4.6 Mechanical properties of the CTB samples 

This section presents the results of the laboratory compression tests performed on 

CTB cubes (see Section 3.3.6 for reference). The findings are presented in 

different themes, i.e., looking at the effects of curing time, binder content and 

layering on the mechanical performance of CTB samples. 
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4.6.1 Effect of curing time on the compressive strength and elastic 

modulus of CTB samples 

Table 4.6 shows the average UCS results of the combination of the mix ratio at 

various curing periods, from 7-28 days. For each layer, 3 samples were cured for 

validity purposes and the average UCS was calculated. The UCS of the samples 

develops with the curing period regardless of the binder dosage or type. The results 

of the study have shown that the UCS of the 2.5 c/t mix ratio was rapidly increasing 

from 5.2 MPa at 7 days to 9.2 MPa at 28 days, which is a 76.9% increase. Whereas 

an increase of 69.8% is observed for the 2.3 c/t ratios from 7 days to 28 days. 

These findings corroborate the findings of Fall et al. (2008) and Yilmaz et al. (2014). 

The authors studied the mechanical behaviour of CTB under different conditions. 

However, the same trend of the effect of the curing period on the UCS of CTB 

samples was observed. The strength development is high at an early age (7 – 14 

days) as compared to long-term strength development (21 – 28 days). The strength 

gain is due to increased cement hydration products such as C-S-H gels, which are 

known to reduce porosity and improve the cohesion of CTB (Jiang et al., 2020c). 

The significant increase in strength in the early days is corroborated by Xu et al. 

(2022) who attributed it to the high rate of cement hydration taking place at an early 

age. The increase rate for two-layered samples from 7 to 14 days and 14 to 28 

days is 24.64%, and 11.2%. In this case, a high increase rate of UCS at an early 

age is observed, then, a slight increase at a later stage. The standard deviation 

(STDV) also indicates that the UCS does not deviate too far from the average. 

 

Table 4.6 Uniaxial compressive strength [in MPa] of CTB samples for different 
combinations of cement-to-tailings ratios, curing periods, and layering structures. 

  Curing periods 

 c/t mix ratio 7 days 14 days 21 days 28 days 

1
 l

a
y
e

r 

2.1 

STDV 

6.313 

0.250 

10.000 

0.681 

12.000 

0.342 

15.700 

0.210 

2.3 

STDV 

6.313 

0.258 

8.760 

0.889 

10.113 

0.340 

10.699 

0.190 

2.5 

STDV 

5.240 

0.248 

7.600 

0.332 

8.535 

0.435 

9.193 

0.232 
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2
 l

a
y
e

rs
 

2.1 

STDV 

6.100 

0.310 

9.800 

0.420 

11.600 

0.360 

12.800 

0.120 

2.3 

STDV 

5.110 

0.214 

7.100 

0.132 

7.800 

0.418 

7.778 

0.212 

2.5 

STDV 

4.680 

0.374 

6.210 

0.547 

7.553 

0.300 

7.635 

0.188 

3
 l

a
y
e

rs
 

2.1 

STDV 

6.900 

0.351 

9.800 

0.400 

12.400 

0..280 

13.700 

0.130 

2.3 

STDV 

4.713 

0.444 

7.160 

0.341 

7.400 

0.284 

9.0 

0.132 

2.5 

STDV 

4.470 

0.207 

6.460 

0.543 

7.266 

0.496 

8.616 

0.127 

 

In Table 4.7, the elastic modulus for the 2.1 c/t ratio is not recorded. This is because 

the equipment used to measure the strain was dysfunctional. Therefore, the strain 

measurements were not done for the 7 and 14 days, thus, it was decided to 

continue as such. The elastic modulus was calculated from the data using Equation 

(3.7). In a similar increasing pattern of the compressive strength of CTB samples, 

the elastic modulus of the samples also increases with time. 

Table 4.7 Elastic modulus [in MPa] of CTB samples for different combinations of 
cement-to-tailings ratios, curing periods, and layering structures. 

  Curing periods 

 c/t mix ratio 7 days 14 days 21 days 28 days 

1
 l

a
y
e

r 

2.1     

2.3 315.670 867.000 1011.333 5319.411 

2.5 392.750 451.400 853.500 4596.667 

2
 l

a
y
e

rs
 2.1     

2.3 139.110 350.352 257.400 388.500 

2.5 175.626 205.511 251.778 381.750 

3
 l

a
y
e

rs
 2.1     

2.3 212.100 357.366 363.333 1343.333 

2.5 200.749 320.963 277.500 861.630 
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As shown in Table 4.7, the elastic modulus of the samples increases with time. 

Thus, the CTB samples become stiffer with time. The changes in elastic modulus 

from 7 days to 14 days until 28 days are 2.31%, 48.86% and 81.43%, respectively. 

With slower growth rates from 14 days to 28 days, the elastic modulus of the two-

layered and three-layered samples is 34.05% and 57.83%, respectively. Elastic 

modulus is known to be one of the crucial indicators to measure the elastic 

deformation of CTB. A high elastic modulus indicates that a high-stress value is 

required for the deformation of that specific sample to occur. That is, the higher the 

elastic modulus, the stiffer the sample (Xue et al., 2020; Zhang et al., 2022). 

Indeed, the findings attest that the samples become stiffer with time due to denser 

pore structures (Liu and Fall, 2022). Similarly, Libos and Cui (2020) confirm that 

CTB stiffness gradually develops with curing time. 

 

4.6.2 Effect of binder content on the performance of CTB samples 

The effect of cement content is shown in Figure 4.4 throughout the curing period. 

The findings show that the UCS of the 2.5 c/t mix ratio is 9.1 MPa, 7.6 MPa, and 

8.6 MPa for the non-layered, two-layered, and three-layered samples, respectively. 

Likewise, the UCS values for the 2.3 c/t samples is 10.7 MPa, 7.8 MPa, and 9.0 

MPa taken also in the same order of layering. Similarly, the non-layered, two-

layered and three-layered 2.1 c/t samples possessed greater UCS as follows: 15.7 

MPa, 12.8 MPa, and 13.7 MPa. The elastic modulus of the 2.5 c/t mix ratio for the 

non-layered sample, two-layered sample and three-layered sample is 4596.7 MPa, 

381.8 MPa, and 861.6 MPa respectively. Similarly, when looking at the 2.3 c/t mix 

ratio, the elastic modulus of the non-layered, two-layered and three-layered 

samples is 5319.4 MPa, 388.5 MPa, and 1343.3 MPa, respectively. The effect of 

cement here is visible, and the strength of samples increases when more cement 

is added. Libos and Cui (2020) witnessed the same findings in their experimental 

study of the fracture toughness of CTB. An increase in cement leads to a 

generation of more hydration products which forms a more cohesive CTB matrix 

(Zhang and Li, 2021). Consequently, the water within the pores is consumed and 

the samples solidify. The heat from hydration speeds up hydration, and 

precipitation of calcium hydroxide (CH) and calcium silicate hydrate (C–S–H), 

which is what gives CTB its strength (Zhou et al., 2019). Raut et al. (2022) concur 

that excess cement generates more hydration gel that further anchors the CTB 
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effectively. Likewise, the elastic modulus also increases with an increase in cement 

content. The same findings were reported Wang et al. (2020b). Thus, it can be 

deduced that the higher the cement, the stiffer the CTB samples. 

 

Figure 4.4 Effects of binder content on the strength of CTB samples for various 
binder contents 

 

4.6.3 Effect of layering on the performance of CTB samples 

The effect of layering is demonstrated in Figure 4.5. The findings show that the 

strength of CTB decreases with the number of layering. However, the declining 

trend is significant at an early age. On the other hand, the strength of two-layered 

samples continuously declines regardless of the curing time. Meanwhile, the 

strength of three-layered samples gradually increases with curing time. After 28 

days, the non-layered samples still demonstrate the highest strength compared to 

that of two-layered and three-layered samples. For the 2.5 c/t mix ratio, the UCS 

differences between non-layered samples and two-layered samples at all curing 

periods (7, 14, 21, and 28 days) are 10.58%, 18.42%, 19.20%, and 15.45%. 

Whereas the percentage differences between non-layered and three-layered 

samples are 14.69%, 15%, 14.87%, and 6.20%. Cao et al. (2016), Zhang et al. 

(2017) and Wang et al. (2020c) conducted an experimental study to investigate the 

mechanical properties of layered CTB. The authors corroborate that the strength 

of CTB decreases with an increase in CTB layers. However, none of the authors 
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reported an increase in the UCS of three-layered CTB at any stage. This may be 

because the authors excluded the effect of curing time by curing all the samples 

for 90 days before compressing them. Even so, a notable study by Chen et al. 

(2022b) reports that the UCS of CTB did not always decrease with an increase in 

the number of layers. In fact, when the number of layers exceeded 3, the change 

in the UCS of layered CTB is very negligible and the strength of CTB started 

increasing from layer number 4. Thus, corroborating the findings of this study. 

 

Figure 4.5 Effect of layering on the UCS values of CTB specimens for 2.5 c/t, 2.3 
c/t and 2.1 c/t mix ratios 

Instead, Zhang et al. (2022) postulate that when the layer number increases, the 

interface dislocation effect gradually increases. In this study, this effect was 

significantly observed when crushing the two-layered samples. The two layers 

were displaced from their position which led to the sudden deformation of the lower 

layer, and thus, the sample’s deformation. The lower layer absorbs all the load 

which resulted in its great failure. As a result, the UCS results of the two-layered 

samples were negatively affected as compared to the rest of the samples. In 

contrast, the failure of the lower layer of the three-layered backfill does not spread 

to the top layer. Therefore, the rise of the UCS may be due to the residual strength 

of the top layer. Chen et al. (2022b) posited that with an increase in the number of 

layers, the residual strength of the peak also increases. Thus, provided layered 

CTB samples with lasting bearing capacity after failure. As a result, the safety of 

underground working is optimised through the enduring support system. 
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4.7 Significance of the findings 

In this Chapter, the strength development of layered backfill is studied with curing 

time and changing the number of layers. According to the results of the laboratory 

experiments, the strength gain of non-layered CTB samples is much higher than 

that of layered samples. Furthermore, the strength of layered samples increases 

with curing time regardless of the layering. Although the strength of the layered 

samples decreases with increasing layers, the strength does not always decrease 

but eventually picks up. A similar trend is observed concerning the elastic modulus 

of the layered samples with increasing layers.   

The non-layered backfill has the highest elastic modulus as compared to the 

layered backfill. Whereas the layered backfill enters the elastic stage with lower 

stress exerted on the fill. Thus, with the increase in the number of layers, the elastic 

deformation stage became short. As a result, the elastic modulus of the layered 

backfill is lower than the non-layered backfill. The strength of non-layered 

(complete filling) samples gained more strength than two-layered and three-

layered samples. The strength of the samples decreased with increasing layers. 

Although a slight increase in strength is observed in three-layered samples. This 

trend of strength loss is due to the backfilling gap adopted as practised in the 

mining industry since the bottom layer is poured first, the 24-h curing period allows 

the bottom layer to gain some strength. Following that, for layered samples; the 

second layer, and so on are expected to have less strength than the bottom layer. 

Likewise, the variation in strength between the layers (first, second and third) is 

expected. In this study, curing periods of 7, 14, 21, and 28 days were implemented, 

therefore, the differences were noticeable. Other authors that have tested layered 

CTB samples cured their samples for more than 60 days to minimise the effects of 

time differences (Fu et al., 2020; Wang et al., 2020c; Zhang et al., 2022). These 

authors reported an exponential decrease in the UCS of CTB samples with 

increasing layers. A worth-mentioning study by Chen et al. (2022a) on the 

mechanical properties of layered backfill samples has shown that the strength of 

CTB samples does not always decrease with increasing layers. Indeed, as much 

as the UCS of the samples decrease with increasing layers, when the number of 

layers exceeded 3 the UCS started to increase. Additionally, when the layers 

exceed 9, the change in UCS becomes negligible. Therefore, it can be concluded 
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that as much as the non-layered CTB structure possesses more strength than the 

layered CTB, the strength of CTB samples is not always dwindling. 

 

4.8 Conclusion 

This chapter presented the findings obtained from the laboratory experiments 

when collecting empirical data. The findings from the Atterberg limit experimental 

tests were first presented, followed by the particle size distribution results. The next 

results to be presented was the XRF analysis, followed by the findings from the 

slump tests. Lastly, the findings of the compressive tests were presented, together 

with the elastic modulus results emanating from the compressive tests. Chapter 5 

also outlines the procedure followed to develop the damage model that 

characterises the mechanical properties of backfill. The parameters used to 

develop the damage model were drawn from the findings of this chapter. 
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Chapter 5 Development of deformations model on the 

mechanical performance of layered backfill support 

system. 

 

5.1 Introduction 

Firstly, this chapter mathematically modelled the mechanical behaviour of CTB 

samples as discussed in Chapter 4. The findings discussed in the previous chapter 

were used to develop predictive charts through curve fitting and deformation model 

based on the damage theory by Lemaitre (1984) at micro-scale level. The curve 

fitting functions used to develop the deformation model have boundary conditions 

in a range of value of curing periods, number of layers and binder content. That is 

between 7 and 28 curing days, maximum of three layers of backfill and a c/t ratio 

between 2.1 and 2.5. Outside this domain, the model and chart may not work.   

 

5.2 Correlating the mechanical properties, curing time, binder content and 

layering of CTB cubes 

This section discusses the results from the compressive strength tests obtained for 

each test after curing for 7 days, 14 days, 21 days and 28 days. The results are 

discussed in terms of the effects of curing time, binder content, and layering 

structure on the mechanical behaviour of CTB cubes. Effect of curing time on the 

performance of CTB cubes. 

 

5.2.1 Effect of curing time on the performance of CTB cubes 

To mathematically describe the relationship between UCS and curing time, 

different types of fitting functions such as linear, logarithmic, exponential, and 

power were implemented. The power function was deemed to be more adequate 

due to the highest correlation factor (R2) and took the following form: 

𝑈𝐶𝑆 = 𝑎 𝑡𝑏 for 7 𝑑𝑎𝑦𝑠 ≤ 𝑡 ≤ 28 𝑑𝑎𝑦𝑠     (5.1) 

Where 𝑈𝐶𝑆 is the uniaxial compressive strength of the CTB; t is the curing period; 

and 𝑎 and 𝑏 are the fitting coefficients. 
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It is also worth noting that the use of Equation (5.1) may also be restricted within 

the range of the values of the experimental parameters considered in the 

preparation of the CTB samples. That is, there are several factors that affect the 

reliability of the equation. For example, a different equation can be derived for CTB 

cured for longer than 90 days. As exemplified in Figure 5.1, the curve-fitting of 

Equation (5.1) to one sample of data in Table 4.6 yields an average coefficient of 

determination (R2) of 0.9872. This means that at least 98.72% of the data can be 

explained using Equation (5.1). 

 

Figure 5.1 Effect of curing on the uniaxial compressive strength at 2.5c/t mix ratio 
for three-layered CTB samples 

As can be seen in Table 5.1, R-square values are on average around 96% whilst 

the parameter 𝑎 tends to rise and drop with an increase in binder content. 

Meanwhile, the parameter 𝑏 does the opposite. 

Table 5.1 The fitting and determinant coefficients associated with curing time and 
UCS of CTB of different combinations of c/t ratios and different layering patterns. 

 c/t mix ratio 𝒂 𝒃 R2 

1
 l

a
y
e

r 

2.1 1.83 0.634 0.9843 

2.3 3.03 0.389 0.9749 

2.5 2.44 0.409 0.9659 

2
 l

a
y
e

rs
 2.1 2.21 0.541 0.9728 

2.3 2.87 0.317 0.8861 

2.5 2.29 0.375 0.9528 
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3
 l

a
y
e

rs
 2.1 2.59 0.506 0.9935 

2.3 2.07 0.438 0.9391 

2.5 1.85 0.460 0.9872 

 

Likewise, to quantify the effect of curing time on elastic modulus, the exponential 

function was used for the purpose as it was found to be adequate: 

𝐸 = 𝑓ⅇ𝑘𝑡 for 7 𝑑𝑎𝑦𝑠 ≤ 𝑡 ≤ 28 𝑑𝑎𝑦𝑠     (5.2) 

Where 𝑓 and 𝑘 are the fitting parameters related to the elastic modulus (𝐸) and 

curing time (𝑡). Curve-fitting was done for one sample of data. 

In Figure 5.2. The corresponding R2 indicates that the exponential function has the 

highest accuracy as exhibited by Equation (5.2). As depicted by Figure 5.2, the 

curve-fitting of Equation (5.2) to one sample of data in Table 5.2 yields an average 

R2 of 0.9143. Likewise, this means that at least 91.43% of the data can be 

explained using Equation (5.2). 

 

Figure 5.2 Effect of curing time on elastic modulus at 2.5c/t mix ratio for three-
layered CTB samples 
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Table 5.2 The fitting and determinant coefficients associated with curing time and 
elastic modulus of CTB of different combinations of c/t ratios and different layering 
patterns. 

 c/t mix ratio 𝒇 𝒌 R2 

1
 l

a
y
e

r 2.3 127.08 0.8644 0.935 

2.5 143.12 0.758 0.9099 
2

 l
a

y
e

rs
 2.3 132.1 0.277 0.5402 

2.5 128.86 0.253 0.9477 

3
 l

a
y
e

rs
 2.3 109.4 0.529 0.0.8104 

2.5 122.52 0.449 0.9143 

 

5.2.2 Effect of layering on the performance of CTB cubes 

To study the correlation between the number of CTB layers and UCS quantitatively, 

the linear, power, exponential, logarithm, and polynomial function of one variable 

is fitted in the graph (Figure 5.3). Due to lack of data points because of the nature 

of the graph, the decrease of R2 with increasing curing time was highly visible. A 

power function was found best fitting to describe the data at R2 of 0.9937 at 7 days, 

due to the moving trend of the graph. Thus, 99.37% of the data at 7 days can be 

characterised using Equation (5.3). The compressive strength of the samples 

decreased with increased number of layers; however, the strength gradually 

increases with more layers. Therefore, the trend does not follow a linear fashion.  

𝜎𝑛 = 𝑧𝑛−𝑚  for 1 ≤ 𝑛 ≤ 3     (5.3) 

Where 𝜎𝑛 is the UCS of CTB with respect to layering; 𝑛 is the number of layers; 

and 𝑧 and 𝑚 are the fittings coefficients. 

It is important to note that Equation (5.3) is limited to 3 layers as indicated and 

beyond that may produce inaccurate results. Therefore, additional data is required 

for more accurate modelling of the effect of layering on the strength of backfill. 
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Figure 5.3 Correlation between UCS values and the layering of cemented tailings 
backfill samples. 

As shown in Table 5.3, the 𝑧 parameter increases with curing time, meanwhile, the 

R2 decreases significantly with curing time. This may be attributed to the high 

strength gain of the samples at early age while the strength gain becomes nearly 

flat at a later stage (28 days). Therefore, it can be deduced that it becomes difficult 

to predict the strength of CTB at longer curing time. This is because backfill support 

gains strength with time, and once the strength has matured, it becomes stable. 

Dong et al. (2019) attest that under normal conditions, there is no more strength 

loss of CTB after 120 curing days. Also, under harsh conditions such as high 

sulphide rich tailings, there is no more strength gain or loss after 360 days. 

Table 5.3 The fitting coefficients associated with layering and UCS of CTB samples 
from 7-28 days of curing.  

Curing period 𝒛 𝒎 R2 

7 5.2218 -0.146 0.9937 

14 7.4184 -0.163 0.7501 

21 8.3098 -0.164 0.7128 

28 8.9161 -0.079 0.2968 

 

Figure 5.6 shows the change of elastic modulus with an increase in the number of 

layers. It is evident that the elastic modulus decreases with the increase in layer 

number. These findings concur with the findings of Chen et al. (2022b) and Zhang 
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et al. (2022). They attest that the elastic modulus of CTB decreases with an 

increase in the layering of CTB. Although the UCS of three-layered samples 

seemed to be rising on days 7, 14 and 21, there is only a slight increase in elastic 

modulus from two-layered samples. This implies that the stiffness of layered CTB 

material is only fully achieved after long-term curing. These findings are supported 

by the fitting coefficients and coefficients of determination in Table 5.4. Curve fitting 

was conducted for all curing days and there are evident fluctuations of the R2. As 

depicted in Figure 5.4, the highest elastic modulus was achieved after 28 days. 

That is when the sample was fully cured. Similarly, to quantify the effect of layering 

on elastic modulus, the power function was used for the purpose as it was found 

to be adequate. This is given by: 

𝐸𝑛 = 𝑑𝑛−𝑤  for 1 ≤ 𝑛 ≤ 3      (5.4) 

Wherein 𝑑 and 𝑤 are the fitting coefficients associated with elastic modulus and 

layering while 𝐸𝑛 is the elastic modulus of layered backfill. 

 

Figure 5.4 Effect of layering on the elastic modulus of CTB specimens for 2.5 c/t 
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Table 5.4 The fitting coefficients associated with layering and elastic modulus of 
CTB samples from 7-28 days of curing. 

Curing period 𝒒 𝒘 R2 

7 415.52 -0.827 0.8874 

14 393.4 -0.399 0.4792 

21 724.37 -0.883 0.8252 

28 3257.2 -1.746 0.9283 

 

5.3 Development of a damage constitutive model for layered CTB 

A damage mechanism was proposed by Professor Lemaitre (1984) to describe the 

stress-strain constitutive relation of damaged material. Lemaitre (1984) proposed 

that a damaged body at the macro-scale should be considered large enough to 

contain several defects. But small enough to be considered a material point of the 

mechanics of continua. That is, the constitutive damage equation can be derived 

from the constitutive equation of non-destructive material. Provided that the 

nominal stress in the constitutive model of non-destructive material is replaced by 

the effective stress after damage. For example, the damaged variable (𝐷) is 

expressed as (Cheng et al., 2021): 

𝐷 =
𝐴 − 𝐴1

𝐴
         (5.5) 

Where 𝐴 and 𝐴1 denote the effective bearing area of the CTB sample in the non-

destructive state and after the loading damage. The normal stress of the non-

destructive material (undamaged stage) is generally exhibited by: 

𝜎 =
𝐹

𝐴
          (5.6) 

Therefore, when the normal stress is replaced to define the damaged material, the 

effective stress is now expressed as: 

𝜎∗ =
𝐹

𝐴1
          (5.7) 

From Equations (5.5 – 5.7), the following can be derived: 

𝜎∗ =
𝜎

(1 − 𝐷)
         (5.8) 

Therefore, from Equation (5.8), the normal stress can be expressed as: 
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𝜎 = 𝜎∗ (1 − 𝐷)         (5.9) 

Then, from 𝐸 = 𝜎 휀⁄ , the damage constitutive equation is derived as follows: 

𝜎 = 𝐸 휀 (1 − 𝐷)        (5.10) 

where 𝐷 is the loaded damage variable and 𝐸 is the elastic modulus for the 

undamaged material. Now, according to the Weibull statistical distribution function, 

the damage evolution equation of the backfill sample can be written as (Liu et al., 

2016b; Wang et al., 2020b): 

𝐷 = 1 − ⅇ𝑥𝑝 [− (
𝑥

)
𝑚

]        (5.11) 

Where 𝑥 and 𝑚 are fitting constants. When Equation (5.11) is substituted into 

Equation (5.10), the result is expressed as: 

𝜎 = 𝐸 휀 ⅇ𝑥𝑝 [− (
𝑥

)
𝑚

]        (5.12) 

After multiple backfilling, the CTB structure has a layered appearance. Therefore, 

defects such as cracks are generated on the layered surface due to inconsistent 

hydration reaction time between the interfaces. This is the initial damage (𝐷𝑛) 

which is governed by the idea of macroscopic phenomenological damage 

mechanics. Therefore, the initial damage based on the elastic modulus for layered 

CTB is defined as (Fu et al., 2020): 

𝐷𝑛 = 1 −
𝐸𝑛

𝐸0
         (5.13) 

Where 𝐸0, 𝐸𝑛 and 𝑛 respectively stand for the initial elastic modulus of intact CTB, 

the elastic modulus of the layered CTB and the layer number. In this study, the 

elastic modulus of CTB is defined as follows: 

𝐸𝑛 = 𝑑𝑛−𝑤         (5.14) 

Therefore, the constitutive models can be summarised as: 

𝜎 = (𝑑𝑛−𝑤) 휀 ⅇ𝑥𝑝 [− (
𝑥

)
𝑚

]       (5.15) 

𝐷𝑛 = 1 −
𝑑𝑛−𝑤

𝐸0
 ⅇ𝑥𝑝 [− (

𝑥
)

𝑚
]       (5.16) 

When substituting Equation (5.16) into Equation (5.10), the equation is now 

redefined as: 
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𝜎 =  −𝐸 휀 
𝑑𝑛−𝑤  

𝐸0
        (5.17) 

Note that these empirical models are derived from the experimental results 

produced from the following domain: 7 𝑑𝑎𝑦𝑠 ≤ 𝑡 ≤ 28 𝑑𝑎𝑦𝑠 and 1 ≤ 𝑛 ≤ 3. Beyond 

these limits, suitable models may have to be developed. This is because the curve 

fitting functions substituted in the mode are limited within three data points. The 

lack of suitable laboratory equipment and financial resources to carry out extensive 

laboratory experiments brought about this limitation.  

 

5.4 Determination of the parameters of the damage constitutive model 

The model parameters are determined through the derivation of Equation (5.15), 

and the assumptions made are (1) 휀 = 휀𝑝𝑘, (2) 𝜎 = 𝜎𝑝𝑘, and (3) 𝑑𝜎 𝑑휀⁄ = 0 where 

휀𝑝𝑘 and 𝜎𝑝𝑘 are respectively the peak strain and peak strength. Therefore, from 

Equation (5.12): 

𝑑𝜎

𝑑
= 𝐸휀 [1 − 𝑚 (

ԑ

𝑥
)

𝑚
] ⅇ𝑥𝑝 [− (

𝑥
)

𝑚
]      (5.18a) 

When condition (3) is applied, the following condition is derived: 

𝐸 휀 [1 − 𝑚 (
ԑ

𝑥
)

𝑚
] ⅇ𝑥𝑝 [− (

𝑥
)

𝑚
]  =  0      (5.18b) 

Where 𝐸 휀 and ⅇ𝑥𝑝 [− (
𝑥

)
𝑚

] cannot be equal to zero, Equation (5.18b) can be 

simplified as: 

1 − 𝑚 (
ԑ

𝑥
)

𝑚
= 0        (5.19) 

Therefore, when Equations (5.12) and (5.19) are solved simultaneously, the 

following equation is generated. 

(
ԑ

𝑥
)

𝑚
=  −𝑙𝑛 (

𝜎

𝐸 
)        (5.20) 

When Equation (5.20) is substituted into Equation (5.19), the constant m is defined 

as: 

𝑚 = −
1

𝑙𝑛[
𝜎

(𝑑𝑛−𝑤)𝜀
]
        (5.21) 
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Equation (5.21) is substituted into Equation (5.19) to derive parameter 𝑥. 

Therefore, the term 𝑥 can be estimated by: 

𝑥 =
√

1

𝑚

𝑚
         (5.22) 

 

5.5 Validation of the constitutive model 

To validate the proposed damaged model in this study, the experimental results 

are compared with those calculated using the proposed model. To quantify the 

deviation of the proposed model from the experiments, a percentage prediction 

error was calculated as given below (Wu et al., 1995): 

𝐸𝑟𝑟𝑜𝑟 = [
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒  

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒
] × 100%    (5.25) 

Wu et al. (1995) state that a percentage error of less than 5% is considered 

acceptable and not far from the measured value. Figure 5.5 compares the UCS 

results between the predicted value and the measured value. The percentage error 

of the non-layered, two-layered, and three-layered CTB samples are respectively 

2.61%, 3.49% and 0.89%. The calculated and experimental results are in good 

agreement. The proposed solution confirms that the UCS of CTB decreases with 

the layering of backfill. 

 

Figure 5.5 Comparison of the damage model and experimental UCS values of CTB 
samples after 7 curing days 
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As depicted in Figures 5.6, the UCS of CTB samples seems to be converging with 

that of the measured UCS. The cause of this trend is unknown. Moreover, the error 

percentages between the predicted value and experimental value are 1.70%, 

2.87% and 1.27% respectively. The relative error [in %] also confirms the 

closeness of the predicted value to the measured value. 

 

Figure 5.6 Comparison of the damage model and experimental UCS values of CTB 
specimens after 14 curing days 

Figures 5.7 and 5.8 illustrate the predicted UCS after 21 and 28 days. After 21 and 

28 days, the predicted strength seems to be gradually deviating from the measured 

value, however, the relative error is still less than 5%. That is 0.64%, 3.19% and 

4.08% for the 21 curing days for non-layered, two-layered and three-layered 

samples. While the 28 days are recorded at 2.54%, 2.45%, and 4.37%. Therefore, 

the proposed solution can still be used to describe the mechanical properties of 

CTB, i.e., the 𝑈𝐶𝑆 and elastic modulus of CTB. 
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Figure 5.7 Comparison of the damage model and experimental UCS values of the 
CTB samples after 21 curing days 

 

Figure 5.8 Comparison of the damage model and experimental UCS values of the 
CTB samples after 28 curing days 

Based on the findings presented in this section, the UCS increases at first then 

decreases at a later stage with additional layers of CTB. Likewise, the deformation 

of the CTB samples increases then decrease with increasing number of layers. 

Chen et al. (2022b) studied the microdamage of layered CTB and found that the 

initial damage of CTB increase with increasing layers. The findings of Chen et al. 

(2022b) are supported by Fu et al. (2020). The CTB samples, therefore, 

demonstrate the elastoplastic criterion in Section 6.2. The same trend is observed 

in Figure 5.9, the damage variable, which was determined through Equation 5.19, 
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increases with increasing layers of backfill. Moreover, the damage seems to 

gradually reduces as more layers are added. 

 

Figure 5.9 The evolution of the damage/deformation of CTB with layering. 

 

5.6 Concluding remarks 

A deformation model was developed in this section, based on the curve-fitting 

functions developed from the laboratory results. It is worth-noting that the curve-

fitting functions are limited within three data points and between 7 to 28 days. That 

is, the prediction of the mechanical properties cannot be done beyond 3 layers of 

backfill. Therefore, the deformation model is also restricted to the same domain. 

Therefore, other models may have to be developed to address these limitations. 

The damage value of the layered CTB samples increases with the number of layers 

and then decreases gradually with the addition of more layers. The following 

chapter (i.e., Chapter 6) describes the stress-distribution around a backfilled stope 

through advanced numerical analysis. 
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Chapter 6 Developing stress distribution charts in the vicinity of 

layered and unlayered backfill stopes. 

 

6.1 Introduction 

This chapter discusses the stress distribution of unlayered and layered backfilled 

stope. The basis of this chapter is numerical modelling conducted by using OPTUM 

G3 geotechnical analysis software. The development process of this model is 

discussed in Chapter 3; therefore, this chapter presents and discusses the results 

from the simulation. The numerical model follows a simulation of an underground 

backfilled stope by creating a 100 m block model with an exaction of a 20 m 

rectangular void. The void imitates an open stope in underground mining. The void 

is then filled with clay rock with defined backfill properties. The backfill material is 

backfilled in four different scenarios, i.e., complete filling, two-layered backfilling, 

three-layered backfilling, and four-layered backfilling. The stress distribution within 

the stope in all scenarios is studied and stress-strain curves are developed for each 

scenario. This chapter starts by outlining the governing equations for an 

elastoplastic model and thereafter, discusses the findings of the numerical 

analysis. 

 

6.2 Governing equations for Mohr-Coulomb elastoplastic model 

The model developed in this chapter obeys the Mohr-Coulomb failure criterion. As 

initially presented in Section 2.7 and Equation (2.5), the Mohr-Coulomb model is 

an elastic-plastic model which is usually used to simulate geomaterial behaviour, 

particularly soil. Two parameters from Hooke’s law define the linear behaviour of 

the stress-strain curve, i.e., elastic modulus (𝐸) and Poisson’s ratio (𝑣). The failure 

criterion of the material is defined by the friction angle (𝜙) and cohesion (𝑐) (Kok et 

al., 2009; Labuz and Zang, 2012). The associated flow rule for the material, which 

means the dilatancy angle (𝜓) used to model a realistic irreversible change in 

volume due to shearing is zero (Kok et al., 2009). It is said that material is elastic 

and perfectly plastic when it has reached a state of yield. The failure envelope of 

the Mohr-Coulomb elastoplastic model and the stress/strain curve is shown in 

Figures 7.1a and 7.1b (Wang et al., 2021b). 
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Figure 6.1 The theoretical Mohr-coulomb elastoplastic model: (a) Yield surface in 
the mean (p) and deviatoric (q) stress space; and (b) Stress-strain curve 

The mean (𝑝) and deviatoric (𝑞) stresses are expressed as follows (Wang et al., 

2021). 

𝑝 =
(𝜎1+𝜎2+𝜎3)

3
         (6.1) 

𝑞 = √
(𝜎1−𝜎2)2+(𝜎2−𝜎3)𝑧+(𝜎3−𝜎1)2

2
       (6.2) 

where 𝜎1, 𝜎2, and 𝜎3 are the major, intermediate, and minor principal stresses, 

respectively. 

Once the state of the stress has reached the yield level, infinite plastic shear strain 

occurs under a constant load. The relationship between the stress and strain in the 

elastic regime is expressed as (Wang et al., 2021b): 

휀1 =
1

𝐸
[𝜎1 − 𝑣(𝜎2 + 𝜎3)]       (6.3) 

휀2 =
1

𝐸
[𝜎2 − 𝑣(𝜎1 + 𝜎3)]       (6.4) 

휀3 =
1

𝐸
[𝜎3 − 𝑣(𝜎1 + 𝜎2)]       (6.5) 

Where 휀1, 휀2 and 휀3 are the stress tensor components; 𝜎1, 𝜎2 and 𝜎3 are the strain 

tensor components. And the equations can be rearranged for stress as: 

𝜎1 =
2𝐺

1−2𝑣
[(1 − 𝑣)휀1 + 𝑣(휀2 + 휀3)]      (6.6) 

𝜎2 =
2𝐺

1−2𝑣
[(1 − 𝑣)휀2 + 𝑣(휀1 + 휀3)]      (6.7) 

𝜎3 =
2𝐺

1−2𝑣
[(1 − 𝑣)휀3 + 𝑣(휀1 + 휀2)]      (6.8) 
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Where G is the shear modulus which is denoted by: 

𝐺 =
𝐸

2(1+𝑣)
         (6.9) 

When plastic strain is considered, the total strain in the CTB is defined by two 

parameters: the reversible elastic strain (휀𝑒) and the irreversible plastic strain (휀𝑝). 

It is expressed as (Hasanzadehshooiili et al., 2012; Cui, 2017): 

휀 = 휀𝑒 + 휀𝑝         (6.10) 

The plastic strain increment is characterised by the flow rule as given below: 

𝛥휀𝑖
𝑃 = 𝜆 

𝜕𝜎𝑖
̅̅ ̅̅ ̅
𝜕𝑄

         (6.11) 

Where 𝜎𝑖 represents the current stress component or initial stress state; 𝜆 is the 

plastic multiplier, and 𝑄 denotes the plastic potential defined by: 

𝑄 = 𝐽2 − 𝜉𝐹0
2𝑓𝜋

2         (6.12) 

The coefficient 𝜉  serves to control the plastic deviatoric and volumetric strain 

components. When 𝜉 = 1, the plastic potential function is the same as the yield 

criterion, i.e., 𝑄 = 𝐹, so the flow rule is associated. The term 𝐽2 is the second 

invariant of the deviatoric stress tensor given by (Tao et al., 2022; Zeng, et al., 

2022): 

𝐽2 =
[(𝜎1−𝜎2)2 + (𝜎2−𝜎3)2 + (𝜎3−𝜎1)2]

6
      (6.13) 

The plastic behaviour of the CTB is governed by the Drucker-Prager yield criterion 

(Cui, 2017; Tao et al., 2022): 

𝑓 = 𝛼𝑝𝐼1 + √𝐽2 − 𝑘𝑝        (6.14) 

Where 𝐼1 is the first stress invariant (𝐼1 = 𝜎1 + 𝜎2 + 𝜎3); 𝛼𝑝 and 𝑘𝑝 are the material 

parameters of the Drucker-Prager criterion or the internal friction angle and 

cohesion respectively. They can be expressed as follows (Tao et al., 2022): 

𝛼𝑝 =
sin 𝜙

√3√3+𝑠𝑖𝑛2 𝜙
and 𝑘𝑝 =

3𝑐 𝑐𝑜𝑠 𝜙

√3√3+𝑠𝑖𝑛2 𝜙
      (6.15) 

In this study, the effect of the mechanical parameters on binder hydration products 

is neglected. Therefore, the relationship between the cohesion, friction angle, and 
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binder hydration is not discussed. Both parameters were kept constant during the 

modelling process. 

The equations presented in Section 6.2 are the governing equations for material 

that obeys elastoplastic criterion. The manual for the OPTIMUM G3 software does 

not specifically state the exact governing equations used to develop their software, 

however, it also provides the basic governing equations for elastoplastic criterion. 

The simulation model presented here was developed as per the steps discussed 

in Section 3.4. 

 

6.3 Results and discussions 

This section presents and discusses the numerical analysis developed using 

OPTUM G3 software. An open stope in a 1000 m deep mine was simulated to 

study the stress distribution around the stope as compared to a backfilled stope 

with different layers. The section starts by discussing the stress distribution around 

an open stope. Thereafter, the first backfilling strategy to be analysed is the single 

pour, followed by the double-layered fill to the four-layered backfill. The rockmass 

and the backfill properties inserted in the software as indicated in Tables 3.3 – 3.4. 

The results show the compressive principal stress, strain, displacements, and 

shear dissipation within the stope. 

 

6.3.1 Case 1: Open stope 

After the excavation of the stope, the numerical analysis shows that the principal 

stress is higher at the outer boundaries of the rock mass as shown in Figure 6.2. 

The major principal stress only was presented with exclusion of the intermediate 

and minor principal stress because the change in stress was similar. Additionally, 

the main purpose of the numerical analysis was to study the change in stress in 

general within the stope, therefore, as it was observed that the major, intermediate, 

and minor principal stresses change in a similar fashion, it became irrelevant to 

present all of them. The major principal stress was selected because it is the 

highest magnitude. The same reasoning applies to the exclusion of intermediate 

and minor principal strain. 
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Figure 6.2 Distribution of the major principal stress (𝜎1) in the open stope 

Whereas the principal stress is low at the boundaries of the excavation. Moreover, 

the principal stress is very high at the top of the rock mass, this may be due to the 

stope closure triggered by the excavation activity (Sobhi and Li, 2017). The 

principal stress, after excavation, is at least 3 MPa, lower than the overburden 

stress. The stress distribution around the opening is distributed to accommodate 

the disturbance in the stress field (Newman, 2018). 

 

6.3.2 Case 2: Non-layered backfilled stope 

This section discusses the findings of the unlayered backfilled stope. To simulate 

the backfilling process, the 20 m open stope was filled with 20 m clay rock that 

obeys MC criteria and the properties of the material was defined as per the backfill 

material. Figure 6.3 depicts a stress transfer from the rock mass to the backfill 

material. The principal stress is high at the top of the rock mass and the backfill 

material. Meanwhile, a rapid stress decrease is observed continuously towards the 

bottom of the rock mass. The stress level is completely low at the bottom of the 

rock mass, signifying the presence of stress transfer between the backfill and the 

rock mass (Newman, 2018). Therefore, failure will be expected at the backfill pillar. 

The rock located at the bottom of the backfill is also experiencing some stress as 

it is also carrying the load from the settlement of the backfill. However, the major 

principal stress has declined from 3 MPa to 0.132 MPa (95.6% decrease). The 
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results show that there is negative compressive strain, meanwhile, the lateral strain 

is sitting at 0.0012. This may be an indication of confinement to the backfill from 

the sidewalls due to the horizontal stress (Al-Heib et al., 2010). Although the strain 

is almost negligible, it seems to intensify in the rock mass and the upper part of the 

backfill. Whilst the bottom part of the fill is the least strained, thus, the change in 

the volume of material would be expected on the upper part of the backfill. 

Moreover, there is evident shear dissipation along the interface between the 

backfill and the rock mass. The negative stress and strain within the rock mass and 

the stope is due to compressive stress whilst the positive stress and strain signify 

tensile stress. Therefore, as shown in Figure 6.3, the bottom part of the backfill is 

highly compressed as compared to the other areas of the backfill.  

 

Figure 6.3 Distribution of the major principal stress (𝜎1), major strain stress (휀1), 
and shear dissipation in a non-layered backfilled stope 

The backfill material seems to have experienced the most displacement due to the 

deformations than the rock mass (see Figure 6.4). This is because the stress is 

highly concentrated in the backfill mass. The displacement in the x-, y- and z-

directions are 0.00046 m, 0.000059 m, and 0 m respectively. Without effective 

regional support, the displacement along the z-direction would be larger than the 

x- and y-displacements due to gravity (Wang et al., 2013). However, a zero 

displacement in the z-direction indicates that the backfill support is resisting the 

stope closure. According to Al-Heib et al. (2010), backfill reduces vertical stress 

and increases horizontal stress which improves the stability of the stope. Thus, the 

horizontal displacement is due to the horizontal stress exerted on the backfill. 

Furthermore, the evidence of the displacement in the x- and y-directions is visible 

in the rock-fill interfaces. 
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Figure 6.4 Displacement of the backfilled stope in the x-, y- and z-directions 

 

6.3.3 Case 3: Double layered backfilling 

A two-layered backfill stope was simulated by filling the open stope with two equal 

layers of 10 m of backfill, the properties remain the same. Once the properties are 

defined from the first stages of simulation, there is no further action to define the 

properties. The software keeps the same properties, unless the user wants to 

change them. The stress distribution in a two-layered backfill is similar to single-

layered backfill (see Figure 6.5). However, the major principal stress has declined 

from 3 MPa to 0.134 MPa, which is only a 1.51% difference from the single-layered 

backfill. Therefore, there is only a slight decrease in the strength of the backfill from 

no layering to two layers. Similarly, there is very little to no strain in the vertical 

direction in two-layered backfill. Although, there is some negligible strain from the 

upper part of the backfill towards the middle of the backfill material. Meanwhile, for 

non-layered backfill, the shear dissipation was along the interfaces between the 

rock mass and backfill. Whereas in two-layered backfill, the shear dissipation is 

visible at the bottom rock-fill interface. The settlement of the backfill generates 

shear stress at the rock-fill interface, the shear stress is determined by the level of 

friction at the interface (Koupouli et al., 2016). 
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Figure 6.5 Distribution of the major principal stress (𝜎1), major strain stress (휀1), 

and shear dissipation in a two-layered backfilled stope 

According to Figure 6.6, the displacements in the x-, y- and z-directions are 0.0005 

m, 0.000068 m, and 0 m respectively. The displacement of the two-layered backfill 

has slightly increased by 8.70%, 15.25% and 0%, respectively, as compared to the 

non-layered backfill. 

 

Figure 6.6 Displacement of the two-layered backfilled stope in the x-, y- and z-
directions respectively 

 

6.3.4 Case 4: Three-layered backfilling 

The three-layered backfill was simulated by filling the open stope with three layers 

of backfill (clay rock). The thicknesses of the layers are respectively 6 m, 6 m, and 

7 m. The 7 m backfill layer is to fill up the 20 m stope. According to Figure 6.7, the 

major principal stress and strain increase exponentially with an increase in 

layering. The major principal stress after the filling is 0.141 MPa, i.e., a 6.38% and 

4.96% increase from the non-layered and two-layered backfill. While the stress 

distribution is the same as the non-layered and two-layered backfilled stope, there 

is no evidence of shear dissipation in the three-layered backfill. It is worth noting 

though that the layers for the three-layered backfilling strategy are not equal in 
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length, unlike in other cases. The stope was filled with two 7 m layers plus one 6 

m layer to a reach 20 m stope. Similarly, Chen et al. (2022) investigated the 

mechanical properties of layered backfill. The group of researchers observed a 

decline in the strength of the samples as the number of layers increased. 

Additionally, Chen et al. (2022) postulate that the strength of layered backfill 

samples did not always decrease with an increase in the number of layers. When 

the number of layers exceeded 3, the change in the strength of the layered samples 

is negligible. 

 

Figure 6.7 Distribution of major principal stress (𝜎1), major strain stress (휀1), and 
shear dissipation in a three-layered backfilled stope 

As depicted in Figure 6.8, the displacements in the x-, y- and z-directions are 

0.00069 m, 0.000068 m, and 0 m respectively. When comparing to the non-layered 

backfill, the three-layered backfill has been displaced 33.33% higher in the x 

direction than the non-layered backfill. However, similar to two-layered backfill, the 

y- and z-displacement have increased by 15.25% and 0%. Thus, there is not much 

difference in the lateral confinement occurring in both two and three-layered backfill 

material. 

 

Figure 6.8 Displacement of the three-layered backfilled stope in the x-, y- and z-
directions respectively 
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6.3.5 Case 5: Four-layered backfilling 

The 20 m stope was filled by four equal layers of 5 m. In the case of four-layered 

backfill, the major principal stress, major strain and shear dissipation have 

increased significantly compared to non-layered backfill (see Figure 7.9). The 

numerical analysis shows that the stress within the stope is 233.555 MPa. This is 

a 77.27% increase compared to the non-layered backfill. And the strain increased 

by 14.93%. Meanwhile the shear dissipation seems to have spread to the lower 

boundaries of the rock mass. The strain also intensifies towards the inner parts of 

the backfill, but it does not affect the bottom part of the fill body. These results are 

supported by Chen et al. (2022b), the authors used a micro-mechanism technique 

to study the damage of layered backfill samples. They report that as the number of 

layers increases, there is excessive accumulation of damage in the middle layer. 

Therefore, the load is not transferred to the bottom of the backfill body and thus, 

maintains a certain strength. 

 

Figure 6.9 Distribution of major principal stress (𝜎1), major strain stress (휀1), and 
shear dissipation in a four-layered backfilled stope 

Although the x-, y- and z-displacements of the four-layered backfill seem to have 

decreased (17.39%, 7.35% and 0%) compared to the three-layered fill, the 

displacement is high in the backfill material compared to the rock mass. Unlike in 

the previous cases where the displacement was visible in the rock mass. Thus, the 

rock mass has transferred most of the strain to the backfill material (see Figure 

7.10). 
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Figure 6.10 Displacement of the four-layered backfilled stope in the x-, y- and z-
directions respectively 

 

6.4 Deformation curves 

The stress-strain behaviour of the backfill is consistent with the observations made 

by several authors (Liu and Fall 2022; Tan et al., 2020; Zhao et al., 2022). The 

deformation of the CTB can be divided into four stages: 

• Micro-pore compaction stage (A): At the beginning of the curve, a concave 

shape is observed, which indicates the compaction of the internal pores of 

the CTB structure under compressive pressure. It is at this stage that the 

curve becomes a straight line, and the deformation enters the linear elastic 

stage. 

• Linear elastic stage (B): This stage is denoted by the strain line curve. This 

is where the internal pores of the CTB are further compacted as the 

confining pressure continues to increase. However, the pressure does not 

cause any cracks in the CTB, and this stage is representing the elastic 

modulus of the material. 

• Plastic yield stage (C): In this stage, cracks are generated when the stress 

reaches its highest peak. The inner cracks expand gradually and worsen 

until the rapture. As a result, the curve exhibits a convex upward shape. 

• Post-peak stage (D): The microcracks continue to expand and gradually 

evolve into primarily visible cracks. Thus, as the cracks propagate, the load-

bearing capacity of the CTB decreases. Consequently, the CTB structure 

has become fully damaged. 
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According to Figure 6.11, the deformation behaviour of nonlayered CTB seems to 

shift from ductile to brittle behaviour (CD). Similar findings are recorded by Liu and 

Fall (2022). This phenomenon is known as the strain hardening/softening 

behaviour (Cui and Fall, 2016; Fall et al., 2007). The authors attribute this 

deformation behaviour to the increased stiffness of the CTB structure. The 

increase in confining pressure results in a change in the mode of failure of the CTB 

at peak stress (Cui and Fall, 2016; Fall et al., 2007).  The elastic modulus of the 

backfill was measured by calculating the gradient of slope AB. 

The deformation curve of the two-layered backfill does not differ much from the 

non-layered backfill. Even the stress in the backfilled stope increased by 1.51% 

from non-layered to two-layered backfill. As shown in Figure 6.11, the last stage 

displays a minor fluctuation in the deformation curve. This may be caused by the 

undamaged second layer of the backfill. When the first layer has failed, the second 

layer remains intact as observed during the laboratory experiments (Wang et al., 

2019). Similar findings were observed by Wang et al. (2020c) in their experimental 

investigation of the mechanical behaviour and damage evolution of layered backfill. 

According to the group of authors, when the load exceeds the maximum pressure-

bearing capacity of the sample, the sample becomes unstable and deformed. 

However, due to the residual strength of the sample, the stress-strain curve does 

not decrease rapidly but advances slowly forward. The elastic modulus for the two-

layered backfill is lower than the non-layered fill. 

On the other hand, the three-layered backfill perfectly obeys the elastoplastic 

deformation behaviour. The deformation behaviour of three-layered backfill goes 

through four different stages as discussed previously. Initially, the interface of the 

different layers in the CTB remains intact under the continuous load and the 

internal cracks are continuously compacted. This stage is denoted by the concave 

shape at the beginning of the stress-strain graph. Furthermore, the layered backfill 

gradually exhibits elastic properties as the pores are further compacted. The linear 

growth in the graph demonstrates this behaviour. When the material has reached 

the peak strength, the stress-strain curve shows a slow decrease trend after the 

peak. Thus, the CTB material indicates a ductile failure pattern (Zhang et al., 2022). 

The deformation curve of the four-layered backfilled depicts loading and unloading 

failure characteristics (Gao et al., 2022a; Wang et al., 2020c). The post-peak point 

(CD) depicts a zigzagged shape, i.e., the peak stress experiences the rise and fall 



114 
 

pattern. The initial stress increase is due to the instability of the top layer then the 

stress reduces due to the elastic deformation of the next layer. Eventually, when 

the next layer goes through the crack propagation stage, the stress rises again, 

and the process repeats itself. Zhang et al. (2020) reported similar deformation 

behaviour. However, the authors investigated the deformation behaviour of CTB in 

a sub-zero temperature environment. The UCS rise and fall were attributed to the 

hydration process at an early age and the effect of freeze-thaw, respectively. This 

deformation cycle may eventually lead to the deterioration of the CTB structure. 

The four-layered backfill has the lowest elastic modulus. 

 

Figure 6.11 Stress vs strain curves for layered backfill. 

Further analysis was to look into deformation stages presented by the model with 

regards to the CTB material within the stope. It was denoted that the deformation 

has shown four deformation behaviour of the CTB, these results correlate very well 

with some of the recent studies such as those of Chen et al., (2022). Following 

that, Chen et al., (2022) four deformation stages were presented, and those stages 

include “(I) a micro-pore compression stage, (II) a linear elastic stage, (III) a plastic 

yield stage, and (IV) a post-peak stage” similar results were observed as denoted 

by Figure 6.11. Indeed, one may point out that the non-layered backfill has 

demonstrated very low deformation in stage I as compared to the various layered 

backfill support system. A similar trend has been observed by Chen et al., (2022) 

and others as documented in the previous sections. It is believed that the 

introduction of layered CTB has contributed largely to the micro-pore compression 
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stage of the stress–strain curve which changes to the micro-pore and this micro-

pore initiates crack quicker as compared to the non-layered backfill. One may also 

denote that the effect of shearing may also have played some cardinal role in the 

deformation process of layered backfill. 

In stage II the simulation validated the laboratory results as well. In this regard, the 

non-layered backfill appeared to present a high elastic modulus yet the layered 

backfill system appeared to experience a low elastic modulus. Indeed, one may 

point out that elastic modulus is directly proportional to the stress, yet the increase 

in stress required to deform non-layered backfill is always higher than the layered 

backfill support system. Looking into elastic deformation the layered backfill 

support system presents large deformation as compared to the non-layered, these 

results correlate very well with studies such as Li et al. (2022) and Gao et al. 

(2022b). These results provide confidence that a non-layered backfill system 

should be expected to perform better as compared to a layered backfill system. 

Following that, a significant observation has been made and it was deduced that 

the increase in layers has an impact on elastic deformation, in fact, the increase in 

layering also contributes largely to the elastic deformation of the backfill support 

system. Scientifically, it has been argued by various authors such as Xu et al. 

(2019a), and Zhang et al. (2022) that despite the fact that backfill support system 

cure with time but the stratified backfill does not necessarily cure with similar 

duration as non-stratified, this leads into micro-pore remaining open while crack 

propagation occurs quicker when tested (see stage III in Figure 6.11). However, 

the understanding of how duration affects the performance of the two backfill 

systems is not well established, yet it could be considered for future research. 

Lastly, at the post-peak stage, it is evident that layered backfill reaches the post-

peak stage faster than non-layered backfill. Thus, layered backfill is more prone to 

failure than non-layered backfill support system. 

 

6.5 Conclusion and future outlook 

The numerical simulations presented in this chapter provided a detailed analysis 

of the stress distribution and interaction between the backfill and the rock mass. 

Additionally, the change in the strength of the stope as the backfill layers increase 

has been demonstrated. The numerical simulation results reveal that upon the first 

layer of backfilling, the stress within the stope is transferred to the backfill. 
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Furthermore, the load is distributed to the lower layers as backfilling continues. 

Now, in terms of the effectiveness of the backfill; the principal stress is reduced by 

95.6% when the stope is completely backfilled. When considering the effect of 

layering, the stress increases from 0.132 MPa for a non-layered backfill to 0.134 

MPa, 0.141 MPa and 0.234 MPa, as the layers increase to four. That is a 

percentage increase of 1.51%, 6.81%, and 77.27%, respectively. The relationship 

between the compressive strain and layering is not that significant, with the highest 

increase of at most 15% in four-layered backfill. Although the most strained portion 

is the upper and middle layers of the backfill, the bottom layer remains unaffected. 

Similarly, the displacement of the stope is also very minimal. Lastly, the shear 

dissipation is visible at the rock-fill interface for all types of backfilling strategies 

except for the three-layered backfill. The cause of this discrepancy is still unknown. 

It is worth noting that this modelling process is not time-dependent, i.e., it does not 

consider the 24-h backfilling period as practised in the industry. It is assumed in 

this modelling procedure that the backfill is drained and fully cured during the 

simulation process. Additionally, the simulated stope is assumed to be a ‘blind 

stope’, i.e., there is no access to fill from the top. Therefore, the stope is tight-filled, 

and no gap is left in the model to simulate the poor hanging rock-fill contact. These 

factors may be considered for future research endeavours. 

Chapter 7 discusses the procedure followed to develop an analytical solution to 

assess the stability of exposed layered backfilled stope. 
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Chapter 7 Development of an analytical solution to assess the 

stability of exposed vertical layered backfill. 

 

7.1 Introduction 

This chapter proposes a solution to assess the stability of backfill stopes with 

consideration of the effect of layering. When it is required that pillars must be left 

as primary support, production loss is incurred since the pillars are part of the 

orebody. Thus, the use of backfill support significantly improves the ore recovery 

rate. When a mine stope is extracted, the void is filled before mining the secondary 

stope. Therefore, the man-made pillar (backfilled stope) must have a minimum 

strength to remain stable when mining the adjacent secondary stope. Hence, it is 

of paramount importance to assess the stability of the backfilled stope to determine 

its stability during the extraction of the recently blasted stope and cause dilution. 

As discussed in Chapter 2, the first analytical solution was proposed by Mitchell et 

al. (1982) based on limit equilibrium analysis. Since then, the Mitchell solution is 

widely accepted and has been applied to determine the required strength of CTB, 

leading to a reduction in cement consumption in the mining industry. 

Li and Aubertin (2012) reviewed and modified the solution proposed by Mitchell et 

al. (1982) to overcome some limitations of the original solution. One of the 

limitations was that the solution could not be applied to both high and low height-

to-width aspect ratios. Then, Li (2014b) developed an improved solution to address 

the limitations imposed by Mitchell’s solution. Li (2014b) solution considered the 

shear strength contributed by the friction along the backfill-rock mass interfaces. 

For example, Li and Aubertin (2014) proposed another solution that incorporates 

friction and cohesion along the potential sliding planes. Furthermore, the shearing 

along the interfaces between the backfill and rock walls is also considered. Another 

solution that overcomes the solutions of the authors considers the effect of effective 

friction angle and Poisson’s ratio (Yang et al., 2017). Yang et al. (2017) considers 

the tension cracks within the backfill support. 

The stability analysis of stratified backfill has rarely been done. Although, there is 

evidence of shearing that occurs along the interfaces between the rock mass and 

the backfill (Li and Aubertin, 2014), and also the backfill layers. The main objective 
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of this chapter is to develop a solution to assess the stability of stratified backfill 

body. To achieve the objective of the study, this study developed a solution to 

estimate the safety factor of stratified CTB. The solution was developed by 

relooking at Mitchell et al. (1982) and Li and Aubertin (2012) (MM’s) existing 

solutions. These solutions were improved by incorporating the effect of layering 

through the inclusion of shear force due to the backfill layers. Moreover, the friction 

force that resist the sliding of the wedge block according to Newton second law is 

considered. The CTB material is considered to obey Mohr’s Coulomb criterion, 

therefore, the cohesion and friction angle of the CTB material are the main 

parameters of the solution.   

 

7.2 Development of the proposed solution 

Figure 7.1 illustrates the forces acting upon the backfill pillar. The upper block is 

submitted to a surcharge, 𝑝0 which is the corresponding pressure due to the 

surcharge), shear (𝑆𝑆) forces along the interfaces between the backfill and side 

walls, and shear force (𝑆𝑏) along the interface between the backfill layers. The force 

P1 is the corresponding pressure at the boundary between the upper and lower 

blocks), which supports the base of the upper block, and constitutes a surcharge 

for the lower wedge. 

 

Figure 7.1 Decomposition of the forces acting on the layered backfill model 
(adapted from Li, 2014) 

 

H’ 
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The following assumptions are made in this study: 

• The stope is high but narrow and multiple backfilling strategies are 

considered in the block model.  

• The shear stress along the interfaces between backfill and the backwall is 

ignored.  

• Both cohesion and friction contribute to the shear resistance along the 

interface of the backfill-rockmass sidewall. The interface cohesion 

(adherence) between the backfill and the side walls, 𝑐𝑏, is also expressed 

as a ratio of the backfill cohesion, 𝑐 (Li and Aubertin, 2014): 

The backfill body is considered to obey the Mohr-Coulomb criterion. Therefore, the 

shear strength acting along the sidewalls and back walls is characterised by: 

𝜏𝑠 = 𝑐𝑠 + 𝜎ℎ tan ẟ        (7.1) 

𝑐𝑏 = 𝑟𝑏𝑐         (7.2) 

where 𝑟𝑏 is a parameter for the interface cohesion between the backfill and the 

side walls (0 ≤ 𝑟𝑏𝑟 ≤ 1). Furthermore, the horizontal stress 𝜎ℎ acting on the 

sidewalls at a certain depth ℎ is obtained through Equation (7.3). 

𝜎ℎ =  
𝛾 𝐿

2 tan 𝛿
[1 − exp (−2 𝐾 tan 𝛿

ℎ

𝐿
)] + 𝐾𝑝0 exp (−2 𝐾 tan 𝛿

ℎ

𝐿
)  (7.3) 

Where 𝛾 is the unit weight of backfill; 𝐾 = (1 − 𝑠𝑖𝑛𝜙) (1 + 𝑠𝑖𝑛𝜙)⁄  is Rankine’s 

active pressure coefficient; 𝛿 is the friction angle of the rock mass; and 𝜙 is the 

friction angle of backfill (Yang et al., 2017). 

The shear forces 𝑆𝑠 as a result of shear strength along the sidewalls can be 

estimated as follows: 

𝑆𝑠 = ∫ 𝜏𝑠𝐵 𝑑ℎ
𝐻′

0
+ ∫ 𝜏𝑠

𝐻−ℎ

𝑡𝑎𝑛 𝛼
𝑑ℎ

𝐻

1

= 𝐵 (𝑟𝑠𝑐 +
𝛾𝐿

2
) (𝐻 −

𝐵 𝑡𝑎𝑛 𝛼

2
) −

𝐵𝐿

2
(

𝛾𝐿

2𝐾 tan 𝛿
− 𝑃0)  

+
𝐿2

4𝐾 tan 𝛿  𝑡𝑎𝑛 𝛼
(

𝛾𝐿

2𝑘 tan 𝛿
− 𝑝0) [exp (−

2𝐾 tan 𝛿

𝐿
𝐻′) − exp (−

2𝐾 tan 𝛿

𝐿
𝐻)] (7.4) 

Where 𝐻′ equates to H − 𝐵 tan 𝛼 and 𝑃0 denotes the pressure endured by the 

backfill body due to equipment of newly deposited backfill. 

Note that in Equation (7.4), the shear force 𝑆𝑎 due to the shear strength along the 

backfill-back wall interface being ignored. And in order to incorporate the shear 
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force due to the shear strength along the interface between the backfill layers, 𝑆𝑏, 

the following equation is used: 

𝑠𝑏 = 𝑐 + 𝜎ℎ  𝑡𝑎𝑛𝜙         (7.5) 

The weight of the wedge block above the sliding plane (backfill), 𝑊 is expressed 

as: 

𝑊 = 𝛾 𝐵 𝐿 𝐻′         (7.6) 

Now, the net weight 𝑊𝑛 of the sliding wedge block is given as 

𝑊𝑛 = 𝑃0 + 𝑊 −  2𝑆𝑠  −  𝑛𝑆𝑏       (7.7) 

Where 𝑛 is the coefficient corresponding to the number of layers that are 

associated with the shear force 𝑆𝑏 along the backfill interfaces. For example, if the 

backfill material is a four-layered structure, thus, 𝑛 will be 3 since there are now 

three interfaces between the backfill layers Similarly, the factor 2 before 𝑆𝑠 in 

Equation (7.7) denotes the two interfaces between the backfill and the two 

sidewalls. 

According to Newton’s second law, there is also a force that is resisting the sliding 

of the wedge block called force of kinetic friction, 𝐹𝑘. The force of kinetic friction 

can be estimated as (Kelemenová et al., 2020): 

𝐹𝑘 = 𝜇 𝑊 𝑐𝑜𝑠 𝛼         (7.8) 

Where 𝜇 is the coefficient of kinetic friction and is written as: 

𝜇 =  
𝑊 𝑠𝑖𝑛 𝛼

𝑊 𝑐𝑜𝑠 𝛼
          (7.9) 

When Equation (7.9) is substituted to Equation (7.8), the kinetic friction is now 

reduced to: 

𝐹𝑘 = 𝑊 𝑠𝑖𝑛 𝛼         (7.10) 

When replacing the relevant terms by their corresponding expression, the factor of 

safety (𝐹𝑜𝑆) of the sliding wedge block is therefore expressed as: 

𝐹𝑜𝑆 =
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠 

𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠 
  

𝐹𝑜𝑆 =
𝑡𝑎𝑛 𝜙

𝑡𝑎𝑛 𝛼
+

2𝐶𝐵𝐿 + 𝐹𝑘

𝑠𝑖𝑛 2𝛼[𝑃0+𝑊−2𝑆𝑠−𝑛𝑆𝑏]
      (7.11) 
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The required backfill cohesion is then expressed as follows: 

𝑐 =
(𝑆𝑏 +𝑃0+𝛾𝐻′)/2

[𝐹𝑆−𝑡𝑎𝑛 ∅∕𝑡𝑎𝑛 𝑎) 𝑠𝑖𝑛 2𝛼]−1+𝑟𝑏𝐻′∕𝐿
      (7.12) 

 

7.3 Validation of analytical solution 

Sample applications of the proposed solution (Equation 7.11) are presented. 

Results obtained by the application of the original solution by Mitchell et al. (1982) 

and the modified Mitchell’s solution by Li and Aubertin (2012) are also plotted for 

comparison. Figure 7.2 illustrates the variation of FoS when the stope height H = 

40 m, B = 10 m, L = 10 m, γ = 18 kN/m3, ɸ = ẟ =30° and rb = rs = 0.5 for different 

values of P0. The results show that as the surcharge overload increase, the factor 

of safety of the backfilled decreases. The solution by Mitchell et al (1982) seems 

to be constant throughout because the solution neglects the effect of the surcharge 

in the equation. This causes the solution to be non-conservative when additional 

pressure is applied on top of the backfill, which is inevitable in underground mining. 

Therefore, for large stopes where the backfill height exceeds the exposed face, the 

possibility of failure is high (Li and Aubertin, 2012; Wang et al. 2021). Thus, the 

solution by Mitchell et al. (1982) may result in the overestimation of the stability 

index of the stope with dire consequences. 

Figure 7.2 demonstrates the stability of the backfill when the surcharge increases, 

and the proposed solution predicts a dwindling safety factor as the surcharge 

pressure increases. Similar findings are reported by Li (2014b) who developed an 

analytical solution to evaluate the stability of backfill with a plug pour. These results 

are also corroborated by Li and Aubertin (2009), their study assessed the normal 

stress along the horizontal and vertical axes of backfilled stopes with the effect of 

a surface load on the fill.  Li and Aubertin (2009) report an increase of the vertical 

stress in the backfill stope as the surface load increases. 
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Figure 7.2 Variation of safety factor with overload pressure. Calculations done with 
c = 80 kPa, H = 40 m, L = 10 m γ = 18 kPa, rs = 0.5. 

The effect of stope height is illustrated in Figure 7.3, as can be seen, the stability 

of the backfill deteriorates with increasing stope height. The Mitchell et al (1982) 

solution tends to overestimate the safety factor as compared to the MM’s solution 

and the proposed solution. Nasir and Fall (2010) and Yilmaz (2018) reported an 

increase in the strength of CTB with increasing stope size, however, these findings 

are based on the undrained behaviour of CTB at an early age. Indeed, binder 

hydration plays a major role in the strength development of CTB at an early age. 

The precipitation of hydration products is reported to result in the refinement of the 

pore structure of CTB, which reduces its porosity and consequently improves the 

strength of CTB with curing time (Du et al., 2021; Hou et al., 2022). Nonetheless, 

the proposed solution of this study and the other authors (e.g. Li, 2012; Li and 

Aubertin, 2012; Mitchell et al., 1982) applies to fully drain CTB structure. The 

findings of this study are supported by Jahanbakhshzadeh et al. (2017), whose 

study entails the development of an analytical solution to characterize the stress 

state within an inclined backfilled stope. Their study shows that both the vertical 

and horizontal stresses within the stope increase with the stope height. The 

increase in stope height results in more backfill layers being added. This is because 

when the stope height increases during ore extraction, backfilling occurs to 

stabilise the stope. Thus, increasing the pressure on the existing layers, 

consequently diminishing the stability of the backfill structure. Similar findings were 
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reported by Pirapakaran and Sivakugan (2006) that vertical stress within the 

backfill stope increases with the stope height. 

 

Figure 7.3 Variation of safety factor with stope height. Calculations done with c = 
80 kPa, L = 10 m, γ = 18 kPa, rs = 0.5. 

Figure 7.4 shows the impact of stope length L on the safety factor of the backfill. 

Seemingly, the safety factor of the backfill decreases when the stope becomes 

longer. Thus, the value of the safety factor is sensitive to a variation in the size of 

the exposed backfill face. Similar findings were reported by Li and Aubertin (2012) 

through the MM’s solution. The MM solution also predicts a declining safety factor 

as the length of the stope increases. However, Li and Aubertin (2012) only 

restricted the length of the stope to 12 m because the solution is for high aspect 

ratios which are similar to the proposed solution of this study. This study went as 

far as 30 m because there was a very slight change in the safety factor with less 

than 20 m. For example, at 10 m, the safety factor is 1.0 then at 20 m, the safety 

factor is 1.1. Therefore, since this solution is for narrow stopes, the value of the 

safety factor may be unrealistic as the stope widens. 
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Figure 7.4 Variation of FoS with different values of stope length 

The evolution of the value of the safety factor with the influence of the adherence 

ratio rs is illustrated in Figure 7.5. The adherence ratio is positively correlated with 

the safety factor, i.e., the stability of the backfill increases nonlinearly with the 

adherence ratio. This is because an increase in the adherence ratio increases the 

roughness and cohesion of the rock mass. The findings by Li and Aubertin (2014) 

and Yang et al. (2017) also reveal that the stability of backfill increases with the 

adherence ratio. In support of the above analysis, Koupouli et al. (2016) add that 

the stiffness of the CTB-rock interface is higher than that of the CTB-CTB interfaces 

at high normal stress levels. Belem et al. (2000) also attest that an increased 

cohesion increases the strength of CTB. 
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Figure 7.5 Variation of safety factor with different values of adherence ratio rs. 
Calculations done with c = 80 kPa, H = 40 m, γ = 18 kPa, rs = 0.5, ɸ = ẟ = 30°. 

Figure 7.6 depicts the effect of layering on the stability of the backfill stope. 

Backfilling in layers becomes necessary in large stopes to minimise the pressure 

on the barricade. The common practice in the mining industry is a 24-hour gap of 

filling each layer (Fu et al., 2020; Wang et al., 2020c; Zhang et al., 2022). Thus, 

the layering on the backfill structure becomes visible. Furthermore, Koupouli et al. 

(2016) posit that shear stress is higher for CTB-CTB interfaces compared with 

CTB-rock interfaces, thus, the significance of studying its effect. So far, the 

documented analytical solutions to assess the stability of exposed backfill do not 

incorporate the effect of shearing along the interfaces of the CTB-CTB layers. 

Therefore, the solution proposed in this study predicts the stability of a backfill 

stope considering the layering effect. 

As can also be seen in Figure 7.6, the safety factor of the backfill decrease as more 

layers add added to the solution. However, the safety does not always decline with 

increasing layers, eventually, the graph becomes constant. Qi et al. (2022) 

simulated the stress distribution in a backfilled layered stope. Their findings 

indicate that the stress within the stope increases with the number of layers. 

Similarly, Chen et al. (2022) and Xu et al. (2019), in the experimental studies of the 

mechanical properties of CTB, found that the strength of CTB decreases with an 

increasing number of layers. 
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Figure 7.6 Variation of safety factor with the number of layers. Calculations done 
with c = 80 kPa, H = 40 m, γ = 18 kPa, rs = 0.5. 

Based on the findings presented above, the effect of layering on the stability of 

backfill cannot be ignored. Depending on the size of the orebody, mining large 

stopes imposes the need for backfilling layer by layer. It is also evident that 

increasing stope height has a negative impact on the safety factor of backfill. Thus, 

the inclusion of the shearing force along the backfill layers interface cannot be 

further emphasised. It is worth noting that the properties of backfill also are beyond 

the control of men, for example, the properties of tailings depend on the rock mass 

and orebody characteristics. This makes the prediction of the stability of backfill a 

complex exercise as there are many factors involved. Therefore, the use of the 

solution may provide different results for a mining stope in a highly stressed 

environment or moderately stressed environment. Furthermore, the consumption 

of more cement may arise depending on the unique condition of that mine. Overall, 

industry workers can only work with what they have and use it to their advantage. 

 

7.4 Final remarks 

The study of the interaction between the CTB-rock and CTB-CTB interfaces is a 

complex concept. Therefore, simple assumptions are adopted to develop solutions 

to study such relations. Several assumptions made in this study were adopted from 

the solutions developed by previous well-established authors such as Mitchell et 

al. (1982) and Li and Aubertin (2012). However, the common limitation with all the 
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other documented solutions is the inconsideration of the shear stress along the 

CTB-CTB layers interface. Even when literature reveals that the shear stress 

between the CTB-CTB is higher in a high-stress environment such as underground 

mining. The well-known solution by Mitchell et al. (1982) and the MM solution 

overestimate the stability of backfill. Although the overestimation of the safety 

factor of backfill may reduce cement consumption costs, it will, however, result in 

an improper design of the backfill and compromise the safety of mine workers. 

Another implication of the failure of the backfill pillar is the dilution of the blasted 

ore and loss of production targets. Since the strategy of backfilling in layers cannot 

be avoided, it is, therefore, necessary for the mining industry to have a solution 

that will cater for its needs. Another aspect that should be considered to further 

improve the existing solutions is the seepage of water through the backfill layers 

that may have the potential to disintegrate the backfill structure gradually until the 

deformation of the fill. Therefore, a long-term seepage effect must be considered 

for future research endeavours. 
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Chapter 8 Conclusions and recommendations 

 

The main objective of this doctoral study was to assess the effect of layering on 

the stability of backfill support system. Experimental methods and numerical 

analysis were used for the purpose. This chapter summarises the findings of the 

thesis, the conclusion, and recommendations for future research. 

 

8.1 Summary of the thesis 

There are several methods and solutions documented in the literature that can be 

to be used to evaluate the stability of backfill. Some apply to backfill support in 

general without special consideration of the mine layout or stope geometry. 

However, when the latter is considered, it often comes with the need to analyse 

the effect of the external surroundings on the strength of the backfill. Indeed, 

backfilling strategies vary with the type of mining layout/method. As such, a one-

size-fit-all solution to backfill behaviour would inevitably be limited in terms of 

prediction ability. The output also may be deemed conservative to assess support 

systems unique to every mine layout. In the case of large stopes, backfilling the 

excavation at once is always almost impossible. Instead, layer-by-layer backfilling 

is preferred with the number of layers of the backfill system increasing as stope 

height increases. The stratification is expected to affect the mechanical properties 

and failure mode of backfill support differently. This is what the present doctoral 

study attempted to explore with the aim of developing an analytical solution to the 

behaviour of layered backfill support and an associated damage model. 

To achieve this, experimental tests were conducted on a gold-mine tailings 

material for plasticity, chemical composition, and particle size distribution. 

Cemented tailings backfill (CTB) specimens were then prepared as one-, two-, and 

three-layered cubes. The various CTB specimens were cured and tested for 

compressive strength. The findings revealed that the strength of CTB decreases 

with an increasing number of layers of backfill. The damage of the layered CTB 

became significant with increased layers, a further emphasis on the negative effect 

of layering. The modelled factor of safety (FoS) of the backfilled stope also 

increases when the effect of layering was considered. On the other hand, the 
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estimated FoS decreased as the stope height increased. The subsections below 

provide a summary of the key findings. 

 

8.1.1 Laboratory experiments 

Atterberg’s tests were done on samples of the tailings material to determine its 

plasticity. Based on the values of Atterberg’s limits obtained, the tailings batch was 

classified as a low plastic clay material. This information was later used to set the 

constitutive model (elastoplastic model) behind the numerical simulation work done 

in this doctoral study. 

In terms of particle size analysis, results showed that the tailings material used is 

well-graded for use in the preparation of CTB. The tailings material was also found 

to have high contents of quartz, lime, and aluminium oxide. Quartz is known to 

increase the viscosity of CTB paste and impart great loading capacity. As such, 

the tailings stockpile can potentially be reclaimed and be used for backfilling. 

Finally, in terms of the UCS tests, results revealed that the strength of CTB 

samples increases with curing period and cement content, regardless of the 

number of layers. Growth in strength was significant at early age due to higher 

production of hydration products and probably high quartz content in the tailings. 

Higher cement content also increased the rate of production of hydration products; 

and consequently, the strength of cubes. Non-layered samples exhibited higher 

strength than their two- and three-layered counterparts. Lastly, the two-layered 

samples consistently displayed higher strain and greater damage at failure. 

 

8.1.2 Numerical modelling 

The numerical analysis was performed using the OPTUM G3 software. The 

simulations were run from single-layered to four-layered backfilled stopes. The 

analysis revealed that the stress in the backfilled stope increases with the number 

of layers. The stress in the simulated stope increased by more than 77% when the 

number of layers was increased from one to four. The stress-strain curves 

developed from the simulations indicates an elastic-plastic behaviour of the 

backfill. The stress-strain curves of the simulated stopes showed evidence of the 

fact that the layered stopes quickly migrated from the elastic stage into the peak-

stress region. In turn, the peak-stress region of simulated stopes increased with 
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the number of layers. Another note is that the layered stope developed a cyclic 

loading and unloading behaviour due to the number of layers. In other words, the 

deformation of the backfill is likely to occur at the top and middle layers of the 

backfill while the stress distribution within the bottom layer is unaffected. Thus, 

making the mechanical behaviour of backfill layered stopes a bit complex to 

describe than the typical ones. Just like the experimental results, the numerical 

analysis showed that the strength of cemented backfill decreases with increasing 

backfill layers. Thus, the numerical results were successfully correlated with the 

experimental results. 

 

8.1.3 Development of a damage model 

The damage model developed in this study is based on the constitutive damage 

theory. A set of regression models were produced from the experimental results 

and used to derive the input parameters of the proposed damage model. 

The damage model showed that the strength of CTB decreases when the layering 

of backfill increases. On the other hand, the deformation of the CTB increased with 

increasing backfill layers. In a sense, the effect of layering on the stability of the 

CTB structure was captured by this model. Most importantly, the damage model 

was successfully validated against the experimental results with errors less than 

5% for all curing days. Therefore, until an improved damage model is available, 

the proposed can be used to characterize the mechanical properties of CTB. The 

damage model is also limited to a range of boundaries, i.e., the model can only be 

applied to backfill samples cured between 7 to 28 days and a maximum of three 

layers of backfill. Due to limited data points, additional laboratory tests are required 

to improve the model. The challenge met in this study was lack of financial 

resources to perform the laboratory work in a well-advanced laboratory with 

sufficient equipment. 

 

8.1.4 Analytical solution for vertical exposed backfilled stope 

The analytical solution for vertical exposed backfilled stopes developed by Mitchell 

et al. (1982) is generally considered to be limited in scope. For example, the 

solution cannot be applied to low and wide stopes. The solution also considers the 

cohesion along the interfaces between the backfill and rock mass to be equal. It 
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finally does not incorporate the shear strength along the backwall, sidewalls, and 

backfill interfaces. Some of these limitations were addressed elsewhere by 

including the surcharge pressure and the shear strength along the interfaces 

between the backfill and sidewalls (see Li and Aubertin, 2012; Li, 2014; and Li and 

Aubertin, 2014). Yang et al. (2017) further improved the solution by incorporating 

the tension cracks formed in the exposed face of the backfilled stope. However, 

their proposed solutions, if used to assess the stability of layered backfill, would 

underestimate the FoS of the stope. This study also looked at the problem and 

developed a solution that incorporates the shear strength along the layers of the 

backfill body. The findings from the proposed solution are summarised as follows:  

• the stability of the layered backfill is lower compared to the non-layered 

backfill. Additionally, the stability of layered backfill deteriorates with 

increasing backfill layers.  

• The stability of the backfill decreases with increasing height. Whereas an 

increase in the stope height means more layers. Therefore, the stability of 

the backfill is further compromised.  

• The stability of the backfill declines with increasing overload pressure, 

which is unavoidable in underground mining.  

The proposed solution also has its own limitations, that is, it can only be applied to 

high and narrow stopes. The shear force between the backfill and sidewalls is 

ignored. Lastly, the solution ignores several intrinsic and extrinsic factors that 

affects the behaviour of backfill such as the properties of the tailings, chemical 

composition of the mixing water, environmental conditions and other internal 

factors. 

 

8.2 Conclusion of the thesis 

The main objective of this study was to evaluate the effect of layering on the 

stability of large, backfilled stopes. Laboratory experiments, numerical analysis and 

mathematical modelling were relied on to achieve this objective. An analytical 

model for the strength of a backfill was developed and shown to be sensitive to the 

number of backfill layers. This solution can also be used to estimate the safety 

factor of stratified CTBs. A numerical model was also explored which enabled to 
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gain insights into stress distribution within a stratified backfilled stope. Finally, a 

damage model was developed for the prediction of the strength of backfill in large 

open stopes. And although, the strength of the CTB body was seen to increase 

with the number of layers, there is still a lot of development required as part of 

future endeavours. 

 

8.3 Recommendations for future work 

Based on the scope of the work covered in this thesis, the following research ideas 

are recommended for future studies: 

➢ The macroscopic study of the transfer of heat from the surrounding rock 

mass to the stope and vice versa, between the backfill layers as well as in 

the rock mass-stope-backfill system. 

➢ The inclusion into the analytical solution of internal factors that affect the 

strength of CTB. This would address the current limitations of this study. 

➢ The use of neuro-fuzzy system to develop improved solutions capable of 

assessing the stability of backfilled stopes. 

➢ The development of advanced numerical simulations of backfill support 

from which stability charts can be produced that may predict the waiting 

time required before the extraction of the adjacent stope. 

➢ The development of an analytical solution to assess the stability of layered 

backfill with incorporation of the seepage of water, which may deteriorate 

the conditions of the backfill overtime. 

➢ The development of a model that will provide guidance of the experiments 

suitable for the problem statement and successfully validate the model. A 

more advanced data analysis software is recommended for a better 

presentation of the results. 
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Appendix B: Sample of calculations from Chapter 7 
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Appendix C Laboratory results 

 

 

 

one layer UCS Strain (%) Strain (mm)

sample 1 5.44 1 0.010

sample 2 4.96 2 0.020

sample 3 5.31 1 0.010

average 5.236666667 1.333333333 0.013

E 392.750

2 layers UCS Strain

sample 1 5 2

sample 2 4.78 3

sample 3 4.27 3

average 4.683333333 2.666666667

E 175.625

3 layers 4.24 2.67

4.53 1.34

4.64 2.67

Average 4.47 2.226666667

E 200.749

Batch one 2.5 C/T ratio 7 DAYS

First batch

1 Layer UCS Strain 2 Layers UCS Strain 3 layers UCS Strain

sample 1 7.85 2.02 0.020202 sample 1 6.09 4.04 0.040404 1 6.34 2.01 0.020134

sample 2 7.22 2.02 0.020202 2 6.59 3.00 0.03 2 5.99 1.34 0.013423

sample 3 7.73 1.01 0.010101 3 7.18 2.02 0.020202 3 7.06 2.68 0.026846

Average 7.60 1.68 0.02 average 6.62 3.02 0.03 Average 6.46 2.01 0.02

E 451.4 E 219.2574 E 320.963

1 Layer 2nd batch 2 Layers 3 Layers

sample 1 7.87 1.01 0.010101 sample 1 6.95 2.00 0.02 sample 1 7.28 2.01 0.020134

sample 2 9.65 1.01 0.010101 sample 2 7.17 2.04 0.020408 sample 2 6.76 2.00 0.02

sample 3 8.76 1.01 0.010101 sample 3 7.18 2.04 0.020408 sample 3 7.40 2.00 0.02

Average 8.76 1.01 0.010101 Average 7.10 2.03 0.020272 Average 7.15 2.00 0.02

E 867 E 350.3523 E 356.5541
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first batch 21 days

no of layers UCS Strain E

1 layer 8.535 0.01 853.5

2 layers 7.553333 0.03 251.7778

3 layers 7.266667 0.02 363.3333

second batch

no of layers UCS (MPa) Strain E

1 layer 10.11333 0.01 1011.333

2 layers 7.8 0.030303 257.4

3 layers 7.4 0.026667 277.5

first batch 28 days

no of layersUCS Strain E

1 layer 9.193333 0.002 4596.667

2 layers 7.635 0.02 381.750

3 layers 8.616296 0.01 861.630

second batch

no of layersUCS Strain E

1 layer 10.69882 0.002 5349.411

2 layers 7.77 0.02 388.500

3 layers 8.955556 0.006667 1343.333

UCS Strain E UCS Strain E UCS

5.236667 0.002787 462.0588 6.313333 0.216667 315.6667 7.2

4.683333 0.026767 175.625 5.11 3.673401 139.1082 6.1

4.47 0.022267 200.7485 4.713333 2.222222 212.1 6.9

UCS (MPa) Strain E UCS (MPa) Strain E

7.599327 0.016835 451.4 8.757576 1.01 867 10

6.20685 0.030202 205.5111 7.102381 2.027211 350.3523 9.8

6.462342 0.020134 320.963 7.163311 2.004474 357.3661 9.8

UCS Strain E UCS (MPa) Strain E

8.535 0.01 853.5 10.11333 0.01 1011.333 12

7.553333 0.03 251.7778 7.8 0.030303 257.4 11.6

7.266667 0.02 363.3333 7.4 0.026667 277.5 12.4

UCS Strain E UCS Strain E

9.193333 0.002 4596.667 10.69882 0.002 5349.411 15.7

7.635 0.02 381.75 7.77 0.02 388.5 12.8

8.616296 0.01 861.6296 8.955556 0.000667 1343.333 13.7
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Appendix D Data for the damage model 

 

 

 

 

  

Time (days) One layer Two layersThree layers

7 5.2 4.7 4.5

Calculated 5.1 4.5 4.4

14 7.6 6.6 6.5

calculated 7.470 6.430 6.380

21 8.535 6.900 7.267

Calculated 8.480 6.680 6.970

28 9.193 7.770 8.616

Calculated 8.960 7.580 8.240

error factor 2.61 3.49 0.89

1.70 2.87 1.27

0.64 3.19 4.08

2.54 2.45 4.37

 One layer Two layers Three layers 

Parameters m x m x m x 

7 days 54.67 0.014 3.433 0.028 2.327 0.03 

14 days 5.808 0.027 156.038 0.031 158.066 0.021 

21 days 243.357 0.095 162.59 0.031 218.456 0.021 

28 days 1379.638 0.0021 217.692 0.021 528.107 0.011 
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Appendix E Numerical analysis data for stress-strain graph 

 

 

 

Appendix F Solution to Equation (5.20) 

 

Equation 5.20.pdf

 

Two-layers

Stress Strain Stress Strain Stress Strain Stress Strain

7 0.00008 7 0.00007 15 0.00008 16 0.00007

20 0.00013 20 0.0001 30 0.00011 35 0.00009

34 0.00016 34 0.00013 40 0.00012 55 0.00011

45 0.00019 45 0.00015 58 0.00014 85 0.00013

55 0.00021 57 0.00017 70 0.00016 115 0.00015

65 0.00024 68 0.00019 84 0.00018 135 0.00016

75 0.00027 75 0.0002 98 0.0002 160 0.00019

100 0.00031 86 0.00022 121 0.00023 180 0.00021

105 0.00032 110 0.00025 133 0.00025 189 0.00023

128 0.00035 128 0.00029 141.401 0.00031 212 0.00026

132 0.00038 133.732 0.00032 141.401 0.00035 233.555 0.00029

131 0.00041 133.732 0.00036 141.401 0.0004 233.555 0.00032

128 0.00042 128 0.0004 143.401 0.00042 230 0.00035

119 0.00044 121 0.00043 143.401 0.00045 228 0.00037

114 0.00048 112 0.00046 142 0.00046 226 0.00039

119 0.0005 112 0.00049 140 0.00049 224 0.00042

123 0.00055 121 0.000510 142.401 0.00052 222 0.00044

128 0.00058 128 0.000530 142.401 0.00055 220 0.00046

128 0.00061 132 0.00055 143.401 0.00057 218 0.00049

120 0.00063 133.732 0.00058 143.401 0.00059 210 0.00051

Four layers Three-layers One layer


