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Abstract 

Backfill columns and the adjacent rock pillars at the underground backfilled stopes are 

not isolated but mutually supported. Stress transmission and energy alternation occur 

between them ceaselessly due to the ubiquitous mechanical interactions at the frictional-

bonded interfaces between backfill columns and the surrounding rocks when the 

backfilled stopes are subjected to the disturbance from the sequential mining activities. 

Consequently, the stress and displacement redistribution takes place in both backfill 

columns and the surrounding rocks, potentially influencing the stability of the backfilled 

stopes and the sequential mining activities at the adjacent underground mining area.  

Thus, it is an imperative and fundamental task for engineers and researchers to have 

further study on the principle of the stress and displacement distribution at the backfilled 

stopes, both in backfill columns and the surrounding rocks, to make optimized designs in 

both backfill material and rock pillar, to avoid the potential risks in unwanted 

catastrophic failure and disasters. The main objective of this research is to develop a 

hybrid modelling approach with higher computation efficiency and precision to study the 

regime of the mechanical interaction between the CRF columns and the adjacent mining 

area by using the coupled FD-DE method. Based on a Canadian underground hard rock 

mine, at which the cemented rockfill (CRF) material was used to backfill the underground 

mine-out area, five main aspects were covered in this research to analyze the stress and 

displacement distribution, both in the CRF columns and the surrounding rocks during 

the entire mining/backfilling sequence at the backfilled stopes, by incorporating the 

laboratory tests and numerical simulations.  
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Firstly, the uniaxial and triaxial compression tests were conducted on the large-scale CRF 

specimens collected from the hard rock mine to study the heterogeneity in the mechanical 

properties and stress-strain behaviour of the field CRF material in the backfilled stopes. 

Secondly, the discrete element (DE) method, a discontinuum modelling approach, was 

used to simulate the CRF specimens according to a simplified particle size distribution to 

study the stress-strain behaviour, fracture evolution, and failure patterns of the CRF 

material during the uniaxial and triaxial compression processes. Thirdly, an advanced 

hybrid numerical modelling approach, the coupled finite difference (FD) and discrete 

element (DE) method, was applied to study the shear behaviour, stress and displacement 

distribution at the interface in the combined rock-cemented rockfill (R-CRF) specimen 

during the direct shear process. Next, the new Johnson-Kendall-Robert (JKR) contact 

model was employed by the coupled FD-DE method to study the consistency and 

flowability of the fresh CRF material during the slump test and dumping process at the 

single backfilled stope. Finally, the stress and displacement distribution and the stability 

at the multiple backfilled stopes were numerically analyzed with the coupled FD-DE 

method by considering the shear behaviour at the interfaces between the CRF columns 

and the surrounding rocks and the primary/secondary manner of the mining/backfilling 

activities at the hard rock mine.  

Four aspects of the main contribution of this research can be highlighted here based on 

the results from the laboratory tests and numerical simulations. Firstly, this research has 

some practical laboratory references for assessing the required strength characteristics of 

backfill columns in the field by considering the heterogeneity in the mechanical properties 

of the field backfill material. Secondly, this research supplies an effective determination 
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process of the microstructural parameters of the contact model at the interfaces in the 

coupled FD-DE model which is involved with different geo-materials. Thirdly, this 

research provides some numerical modelling references for evaluating the flowability and 

consistency of the fresh backfill material in the backfilled stopes by simulating the coupled 

FD-DE method and the JKR contact model. Finally, this research provides valuable 

numerical modelling experience for applying the coupled FD-DE method in investigating 

the mechanical interaction between different geo-materials involved with frictional, 

cohesive and bonded interfaces.  
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Chapter 1 Introduction 

1.1 Background  

The backfilling process at an underground mine consists of returning geomaterials to the 

underground mined-out voids. These geomaterials include tailings, waste rocks and 

sands, which are removed during the extraction process of the orebody (Sivakugan et al., 

2006). Modern backfilling technologies have been widely utilized in the mining industry 

for decades since the 1900s (Fall and Nasir, 2010; Qi and Fourie, 2019). Consolidated 

backfill columns can create a safer working platform for the subsequent mining activities, 

provide a better supporting effect for the underground stope stability, improve the 

recovery rate of ore pillars, and contribute to the environmental protection at the mine 

site (Belem and Benzaazoua, 2008; Heib et al., 2010; Zhang and Wang, 2007; Li and 

Aubertin, 2015). Furthermore, as the mining depth drastically increases nowadays, the 

backfilling process has become indispensable to guarantee the sustainable development 

of modern underground mines.  

The waste rock backfilling method using the cemented rockfill (CRF) is a traditional 

technology adopted in many Canadian underground mines (Lingga, 2018; Jiang et al., 

2019; Emad et al., 2012). Backfilling operation in this method can be flexible and has a 

high capacity (Wang et al., 2013). The CRF mainly comprises waste rock and cement 

(Sainsbury et al., 2014; Vennes, 2014). The waste rock, which behaves as the primary 

aggregate, usually comes from the abandoned gangue and the surrounding rocks at the 

mine, and Portland cement is mixed in as the binder material. The CRF is a weak, porous, 

and concrete-like material (Vennes, 2014). In this method, waste rock can be crushed, 

sieved and mixed with cement according to a specific particle size distribution and then 
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transported to the underground mined-out voids by mechanical equipment (Yao et al., 

2012). In addition to the CRF, other popular backfill materials include cemented 

hydraulic fill (CHF) and cemented paste backfill (CPB), depending on different mining 

methods, geomaterial types and economic conditions at different underground mines 

(Sheshpari, 2015). As backfill materials are placed into the voids, aggregate particles 

begin to settle and consolidate. As the drainage and hydration processes occur 

continuously, backfill columns finally gain strength after being cured in the field for at 

least 28 days (Cui and Fall, 2018).  

Strength characteristics and deformation properties of backfill materials have always 

been the focus of research that determines the stability of backfill columns and 

significantly affect the production schedule of the orebody extraction. The general way to 

study the stress-strain behaviour of backfill materials is to conduct physical laboratory 

tests such as uniaxial compression, triaxial compression, direct shear and Brazilian tests 

on backfill specimens, which are usually artificially made and cured in the laboratory 

using the aggregate and binder collected from the underground mines (Lingga and Apel, 

2018; Koupouli et al., 2016; Kaklis et al., 2018). However, the inhomogeneity in the 

strength characteristics and deformation properties of backfill materials collected from 

the field are still very clear. In very few studies, core samples drilled from backfill columns 

were sawed and polished as field specimens (Johnson et al., 2015).  

One of the mining engineers’ very-high concerns is how the stress distributes inside 

backfill columns and around the stopes in underground mines. Backfill columns and the 

surrounding rocks are mutually supported and not self-isolated. Energy alternation and 

stress transmission happen through the frictional-bonded interfaces between them when 
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underground mined-out areas undergo disturbance. However, the research on how the 

backfill columns and surrounding rocks influence each other in the stress/displacement 

distribution and stability is still insufficient. The only existing method for measuring the 

in-situ stress inside backfill columns is pre-installing those cubic test frames attached 

with total earth pressure cells and piezometers into backfilled stopes before the columns 

consolidate and gain strength (Ouellet et al., 2005; Thompson et al., 2012). However, this 

method can be limited for the CRF columns since the non-uniform and discrete 

distributed particle sizes of the CRF aggregates can make the measuring results 

inaccurate and unrepresentative. Meanwhile, large CRF aggregate particles can damage 

the pre-buried instruments during the dumping process of the fresh CRF material.  

Numerical modelling is a popular and effective way to comprehensively understand the 

stress distribution law inside backfill columns and around the surrounding rocks. These 

numerical models can be validated or calibrated with analytical solutions to predict the 

instability and potential geohazards induced by underground mining activities (Liu et al., 

2017; Sepehri et al., 2017). Generally, typical numerical modelling methods can be 

classified into two categories of the continuum and the discontinuum approaches. The 

continuum approach mainly includes the finite element (FE), the finite difference (FD) 

and finite volume (FV) methods, which treat modelled geomaterials as homogenous and 

elastoplastic (Belinha and Dinis, 2006). Plenty of research has adopted the continuum 

approach to simulate the stress redistribution around the stopes induced by the adjacent 

orebody extraction, backfilling process and blasting vibrations due to the high 

computation performance of the continuum approach (Falaknaz et al., 2015; Emad et al., 

2018; Liu et al., 2017). For the discontinuum approach, such as the discrete element 
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method, the modelled geomaterials are treated as assemblies of discrete blocks or 

particles that can be inhomogeneous in mechanical properties. However, very few studies 

have selected the discontinuum approach to monitor the stress distribution at multiple 

backfilled stopes (Hasan et al., 2017), while most of the research mainly focuses on the 

stress-strain behaviour of backfill materials and the instability of underground stopes 

induced by blasting vibrations due to the domination of the discontinuum approach in 

modelling large-strain deformation and post-failure behaviour (Suazo and Villavicencio, 

2018; Wu et al., 2018; Martin et al., 2003). Meanwhile, many researchers have used the 

coupled FD-DE or FE-DE method to simulate the rock damage zones induced by blasting 

vibrations or the adjacent excavations to combine the advantages of the two approaches 

(Saiang, 2010; Cai et al., 2007). However, no relevant studies are found in which the 

simulation of the stress distribution and stability of underground backfilled stopes was 

involved with the hybrid continuum-discontinuum modelling approach.  

1.2 Problem statement 

Just like many other underground mines, the blasthole stoping (BHS) method was used 

at a hard-rock mine in Canada to extract the orebody. The mining/backfilling activities at 

this mine were in a primary/secondary manner. The primary stopes were extracted and 

then backfilled with the cemented rockfill to provide a supporting effect and confining 

pressure for the adjacent secondary stopes (rock pillars) mining activities. During the 

mining/backfilling sequence, the frictional-cohesive interfaces between the CRF columns 

and the surrounding rocks formed as the CRF columns consolidated and gained strength. 

The author is very interested in the law of how the backfilling process, mining/backfilling 
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sequence and the mechanical interaction at the interfaces influence the 

stress/displacement distribution and the stability of the underground mining area.  

The stress measurement in the backfill columns can be very tough, and numerical 

modelling is an efficient way to study the stress/displacement distribution at the 

underground backfilled stopes. The finite difference method is very popular in modelling 

elastoplastic behaviour and has a very high computation efficiency, but it is very hard to 

simulate the large strain/deformation, especially at the post-failure stage. On the other 

hand, the discrete element method has great advantages in modelling the fracture 

evolution and failure mode with high simulation precision, but it is very time-consuming. 

The author is very interested in how to couple them in a hybrid way and combine the 

advantages of the two methods.  

1.3 Objectives  

The main objective of this research is to develop a hybrid modelling approach with higher 

computation efficiency and precision to study the regime of the mechanical interaction 

between the CRF columns and the adjacent mining area by using the coupled FD-DE 

method. As an innovative attempt that remains unexplored in numerical analysis in 

mining engineering, in this doctoral research thesis, the coupled FD-DE method, a hybrid 

continuum-discontinuum approach, was adopted to simulate the underground stopes 

backfilled with the cemented rockfill. This doctoral thesis, titled “Coupled finite difference 

and discrete element method for modelling underground stopes backfilled with the 

cemented rockfill, " has six main chapters, and each chapter's objectives are described 

here. In Chapter 3, physical laboratory tests were carried out on the field CRF core 

specimens to study the mechanical properties and stress-strain behaviour of the field CRF 
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material. In Chapter 4, by summarizing the mechanical properties gained from the 

laboratory test results, two kinds of the DE model of the CRF specimens with the 

simplified particle size distribution and mean particle diameter, respectively, were 

created to analyze the stress-strain behaviour numerically and validate the feasibility of 

modelling the CRF material with the DE method. In Chapter 5, the newly designed 

numerical direct shear tests based on the coupled FD-DE method were conducted on the 

combined rock-CRF (R-CRF) specimens to study the shear behaviour at the frictional-

bonded interfaces between the CRF column and the surrounding rocks. In Chapter 6, the 

numerical slump tests were conducted on the DE model of the fresh CRF material, which 

was applied with the new Johnson-Kendall-Robert (JKR) contact model, and the 

backfilling process was modelled with the coupled FD-DE method to study the flowability 

and the stacking state of the fresh CRF material in the stope at early curing age. In Chapter 

7, the coupled FD-DE method was adopted to simulate a single stope backfilled with a 

CRF column to study the stress distribution at the backfilled stope subjected to the shear 

effect from the interfaces between the CRF column and the surrounding rocks. In Chapter 

8, the coupled FD-DE method was adopted to simulate multiple stopes backfilled with the 

CRF columns to study the influence of the primary/secondary manner of the 

mining/backfilling activities on the stress distribution at the multiple backfilled stopes 

and the stability of the multiple CRF columns.  

1.4 Limitations  

This research work has three main limitations. Firstly, due to the limitation of the drilling 

machine used by the Canadian hard rock mine, the diameter of the field CRF specimens 

is 6 inches, which is only 3 times the maximum diameter of the granitic aggregates (2 
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inches) for the scale effect elimination. However, the diameter of the field CRF samples 

at the mine was the largest that can be drilled compared with other Canadian 

underground mines. Secondly, since the limitation of the amount of the field CRF 

material, the rheological properties of the fresh CRF slurry could not be measured in the 

laboratory or provided by the mine. Thus, a parametric study on the microstructural 

parameters in the JKR contact model assigned in the DE model was conducted to see how 

they influence the flowability and backfilling efficiency of the fresh CRF material rather 

than conducting the calibration of the DE model of the fresh CRF material. Thirdly, since 

the mechanical properties of the interfaces between the CRF columns and the 

surrounding rocks were not provided by the mine, the cohesion and internal friction angle 

of the interfaces were assumed by the author to be 1 MPa and 30 degrees, respectively.. 

Later, the stress distribution along the vertical central line of the CRF column, which was 

influenced by the shear effect at the frictional-bonded interfaces, agrees well with the 

values calculated from Li and Aubertin’s analytical model.  
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Chapter 2 Literature review 

2.1 Backfilling technologies and backfill materials 

Backfill material refers to any waste material, such as tailings, rock and sand, which can 

be placed into the underground mined-out area for disposal, environmental protection 

and engineering support (Liu et al., 2017). Depending on different mining methods and 

infrastructures, backfill materials can have different aggregate preparation, 

transportation and placing methods (Helmes, 1988). The selection of backfilling 

technologies at an underground mine is determined by the mining method, mineral 

processing method, equipment availability, geomaterial types and economic conditions 

(Sheshpari, 2015). Rock backfilling, hydraulic backfilling, and paste backfilling methods 

are three leading traditional backfilling technologies adopted in the mining industry 

worldwide (Grice, 1998).  

In the rock backfilling method, waste rock or other industrial solid waste is crushed, 

sieved and mixed according to the particle size distribution and then transported to the 

underground mined-out voids by gravity or mechanical equipment (Yao et al., 2012). The 

cemented rockfill (CRF) is a backfill material when Portland cement is mixed into the 

crushed rock as a binder to improve the strength and stability of the backfill column. 

Backfilling operation in this method is flexible and has a high capacity, while it may cause 

severe air pollution at the voids and critical wear in equipment (Wang et al., 2013). The 

hydraulic backfilling method uses water as the transport medium to convey tailings or 

waste sand through pipelines or filling boreholes drilled into the voids (Yao et al., 2012). 

This method allows the granular solid with fine particles to be the aggregate of backfill 

materials, and its operation is economical and with a high capacity (Potvin et al., 2005). 
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However, permeability and the solid-water ratio of the hydraulic backfill material should 

be designed optimally, and the drainage system at the voids should be constructed in 

advance to prevent severe incidents due to liquefaction, rush-in, and pipe blockage 

problems (Bloss and Chen 1998; Tolarch, 2000). Portland cement can also be mixed into 

the granular solid as a binder to form the cemented hydraulic fill (CHF). For the paste 

backfilling method, tailings, cement and water are mixed, stirred, and thickened to the 

paste slurry firstly with a high solid proportion and then transported through pipelines to 

the voids by pumping or gravity (Yao et al., 2012; Sheshpari, 2015). Backfilling operation 

in this method can consume little cement, minimize ground tailings storage, and control 

the geochemical reactivity of backfill columns. Thus, it is economical and environmental-

friendly (Aldhafeeri et al., 2016). However, the cemented paste backfill (CPB) preparation 

process can be complicated. The particle size distribution of the CPB material should be 

appropriately designed to prevent particle settlement and segregation while conveyed in 

pipelines (Landriault, 1995; Klein and Simon, 2006; Tariq and Yanful, 2013). Cement and 

water contents of the CPB material should also be optimized to ensure the rheological 

properties of the CPB slurry meet the requirement of consistency and flowability in 

pipelines (Ramlochan et al., 2004; Tariq and Yanful, 2013; Wu et al., 2013).  

In addition to these traditional methods, some underground mines can adopt a few 

modified technologies according to specific backfilling conditions at the mined-out voids, 

including high-water content backfilling, total tailings backfilling and paste-like 

backfilling methods (Yao et al., 2012). In the high-water content backfilling method, two 

ingredients of the binder material are sent through two separate pipelines to the voids for 

mixing, which allows the backfill slurry to solidify in underground stopes without losing 
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any water (Zhu et al., 2018). In the total tailings backfilling method, an optimal 

percentage of fine tailings is added into the CPB material made in graded tailings, which 

can be relatively low concentrated and turbulent, to improve the consistency and 

flowability of the CPB slurry when it is transported in pipelines (Benzaazoua et al., 2008). 

For the paste-like backfilling method, the binder mixed into the paste-like slurry is silica-

alumina-based cement combined with additive agents such as fly ash, slag or gypsum, 

aiming to improve the durability of the paste-like backfill columns. In addition, an 

optimal proportion of fine tailings is also added to enhance the self-flow ability and 

workability of the paste-like backfill slurry (Sheshpari, 2015).  

2.2 Stress-strain behaviour of backfill materials  

Backfill materials can be either cemented or uncemented (Sivakugan et al., 2006). This 

part mainly focuses on the mechanical properties of the consolidated cemented backfill 

materials since fewer and fewer underground mines choose the uncemented strategy for 

backfill materials due to the instability of the uncemented backfill columns. The 

mechanical properties of the uncemented backfill materials can be studied using soil 

mechanics theories due to their granular flow characteristics. However, rock mechanics 

theories are dominated for cemented backfill materials because they can be considered 

weak concrete-like materials (Pu et al., 2019; Zhang et al., 2018). Previous studies show 

that the elastoplastic behaviour can be observed on the cemented backfill specimens 

under the uniaxial and triaxial compression, and the strength characteristics and 

deformation properties of the cemented backfill materials are strongly influenced by the 

particle size distribution, cement content, curing age and material components (Wu et al., 

2018; Fall et al., 2007; Lingga, 2018; Ghirian and Fall, 2013; Deng et al., 2017). As a 
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typical traditional cemented backfill material, the CRF material shares similar laws in the 

stress-strain behaviour and strength characteristics with the CPB or CHF materials.  

Talbot curve theory is always used in backfill material designing to optimize the particle 

size distribution (Swan, 1985). Previous studies show both containing more coarse or fine 

aggregate particles can influence the binder hydration and microcrack evolution among 

the aggregate particles, leading to relatively lower compressive strength and deformation 

modulus of the cemented backfill specimens (Wu et al., 2018; Lingga, 2018). Higher 

cement content results in higher uniaxial compressive strength and Young’s modulus 

since the increase in the cement content reduces the ductility and stiffness of the 

cemented backfill materials. Meanwhile, a lower water-cement ratio can cause a lower 

porosity and lead to a higher Young’s modulus (Fall et al., 2007). The Mohr-Coulomb 

strength criterion has been widely used in previous research to characterize the failure 

envelope of cemented backfill materials under triaxial compression (Cui and Fall, 2016; 

Yang et al., 2020). It can also predict the compressive strength of the cemented backfill 

materials under different confining pressures by evaluating the cohesion and internal 

friction angle. Previous studies show that the cohesion of the cemented backfill materials 

increases while the internal friction angle decreases as the cement content increases 

(Belem et al., 2001; Cui and Fall, 2016). Generally, scanning electron microscopy (SEM) 

tests also reveal that microcracks inside these specimens can accumulate and propagate 

until the ultimate destruction during the entire compression process (Ghirian and Fall, 

2013; Du et al., 2019). Previous studies (Liu et al., 2017; Chen et al., 2020; Lingga, 2018; 

Yang et al., 2020) show that failure patterns such as diagonal shear, columnar split and 

corner fracture modes, which are described in ASTM Standard C39 (2018), can all emerge 
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on backfill specimens under the uniaxial compression. The diagonal shear and tensile 

modes are the main failure pattern observed on the specimens under the triaxial 

compression (Yang et al., 2020). At the post-failure stage, cemented backfill specimens 

can either show strain hardening or softening behaviour, controlled by the binder 

hydration and strain development, and affected by the curing age and confining pressures 

(Cui and Fall, 2016; Yang et al., 2020).  

Backfill columns and the surrounding rocks at the underground stopes are not self-

isolated but mutually supported (Koupouli et al., 2016). Energy alternation and stress 

transmission happen through the frictional-bonded interfaces between them when 

underground mined-out areas undergo disturbance from the sequential orebody 

extraction. Many researchers have performed direct shear tests on the artificially 

combined rock-backfill or backfill-backfill specimens in the laboratory to study the 

interface shear behaviour, which can strongly influence the stress distribution and 

stability around the underground backfilled stopes. The laboratory test results reveal that 

the shear failure envelope of the interface also obeys the Mohr-Coulomb strength 

criterion, and the shear strength of these combined specimens can be smaller than the 

corresponding backfill material (Fall and Nasir, 2010). Major influence factors on the 

interface shear behaviour are the cement content, applied normal stress, surface 

roughness, curing time and conditions (Fang and Fall, 2019, 2020; Nasir and Fall, 2008; 

Lingga and Apel, 2018). Perfect elastoplastic behaviour can be observed on the interfaces 

in the combined rock-backfill specimens, while for the combined backfill-backfill 

specimens, the interfaces show evident strain-hardening shear behaviour, especially at 

the lower applied normal stress. As the cement content increases, the shear stress-
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displacement curve can transform from a strain-hardening to a strain-softening shape 

(Koupouli et al., 2016). The higher normal stress applied to the combined specimens can 

weaken the interface dilation effect, resulting in higher shear strength and higher 

interface shear stiffness (Fall and Nasir, 2010). As the curing time increases, the degree 

of binder hydration at the interfaces increases, leading to a higher shear strength of the 

combined specimens (Guo et al., 2020). Meanwhile, a higher interface roughness can also 

contribute to an increased shear strength due to a larger interlock structure (Fang and 

Fall, 2020).  

2.3 Stress state of backfill columns and the backfilled stopes 

The stress distribution inside backfill columns and around the backfilled stopes can be 

significantly affected by the arching phenomenon, which occurs in backfill columns due 

to the shear behaviour at the frictional-bonded interfaces between backfill columns and 

the surrounding rocks (Li and Aubertin, 2009). As backfill materials in the underground 

stopes settle, dewater, and consolidate, the differential strain mobilizes the shear stress 

at the interfaces, and then a portion of pressure from the yielding backfill columns is 

transferred to the relatively stable neighbour non-yielding surrounding rocks (Ting et al., 

2011). Traditional measuring methods for the in-situ stress in surrounding rocks can be 

classified into two categories: one consists of the methods that induce strain, deformation 

or crack opening of the rocks, such as hydraulic fracture, borehole relief and surface relief 

methods (Ljunggren et al., 2003; Cai and Peng, 2011), and the other one consists of the 

methods based on rock behaviour observation, such as the statistics of measured data, 

acoustic, strain recovery and geological observational methods (Ljunggren et al., 2003; 

Martin et al., 2003). However, there is still a shortage of studies in measuring the in-situ 
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stress inside backfill columns. The only existing popular method is to pre-install cubic test 

frames attached with the total earth pressure cells and piezometers into the backfilled 

stopes before the columns consolidate and gain strength (Ouellet and Hassani, 2005; 

Thompson et al., 2009; Hasan et al., 2014). The test results demonstrate that the total 

pressure at the center of the backfill column initially increased hydrostatically during the 

backfill slurry pouring process. And as the binder hydration continuously occurred, the 

backfill column gained shear strength gradually, and the total pressure was deduced to a 

value smaller than the theoretical overburden pressure due to the arching phenomenon. 

The measurement also indicates that high cement content and narrow stope geometry can 

increase the arching effect potential, leading to a smaller barricade pressure at the bottom 

of the backfilled stopes (Thompson et al., 2011, 2012).  

Primary influence factors on the arching phenomenon and stress distribution in backfill 

columns and around the backfilled stopes include the stope geometry, mechanical 

properties of backfill materials and the surrounding rocks, and the mining/backfilling 

sequences. In very few studies (Ting et al., 2012; Pirapakaran and Sivakugan, 2007),  

physical laboratory models of the backfilled stopes with different shapes are created to 

study the stope geometry effect on the arching phenomenon. The test results reveal that 

the aspect ratio and stope inclination are critical factors in predicting the stress 

distribution in backfill columns. Meanwhile, there is plenty of research in which several 

representative analytical models have been proposed based on the limit equilibrium 

analysis to study the arching effect inside backfill columns. Firstly, in the early Marston’s 

2-dimensional analytical model (Marston, 1930), the interface between the backfill 

column and the surrounding rocks is considered cohesionless, and only the friction force 
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functions in the shear resistance. Terzaghi (1943) proposed a 2-dimensional analytical 

model like Marston’s model but included cohesion into the interface shear parameters. 

And then, Li et al. (2005) proposed a 3-dimensional analytical model to cover the aspect 

ratio and stope inclination, which strongly affect the arching phenomenon in backfill 

columns. In Li’s model, the equivalent internal frictional angle and cohesion differ for 

each interface, and the coefficient of earth pressure at the backfilled stope can be 

considered anisotropic. Li and Aubertin (2009) proposed a modified 3-dimensional 

analytical model to predict the effective stress in the backfill column by considering the 

hydrostatic pressure based on Li’s model. Previous research has validated all these 

analytical models are reasonable and feasible in predicting the stress distribution inside 

backfill columns according to different backfilling situations.  

Numerical modelling is an effective way to comprehensively understand the stress 

distribution law inside backfill columns and around the backfilled stopes. Furthermore, 

these numerical models can be validated or calibrated with analytical solutions to predict 

the instability and potential geohazards induced by underground mining activities (Liu et 

al., 2016; Sepehri et al., 2017). Generally, typical numerical modelling methods can be 

classified into continuum and discontinuum approaches. The continuum approach 

mainly includes the finite element (FE), the finite difference (FD) and finite volume (FV) 

methods, which treat modelled geomaterials as homogenous and elastoplastic (Belinha 

and Dinis, 2006). For the discontinuum approach, such as the discrete element (DE) 

method, the modelled geomaterials are treated as assemblies of discrete blocks or 

particles that can be inhomogeneous in mechanical properties.  
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Most researchers created the FD or FE models of a single backfilled stope to study the 

effects of the stope geometry and mechanical properties of backfill materials and the 

surrounding rocks on the stress distribution inside backfill columns (Jahanbakhshzadeh 

et al., 2017; Ting et al., 2011; Li and Aubertin, 2009). The modelling results indicate that 

the stope inclination angle and aspect ratio are key factors that influence the arching 

phenomenon in backfill columns. As the inclination angle increases, the vertical stress 

along the vertical central line (VCL) of the column at each elevation can decrease 

significantly, while relatively little change in the horizontal stress can happen. Meanwhile, 

the arching effect is more significant in the backfilled stopes with higher aspect ratios 

(height/width), and in the 3-dimensional models, the stress at each elevation increases as 

the length of backfilled stopes increases due to a weakened arching effect (Ting et al., 

2011; Jahanbakhshzadeh et al., 2017). Previous studies show that the Poisson’s ratio, 

internal friction angle, and cohesion of the cemented backfill materials are three key 

factors influencing the stress distribution in backfill columns. The vertical and horizontal 

stress along the vertical central line of the column at each elevation can slightly decrease 

as the internal friction angle increases, while the stress can be more insensitive to changes 

in these factors when the internal friction angle gets higher (Li and Aubertin, 2009; 

Jahanbakhshzadeh et al., 2015; Ting et al., 2011). Previous studies show that changing the 

cohesion and Poisson’s ratio of the backfill column can impact the regularity of the stress 

distribution curves at the hanging walls of the backfilled stope (Li and Aubertin, 2009), 

while the vertical and horizontal stress are relatively insensitive to these two factors along 

the vertical central line of the column (Liu et al., 2016). As the effective internal friction 

angle and cohesion of the interface increase, the vertical and horizontal stresses along the 
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vertical central line of the column at each elevation increase, while the stresses can 

become entirely insensitive to the interface cohesion when it gets higher (Liu et al., 2016).  

Meanwhile, some researchers created the FD or FE models of the multiple backfilled 

stopes to study the effect of the mining/backfilling sequence on the stress redistribution 

inside backfill columns and around the surrounding rocks. In Mkadmi’s FE model, the 

saturated backfill layers were added to the pre-drained and settled backfill layers until the 

stope was wholly backfilled (Mkadmi et al., 2013). The test results show that a higher 

sequential backfilling rate results in a higher total stress at the base of the backfilled 

stopes due to the accumulation of the pore water pressure, and a lower normal stress can 

be observed at a slower backfilling rate since the drainage and binder hydration can occur 

sequentially in backfill columns. In some other FD models, two adjacent stopes were 

extracted adjacently and backfilled in a primary/secondary manner (Falaknaz et al., 

2015). The modelling results indicate that the stress distribution in the second backfilled 

stope tends to behave like in a single backfilled stope and is in good agreement with the 

analytical solution developed by Li and Aubertin (2009), while the stress in the first 

backfilled stope can show an evident redistribution, which is significantly influenced by 

neighbouring excavation and backfilling operations (Newman, 2018). Previous studies by 

Newman (2018) and Falaknaz (2015) both show that during the excavation of the second 

stope, in the first backfilled stope, the vertical stress tends to decrease, especially near the 

mid-height of the column, while the horizontal stress increases first and then decreases 

owing to the movement of the surrounding walls. Therefore, during the backfilling 

process of the second stope, the horizontal stress in the first backfilled stope tends to 

increase, while the corresponding vertical stress becomes insensitive to the backfilling 
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process. It should be mentioned here that most of the previous studies adopted the 

continuum approach due to its high computation performance (Falaknaz et al., 2015; 

Emad et al., 2018; Liu et al., 2016), while in very few studies (Hasan et al., 2017), the 

discontinuum approach has been selected to evaluate the stress redistribution within the 

stopes backfilled with the uncemented backfill materials.  

2.4 Stability of backfill columns and the backfilled stopes 

At an underground mine, gaining an in-depth understanding of the stability of the 

backfilled stopes is one of the most crucial research objectives for mining engineers. 

Backfilling the underground mined-out area can reduce the ground subsidence, ore 

dilution, pillar failure and rockburst risks (Abdellah et al., 2020; Heib et al., 2010; Yang 

et al., 2015). To study the stability of the backfilled stopes, firstly, the backfill column 

strength in the primary stope should be determined by considering the extraction of the 

adjacent secondary stopes. Mitchell (1982) proposed an analytical solution for this case 

based on a limit equilibrium analysis of a wedge block model. In Mitchell’s analytical 

model, the required uniaxial compressive strength of the backfill column is only related 

to the stope geometry and the height of the exposed sidewall. However, his model is 

inconsistent with the experimental observations for the drained cemented backfill 

columns (Fall and Nasir, 2010). Li and Aubertin (2012) proposed a modified Mitchell 

solution, which can be applied to the backfilled stopes with rectangular shapes and can 

overcome several limitations of the original model. In the modified Mitchell’s model, the 

internal friction angle of the backfill column can be nonzero, and the interface cohesion 

can be considered a portion of the cohesion of the backfill column. Meanwhile, A safety 

factor was introduced to the modified model to evaluate the stability of the backfill 
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column, which can be calculated as the ratio of resistant force and driving force on the 

failure plane (Li and Aubertin, 2012).  

Many previous studies have shown that underground mined-out voids are backfilled to 

minimize the ground subsidence and control the overlying strata movement, especially in 

many coal and iron mines. The main factors that influence the overburden stability of the 

backfilled stopes include the deformation modulus and thickness of the stope roof, the 

overlying strata pressure, the advancement distance and work face width, and the 

foundation coefficients of backfill columns (Sun et al., 2019). Yang et al. (2017) built a FE 

model of the backfilled stopes with the same geometry at an underground iron mine to 

evaluate the subsidence parameters, such as the vertical and horizontal deformation at 

the mine site surface. The modelling results indicate that as the underground stopes get 

backfilled, the ground deformation can be lower than critical values and fall into a 

controllable range. It shows that backfilling with the cemented paste backfill can feasibly 

be used in subsidence control. Zhang et al. (2018) created a physical model of the multiple 

backfilled stopes in the laboratory with the same cemented paste backfill and rock 

materials from a coal mine to reproduce the movement of overlying strata in the 

mining/backfilling sequence. The test results indicate that the overburdened stress on the 

top of backfill columns increases first and then stays stable. Backfilling the underground 

stopes can limit the overlying strata's deformation and avoid the caved zones' appearance. 

Yang et al. (2015) created a physical model of two adjacent backfilled stopes in the 

laboratory with the same cemented paste backfill material from an iron mine to study the 

stability of the multiple backfilled stopes at different stages in a primary/secondary 

manner of the mining/backfilling activities. The test results reveal that the stability of the 
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primary backfilled stope can be the worst when the secondary stope is extracted as the 

sidewall of the primary backfill column is exposed to the air. Lu et al. (2018) conducted 

field monitoring and numerical modelling to study the stress redistribution at the 

multiple backfilled stopes. The study indicates that shear stress can be concentrated at 

the interfaces between the columns and the surrounding rocks, and the corners at the 

boundaries of backfill columns are also the critical positions of the shear stress 

concentration zones.  

Pillar failure is a common engineering disaster in underground mined-out voids. Many 

researchers combined in-situ monitoring and numerical modelling to study the effect of 

the backfilling process on the stability of rock pillars and the backfilled stopes. Heib et al. 

(2010) instrumented total earth pressure cells on rock pillars based on a gypsum mine 

and found that the adjacent backfill columns can induce confining pressures on rock 

pillars. Building the DE model of the backfilled stopes adjacent to fractured rock pillars 

indicates that backfill columns can induce the horizontal and vertical pressures that 

contribute to the fracture closure inside rock pillars. The induced stress depends on the 

backfill material consolidation, pillar deformation, pillar fracture presence, and the 

mechanical properties of the rock-backfill interfaces (Heib et al., 2010; Yin et al., 2017). 

Tesarik et al. (2009) analyzed the monitoring data from the biaxial stress meters 

instrumented in rock pillars to study the long-term stability of the backfilled stopes in an 

underground lead-zinc mine. The test results indicate that backfill columns can limit rock 

pillars' dilation and contribute to rock pillars' stability. The total strain measured inside 

rock pillars supported by backfill columns is significantly smaller than the unconfined 

rock pillars (Tesarik et al., 2009; Zhang et al., 2017). 
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Meanwhile, very few studies have focused on the effect of backfill columns on the 

rockburst risk. Feng et al. (2020) established underground backfilled stopes with 

overlaying rock strata based on a coal mine to identify and evaluate the instability of the 

surrounding rocks. The modelling results show that backfill columns can efficiently 

control dynamic disasters such as rockburst by decreasing the stress concentration 

coefficient and energy accumulation in the surrounding rocks. As the required energy to 

trigger rockburst increases, the damage time for surrounding rocks is prolonged (Feng et 

al., 2020).  
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Chapter 3 Mechanical properties of the field cemented rockfill 

In this chapter, the uniaxial and triaxial compression tests were conducted on the large-

scale cylindrical specimens made of the field cemented rockfill (CRF) core samples 

collected using the diamond saw drilled from a backfilled stope at a Canadian hard rock 

mine. The stress-strain curves obtained from the test results revealed that the strength 

characteristics and deformation properties of the field CRF material exhibit heterogeneity 

inside the CRF columns and along the borehole-drilling directions at different depths of 

the backfilled stope due to the segregation phenomenon and multi-stages of compression 

and consolidation during the CRF dumping process. This study can supply practical 

laboratory references for assessing the required axial compressive and shear strengths of 

the CRF column in the field.  

3.1 Introduction  

The cemented rockfill (CRF) comprises waste rock and cement slurry (Sainsbury, 2014; 

Vennes, 2014; Lingga and Apel, 2018). It is a primary backfill material used for 

underground mined-out areas. The waste rock is usually produced during the 

development of the drifts done in the host rock as the primary aggregate of the CRF 

material (Sepehri et al., 2017), and Portland cement is always mixed to provide the 

binding effect among the aggregate particles (Lingga and Apel, 2018). The CRF material 

is considered weak concrete (Vennes, 2014) due to the low content of cement. Many 

researchers (Swain, 1985; Lingga and Apel, 2018; Wu et al., 2018; Zhang and Wang, 

2007) conducted multiple sieving tests and used the Talbot curve method (Talbot et al., 

1923) to describe and optimize the particle size distribution of the aggregate of the CRF 



  Page 23  

and other concrete-like materials. Meanwhile, the cement and water contents of the fresh 

CRF slurry are two important physical parameters to determine the strength and 

mechanical properties of the consolidated CRF column in the backfilled underground 

stope (Wu et al., 2018; Kumar et al., 2016; Lingga et al., 2019).  

Backfilling with the cemented rockfill has been widely implemented at many North 

American underground mines from early on (Peterson et al., 1996; Turichshev et al., 2017; 

Sepehri et al., 2017). The CRF mixture with different physical-mechanical properties can 

be transported to the specific underground stope with the conveyor belt haulage, tracks, 

or pipeline systems according to different preparation and storage methods (Helms, 

1988). The CRF material used in this study was collected from a hard rock mine in 

northern Canada. This mine used the blast-hole stoping (BHS) mining method to extract 

the orebody and then backfill the underground openings with the CRF material (Sepehri 

et al., 2017; Lingga and Apel, 2018). The consolidated CRF columns can create safe 

working platforms for the subsequent mining activities, provide better support effect for 

the underground stability, improve the recovery rate of the ore pillars, and decrease the 

dilution rate of the ore production (Belem et al., 2008; Heib et al., 2010; Zhang and Wang, 

2007; Li et al., 2015). Meanwhile, backfilling with the CRF column contributes 

significantly to the environmental protection of the mine site because it efficiently reduces 

the discharge amount of the mining waste stored on the surface and eliminates the hidden 

geohazard danger related to the failure of tailings dams (Yilmaz and Fall, 2007).  

To study the mechanical properties of the backfill materials, many researchers and 

engineers conducted numerous laboratory tests on the cemented rockfill (Lingga et al., 

2019), cemented paste backfill (CPB) (Fall et al., 2007; Johnson et al., 2015; Wu et al., 
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2018) and cemented gangue backfill (CGB) (Sun et al., 2017; Zhang and Wang, 2007). 

These necessary tests include the uniaxial compression test (Lingga et al., 2019; Fall et 

al., 2007), triaxial compression test (Belem et al., 2001; Fall et al., 2007; Rankine and 

Sivakugan, 2007), direct shear test (Lingga and Apel, 2018; Fang and Fall, 2019) and 

Brazilian test (Johnson et al., 2015; Komurlu et al., 2016). They provide valid laboratory 

references for designing the backfilling system and monitoring the stability of the 

underground backfilled stopes. Previous studies have revealed that these different backfill 

materials' strength characteristics and deformation properties are in various ranges due 

to different particle size distributions and chemical compositions (Fall et al., 2005; 

Ghirian and Fall, 2013). Although these backfill materials show evident elastoplastic 

deformation during the uniaxial and triaxial compression tests, the stress-strain 

behaviour can be quite different. For example, ductile failure mode can occur at the post-

failure stage on some cemented paste backfill (Rankin and Sivakugan, 2007). Most CRF 

material and cemented gangue backfill show obvious brittle failure response (Lingga et 

al., 2019; Wang et al., 2009). Meanwhile, the confining pressure and in-situ geological 

conditions at the underground stopes can also significantly influence the mechanical 

properties and failure behaviour of backfill materials (Rankin and Sivakugan, 2007). For 

the direct shear test on backfill materials, previous studies (Koupouli et al., 2016; Nasir 

and Fall, 2008) mainly focused on the shear stress-strain behaviour at the rock-backfill 

and backfill-backfill interfaces. Furthermore, for the Brazilian test, the tensile strength of 

backfill materials can vary widely according to different test methods and conditions 

(Kaklis et al., 2018; Johnson et al., 2015).  
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Meanwhile, other advanced test methods and apparatuses were also employed by many 

researchers as auxiliaries to study the mechanical properties of the backfill materials. For 

instance, many studies (Gong et al., 2014; Wu et al., 2018; Belem et al., 2001; Fall et al., 

2007; Ercikdi et al., 2014; Johnson et al., 2015) conducted the acoustic emission (AE) 

monitoring test, ultrasonic test, and scanning electron microscope (SEM) test to learn the 

microstructure quality and the microcrack evolution inside the backfill materials under 

compression. Moreover, some other researchers (Lingga et al., 2019; Du et al., 2019) used 

the measuring system with the three-dimensional digital image correlation (3D-DIC) 

technique to investigate the visible cracks on backfill materials at the post-failure stage.  

However, most of these previous laboratory tests were conducted on artificial backfill 

specimens, of which the aggregate and binder were mixed, cured, and consolidated under 

laboratory conditions (Lingga et al., 2019). In contrast, the temperature and humidity in 

the laboratory can be quite different from those in underground mined-out areas (Roux 

et al., 2005). Furthermore, in very few studies (Johnson et al., 2015), small-scale core 

samples with a diameter of 7.0 cm were drilled from a CPB column under field conditions 

and then used for laboratory tests. Compared with the well-mixed laboratory-made 

backfill specimens, particles inside the field core backfill samples are relatively more 

nonuniformly distributed, and the segregation phenomenon can be more prone to occur. 

Especially for the CRF material, the particle size distribution is very inhomogeneous, and 

the mechanical properties at different parts of the CRF column can be highly variable. 

Thus, the test data obtained from the artificial CRF specimen made in the laboratory may 

not be very representative (Liu et al., 2017). Hence, in this study, field CRF core samples 

were collected from a CRF column at an underground stope of a hard rock mine. 
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Moreover, by conducting the uniaxial and triaxial compression tests on these specimens, 

the strength and deformation parameter distributions of the CRF core samples drilled 

along the vertical and horizontal directions at different depths were then analyzed.   

3.2 Material and methodology  

3.2.1 Field-cemented rockfill 

The field CRF core samples were collected from a hard rock mine located in Northwest 

Territories, Canada, of which the sampling method and locations are shown in Fig. 3.1. 

The dimension of the single backfilled stope at the mine is 30 × 7.5 × 30 m (length × width 

× height). Two 21-meter-long and 6-inch-wide diamond boreholes, B1 and B2, were 

drilled along the horizontal and vertical directions from the CRF discharge point, 

respectively, in an entirely dewatered and consolidated CRF column at a backfilled stope, 

which is located 200-meter-deep underground. Fig. 3.3a shows that the CRF samples 

from the borehole B1 and B2 were sawed and polished into 16 and 12 pieces of the 

cylindrical specimens, respectively, and then numbered according to the buried depth in 

the column at the backfilled stope.  
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Fig. 3.1 Sampling method and locations of the field CRF core samples at the Canadian 

hard rock mine. 

The mechanical-physical properties of the CRF samples are shown in Table 3.1. With a 

dry unit weight of 2281.8 kg/m3, the CRF material mainly consists of the aggregate of 

granitic particles and the Portland cement binder. Meanwhile, the fresh CRF slurry's 

cement-aggregate, water-cement, and water-solid ratios are 8.0%, 1.0 and 9.6%, 

respectively. The granitic aggregate particle size distribution (PSD) is shown in Fig. 3.2, 

indicating that the CRF particles are sieved into twelve intervals according to the 

diameter, and the mass fractions are listed in Table 3.2.  

According to the particle size distribution, the uniform coefficient 𝐶𝑢  and curvature 

coefficient 𝐶𝑐  of the granitic particles are 12.0 and 0.81, respectively. Compared with 

Swan’s optimal theory of the CRF aggregate in 1985, the suitable exponent value for the 

granitic aggregate particle size distribution is 0.35, which is smaller than the 

recommended optimal of 0.5 for the backfill material (Swan, 1985). It indicates that the 

CRF samples have a slightly rapid transition from the large to fine aggregate particles, 

accounting for 40% and 60% by weight, respectively.  

Table 3.1 Physical-mechanical properties of the field CRF core samples.  

Category Values 

Dry unit weight (kg/m3) 2281.8 

Cement-aggregate mass ratio 0.08:1 

Water-cement mass ratio 1:1 

Water-solid mass ratio 0.096:1 
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Fig. 3.2 Particle size distribution of the CRF aggregates.  

Table 3.2 Mass fractions of the CRF aggregates with different particle diameters.  

Intervals (mm) Mass fraction 

(0, 0.074) 2.71% 

(0.074, 0.149) 5.00% 

(0.149, 0.250) 3.66% 

(0.250, 0.420) 4.72% 

(0.420, 0.840) 6.88% 

(0.840, 2.000) 8.98% 

(2.000, 4.750) 10.96% 

(4.750, 9.525) 13.03% 

(9.525, 12.70) 9.28% 

(12.70, 19.05) 12.88% 

(19.05, 25.40) 8.50% 

(25.40, 38.10) 11.52% 

(38.1, 50.8) 1.88% 
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3.2.2 Specimen preparation 

Fig. 3.3a shows that the CRF samples were cut into large-scale cylindrical specimens by a 

diamond saw and then labelled according to the buried depths in the CRF column along 

the vertical and horizontal directions at the backfilled stope. The upper and lower surfaces 

of the field CRF specimens were polished using abrasive papers to ensure a smooth-and-

level initial status for the following tests. The diameter of the field CRF specimens was 6.0 

inches, which was more than three times the maximum particle size in the CRF samples. 

The height of the field CRF specimens varied from 304.8 mm to 335.28 mm to keep a 

minimum aspect ratio of 2:1 to eliminate the size effect, according to the American Society 

for Testing and Materials (ASTM C39, 2018; ASTM C192, 2013). Meanwhile, the field CRF 

specimens were cured in the laboratory at a temperature of 25 ℃ and a humidity of 95% 

(Fall and Samb, 2009).  

3.2.3 Laboratory test method  

Fig. 3.3b and Fig. 3.3c show that the uniaxial and triaxial compression tests were carried 

out on the large-scale CRF core specimens using a 1,000-ton servo-hydraulic controlled 

INSTRON loading frame, which has a maximum axial pressure of 6,230 KN. For both the 

uniaxial and triaxial compression tests, the axial pressure was loaded under the constant 

displacement control until the field CRF specimens reached the failure load, with a quasi-

static compression rate of 0.5 mm/min (ASTM C39, 2018). Two linear variable 

differential transformers (LVDTs) were placed at two opposite points at the mid-height 

of each specimen diametrically to measure the radial deformation for the uniaxial 

compression test. For the triaxial compression test, to simulate the natural stress 

condition, the hydraulic confining pressure was applied to the field CRF specimens by 
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placing them in a large-scale Hoek triaxial cell. The cell consists of a hollow steel cylinder 

with an embedded rubber membrane and a pair of spherical seat platens installed at the 

top and bottom of the field CRF specimens. A 260D Syringe Pump was used to provide 

the hydraulic confining pressure for the triaxial compression test, with a pressure capacity 

range of 0.69 MPa to 5.17 MPa and a refill depressurization range of 1.0 𝜇l/min to 107 

ml/min. The Hoek triaxial cell was saturated to be completely air-free by pumping oil into 

the cell before the tests started. The specific hydraulic confining pressures of 1.5 MPa and 

2.5 MPa were applied to the cell after the field CRF specimens were placed in the rubber 

membrane. During both the uniaxial and triaxial compression tests, the specimens' axial 

load, axial, and radial deformations were collected through data loggers and then 

converted to axial stress, axial, and radial strains, respectively, and then recorded by using 

MTS Series 793 Control System.  
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Fig. 3.3 Preparation of the field CRF specimens and the test apparatus setups: a) field 

CRF specimens, b) large-scale uniaxial compression test, and c) large-scale triaxial 

compression test.  

3.3 Results and discussion 

3.3.1 Stress-strain behaviour and the deformation properties of the field CRF specimen 

Fig. 3.4 shows the stress-strain (𝜎-𝜀) curve of a representative field CRF core specimen 

under the uniaxial compression. As with most kinds of the geomaterials, such as concrete 

and rock (Zhao et al., 2019; Cai and Kaiser, 2014), the curve can be divided into four main 

stages, which are marked as oa to cd, respectively, according to the different stress-strain 

behaviour during the entire uniaxial compression test.  
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First, during the pore compaction stage (oa), the specimen experienced a self-adjustment 

period. It became stiffer with initial micro-fissures and pores getting compacted to close 

gradually, leading to a linear rather than a concave curve shape. Second, the specimen 

showed visible elastic deformation during the ab stage, with Young’s modulus (𝐸) of the 

specimen maintained constant, which was reflected from the linear positive correlated 

stress-strain behaviour at this stage. Third, the micro-cracks inside the specimen were 

initiated to expand at point b on the curve, propagated during stage bc, and then caused 

an apparent decrease in deformation modulus, leading to a nonlinear stress-strain 

behaviour at this stage. Finally, starting at the peak stress point c on the curve, the 

specimen was destroyed and underwent a strain-softening failure stage of cd, during 

which micro-cracks converged rapidly. And then, the peak stress of the specimen 

decreased gradually to a stable level. 

What is more, some studies (Zhao et al., 2019; Cai and Kaiser, 2014; Wu et al., 2018) made 

more distinct divisions on stages of bc and cd, which can be both divided into two 

substages according to the stabilization of micro-cracks and damage propagation states 

inside some specific geomaterials. However, in this study, for 𝜎-𝜀  curves of the CRF 

specimens under the uniaxial compression, there is no need to make such a precise 

division on stages of bc and cd, because it can be observed in Fig. 3.4 that no unstable 

micro-crack propagation appeared neither near the peak stress point nor at the post-

failure stage during the tests. Moreover, for 𝜎-𝜀 curves of the CRF specimens under the 

triaxial compression, the substages were divided at the corresponding bc and cd stages 

and not shown in this paper. 
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Fig. 3.4 𝜎 - 𝜀  curve of a representative field CRF specimen under the uniaxial 

compression. 

Fig. 3.5 depicts the distributions of the uniaxial compressive strength (UCS), Young’s 

modulus (𝐸), and Poisson’s ratio (𝜂𝑝) of the field CRF core samples drilled along the 

vertical and horizontal directions at the borehole locations in the corresponding CRF 

column at the backfilled stope. As shown in Fig. 3.5a, the average UCS for 15 groups of 

the field CRF specimens is 6.69 MPa, with a standard deviation (𝑠𝑑) of 1.12 MPa and a 

coefficient of variation (𝑐𝑣) of 17%, which is proved to be within the acceptable range 

(Johnson et al., 2015). Generally, as dewatering and consolidation inside the field CRF 

material occur continuously during the backfilling process, the UCS is expected to 

increase as the depth increases (Yilmaz et al., 2015). In this study, along the vertical 

drilling direction, the highest UCS of the specimens appears at point b of the maximum 

drilling depth in the backfilled stope. However, the UCS shows a fluctuant distribution 

from 4.95 MPa to 8.78 MPa along the depth due to the segregation phenomenon inside 

the CRF column. A previous study (Liu et al., 2017) has observed that the segregation 

phenomenon, which commonly occurs in hydraulic backfill materials, can easily result in 



  Page 34  

the rearrangement of the backfill material particles. It means that more coarse aggregate 

particles settle down, and more fine aggregate and binder particles rise to the top, leading 

to lower porosity and a higher UCS at the shallow depth of the backfilled stope. In this 

study, the segregation phenomenon can be easily observed by directly finding the 

unevenly distributed pores and particles on the field CRF specimens. Finally, due to the 

segregation phenomenon's combined effects and the CRF material's ununiform particle 

size distribution, the UCS of the specimens fluctuated dramatically along the vertical 

drilling direction. However, the highest UCS still appears at the maximum drilling depth 

in the CRF column at the backfilled stope due to multi-stages of overburden compression 

and consolidation. 

Meanwhile, although a slight fluctuation exists in the UCS distribution of the specimens 

drilled in the horizontal direction, a significant downtrend can be easily observed along 

the horizontal distance from the CRF discharge point a to point c of the maximum drilling 

depth. Moreover, the lowest and highest UCS, 5.56 MPa and 8.46 MPa, respectively, 

appear at the maximum horizontal drilling depth and the CRF discharge point in the CRF 

column at the backfilled stope, respectively. The reason for this downtrend distribution is 

that as the multi-stage pouring of fresh CRF material continues, the CRF column at the 

backfilled stope withstands a multi-stage compression and consolidation process 

(Grabinsky, 2010). Thus, the closer the material gets to the CRF discharge point, the more 

compacted the material can be, and the less porosity the material acquires due to the 

impact from the subsequently poured fresh CRF material and the settlement driven by 

gravity. In contrast, the CRF material away from the CRF discharge point can undergo 

only minor disturbance from the subsequent pouring. Thus, it can be consolidated 
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naturally, leading to a lower UCS of the CRF material. Meanwhile, the segregation 

phenomenon can also contribute to the dispersed distribution of the UCS of the field CRF 

specimens along the horizontal drilling direction in the CRF column at the backfilled 

stope (Liu et al., 2017).  

Fig. 3.5b shows that the average E for 15 groups of the CRF core specimens is 4.45 GPa, 

with an 𝑠𝑑  of 0.82 GPa and a 𝑐𝑣  of 18%. Thus, it depicts that 𝐸 of the field CRF specimens 

drilled along the vertical and horizontal directions fluctuated and distributed dispersedly. 

However, 𝐸 of the horizontal-drilled specimens can distribute more uniformly, with a 

lower 𝑐𝑣  of 15%, then the specimens were drilled along the vertical direction. It means the 

multi-stage pouring of the fresh CRF material can exert less influence on the distribution 

of 𝐸 along the horizontal drilling direction in the backfilled stope. Meanwhile, compared 

with the UCS distribution, the distribution of 𝐸 of the field CRF specimens is much more 

uniform. 

Fig. 3.5c shows that the average value of 𝜂 for 15 groups of the field CRF specimens is 

0.24, with a 𝑠𝑑  of 0.17 and a 𝑐𝑣  of 70%. This average value is reasonable for concrete-like 

materials such as cemented rockfill, cemented paste backfill and cemented coal gangue 

(Deng et al., 2017; Sun et al., 2017). Whether for the specimens drilled along the vertical 

or horizontal direction at the borehole locations, no evident regularities of the distribution 

in 𝜂 are found. Both values fluctuate dramatically due to the individual difference of the 

specimens caused by the ununiform particle size distribution of the CRF material and the 

segregation phenomenon inside the CRF column. Another critical cause for these 

distribution irregularities is the errors from the measuring apparatus for the radial strains 

of the field CRF specimens during the uniaxial compression tests. Due to the relatively 
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large dimensions of the specimens, the LVDTs adopted the point measurement method, 

of which the probes were placed at two opposite points at the mid-height of each specimen 

diametrically. Suppose one point is located at the failure zone or a sizeable granitic 

aggregate particle on the specimen. In that case, the instability and asymmetry of the 

measurement can be generated, leading to a high 𝑐𝑣  and inconsistent results of 𝜂 of the 

field CRF specimens. 

Fig. 3.6 depicts the distribution contours of the UCS and 𝐸 at the cross-section of the CRF 

column, which is plotted with the mapping software Surfer by using the Kriging gridding 

method. It indicates that the CRF slurry's dumping method and dumping frequency can 

profoundly influence the arrival time when the CRF column is entirely consolidated and 

settled, leading to significant non-uniform distributions in the UCS and 𝐸. As seen at the 

bottom of the backfilled stope, the UCS and 𝐸 of the CRF column can be higher due to the 

multi-stage compression from the overburden CRF layers. At the top of the backfilled 

stope, the further away from the CRF discharge point, the lower the UCS and 𝐸 can be. 

The predicted contours are highly coincidental with the laboratory test results on the field 

CRF specimens. 
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Fig. 3.5 Distribution of the mechanical properties of the field CRF specimens along the 

drilling directions: a) UCS, b) 𝐸, and c) 𝜂.  

 

Fig. 3.6 Distribution of the mechanical properties of the field CRF material at the CCS of 

the CRF column: a) UCS, and b) 𝐸.   

3.3.2 Strength characteristics and the failure pattern of the field CRF specimen 

Fig. 3.7 compares the average UCS of Lingga’s artificial CRF specimens with the field CRF 

specimens in this study. The average UCS of the artificial CRF specimens with different 

cement contents of 4.5% and 10% are 3.39 MPa and 9.22 MPa, respectively. Previous 

studies on cemented soil (Jongpradist et al., 2010) show that the average UCS can linearly 

increase as the cement content increases within a slight variation of cement content. Thus, 

the average UCS of the artificial CRF specimens when the cement content is 8% can be 

calculated as 7.1% using the interpolation method. As can be seen, the average UCS of 15 

groups of the field CRF specimens is 6.69 MPa when the cement content is 8%, with an 

error of 5.8%, compared with the expected value calculated from Bob’s artificial CRF 

MPa MPa 
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specimens. It indicates that the strength requirement of the CRF column is still met at the 

hard rock mine, although a significant non-uniform distribution exists in the UCS at 

different parts of the CRF column. 

 

Fig. 3.7 Effect of the cement content on the UCS of the field CRF specimens.  

Due to the limitation of the CRF sample quantity and laboratory test conditions, only five 

and three groups of triaxial compression tests at the confining pressure of 1.5 MPa and 

2.5 MPa, respectively, were carried out on the field CRF specimens. Meanwhile, five 

uniaxial compression tests on the field CRF specimens buried at the same corresponding 

depths are chosen to match the triaxial compression tests, which can ensure the accuracy 

and rationality of the following calculations. Fig. 3.9 shows the peak axial stress (𝜎𝑝) of 

the field CRF specimens under the uniaxial and triaxial compression and the fitting curve 

of their average values at the confining pressures (𝜎3) of 0 MPa, 1.5 MPa and 2.5 MPa. 

The corresponding fitting formula is presented in Eq. 3.1 with a correlation coefficient 

(𝑅2) of 0.997: 
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𝜎𝑝 = 7.56𝜎3 + 6.55 (Eq. 3.1) 

At 𝜎3 of 1.5 MPa, the average value of 𝜎𝑝 is 17.53 MPa, with an 𝑠𝑑  of 2.07 MPa and an 𝑐𝑣  

of 11%. When 𝜎3 is 2.5 MPa, the average value of 𝜎𝑝 is 25.66 MPa, with a 𝑠𝑑  of 3.19 MPa 

and a 𝑐𝑣  of 12%. These laboratory test data indicate that the individual difference between 

the triaxial compression tests on different field CRF specimens under the same confining 

pressure is relatively small, and the 𝜎𝑝  distribution is relatively uniform. It is mainly 

because the confining pressure constricts the microstructure inside the CRF material and 

automatically adjusts the micro-fissure and pore convergence degree of the specimen to 

be more uniform at different sub-stages of the triaxial compression test (Fall et al., 2007).  

Fig. 3.8 depicts the Mohr-Coulomb strength criterion for the field CRF specimens under 

the uniaxial and triaxial compression at different 𝜎3 of 0 MPa, 1.5 MPa, and 2.5 MPa. The 

fitting formula of the linear envelope curve of the Mohr-Coulomb circles (Parry, 2004) is 

shown in Eq. 3.2, where 𝜏 is the shear strength of the field CRF specimens under different 

𝜎3, and 𝜎𝑚 is the principal stress of the field CRF specimens during the compression tests. 

Through Eq. 3.2, the cohesion ( 𝑐 ) and internal friction angle (𝜑 ) of the field CRF 

specimens can be calculated as 1.45 MPa, and 51.13°, respectively, and these values are 

within the reasonable ranges, compared with the previous studies (Lingga and Apel, 

2018) in which the artificial CRF specimens with the same CRF material were tested. 

𝜏 = 1.24𝜎𝑚 + 1.45 (Eq. 3.2) 

Meanwhile, according to the previous studies (Farnam et al., 2010), the normalized form 

of the Mohr-Coulomb criterion can be expressed as Eq. 3.3: 
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𝜎𝑝

𝜎𝑐
= 1+ 𝑘 (

𝜎3

𝜎𝑐
) 

(Eq. 3.3) 

In this equation, 𝜎𝑐 is the UCS of the field CRF specimen, with a value of 7.43 MPa chosen 

from the laboratory test data according to Fig. 3.8, 𝜎𝑝 𝜎𝑐⁄  and 𝜎3 𝜎𝑐⁄  represent the triaxial 

strength ratio and confinement ratio of the field CRF specimen, respectively, and 𝑘0 does 

Eq calculate a correlation factor. 3.4 as a value of 8.03: 

𝑘0 =
1 + 𝑠𝑖𝑛 𝜑

1 − 𝑠𝑖𝑛 𝜑
 

(Eq. 3.4) 

Two fitting curves of 𝜎𝑝-𝜎3 the relationship derived from the normalized Mohr-Coulomb 

criterion and obtained from the OriginLab software, respectively, are also plotted in Fig. 

3.9, and their corresponding formulas are expressed in Eq. 3.5 and Eq. 3.6, respectively:   

𝜎𝑃 = 8.03𝜎3 + 7.43 (Eq. 3.5) 

𝜎𝑃 = 8.38𝜎3 + 7.51 (Eq. 3.6) 

It is proven that the relationship between 𝜎𝑝  and 𝜎3  of the field, CRF specimens 

conformed to the previous research (Fall et al., 2007; Zhao et al., 2019) on the cemented 

paste backfill or concrete as expected. As 𝜎3 increases, the average value of 𝜎𝑝 under the 

triaxial compression can significantly linearly-like increase. Meanwhile, 𝑅2 of Eq. 3.5 and 

Eq. 3.6 are 0.989 and 0.998, respectively, which demonstrate that both curves can be 

used to predict 𝜎𝑝 of the field CRF specimens under the triaxial compression at different 

𝜎3. It can also be validated that with a corresponding reasonable 𝑘0 of 8.38, Eq. 3.6 has a 

good correlation and imitative effect on the relationship between 𝜎𝑝  and 𝜎3  when 
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compared with Eq. 3.5, which is derived from the normalized Mohr-Coulomb strength 

criterion.  

 

Fig. 3.8 Mohr’s circles and Mohr-Coulomb strength criterion for the field CRF 

specimens. 

 

Fig. 3.9 𝜎𝑝 - 𝜎3  curves of the field CRF specimens under the uniaxial and triaxial 

compression.  
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Fig. 3.10 indicates different failure modes of the representative field CRF specimens 

under the uniaxial and triaxial compression at 𝜎3 of 0 MPa, 1.5 MPa and 2.5 MPa. For the 

specimens under the uniaxial compression, several typical failure modes of concrete or 

concrete-like materials such as the cemented rockfill cemented paste backfill, rock-

concrete mixture or cemented soil have been observed by previous studies (Liu et al., 

2017; ASTM C39, 2018), including the diagonal shear, ‘X’-cone shear, single or columnar 

split, and ‘Y’-cone shear modes. A failure mode called corner fracture pattern is also 

discussed in ASTM Standard C39 for the concrete specimen under the uniaxial 

compression (ASTM C39, 2018).  

In this study, among 15 groups of the field CRF specimens under the uniaxial 

compression, seven groups of the specimens show columnar failure mode (Fig. 10b), 

which is the most typical mode among these specimens. Moreover, ‘Y’-cone shear mode 

appears in six groups of the specimens (Fig. 10a). Two groups of the specimens showed a 

failure mode of diagonal shear (Fig. 10c), while no ‘X’-cone shear mode was observed 

among the specimens. During the uniaxial compression tests, as the same as the cemented 

paste backfill and concrete materials (Rankine and Sivakugan, 2007; Zhao et al., 2019), 

the specimens also show a brittle behaviour when reaching failure, with the stress-strain 

curves indicating the strain-softening effect. Meanwhile, microscopically from the failure 

surface of these specimens, it can be observed that micro-cracks mainly occur at the 

interface of coarse granitic particles of the CRF material and then converge into fractures 

with crushed fragments on the specimens. Compared with other concrete-like materials 

such as the cemented paste backfill and cemented soil, failure modes of the field CRF 
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material under the uniaxial compression depict more change due to the non-uniform 

particle size distribution. 

As for triaxial compression tests, the diagonal shear is the most typical failure mode for 

brittle materials such as rock, concrete, and concrete-like materials under all levels of 

confining pressures (ASTM C39, 2018; Farnam et al., 2010; Zhang and Li, 2019). In this 

study, all eight groups of the specimens under the triaxial compression at 𝜎3 of 1.5 MPa 

and 2.5 MPa show a failure mode of diagonal shear (shown in Fig. 10d). The average 

observed angle (𝛼) of the failure plane between the directions of axial stress and failure 

surface of the specimens is 68.5°. According to the Mohr-Coulomb strength criterion, the 

relationship between 𝛼 and the internal friction angle (𝜑) is shown in Eq. 3.7, Eq. 3.8, and 

Eq. 3.9.  

𝜏 = 𝑐 + 𝜎𝑚 𝑡𝑎𝑛 𝜑 =
1

2
(𝜎1 − 𝜎3) 𝑠𝑖𝑛 2𝛼 

(Eq. 3.7) 

𝜎1 =
2𝑐 + 𝜎3[𝑠𝑖𝑛 2𝛼 + 𝑡𝑎𝑛 𝜑 (1 − 𝑐𝑜𝑠 2𝛼)]

𝑠𝑖𝑛 2𝛼 − 𝑡𝑎𝑛 𝜑 (1 + 𝑐𝑜𝑠 2𝛼)
 

(Eq. 3.8) 

𝛼 =
𝜋

4
+
𝜑

2
 (Eq. 3.9) 

Using Eq. 3.9, the calculated value of the orientation angle was 70.6°, which ideally 

corresponds with the observed average value on the field CRF specimens. Through 

microscopical observation on the failure surface of these field CRF specimens, the 

breakage and crushed fragments of the coarse granitic particles of the CRF material can 

be found along the surface. It indicated that the microstructure and micro-cracks inside 

these specimens under the triaxial compression are constricted to develop along the 

diagonal shear failure surface due to the confining pressure. Meanwhile, the effect of the 
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confining pressure on the micro-fissure convergence is much more significant than the 

effect of the uniform particle size distribution of the CRF material.  

 

Fig. 3.10 Failure pattern of the representative field CRF specimens under the uniaxial 

and triaxial compression: a) corner failure mode, b) columnar failure mode, c) diagonal 

failure mode under the uniaxial compression, and d) diagonal failure mode under the 

triaxial compression. 

3.4 Conclusions 

In this study, the uniaxial and triaxial compression tests were carried out on the large-

scale cylindrical specimens made of the field cemented rockfill (CRF) core samples drilled 
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at two boreholes in the horizontal and vertical directions in a backfilled stope from a 

Canadian hard rock mine.  

The CRF material collected from the Canadian hard rock mine is a concrete-like material, 

and the stress-strain behaviour of the CRF core specimens under the uniaxial 

compression can be divided into four main stages of pore compaction, elastic 

deformation, stable micro-crack propagation and strain-softening post-failure, during 

which the CRF material shows obvious elastoplastic deformation due to the continuous 

micro-crack generation and convergence.  

Along the vertical drilling direction, the segregation phenomenon inside the CRF columns 

causes the rearrangement of the CRF material particles and the appearance of lower 

porosity and higher cement content at the top column part. Finally, it leads to the 

fluctuating distribution of the uniaxial compressive strength of the CRF core specimens 

that the higher values appear at the shallow depth of the underground backfill stope. 

However, along the horizontal drilling direction, the uniaxial compressive strength of the 

specimens showed a significant downtrend distribution that the nearer the point in the 

column is from the CRF discharge point, the higher the uniaxial compressive strength can 

be, due to the multi-stage compression and consolidation processes. Young’s modulus of 

the specimens fluctuates and distributes dispersedly along the vertical drilling direction 

due to the multi-stage pouring of the fresh CRF material. However, it shows a much 

evener distribution along the horizontal drilling direction. The Poisson’s ratio of the 

specimens fluctuates dramatically either along the vertical or horizontal drilling direction, 

and no evident distribution regularities were found. 
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Meanwhile, the limitation from the point measurement method adopted by the LVDTs is 

an actual cause for the unstable laboratory test data of Poisson’s ratio. Compared with 

previous research by Lingga and Apel (2018), it indicates that the strength requirement 

of the CRF column is still met at the hard rock mine. However, a significant non-uniform 

distribution exists in the UCS at different parts of the CRF column.  

The peak axial stress of the specimens shows a linear-like positive correlation with the 

confining pressure. Their fitting formula has a good correlation and imitative effect on 

their relationship, which is highly agreed with the normalized equation of the Mohr-

Coulomb strength criterion of the specimens. For the CRF core specimens under the 

uniaxial compression, the failure modes of columnar failure, ‘Y’-cone shear, and diagonal 

shear can be observed, and for the specimens under the triaxial compression, all the 

specimens show an evident failure mode of diagonal shear, of which the observed 

orientation angle between the directions of axial stress and the failure surface of the 

specimen is highly agreed with the value calculated by the Mohr-Coulomb strength 

criterion.  

The lowest UCS value of the CRF column at the Canadian diamond mine is much greater 

than the calculated required UCS according to the modified Mitchell’s analytical model. 

It indicates that the CRF column has an excellent stability condition and no potential 

failure risks occur. Even the segregation phenomenon was found in the CRF column, 

leading to the dispersed distribution of the UCS of different parts of the CRF column.  
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Chapter 4 Discrete element method for modelling the uniaxial and triaxial 

compression tests on the cemented rockfill specimen 

In this chapter, numerical the uniaxial and triaxial compression tests were carried out on 

two discrete elements (DE) models of the cemented rockfill (CRF) specimens, which are 

with the simplified particle size distribution and mean particle diameter, respectively. The 

microstructural parameters of the two DE models were well calibrated to ensure the 

overall mechanical properties perfectly coincide with the laboratory test results of the real 

CRF specimens under the uniaxial and triaxial compression. This study first calibrated 

the strength characteristics and failure pattern of the DE models of the CRF specimens 

under the triaxial compression. According to the Mohr-Coulomb failure criterion, the 

modelling results highly agreed with the laboratory test results. Meanwhile, the modelling 

results indicate that the particle size distribution and the model-particle diameter ratio 

significantly influence the overall mechanical properties and fragment evolution of the 

DE models of the CRF specimens.  

4.1 Introduction  

Numerical modeling is an effective technique to comprehend the stress-strain behaviour 

and the mechanical properties of backfill materials and predict the stability of backfill 

columns and underground mined-out areas under different geological conditions. Three 

main numerical modeling approaches were adopted by plentiful previous research to 

study the backfill mechanics, including the finite difference (FD) method (Nasir and Fall, 

2010, 2008; Li and Aubertin, 2015), finite element (FE) method (Helinski et al., 2010, 

2010; Cui et al., 2016), and discrete element (DE) method (Potyondy, 2015; Ding et al., 

2014; Li et al., 2014; Liu et al., 2017; Wu et al., 2018). For the FD and FE methods, which 
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are categorized as continuum methods (Ding et al., 2014), most previous studies on the 

backfill materials mainly focused on the mechanical interaction between the underground 

backfilled stopes and the backfill columns (Falaknaz et al., 2015, 2015), the stress-strain 

behaviour at the backfill-rock and backfill-backfill interfaces (Liu et al., 2017; Li and 

Aubertin, 2015), and the stress distribution at the backfill columns and underground 

backfilled stopes (Pirapakaran and Sivakugan, 2007; Li and Aubertin, 2015; Falaknaz et 

al., 2015). The results from these numerical simulations revealed that the backfill columns 

largely enhance the stability of the underground mined-out areas, and the arching 

phenomenon occurred inside the backfill columns significantly influences the stress 

distribution at the underground backfilled stopes, which commences at the rock-backfill 

interfaces and is related to the stope geometry. Meanwhile, some research (Emad et al., 

2012; Emad et al., 2014) focused on the dynamic characteristics of backfill columns under 

impact loading and blast-induced vibration by constructing numerical models of adjacent 

excavated and backfilled stopes underground.  

Although these conventional continuum approaches of FD and FE methods show high 

computational efficiency when conducting numerical simulations, they may generate 

serious errors when model the large-strain deformation and post-failure behaviour in 

geotechnical problems (Li and Liu, 2002), compared with the FD and FE methods, the 

discontinuum approach of the DE method has advantages in simulating the large dis-

continuous deformation and exhibiting the fracture initiation and propagation explicitly 

(Li et al., 2018; Zhang and Wong, 2012) due to the model realization with separate units 

and bonds (Potyondy and Cundall, 2004), although the work on the calibration process 

of the microstructural parameters may require a higher computational ability. A lot of 
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previous numerical research has adopted the DE method to study the mechanical 

properties and stress-strain behaviour of concrete and concrete-like materials (Camborde 

et al., 2000; Hentz et al., 2004; Hentz et al., 2004). In these studies, the laboratory tests 

were reconstructed numerically in the Software PFC or PFC3D, such as the uniaxial 

compression test (Suchorzewski et al., 2018; Wang et al., 2008) and triaxial compression 

test (Tran et al., 2011; Liu et al., 2017; Onate et al., 2015), to simulate the micro-crack 

propagation and macro-fracture evolution. Furthermore, through the calibration process 

of the microstructural parameters of these DE models (Lian et al., 2011; Tran et al., 2011), 

the strength characteristics and overall deformation properties were validated with the 

laboratory test data obtained from the real specimens. The most concerning areas 

involved in the previous research were the effects of particle size distribution and model 

scale (Suchorzewski et al., 2018; Liu et al., 2012), the particle shape and microstructure 

reconstruction (Sun et al., 2017; You et al., 2009; Zelelew and Papagiannakis, 2010) and 

the selection of the contact model among the discrete particles in the DE models (Liu et 

al., 2019; Liu and You, 2009).  

However, very few studies based on the backfill materials of CPB and CRF used the 

discontinuum approach of the DE method. Sun et al. (2017) reconstructed the 

microstructure of the CPB specimens numerically using the DE method Software PFC, 

according to the X-ray CT scanned images in the laboratory, to study the effect of the pore 

structure on the stress-strain behaviour. Liu et al. (2019) proposed a new microstructural 

hydration model to study the internal sulfate attacks to the strength evolution of the CPB 

material using the DE method. In a previous study from Liu et al. (2017), the cement and 

tailings particles inside the CPB specimens were created separately with software PFC3D 
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and the numerical triaxial compression tests were conducted to study the influence of the 

cement particle numbers on the stress-strain behaviour of the CPB material. According 

to the Talbot Theory, Wu et al. (2018) conducted uniaxial compression tests on artificial 

CRF specimens with different particle size distributions. Then, the numerical models 

were created in PFC3D to validate the effects of particle size distribution on the 

mechanical properties of the CRF materials. These studies revealed the important role of 

the microstructure in the strength evolution of the backfill materials, and the modelling 

results all highly agreed with the corresponding laboratory test results, such as the 

uniaxial compressive strength and Young’s modulus and the shape of the stress-strain 

curves of the backfill specimens under the uniaxial compression.  

However, in these previous studies, the mechanical properties and stress-strain 

behaviour of backfill materials under the triaxial compression were not calibrated. In 

underground backfilled stopes, backfill columns undergo the confining pressure which is 

from the surrounding walls and present an obvious shear failure mode. So, it may not be 

very representative if only the backfill material's uniaxial compressive strength of the DE 

model is calibrated. Thus, it is essential to calibrate the internal friction angle and 

cohesion according to the Mohr-Coulomb failure criterion (Brady and Brown, 2013) when 

simulating the stress-strain behaviour of backfill materials under the triaxial compression 

by using the discontinuum approach of the DE method in PFC (Huang et al., 2016). In 

this study, the mechanical properties and stress-strain behaviour of the DE models of the 

CRF specimens under both the uniaxial and triaxial compression will be calibrated by 

comparing the numerical modelling with the laboratory test data.  
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4.2 Material and methodology  

4.2.1 Cemented rockfill 

The cemented rockfill, comprised of aggregate particles with variously distributed sizes 

and bonded by the cement particles, can be considered a porous-bonded material 

(Jongpradist, 2010; Wu et al., 2018). In this study, the cemented rockfill (CRF), which 

was collected from a hard rock mine in Northwest Territories, Canada (Sepehri et al., 

2017), was simulated with the DE method to study the stress-strain behaviour by 

conducting numerical the uniaxial and triaxial compression tests under different 

confining pressures on the DE model of the CRF specimen. The stress-strain behaviour, 

strength characteristics, and deformation properties of the field CRF material have been 

discussed in Chapter 3, and the mechanical properties of the CRF material that will be 

simulated in this study are listed in Table 4.1. The mechanical properties of the DE model 

of the CRF specimen were the average values of the real CRF specimens on which the 

uniaxial and triaxial compression tests were conducted in the laboratory. In addition, 

microstructural parameters of the parallel bond contact model applied among the discrete 

particles in the DE model of the CRF specimen were determined to ensure the overall 

mechanical properties of the DE model are the same as the real representative CRF 

specimen in the laboratory.  

Table 4.1 Physical-mechanical properties of the CRF specimens.  

Category Values 

Young’s modulus (GPa) 4.45 

Poisson’s ratio 0.24 

Uniaxial compressive strength (MPa) 7.43 

Peak axial stress (MPa) under confining pressure of 1.5 MPa 20.3 
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Peak axial stress (MPa) under confining pressure of 2.5 MPa 28.2 

 

4.2.2 Parallel bond contact model 

In PFC3D Version 6.0, twelve built-in contact models are provided to simulate different 

microstructural contact behaviours between particles and walls, including four linear-

based models, namely the linear contact bond, linear parallel bond, flat joint, and smooth 

joint contact models. They can be employed in numerical simulations to create bonded-

particle models to mimic the bonded materials. In this study, the linear parallel bond (PB) 

contact model in PFC3D Software was adopted to simulate the mechanical behaviour and 

binding effect of the cement among aggregate particles of the CRF material due to its 

anastomotic mechanical behaviour with the field CRF core samples.  

The behaviour summary, rheological components, and the activity-deletion criterion of 

the linear PB contact model have been shown in Fig. 4.1. Within the PB contact model, 

virtual cement-like bonds, which are deformable and breakable, exist at the contact 

positions among the discrete particles. Two interfaces are created at the contact position 

with groups of parallel springs, bonds, and dashpots. Interface one is linear elastic 

frictional without tension, representing the linear bond, and interface two is linear elastic 

bonded, representing the parallel bond. The contact force (𝑭𝑐) and the motion (𝑴𝑐) at the 

bond follow the force-displacement law:  

𝑭𝑐 = 𝑭𝑙 + 𝑭𝑑 + 𝑭𝑝 (Eq. 4.1) 

𝑴𝑐 = 𝑴𝑝 (Eq. 4.2) 
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where 𝑭𝑙  is the linear contact force, 𝑭𝑑  is the dashpot force and 𝑭𝑝 is the parallel bond 

contact force. 𝑴𝑝  is the parallel bond contact moment. The governing equations and 

activity-deletion criteria for the update mechanism of 𝑭𝑐 and 𝑴𝑐 in the PB contact model 

are not reiterated here since they have been studied in many previous studies (Wu et al., 

2018). By following the force-displacement and motion laws, forces and moments can be 

transmitted between the discrete particles through the virtual interfaces. Then, with the 

positions of the discrete particles and walls updated, the stress state in the DE model 

changes. Microstructural breakage occurs when the bond’s maximum stress exceeds the 

shear or normal strength at the contact position. 

 

Fig. 4.1 Parallel bond contact model.  

4.3 Numerical simulation  

4.3.1 Model establishment 

It can be seen from Fig. 4.2a that the DE model of the cylindrical CRF specimens, with 

dimensions of 152.4 mm × 304.8 mm (diameter × height), was constructed, conforming 

to the sizes of the CRF specimens used in large-scale the uniaxial and triaxial compression 

tests in the laboratory. Also, to eliminate the size effect, the length-diameter ratio of these 

DE models of the CRF specimens was designed to be 2:1, and the model diameter was 
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three times the maximum size of the particles of these DE models of the CRF specimens, 

following the recommendations in American Society for Testing and Materials (ASTM 

Standard C39, 2012). Furthermore, the ball clouds in these created DE models of the CRF 

specimens were generated randomly by the boundary contraction method with an initial 

void ratio of 0.58, according to the simplified particle size distribution shown in Fig. 4.2. 

Compared with the true particle size distribution of the CRF specimens, a group of small 

particles with diameters smaller than 2.0 mm were magnified to those particles with a 

medium diameter of 3.375 mm in the simplified particle size distribution. Hence, the total 

number of particles generated in the DE model of the CRF specimens was reduced and 

the calculation time of the simulation process was saved (Wu et al., 2018; Bock and 

Prusek, 2015; Liu, 2012).  

It should be noted here that previous studies have indicated that it was quite hard to 

comprehend the determination of the mass fraction of the binder particles in the 

numerical simulation with the discrete element method due to the multiple stages of the 

complex hydration process (Wu et al., 2018). Thus, in this study, the density and mass 

fraction of the Portland cement particles were converted into those of the balls in the DE 

model of the CRF specimens since their sizes were much finer than the granitic aggregate 

particles of CRF core samples. And the binding effects among the Portland cement 

particles were also converted into those among the particles inside the DE model of the 

CRF specimens. After the bonds were installed and microstructural parameters set, all 

the velocities, spins, contact forces and moments were nulled and fixed at zero initially 

with a few cycles of calculations to ensure that the DE model of the CRF specimens finally 

reach an equilibrium with no internal stresses remained.  
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The uniaxial and triaxial compression tests were simulated to carry out on the DE model 

of the CRF specimens using software PFC3D to calibrate the microstructural parameters 

and investigate the influence of model and particle sizes on the overall mechanical 

properties of the DE model of the CRF specimens. Fig. 4.3a has shown that for numerical 

triaxial compression tests, a rigid cylindrical vessel was created to wrap the DE model of 

the CRF specimens to simulate the large-scale Hoek triaxial cell to maintain a stable 

confining pressure through calling embedded servo-control functions in the PFC3D 

Software. Meanwhile, two horizontal walls were created at the top and bottom surfaces of 

the DE model of the CRF specimens, respectively, to simulate the pair of spherical seat 

platens. While for numerical uniaxial compression tests, the rigid cylindrical vessel was 

deleted before the test started and then no confining pressure was applied to the DE 

model of the CRF specimens. Same with the laboratory experiments, the axial pressure 

continued loading under constant displacement control until the CRF specimens' DE 

model reached the failure, by squeezing the top and bottom horizontal walls. In this study, 

to ensure the quasi-static loading states to be sufficiently provided and to save the 

calculation time during the numerical tests, the axial strain rate was set to be 0.05 m/s 

and the loading velocity of the top-bottom wall pair was set to be 0.00762 m/s, of which 

the values are sufficiently low to maintain the DE model of the CRF specimens staying at 

a quasi-static equilibrium during the entire compression process of the tests (Ding et al., 

2014; Li et al., 2018; Wu et al., 2018). During the numerical tests, the axial stress, axial, 

and radial strain of the DE model of the CRF specimens were measured through three 

spherical measurement regions that were placed symmetrically along the axis of the 

largest vessel dimension, which is described in PFC3D Version 6.0 Manual. Meanwhile, 

the force-chain fabric, cracking, and fragment development in the DE model of the CRF 
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specimens was also observed and monitored during the numerical uniaxial and triaxial 

compression tests.  

Meanwhile, to investigate the influence of model and particle sizes on the overall 

mechanical properties of the CRF specimens, six groups of the DE model of the CRF 

specimens with different diameter ratios (𝐷 𝑑⁄ ) of 10, 15, 20, 25, 30, and 35 were 

constructed, shown in Fig. 4.3b. The sizes of the particles in each model were uniform, 

and the D and d here refer to the diameter of each numerical model and the maximum 

diameter of the particles inside the DE model of the CRF specimens, respectively (Ding et 

al., 2014). It should be mentioned here that for the DE model with a 𝐷 𝑑⁄  of 15, the 

diameter of the particles is 10.0 mm, which is precisely the mean particle diameter of the 

real CRF core samples with an accurate particle size distribution, calculated by the 

formula Eq. 4.3 (Kemper and Rosenau, 1986). In this equation, 𝐷𝑚 represents the mean 

diameter of the particles inside the DE model of the CRF specimens, and 𝑑𝑖  and 𝜔𝑖  are the 

mean diameter and mass fraction of each aggregate class, respectively.  

𝐷𝑚 =∑𝑑𝑖𝜔𝑖

𝑛

𝑖=1

 (Eq. 4.3) 
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Fig. 4.2 Simplified particle size distribution of the CRF aggregates. 

Table 4.2 Microstructural parameters of PB contact model in the DE model of the CRF 

specimens with the simplified particle size distribution.  

Category Values 

Bulk Density (kg/m3) 2281.8 

Initial particle-cloud porosity 0.58 

Installation gap of the parallel bond (m) 0.001 

Young’s modulus of the particles (GPa) 6.59 

Young’s modulus of the parallel bond (GPa) 6.59 

Stiffness ratio of the particles 4.5 

Stiffness ratio of the parallel bond 4.5 

Normal strength of the parallel bond (MPa) 7.35 

Shear strength of the parallel bond (MPa) 4.99 

Internal friction angle of the parallel bond (°) 51.0 

Friction coefficient of the particles 0.87 
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Friction coefficient of the parallel bond 0.87 

 

Table 4.3 Microstructural parameters of PB contact model in the DE model of the CRF 

specimens with the mean particle diameter. 

Category Values 

Bulk Density (kg/m3) 2281.8 

Initial particle-cloud porosity 0.20 

Installation gap of the parallel bond (m) 0.001 

Young’s modulus of the particles (GPa) 3.67 

Young’s modulus of the parallel bond (GPa) 3.67 

Stiffness ratio of the particles 4.0 

Stiffness ratio of the parallel bond 4.0 

Normal strength of the parallel bond (MPa) 15.5 

Shear strength of the parallel bond (MPa) 2.61 

Internal friction angle of the parallel bond (°) 51.0 

Friction coefficient of the particles 0.87 

Friction coefficient of the parallel bond 0.87 
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Fig. 4.3 Uniaxial and triaxial compression tests on the DE model of the CRF specimens 

with a) simplified particle size distribution and b) different particle diameter ratios.  

For the DE model of the CRF specimens with the simplified particle size distribution, 

42,547 balls were generated using the grain scaling method, according to the seven 

intervals of the mass fractions of the CRF particles, with an initial ball-cloud porosity of 

0.58. While for the DE model of the CRF specimens with the mean particle diameter, the 

boundary contraction method was adopted, and a total of 8,128 balls were generated with 

an initial ball-cloud porosity of 0.2. Both packing methods can produce the same dense-

packed contact state of bonded materials. The chosen initial ball-cloud porosity values 

corresponded with the initial loose and dense contact states of the two kinds of granular 

CRF material, respectively, before the grain scaling and boundary contraction procedures, 

commenced. Installation gap ( �̅� ) is an important parameter to determine the bond 
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numbers and the grain connectivity inside the DE model of the CRF specimens. To choose 

an appropriate value, it should be less than the ratio of the smallest to the largest diameter 

of the particles inside the DE model of the CRF specimens and ensure a fit average 

coordination number of the generated DE model of the CRF specimens (Fan et al., 2018). 

The Young’s modulus, stiffness ratio and strengths of the particles and bonds are 

considered as three groups of the dominant microstructural parameters to influence the 

overall mechanical properties of the DE model of the CRF specimens, which mainly 

control Young’s modulus, Poisson’s ratio, and strength behaviour of the DE model of the 

CRF specimens (Ding et al., 2014; Li et al., 2018). Although the two kinds of the DE model 

of the CRF specimens showed a high degree of consistency in overall mechanical 

properties with each other, the microstructural parameters were significantly different 

due to the huge difference in particle and bond numbers and particle size distributions. 

Meanwhile, the calibrated overall mechanical properties of the DE model of the CRF 

specimens were not very sensitive to the bond friction angle and friction coefficient of the 

particles and bonds of the DE model of the CRF specimens, which were set to be 51° and 

0.87, respectively, and equal to the corresponding internal friction angle and friction 

coefficient of the CRF specimens, respectively. 

4.3.2 Parameter determination 

In the numerical simulations with the DE method, the calibration between the 

microstructural parameters of the DE model of the CRF specimens to the overall 

mechanical properties of the CRF specimens obtained from the laboratory tests is 

considered a key fundamental procedure. The common microstructural parameters of the 

DE model of the CRF specimens mainly include the grain density (𝜌), which is the bulk 
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density after the mass fraction of cement particles being converted, and the initial void 

ratio ( 𝑛𝑐 ) before the particle packing process through grain scaling and boundary 

contraction methods. Additionally, for the DE model of the CRF specimens employed 

with the PB contact model, the microstructural parameters mainly consist of two groups, 

namely the linear material group and the parallel bonded material group, according to 

the different mechanical functions of the two groups of the rheological components.  

The flowcharts of the modified calibration procedures for the microstructural parameters 

of the DE model of the CRF specimens are shown in Fig. 4.4 (Li et al., 2018; Wu et al., 

2018). First, the installation gap (𝑔) of the parallel bonds inside the DE model of the CRF 

specimens was determined so that the parallel bonded contact number was determined. 

Second, Young’s modulus (𝐸), Poisson’s ratio (𝜂𝑝), uniaxial compressive strength (𝜎𝑐) and 

post-peak behaviour of the CRF specimens under uniaxial compression were calibrated 

by assigning appropriate values of particle and bond Young’s modulus (𝐸 and �̅�), particle 

and bond normal to shear stiffness ratio (𝑘𝑛 𝑘𝑠⁄  and �̅�𝑛 �̅�𝑠⁄ ), bond normal and shear 

strength (�̅� and 𝜏̅), and particle and bond friction coefficient (𝜇 and �̅�) of the DE model of 

the CRF specimens. Third, the peak axial stress (𝜎𝑝) under different confining pressures 

(𝜎3), internal friction angle (𝜑) and cohesion (𝑐) of the specimens were calibrated by 

mainly adjusting the bond normal and shear strength (�̅� and 𝜏̅) of the DE model of the 

CRF specimens. Finally, the main overall mechanical properties and behaviour of the 

calibrated DE model of the CRF specimens were highly consistent with the laboratory test 

results of the real CRF specimens, of which the typical values for the numerical calibration 

process are shown in Table 4.2.  
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It should be mentioned that for the Young’s modulus and Poisson’s ratio of the specimens, 

their average values obtained from the 15 groups of the uniaxial compression tests were 

selected as the standard values, while for the uniaxial compressive strength and peak axial 

stress under different confining pressures of the specimens, the standard values were 

chosen specifically from three groups of the laboratory test data obtained from the 

uniaxial and triaxial compression tests, with which the internal friction angle and 

cohesion of the specimens can be calculated, as they matched with the Mohr-Coulomb 

strength criteria ideally and their Mohr’s circles were tangent to the envelope curve of the 

criterion. The category of the relevant microstructural parameters and their calibration 

results for the DE model of the CRF specimens with the simplified particle size 

distribution and mean particle diameter of 10 mm, are shown in Table 4.2. Meanwhile, 

different microstructural parameter values of bond friction angle (�̅�) were assigned to the 

DE model of the CRF specimens with the mean particle diameter to study the sensitivity 

of overall mechanical properties and stress-strain curve shape to the changes in 

microstructural parameters.  
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Fig. 4.4 Determination process of the microstructural parameters of the PB contact 

model in the DE model of the CRF specimens.  

4.4 Results and discussion  

4.4.1 Stress-strain behaviour and the mechanical properties of the DE model of the CRF 

specimen 

According to the calibration results of the microstructural parameters of the DE model of 

the CRF specimens shown in Table 4.2, the complete stress-strain curve pairs of the DE 
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model of the CRF specimens with the simplified particle size distribution and mean 

particle diameter under numerical the uniaxial and triaxial compression are shown in Fig. 

4.5a and Fig. 4.5b, respectively. For both the DE model of the CRF specimens with the 

simplified particle size distribution and mean particle diameter under the numerical 

uniaxial compression, the overall mechanical properties and the stress-strain behaviour 

of two kinds of the DE model of the CRF specimens were both well calibrated and in good 

agreement with those of the real CRF specimens. The Young’s modulus and Poisson’s 

ratio of these DE models of the CRF specimens, reflected by the slope of the axial stress-

strain curves and radial-axial strain ratio of the stress-strain curves (Zhao et al., 2019), 

respectively, during the elastic deformation stage of the numerical uniaxial compression 

tests, were ideally conforming to the standard average values which were calculated from 

those laboratory test data of the CRF specimens. The peak axial stress of the two kinds of 

the DE model of the CRF specimens under the numerical uniaxial compression, with 

values of 7.47 MPa and 7.44 MPa, both ideally matched with the uniaxial compressive 

strength of the specimens selected from laboratory test data according to the Mohr-

Coulomb strength criterion of the specimens (Brady and Brown, 2013). Compared with 

the laboratory stress-strain curve pairs of the specimens under the uniaxial compression, 

no evident pore compaction stages were observed on the two corresponding numerical 

curve pairs of the DE model of the CRF specimens shown in Fig. 4.5a and Fig. 4.5b, 

although both the slopes of the axial stress-strain curves of the two kinds of the DE model 

of the CRF specimens experienced very tiny and smooth increase at the initial period of 

the stress-strain behaviour. This is mainly because the strength of the parallel bonds 

between the particles was assigned to be homogenous inside the DE model of the CRF 

specimens, and the initial internal stress and strain were zeroed at the beginning. Thus, 
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no bond breakage occurred when the axial compressive load was quite low, and no micro-

fissure and pore convergence occurred during the initial period of the numerical uniaxial 

compression tests. However, inside the real CRF material, the binding effect of the 

Portland cement among the granitic aggregate was inhomogeneous, and the initial micro-

fissures and pores were ununiformly generated and then distributed at the beginning of 

the laboratory tests. The same situations occurred in previous studies (Fall et al., 2007; 

Zhao et al., 2019) on cemented paste backfill and concrete-like materials. During the post-

failure stage of the numerical uniaxial compression tests on the DE model of the CRF 

specimens, both two kinds of the DE model of the CRF specimens showed obvious brittle 

response behaviour, and the curves indicated obvious strain softening (Rankine and 

Sivakugan, 2007), which were highly consistent with those curves obtained from the 

laboratory tests on the real CRF specimens.  

For the DE model of the CRF specimens with the simplified particle size distribution and 

mean particle diameter under the numerical triaxial compression, the evolution law of 

the stress-strain behaviour of the DE model of the CRF specimens conformed to the 

previous laboratory and numerical studies on cemented paste backfill, concrete or 

concrete-like materials (Liu, et al., 2017; Huang, et al., 2016; Zhao et al., 2019). Similar to 

the DE model of the CRF specimens under the numerical uniaxial compression, no 

evident pore compaction stages were found at the initial period of the stress-strain 

behaviour of both the two kinds of the DE model of the CRF specimens under the 

numerical triaxial compression at confining pressures of 1.5 MPa and 2.5 MPa. 

Meanwhile, during the elastic deformation stage of numerical triaxial compression tests 

on the DE model of the CRF specimens, regardless of different confining pressure 
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conditions, the slope of the axial stress-strain curves maintained stable with values of 

elastic modulus of 7.38 GPa and 4.66 GPa, respectively, for the DE model of the CRF 

specimens with the simplified particle size distribution and mean particle diameter. It 

showed that during the numerical triaxial compression tests, increases in the confining 

pressure exerted very little influence on the elastic modulus of the DE model of the CRF 

specimens, while for the laboratory tests, the situations were different according to 

various geo-materials (Huang et al., 2016; Zhao et al., 2019). Under the confining 

pressure of 1.5 MPa, the micro-cracks inside the two kinds of the DE model of the CRF 

specimens started to expand when the axial strain reached around 0.25%. This value was 

postponed to 0.30% when the confining pressure increased to 2.5 MPa, and then the 

micro-crack propagation stage of the numerical triaxial compression tests on the two 

kinds of the DE model of the CRF specimens commenced. However, compared with the 

DE model of the CRF specimens with the simplified particle size distribution, the model 

with the mean particle diameter demonstrated a smaller elastic modulus at the elastic 

deformation stage and a more concave curve shape at the micro-crack propagation stage 

of the numerical triaxial compression test. This phenomenon resulted from a synthetical 

effect of the particle size distribution, particle and bond numbers, and microstructural 

parameter settings of the DE model of the CRF specimens. Meanwhile, unstable micro-

crack propagation can be observed around the peak axial stress of the two kinds of the DE 

model of the CRF specimens under numerical triaxial compression, regardless of different 

confining pressure conditions of 1.5 MPa and 2.5 MPa, and the two kinds of the DE model 

of the CRF specimens both experienced a rapid stable deformation period before unstable 

failure occurred during the post-failure stage of the numerical tests. 
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It should be noted that previous studies have shown that for the DE model of the CRF 

specimens employed with the flat-joint contact model, the bond friction angle usually 

depends linearly on the macroscopic friction angle (Li et al., 2018). While due to the 

unquantifiability of the stress-strain curve shape of the specimens, a parametric study 

was carried out on the DE model of the CRF specimens to analyze the effects of these two 

microstructural parameters on the stress-strain behaviour of the DE model of the CRF 

specimens employed with PB contact model, during the micro-crack propagation and the 

post-failure stages in this study. Fig. 4.6 shows the complete stress-strain curve pairs of 

the DE model of the CRF specimens with the mean particle diameter under the numerical 

uniaxial compression, with different bond friction angles (�̅�) of 49, 51, 53, 55, 57 and 59 

degrees. Apparently, with the bond friction angle increased from 49° to 59°, there is a 

relatively small decrease of 11.2% in the uniaxial compressive strength of the DE model of 

the CRF specimens. However, Young’s modulus and Poisson’s ratio were neither sensitive 

to the changes in bond friction angle of the DE model of the CRF specimens, which remain 

the same at 4.45 GPa and 0.242, respectively. It can be seen from Fig. 4.6 that the larger 

the bond friction angle was, the earlier the micro-crack inside the DE model of the CRF 

specimens started to expand, and the more concave the curves were at this stage. 

Meanwhile, at the post-failure stage of the numerical uniaxial compression tests on the 

DE model of the CRF specimens, as the bond friction angle increased, the axial stress of 

the DE model of the CRF specimens after the peak value decreased more gently, which 

showed more gentle brittle failure response. It means that the bond friction angle is the 

main microstructural parameter that can control the stress-strain curve shape of the DE 

model of the CRF specimens at the micro-crack expansion and post-failure stages during 

the numerical tests.  
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Fig. 4.5 𝜎–𝜀 curves of the DE model of the CRF specimens with a) simplified particle size 

distribution and b) mean particle diameter under the uniaxial and triaxial compression.  

 

Fig. 4.6 Effect of �̅� of the PB contact model on the stress-strain behaviour of the DE 

model of the CRF specimens with the mean particle diameter under the uniaxial 

compression.  

4.4.2 Strength characteristics and the failure pattern of the DE model of the CRF 

specimen 

Fig. 4.7 depicts the peak axial stress (𝜎𝑝) and their fitting curves of the DE model of the 

CRF specimens with simplified particle size distribution and mean weighted particle 
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diameter under numerical uniaxial and triaxial compression at confining pressures (𝜎3) 

of 0 MPa, 1.5 MPa and 2.5 MPa. The corresponding fitting formulas of the two kinds of 

the DE model of the CRF specimens are presented in Eq. 4.4 and Eq. 4.5 below, with 

correlation coefficients (𝑅2) of 0.994 and 0.998, respectively. 

𝜎𝑝 = 7.87𝜎3 + 7.78 (Eq. 4.4) 

𝜎𝑝 = 8.07𝜎3 + 7.64 (Eq. 4.5) 

These peak axial stress values of the two kinds of the DE model of the CRF specimens 

were both in high agreement with those corresponding standard values selected from 

laboratory testing data of the specimens under uniaxial and triaxial compression 

according to the Mohr-Coulomb strength criterion. And the relationship between the 𝜎𝑝 

and 𝜎3 of the two kinds of the DE model of the CRF specimens both ideally accorded with 

the previous numerical and laboratory studies (Camborde et al., 2000; Fall et al., 2007) 

on concrete or concrete-like material, as expected, that the 𝜎𝑝 increased linearly-like with 

the 𝜎3 increasing under numerical triaxial compression. It should be noted that although 

the simulated particles inside the DE model of the CRF specimen with mean particle 

diameter were homogenously distributed balls, and the ball numbers and microstructure 

were also totally different with those of the real CRF specimens, the peak axial stress 

values and their variation law still perfectly matched with the laboratory testing data of 

the specimens due to the microstructural parameter calibration process, which is 

considered as a key fundamental process for numerical modeling of the granular 

geomaterials (Potyondy et al., 2015). The Mohr-Coulomb strength criterion of the two 

kinds of the DE model of the CRF specimens under numerical triaxial compression are 
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shown in Fig. 4.8 and the corresponding fitting formulas of the linear envelope curves of 

the Mohr-Coulomb circles of the two kinds of the DE model of the CRF specimens are 

shown in Eq. 4.6 and Eq. 4.7, respectively, where 𝜏𝑚 is the shear strength of the DE model 

of the CRF specimens under different confining pressures, and 𝜎𝑚 is the principal stress 

of the DE model at the failure surface during the numerical tests (Brady and Brown, 

2013).  

𝜏 = 1.29𝜎𝑚 + 1.32 (Eq. 4.6) 

𝜏 = 1.28𝜎𝑚 + 1.29 (Eq. 4.7) 

 

Fig. 4.7 𝜎𝑝-𝜎3 curves of the DE model of the CRF specimens under the uniaxial and 

triaxial compression.  
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Fig. 4.8 Mohr’s circles and Mohr-Coulomb strength criterion for the DE model of the 

CRF specimens with a) simplified particle size distribution and b) mean particle diameter.  

The cohesion (𝑐) and internal friction angle (𝜑) of the DE model of the CRF specimens 

with the simplified particle size distribution calculated from the Mohr-Coulomb strength 

criterion are 1.32 MPa and 52.2°, respectively. For the DE model of the CRF specimens 

with the mean particle diameter, these values are 1.29 MPa and 52.0°, respectively. These 

values obtained from the two kinds of the DE model of the CRF specimens were both 

highly conforming to the corresponding standard values selected from the laboratory test 

data of the CRF specimens under the triaxial compression, with average error values of 

1.85% and 9.8% for the cohesion and internal friction angle, respectively. Compared Eq. 

4.6 and Eq. 4.7 with Eq. 3.2, the curves from two kinds of the DE model of the CRF 

specimens can both simulate and predict the peak axial stress and the shear strength of 

the specimens under different confining pressures. Particularly, the 𝑘0 value in Eq. 4.5 for 

the DE model of the CRF specimens with the mean particle diameter almost equal to the 

𝑘0 value calculated by Eq. 3.4 demonstrates the good correlation and imitative effects of 

the DE model of the CRF specimens on the specimens under the uniaxial and triaxial 

compression laboratory test data.  
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Fig. 4.9a and Fig. 4.9b depict the parallel bond states inside the DE model of the CRF 

specimens with the simplified particle size distribution and mean particle diameter, 

respectively, under numerical the uniaxial and triaxial compression at confining 

pressures of 0 MPa, 1.5 MPa and 2.5 MPa. For both the two kinds of the DE model of the 

CRF specimens employed the parallel bond contact model, three main bond states, 

including the bonded, unbonded-and-broke in shear, and unbonded-and-broke in 

tension, all existed inside the DE model of the CRF specimens under different confining 

pressures, which were denoted in the colour of light blue, dark blue and red, respectively 

in Fig. 4.9. 

Under the numerical uniaxial compression, for both the two kinds of the DE model of the 

CRF specimens, the unbonded and broken parallel bonds are mainly located at the 

bottom, with a few bonds broken in shear distributed along some specific planes to the 

upper part of the DE model of the CRF specimens. Meanwhile, the quantities of tensile 

and shear failure of the bonds inside the DE model of the CRF specimens with the 

simplified particle size distribution were relatively balanced. However, the shear failure 

dominated the bond breakage inside the DE model of the CRF specimens with the mean 

particle diameter, which mainly resulted from the microstructural parameter assignment 

in the calibration process. It is much easier to break in shear than in tension for the bonds 

inside the DE model of the CRF specimens with the mean particle diameter, with a normal 

bond strength of 15.5 MPa, which is almost six times the bond shear strength of the DE 

model of the CRF specimens. In previous studies (Liu et al., 2017; Wu et al., 2018) on the 

cemented rockfill, this imbalance in strength values existed commonly, which mainly 

came from the relatively fewer particle and bond numbers, leading to large numbers of 
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bonds broke in shear at the early stages during the numerical uniaxial compression tests, 

compared with the DE model of the CRF specimens with the simplified particle size 

distribution.  

Under the confining pressure of 1.5 MPa, for both the two kinds of the DE model of the 

CRF specimens, the unbonded and broken bonds mainly appeared near the diagonal 

surface, with some bonds broken in shear distributed throughout the DE model of the 

CRF specimens. Meanwhile, a few bond breakage dominated by tensile failure occurred 

along an inclined surface intersected with the diagonal surface of the two kinds of the DE 

model of the CRF specimens, which was more evident to be observed on the DE model of 

the CRF specimens with the simplified particle size distribution due to the ununiformly 

distributed particle size and numbers. Under the confining pressure of 2.5 MPa, the bond 

breakage inside the two kinds of the DE model of the CRF specimens became more 

intense, compared with the parallel bond states of the DE model of the CRF specimens 

under the numerical triaxial compression at the confining pressure of 1.5 MPa, and the 

unbonded and broken bonds still distributed along the diagonal surface and the 

corresponding intersected inclined surface for both the two kinds of the DE model of the 

CRF specimens. While a significant increase in the number of bonds broken in shear can 

be observed during the later period of the numerical triaxial compression tests, the tensile 

failure no longer dominated the bond breakage. This is mainly because the higher 

confining pressure influenced the normal and shear strength of the bonds and constricted 

the bond breakage inside the DE model of the CRF specimens, which conforms to the 

failure behaviour evolution of the CRF specimens under the triaxial compression in 

laboratory (Fall et al., 2007).  
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Fig. 4.9 Parallel bond state in the DE model of the CRF specimens with a) simplified 

particle size distribution and b) mean particle diameter under the uniaxial and triaxial 

compression.  

Fig 4.10 and Fig. 4.11 present the fracture evolution inside the DE model of the CRF 

specimens with the simplified particle size distribution and mean particle diameter, 

respectively, under numerical uniaxial and triaxial compression at confining pressures of 

0 MPa, 1.5 MPa and 2.5 MPa. It should be mentioned here that in the legends of Fig. 4.10 

and Fig. 4.11, the colour and the number of the balls indicate the order of occurrence of 

the ball fragments and the total number of the balls involved in the fracture inside the DE 
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model of the CRF specimens, respectively, and the redder the colour of the balls was, the 

later the fragments inside the DE model of the CRF specimens appeared (Wu et al., 2018).  

In order to show a comprehensive observation of the overall failure mode of the DE model 

of the CRF specimens, both two kinds of the DE model of the CRF specimens were rotated 

0, 90, 180 and 270 degrees along their central axis, and typically longitudinal profiles 

were made to demonstrate the internal fracture evolution inside the DE model of the CRF 

specimens.  

Under the numerical uniaxial compression, for both the two kinds of the DE model of the 

CRF specimens, the overall fractures mainly occurred and developed at the bottom 

initially. Then some ball fragments extended rapidly to the middle part of the DE model 

of the CRF specimens, which ideally corresponded to the parallel bond states inside the 

DE model of the CRF specimens shown in Fig. 4.9a. Trends of surface peeling and volume 

dilatancy can be easily observed at the edges of the top and bottom surfaces of the DE 

model of the CRF specimens, and some particles fell off from the DE model of the CRF 

specimens at the concentrated damage zones. Meanwhile, it has been marked in the 

figures that both the two kinds of the DE model of the CRF specimens presented a failure 

mode of corner fracture pattern at the end of the numerical uniaxial compression tests, 

which also perfectly matched with the failure mode of three groups of the CRF specimens 

under uniaxial compression in the laboratory. Similarly, previous researchers (Tran et al., 

2011; Sun et al., 2017) conducted numerical uniaxial compression tests on the DE models 

of the concrete and cemented paste backfill, and the failure modes of corner fracture and 

‘X’-cone shear can be observed at the post-peak stage at the end of their numerical tests.  
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Fig. 4.10b and Fig. 4.11b show that under the confining pressure of 1.5 MPa, same as the 

five groups of specimens under triaxial compression in the laboratory, both the two kinds 

of the DE model of the CRF specimens demonstrated a failure mode of diagonal shear 

pattern with failure plane angles of the diagonal failure surfaces (Brady and Brown, 2013) 

of 66° and 65.5°, respectively, which highly accorded with the values obtained from the 

laboratory test data of the CRF specimens. For the DE model of the CRF specimens with 

the mean particle diameter, the overall fractures occurred along the diagonal failure 

surface initially, then extended to one side of the failure surface and formed an obvious 

concentrated damage zone in yellow colour in the figure. This is because the particles and 

bonds were homogenously distributed inside the DE model of the CRF specimens, and 

the ball fragments can quickly converge to develop into large overall fractures. Previous 

researchers (Ding et al., 2014; Li et al., 2018) also found that the large DE model of the 

CRF specimens can make the particles to be well distributed and properly connected and 

then have better-balanced contact through observing the contact force chains of the DE 

model of the CRF specimens. However, for the DE model of the CRF specimens with the 

simplified particle size distribution, the overall fractures mainly occurred among the fine 

particles initially and then developed into the balls located at the coarse particles' 

periphery. Finally, the balls with large diameters involved in the overall fracture evolution 

with the bonds around them broke in shear and tension (Wu et al., 2018). No evident 

concentrated damage zones were found on the DE model of the CRF specimens because 

the unbalanced distributed particle size and bond numbers and the unbroken bonds 

between the balls with large diameters significantly hampered the convergence of the ball 

fragments, resulting in the integrity of the DE model of the CRF specimens.  
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Fig. 4.10c and Fig. 4.11c show that when the confining pressure increased from 1.5 MPa 

to 2.5 MPa, both the two kinds of the DE model of the CRF specimens demonstrated a 

failure mode of diagonal shear pattern, with similar failure plane angles of the diagonal 

failure surfaces of 66.0° and 67.0°, respectively. Previous studies (Zhang and Li, 2019) 

have shown a small decrease in the fracture angle of the marble and granite rock under 

the triaxial compression as the confining pressure increases, while more studies on 

concrete and concrete-like materials are needed. For the DE model of the CRF specimens 

with the mean particle diameter, the concentrated damage zone on one side of the 

diagonal failure surface was observed, which was extended and converged from the initial 

overall fractures distributed along the failure surface of the DE model of the CRF 

specimens. Meanwhile, for the DE model of the CRF specimens with the simplified 

particle size distribution, evidently concentrated damage zone can be observed on both 

sides of the failure surface of the DE model of the CRF specimens, and some coarse 

particles located at the failure surface also involved into a further overall fracture 

evolution. This is mainly because, under the influence of a higher confining pressure of 

2.5MPa, much more bonds around the coarse particles broke in tension and shear during 

the numerical triaxial compression tests to reach a higher triaxial compressive strength 

of the DE model of the CRF specimens, which means that higher confining pressures can 

significantly promote the convergence of the ball fragments inside the DE model of the 

CRF specimens to form overall fractures. The same situations occurred in previous 

studies (Huang et al., 2016) in that concentrated crack zone can be observed on the DE 

model of rock specimens under the numerical triaxial compression at higher confining 

pressures.  
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Fig. 4.10 Fracture evolution in the DE model of the CRF specimens with the simplified 

particle size distribution under different 𝜎3 of: a) 0 MPa, b) 1.5 MPa, and c) 2.5 MPa.  
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Fig. 4.11 Fracture evolution in the DE model of the CRF specimens with the mean 

particle diameter under different 𝜎3 of: a) 0 MPa, b) 1.5 MPa, and c) 2.5 MPa.  

4.4.3 Effects of the microstructural parameters of the PB contact model on the 

mechanical properties of the DE model of the CRF specimen 

In this study, the DE model of the CRF specimens with different average particle 

diameters ( 𝑑 ) of 15.2, 10.0, 7.6, 6.1, 5.1, and 4.4 mm were simulated, with the 

corresponding diameter ratios (𝐷 𝑑⁄ ) of 10, 15, 20, 25, 30 and 35, respectively, shown in 
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Fig. 4.3b. Curves in Fig. 4.12a demonstrate the relationship between the peak axial stress 

and the average particle diameter of the DE model of the CRF specimens under numerical 

uniaxial and triaxial compression. In high agreement with the previous studies (Li et al., 

2018; Ding et al., 2014; Potyondy and Cundall et al., 2004), it can be proved that as the 

average particle diameter of the DE model of the CRF specimens decreased, the 

corresponding diameter ratio increased and the peak axial stress of the DE model of the 

CRF specimens increased significantly as power functions with higher coefficients of 

variation under higher confining pressures, due to the evident increase in particle and 

bond numbers.  

Fig. 4.12b and Fig. 4.12c depict the relationship between Young’s modulus, Poisson’s ratio 

and the average particle diameter of the DE model of the CRF specimens under the 

numerical uniaxial compression, respectively. As the average particle diameter decreased, 

the corresponding diameter ratio increased, and Young’s modulus of the DE model of the 

CRF specimens increased as a power function, while the Poisson’s ratio decreased 

logarithmically (Ding et al., 2014; Potyondy and Cundall et al., 2004). The average 

particle diameter significantly influences the overall mechanical properties of the DE 

model of the CRF specimens. Previous studies (Li et al., 2018) recommended that a 

diameter ratio of 20 or larger is reasonable to reduce this influence if a change in the 

particle size distribution of the DE model of the CRF specimens is needed through 

numbers of numerical uniaxial compression and Brazilian tests on the DE model of the 

rock specimens employed with Flat-Joint (FJ) contact model. In this study, with the 

diameter ratio increasing from 10 to 35, the uniaxial compressive strength, Young’s 

modulus, and Poisson’s ratio of the DE model of the CRF specimens under the uniaxial 
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compression increased by 66.9%, 49.3%, and 12.7%, respectively, and under confining 

pressures of 1.5 MPa and 2.5 MPa, the peak axial stress of the DE model of the CRF 

specimens under the triaxial compression increased by 85.7% and 87.1%. It shows that 

the peak axial stress at higher confining pressures and the Poisson’s ratio are the most 

and the least sensitive to the changes in average particle diameter of the DE model of the 

CRF specimens, respectively.  

Meanwhile, through a comprehensive observation of the DE model of the CRF specimens 

with different model scales, the bond installation gap ( �̅� ) is also a very important 

parameter to influence the overall mechanical properties of the DE model of the CRF 

specimens. The average particle diameters were different for the DE model of the CRF 

specimens with different model scales but with the same diameter ratio. To maintain the 

highly agreed overall mechanical properties of the DE model of the CRF specimens with 

each other, the ratio between the bond installation gap and the average particle diameter 

of the DE model of the CRF specimens should keep unchanged (Li et al., 2018). 

 

(a) 
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(b) 

 

(c)  

Fig. 4.12 Effect of the average particle diameter on the mechanical properties of the DE 

model of the CRF specimens: a) 𝜎𝑝, b) 𝐸, and c) 𝜂.  

4.4 Conclusions  

In this study, based on the discrete element (DE) method, two kinds of the DE model of 

the CRF specimens, with the simplified particle size distribution and mean particle 

diameter, which adopted the parallel bond (PB) contact model among the particles were 
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constructed in the software PFC3D. And then, the numerical uniaxial and triaxial 

compression tests were conducted on these DE models of the CRF specimens to calibrate 

the microstructural parameters and validate the feasibility of using these DE models of 

the CRF specimens in future numerical simulations. Finally, the DE model of the CRF 

specimens with different average particle diameters was simulated to study the effects of 

different diameter ratios (𝐷 𝑑⁄ ) on the overall mechanical properties of the DE model of 

the CRF specimens under numerical uniaxial and triaxial compression. The following 

conclusions can be drawn:  

For both the two kinds of the DE model of the CRF specimens under numerical uniaxial 

and triaxial compression, the overall mechanical properties and stress-strain behaviour 

were well calibrated and in good agreement with these of the real CRF specimens in the 

laboratory. Meanwhile, the calibrated DE model of the CRF specimens with the mean 

particle diameter can be used as an adequate substitute for the DE model of the CRF 

specimens with the simplified particle size distribution in future numerical modelling due 

to good imitation effect and high computational efficiency with fewer particle and bond 

generations. 

The bond friction angle (�̅�) is one of the main microstructural parameters that control the 

shape of the stress-strain curve of the DE model of the CRF specimens under the uniaxial 

compression during the micro-crack expansion and post-failure stages. As the bond 

friction angle increases, the uniaxial compressive strength of the DE model of the CRF 

specimens decreases slightly, while Young’s modulus and Poisson’s ratio remain 

unchanged due to their insensitivity to the bond friction angle of the DE model of the CRF 

specimens. Importantly, for the DE model of the CRF specimens under numerical 
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uniaxial compression, as the bond friction angle increases, the micro-crack expansion 

stage begins earlier, and the shape of the stress-strain curve of the DE model of the CRF 

specimens during this stage becomes more concave. Meanwhile, as the bond friction angle 

increases, the decrease rate of the axial stress after the peak value decreases, and the DE 

model of the CRF specimens show a gentler strain-softening brittle failure response 

during the post-failure stage.  

For both kinds of the DE model of the CRF specimens, the fracture evolution ideally 

matches with the parallel bond contact state inside the DE model of the CRF specimens 

and the corresponding failure modes observed on the real CRF specimens in the 

laboratory. For both the two kinds of the DE model of the CRF specimens, under the 

numerical uniaxial compression, a failure mode of corner fracture pattern with surface 

peeling and volume dilatancy at the top and bottom surface edges of the DE model of the 

CRF specimens can be observed. And under the numerical triaxial compression, a failure 

mode of diagonal shear pattern can be observed, of which the observed failure plane 

angles between the directions of axial stress and failure surface of the DE model of the 

CRF specimens highly accorded with the average value obtained from laboratory test data 

of the real specimens. For the DE model of the CRF specimens with the mean particle 

diameter, the macro-fractures occurred along the diagonal failure surface and extended 

to form a concentrated damage zone because the homogenously distributed particles and 

bonds contributed to the ball fragment convergence. And for the DE model of the CRF 

specimens with the simplified particle size distribution, the macro-fractures initially 

occurred among the fine particles and then developed into the coarse particles and the 

particles at their peripheries. As a result, no evident concentrated damage zone was 
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formed due to the hamper from the coarse particles to the ball fragment convergence. 

However, increasing the confining pressure can significantly promote the convergence of 

the ball fragments inside the CRF specimens' DE model to form a concentrated damage 

zone.  

The diameter ratio (𝐷 𝑑⁄ ) of the DE model of the CRF specimens with average particle 

diameter highly influences the strength characteristics and deformation properties. As 

the diameter ratio increases, the peak axial stress and Young’s modulus of the DE model 

of the CRF specimens increase significantly as power functions and the Poisson’s ratio 

decrease logarithmically. The peak axial stress at higher confining pressures and the 

Poisson’s ratio are the most and the least sensitive to the changes in the average particle 

diameter of the DE model of the CRF specimens, respectively. Meanwhile, the bond 

installation gap is also a very important parameter to influence the overall mechanical 

properties of the DE model of the CRF specimens. Therefore, the ratio between the bond 

installation gap and the average particle diameter of the DE model of the CRF specimens 

should keep unchanged to maintain highly agreed overall mechanical properties of the 

DE model of the CRF specimens with different model scale but the same diameter ratio.  
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Chapter 5 Coupled finite difference and discrete element method for 

modelling the direct shear test on the combined rock-cemented rockfill 

specimen 

This chapter provides an effective determination process of the interface microstructural 

parameters in the numerical modelling of the mechanical interaction between two 

different geomaterials involved with frictional-bonded interfaces, such as the interaction 

between backfill columns and the surrounding rocks, or the soil-structure interaction, by 

using the coupled finite difference and discrete element (FD-DE) method. Three-

dimensional numerical direct shear tests were conducted on the coupled FD-DE model of 

the combined rock-cemented rockfill (R-CRF) specimens with the frictional-bonded 

interface. With the microstructural parameters determined, the macro-mechanical 

properties of the interface of the coupled model were calibrated to fit well with the 

theoretical values of the combined specimen under the direct shear condition assumed 

according to the Mohr-Coulomb strength criterion. Evident elastoplastic shear behaviour 

was observed on the interfaces, and excellent agreement was attained between the shapes 

of theoretical and simulated shear stress-displacement curves of the coupled models at 

different servo-controlled normal stresses. Particulate-scale force chains inside the DE 

model of the CRF specimen were highly consistent with the force contour on the FD model 

of the rock specimen, demonstrating the shear stress evolution of the coupled model at 

different shear displacements. Parametric studies verified the effects of the deformation 

properties of the interface parallel bonds on the shape of shear stress-displacement curves 

of the coupled models. The test results validated the feasibility and rationality of the 

coupled FD-DE method for modelling the combined specimens with frictional-bonded 

interfaces or joints. Furthermore, this study provides valuable numerical modelling 
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experience for investigating the shear behaviour at the interface between cemented 

backfill columns and surrounding walls by using the coupled FD-DE method.  

5.1 Introduction  

Backfill columns and the surrounding rocks at underground stopes are not self-isolated 

but mutually supported (Koupouli et al., 2016). Energy alternation and stress 

transmission happen through the frictional-bonded interfaces between them when 

underground mined-out areas undergo disturbance from the sequential orebody 

extraction. Many researchers have performed direct shear tests on the artificially 

combined rock-backfill or backfill-backfill specimens in the laboratory to study this 

interface shear behaviour, which can strongly influence the stress distribution and 

stability around underground backfilled stopes. The test results reveal that the shear 

failure envelope of these interfaces also obeys the Mohr-Coulomb failure criterion, and 

the shear strength of these combined specimens can be smaller than the corresponding 

backfill material (Fall and Nasir, 2010). Major influence factors on the interface shear 

behaviour are the cement content, applied normal stress, surface roughness, curing time 

and conditions (Fang and Fall, 2019; Fang and Fall, 2020; Nasir and Fall, 2008; Lingga 

and Apel, 2018). Perfect elastoplastic behaviour can be observed on the combined rock-

backfill specimens’ interfaces, while for the combined backfill-backfill specimens, the 

interface shows evident strain-hardening shear behaviour, especially at lower applied 

normal stress. As the cement content increases, the shear stress-displacement curve can 

transform from a strain-hardening to a strain-softening shape (Koupouli et al., 2016). 

Higher normal stress applied to the combined specimens can weaken the interface 

dilation effect, resulting in higher shear strength and higher interface shear stiffness (Fall 
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and Nasir, 2010). As the curing time increases, the degree of binder hydration at the 

interfaces increases, leading to the combined specimens’ higher shear strength (Guo et 

al., 2020). Meanwhile, a higher interface roughness can also contribute to an increased 

shear strength due to a larger interlock structure (Fang and Fall, 2020).  

Numerical modelling is always a popular and effective way to comprehensively 

understand the mechanical properties and stress-strain behaviour of the interface 

between the backfill column and the surrounding rocks. Various engineering disciplines 

have used numerical modelling, ranging from bioengineering to mining engineering (Apel 

et al., 2021). Generally, typical numerical modelling methods can be classified into two 

categories: the continuum and discontinuum approaches. The continuum approach treats 

modelled geomaterials as homogenous and elastoplastic, mainly including the finite 

element (FE), the finite difference (FD) and finite volume (FV) methods (Belinha and 

Dinis, 2006). For the discontinuum approach, such as the discrete element (DE) method, 

modelled geomaterials can be treated as assemblies of discrete blocks or spheres with 

inhomogeneous mechanical properties (Hasan et al., 2017). When modelled the direct 

shear tests on geomaterials, such as rock, soil and concrete-like materials, few researchers 

adopted the continuum approach, although this approach has very high computation 

efficiency (Wu, 2015; Lin et al., 2010). Instead, most studies selected the discontinuum 

approach due to its domination in modelling the large-strain deformation and post-

failure behaviour (Suazo and Villavicencio, 2018; Wu et al., 2018).  

During these years, with further development in numerical modelling techniques, more 

and more researchers have applied the coupled continuum-discontinuum approach, 

including the coupled finite difference and discrete element (FD-DE) method and the 
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coupled finite-element and discrete element (FE-DE) method, into the numerical 

simulation on large-scale geotechnical-related engineering projects, such as the landslide 

disaster or tunnel excavation and railway stability (Feng et al., 2017; Ma et al., 2019; 

Nishiura et al., 2018). The coupled approach can combine the advantages of the two single 

approaches and efficiently interpret the mechanical interaction at the interface between 

two geomaterials, such as rocks and rock beds or foundation soil and concrete, which can 

be considered granular and continuous. Furthermore, using the wall-zone or sphere-zone 

coupling scheme, the coupled approach can connect the finite zones or finite elements to 

the discrete particles, resulting in smooth stress and displacement transmission between 

the continuum and discontinuum models.  

In mining engineering, to successfully simulate the mechanical interaction and the stress 

distribution law between backfill columns and the surrounding rocks with the coupled 

approach, the microstructural parameters at the frictional-bonded interface between 

them need to be determined. However, there are no previous studies about the numerical 

simulation of the direct shear tests on geomaterials with interfaces or joints by using the 

coupled FD-DE or FE-DE methods. Thus, in this study, the coupled FD-DE models of the 

combined rock-cemented rockfill (R-CRF) specimens were designed for numerical direct 

shear tests to study the shear behaviour of the frictional-bonded interfaces between the 

CRF columns and the surrounding rocks. These interfaces’ microstructural parameters 

were determined for future numerical modelling on the stability and stress distribution 

of underground stopes backfilled with the CRF columns. This study can provide an 

effective determination process of the interface microstructural parameters in the 

numerical modelling of the mechanical interaction between two different geomaterials 
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involved with frictional-bonded interfaces, such as the interaction between backfill 

columns and the surrounding rocks, or the soil-structure interaction, by using the coupled 

finite difference and discrete element (FD-DE) method. 

5.2 Material and methodology  

5.2.1 Direct shear test 

Many researchers have conducted direct shear tests in the laboratory to study the shear 

behaviour of the frictional-bonded interface inside the combined rock-backfill or backfill-

backfill specimens (Nasir and Fall, 2008; Fang and Fall, 18; Fang and Fall, 2019; Fang 

and Fall, 2020; Koupouli et al., 2016; Koupouli et al., 2017). These combined specimens 

include the combined cemented paste backfill (CPB-CPB), combined rock-cemented 

paste backfill (R-CPB) and combined cemented rockfill-cemented rockfill (CRF-CRF) 

specimens (Lingga and Apel, 2018). The schematic diagram of the direct shear apparatus 

simulated in this study is shown in Fig. 5.1 (Koupouli et al., 2016). In this apparatus, the 

shear box is divided into a top portion, movable, and a bottom portion, fixed. A hydraulic 

pump maintains constant normal loads on the top box in vertical and horizontal 

directions. Normal and tangential linear variable differential transformers (LVDT) are 

incorporated with the apparatus to monitor the normal and shear displacement. Pressure 

transducers are used to record the normal and shear stress. The data acquisition system 

can automatically obtain the combined specimen's shear strength characteristics and 

deformation properties. The top box moves at a low shear displacement rate during the 

shear process to ensure a quasi-equilibrium shear system under the servo-controlled 

normal stress. Along the shear direction, the top of the combined specimen interacts with 

the confining walls of the shear box until normal wall reaction forces (𝑁1 and 𝑁2) and 
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shear force (𝑇) at the interface reach dynamic equilibrium (Zhang and Thornton, 2007; 

Salazar et al., 2015). Meanwhile, three shear wall reaction forces (𝑇1, 𝑇2 and 𝑇3) can be 

ignored since the combined specimen is bonded to the box with encapsulating material 

and no relative displacement occurs during the test. Thus, the shear stress (𝜏𝑠) at the 

interface of the combined specimen can be given by:  

𝜏𝑠 =
𝑇

𝐴𝑠
=
𝑁

𝐴𝑠
 (Eq. 5.1) 

where 𝑁 is the resultant normal wall reaction force along the shear direction and 𝐴𝑠 is the 

effective shear area that progressively decreases while the shear displacement increases. 

Meanwhile, in Fig. 5.1b, 𝜎𝑥, 𝜎𝑧 and 𝜏𝑧𝑥 (𝜏𝑥𝑧) represent the x-, z- and zx-component of the 

average stress tensor at a differential element on the interface, respectively.  
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Fig. 5.1 Direct shear test on a typical combined specimen: a) apparatus setup, and b) 

direct shear mechanism.  

5.2.2 Combined rock-cemented rockfill specimen  

Three-dimensional numerical models of the combined rock-cemented rockfill (R-CRF) 

specimens were created with Itasca’s software PFC3D 6.0 and FLAC3D 7.0 in this study. 

In the combined R-CRF specimens, the basic physical-mechanical properties of 

kimberlite rock and the CRF are determined based on the laboratory test results and 

previous studies from Sepehri et al. (Sepehri et al., 2017), which are shown in Table 5.1  

and Table 4.1 in Chapter 4. The kimberlite properties were estimated based on the average 

Rock Mass Rating (RMR) system and the generalized Hoek-Brown criterion (Sepehri et 

al., 2017). The CRF properties were weight-averaged from the laboratory test results of 

the uniaxial and triaxial compression tests on the field CRF core samples after 28 days of 

curing age. The CRF material mainly consists of the granitic aggregate mixed with the 

Portland cement as the binder, with a uniform coefficient of 12.0 and a curvature 

coefficient of 0.81. The true particle size distribution of the CRF aggregate is shown in Fig. 

3.2 in Chapter 3, and the simplified particle size distribution adopted in the simulation of 

the DE model of the CRF specimen is shown in Fig. 4.2 in Chapter 4.  

Table 5.1 Physical-mechanical properties of the kimberlite specimens.   

Category Values 

Unit weight (MN/m3) 0.028 

Elastic modulus (GPa) 30.0 

Poisson’s ratio 0.3 

Cohesion (MPa) 4.48 

Internal friction angle (°) 31.0 
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Friction coefficient 0.7 

Uniaxial compressive strength (MPa) 69.0 

Tensile strength (MPa) 3.54 

 

Koupouli et al. (Koupouli et al. 2017) performed the direct shear tests on the combined 

R-CPB specimens with natural rock joint interfaces. The test results proved that under 

the direct shear condition, the shear behaviour of the combined R-CPB specimen is 

dominated by the frictional-bonded interface, and the Mohr-Coulomb strength criterion 

can be adopted to describe the relationship between the interface shear strength (𝜏𝑖) and 

the normal stress (𝜎𝑛):  

𝜏𝑖 = 𝑐𝑖 + 𝜎𝑛tan𝜑𝑖 (Eq. 5.2) 

where 𝑐𝑖  and 𝜑𝑖  are the cohesion and internal friction angle of the interface, respectively. 

Similarly, the natural interfaces between the CRF columns and surrounding rocks are 

rough, unclear, and nonplanar. Thus, the Mohr-Coulomb strength criterion can also be 

used in this study to make strength parameter assumptions for the interface of the 

modelled combined R-CRF specimen. For the direct shear test on the combined R-CPB 

specimen, previous studies indicated that the ratio between 𝜑𝑖  and the CPB material’s 

internal friction angle is higher than 0.6, and 𝑐𝑖  is always smaller than the CPB material’s 

cohesion (Fall and Nasir, 2010). In this study, 𝑐𝑖  and 𝜑𝑖  are assumed to be 1.0 MPa and 

30.0°, respectively, to describe the frictional weakly bonded state at the interface of the 

modelled combined R-CRF specimen. Meanwhile, to determine the shape of the shear 

stress displacement curve, it is necessary to quantify the interface shear stiffness (𝑘𝑖) and 
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the interface friction coefficient (𝜇𝑖) of the modelled combined specimen. Previous studies 

(Fang and Fall, 2020; Manaras, 2009) indicate that 𝑘𝑖  and 𝜇𝑖  can be defined as:  

𝑘𝑖 =
𝜏𝑝

𝛿𝑐
 (Eq. 5.3) 

𝜇𝑖 =
𝜏𝑟

𝜎𝑛
 (Eq. 5.4) 

where 𝜏𝑝, 𝛿𝑐, 𝜏𝑟, and 𝜎𝑛 represent the peak shear stress, critical displacement when the 

shear failure occurs, residual shear strength, and normal stress, respectively. Nasir and 

Fall (2008) also found that the initial shear stiffness slightly increases along with 𝜎𝑛. 

Thus, to simplify the simulation procedure and quantify the interface’s deformation 

properties efficiently, average values of 70.0 MPa and 0.70 are selected for 𝑘𝑖  and 𝜇𝑖 , 

respectively, at the interface of the modelled combined specimen. These values are based 

on previous studies by Lingga and Apel (Lingga and Apel, 2018), where the direct shear 

tests were carried out on the artificial combined CRF-CRF specimens in the laboratory 

using the same CRF material in this study. The assumptions of deformation properties 

and expected strength parameters of the interface are listed in Table 5.2.   

Table 5.2 Physical-mechanical properties of the interfaces in the combined R-CRF 

specimens. 

Category Values 

Shear stiffness (MPa/m) 70.0 

Cohesion (MPa) 1.0 

Internal friction angle (°) 30.0 

Friction coefficient 0.7 
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5.2.3 Coupled finite difference and discrete element method 

In this study, finite zones were created to simulate the FD model of the rock specimen, 

and the DE model of the CRF specimen was formed by randomly generated discrete 

particles with a simplified particle size distribution. The interface of the combined 

specimen was modelled with the coupled finite difference and discrete element (FD-DE) 

method. The coupling mechanism at the modelled interface is shown in Fig. 5.2a. At the 

interface, coupled walls with edge-connected triangular facets were created to coincide 

with the FD model’s zone faces. Then, following the force-displacement law, the contact 

forces and moments from the discrete particles are equivalently transferred to the 

corresponding grid points of the finite zones as nodal forces and moments during 

iterations at the interface. Meanwhile, the nodal displacements in the finite zones are 

transferred to the coupled walls at the interface in return, the contact forces and moments 

on the discrete particles are updated consistently. These information transfers between 

the FD and DE models are implemented with the ball-wall-zone (BWZ) coupling method 

using a Socket Input/Output (I/O) Function at the coupled wall. 

The algorithms and governing equations developed to implement the coupled FD-DE 

method at the modelled combined specimen’s interface are presented here. Fig. 5.2b 

demonstrates that a discrete sphere is in contact with a triangular wall facet wrapping a 

finite zone face. In this figure, position C represents the sphere-wall contact point, and 

position CP is the closest point to C on the wall facet. 𝑥𝑖 (𝑖 = 1, 2, 3) denotes three vertex 

locations of the triangular wall facet. By connecting 𝑥𝑖  with CP, the area that is 

nonadjacent to 𝑥𝑖 is defined as 𝐴𝑖  (𝑖 = 1, 2, 3), and the total area of the wall facet is 𝐴. Then, 

the contact forces and translational stiffness values at CP can be barycentrically 
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extrapolated to 𝑥𝑖, which coincide with the three corresponding gridpoints of the finite 

zone, by multiplying a weighting factor of 𝜉𝑖 = 𝐴𝑖 𝐴⁄ . The following equations are given to 

ensure extrapolated forces and moments at CP are consistent with the contact forces and 

C. In Fig. 5.2b, 𝒓𝑖 (𝑖 = 1, 2, 3) represents the vectors pointing from CP to 𝑥𝑖, and the force 

applied at each gridpoint is defined as 𝑭𝑖  (𝑖 = 1, 2, 3). 𝑭 and 𝑴𝑏  are the applied contact 

force and contact moment due to the binding effect at C. The total moment (𝑴) applied 

on the wall facet is given by:  

𝑴 = 𝑴𝑏 + (𝐶 − 𝐶𝑃) × 𝑭 (Eq. 5.5) 

where × denotes the cross product, with full computation mode activated, an entirely 

consistent equivalent force system is then determined by the coupling scheme:  

∑𝑭𝑖 = 𝑭 (Eq. 5.6) 

∑𝒓𝑖 × 𝑭𝑖 = 𝑴 (Eq. 5.7) 

𝒏 is defined as the unit vector pointing in the normal direction of the wall facet, and then 

the shear force vector (𝑭𝑠) and its corresponding unit vector (𝒔) pointing along the wall 

facet are given by:  

𝑭𝑠 = 𝑭 − ‖𝑭‖ ∙ 𝒏 (Eq. 5.8) 

𝒔 =
𝑭𝑠
‖𝑭𝑠‖

 (Eq. 5.9) 

The equivalent force system is determined in the local axis system at the wall facet where 

the x-component and y-component of 𝑭  coincide with the 𝒏  and the 𝒔  direction, 

respectively. Then, 𝒓𝑖
𝑙 , 𝑭𝑖

𝑙 , 𝑭𝑙 , 𝑴𝑖
𝑙  and 𝑴𝑙  are defined to be the force and moment 
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parameters in the local axis system corresponding to 𝒓𝑖, 𝑭i, 𝑭,  𝑴i, and 𝑴, respectively. 

The rules of transferring x-, y- and z- components of 𝑭𝑙  to corresponding components of 

𝑭𝑖
𝑙  at each gridpoint are given by: 

∑𝑭𝑖,𝑥
𝑙 = 𝑭𝑥

𝑙  (Eq. 5.10) 

∑𝑭𝑖,𝑦
𝑙 = 𝑭𝑦

𝑙  (Eq. 5.11) 

∑𝑭𝑖,𝑧
𝑙 = 𝑭𝑧

𝑙 = 0 (Eq. 5.12) 

∑(𝒓𝑖,𝑦
𝑙 × 𝑭𝑖,𝑧

𝑙 − 𝒓𝑖,𝑧
𝑙 × 𝑭𝑖,𝑦

𝑙 ) = 𝑴𝑥
𝑙  (Eq. 5.13) 

∑(𝒓𝑖,𝑧
𝑙 × 𝑭𝑖,𝑥

𝑙 − 𝒓𝑖,𝑥
𝑙 × 𝑭𝑖,𝑧

𝑙 ) = 𝑴𝑦
𝑙  (Eq. 5.14) 

∑(𝒓𝑖,𝑥
𝑙 × 𝑭𝑖,𝑦

𝑙 − 𝒓𝑖,𝑦
𝑙 × 𝑭𝑖,𝑥

𝑙 ) = 𝑴𝑧
𝑙  (Eq. 5.15) 

As CP is located on the wall facet, 𝒓𝑖,𝑥
𝑙  equals 0. Thus, Eq. 5.14 and Eq. 5.15 can be 

simplified to Eq. 5.1 6 and Eq. 5.17, respectively, and 𝑭𝑖,𝑥
𝑙  at each gridpoint is then 

determined with Eq. 5.10, Eq. 5.16 and Eq. 5.17:  

∑𝒓𝑖,𝑧
𝑙 × 𝑭𝑖,𝑥

𝑙 = 𝑴𝑦
𝑙  (Eq. 5.16) 

∑𝒓𝑖,𝑦
𝑙 × 𝑭𝑖,𝑥

𝑙 = −𝑴𝑧
𝑙  (Eq. 5.17) 

With 𝑭𝑦
𝑙  barycentrically distributed to each gridpoint, the weighting factor described 

above is applied in the direction of the maximum contact force along the wall facet, 

namely 𝒓𝑖,𝑦
𝑙 = 𝜔𝑖𝑭𝑦

𝑙 , and Eq. 5.13 can be simplified to Eq. 5.18: 
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∑𝒓𝑖,𝑦
𝑙 × 𝑭𝑖,𝑧

𝑙 =∑(𝒓𝑖,𝑧
𝑙 𝜉𝑖𝑭𝑦

𝑙 ) +𝑴𝑥
𝑙  (Eq. 5.18) 

Eq. 5.18 provides an additional constraint for the equivalent force system to find a 

particular solution from the governing equations described above:  

∑𝒓𝑖,𝑧
𝑙 × 𝑭𝑖,𝑧

𝑙 = 0 (Eq. 5.19) 

With Eq. 5.12, Eq. 5.18, and Eq. 5.19, 𝑭𝑖,𝑦
𝑙  and 𝑭𝑖,𝑧

𝑙  at each gridpoint of the finite zone are 

determined. Subsequently, the resultant forces are converted into the global axis system 

and applied to corresponding gridpoints, triggering force, velocity, and displacement 

updates simultaneously in the finite zone.  
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Fig. 5.2 Coupled FD-DE method: a) coupling mechanism, b) ball-wall-zone coupling 

method, c) cross-section at the ball-wall contact and d) parallel bond contact model.  

5.3 Numerical simulation  

5.3.1 Model establishment  

Fig. 5.3 shows the geometry, boundary conditions and creation procedures of a combined 

R-CRF specimen's three-dimensional coupled FD-DE model. The dimensions of the 

coupled model were designed to be 15 m × 15 m × 7.5 m (length × width × height), which 
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were large enough to coincide with future numerical studies on the simulation of 

underground stopes backfilled with the CRF columns. In the coupled model, 15 m × 15 m 

× 3.75 m finite zones, representing the FD model of the rock specimen, were initially 

constructed with FLAC3D, a finite difference program using an explicit LaGrangian 

calculation scheme and a mixed discretization zoning technique. The optimal mesh sizes 

were set to be 1/10, 1/10 and 1/8 of the length, width, and height, respectively, of the FD 

model. The physical-mechanical properties of the rock specimen in Table 5.1 were then 

applied to the finite zones directly. A coupled wall with edge-connected triangular facets 

was then created to cover the top face of the finite zones. Each wall facet coincides with 

the corresponding finite zone, and the vertexes of wall facets act consistently with the zone 

gridpoints. Next, five more rigid walls connected to the coupled wall were generated to 

form a box of 15 m × 15 m × 3.75 m to contain the discrete particles of the DE model.  



  Page 102  

 

Fig. 5.3 Direct shear test on the coupled FD-DE model of the combined R-CRF specimen: 

a) full and cross-section view, b) different mesh sizes of the FD model of the rock 

specimen, and c) measuring method of the DE model of the CRF specimen.  

5.3.2 Parameter determination  

Unlike the FD method, the overall mechanical properties of the geo-material that one 

wants to simulate using the DE method cannot be directly assigned to the DE model. This 

is because the DE model consists of a large number of discrete blocks or spheres, and the 

mechanical interaction reflects the overall mechanical properties of the geo-material 
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among the discrete particles at the microscopic level, which are controlled by the 

microstructural parameters of the contact model applied to the virtual bonds that connect 

the discrete particles. Thus, to ensure the DE model and the following simulation are 

precise and correct, the microstructural parameters of the contact model need to be 

determined until the DE model's overall mechanical properties are the same as those 

values of the corresponding real geo-material.  

In this study, the particle scaling method was adopted to simplify the generation of the 

discrete particles in the DE model using PFC3D, software that provides a discrete element 

modelling framework. Empirically, to eliminate the scale effect on the modelling results, 

the ratio between the maximum model scale and maximum sphere radius (𝑟𝑚𝑎𝑥) should 

be no less than 50, and the ratio between 𝑟𝑚𝑎𝑥 and the minimum sphere radius (𝑟𝑚𝑖𝑛) 

should be no less than 1.66 (Ding et al., 2014; Wu and Xu, 2016). Thus, in this study, 

optimal 𝑟𝑚𝑎𝑥  and 𝑟𝑚𝑖𝑛  of the discrete particles were determined as 0.18 m and 0.3 m, 

respectively, and a total of 9,639 discrete particles were generated. The DE model 

employed the PB contact model to provide the virtual binding effect from Portland cement 

among the discrete particles. The microstructural parameters for the DE model were 

determined by conducting the uniaxial and triaxial compression tests on the modelled 

CRF cylindrical specimens, shown in Table 4.2 in Chapter 4. These tests can ensure the 

strength parameters and deformation properties of the DE model coincide with the 

corresponding values of the CRF specimen shown in Table 4.1 in Chapter 4. Furthermore, 

to determine the interface's microstructural parameters, groups of newly designed 

numerical direct shear tests were carried out to ensure the coupled model’s stress-strain 
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behaviour and macro-mechanical properties coincide with the assumptions described in 

the methodology section. The determined results are shown in Table 5.3.  

Table 5.3 Microstructural parameters of the PB contact model at the interfaces in the 

coupled FD-DE model of the combined rock-CRF specimens. 

Category Values 

Effective modulus (GPa) 0.15 

Bond effective modulus (GPa) 0.015  

Stiffness ratio 1.0 

Bond stiffness ratio 1.0 

Bond normal strength (MPa) 0.09 

Bond shear strength (MPa) 1.1 

Bond internal friction angle (°) 30.0 

Contact friction coefficient  0.7 

Bond gap (m) 0.024 

 

The direct shear tests were performed on the coupled models under three different values 

of 𝜎𝑛: 0.25 MPa, 0.5 MPa and 1.0 MPa. Initial servo-controlled 𝜎𝑛  was applied to the 

lateral and top walls surrounding the discrete particles, and the velocities at the lateral 

and bottom faces of the finite zones were fixed in the corresponding normal directions to 

provide constraints. During the shear process, servo controlling in the x-direction was 

realized, and the DE model moved rightward at a low displacement rate of 0.05 m/s to 

ensure a quasi-equilibrium shearing system. Two extended retaining walls were created 
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along the shear direction to prevent unbonded discrete particles from flying out of the 

shear box. Meanwhile, the interface meshed into different numbers (𝑁𝑚) of 25, 100, 225, 

400, 625 of finite square zones, with the corresponding mesh sizes of 3.0 m, 1.5 m, 1.0 m, 

0.75 m, and 0.6 m, respectively, to study the effect of the mesh size on the shear behaviour 

and macro-mechanical properties of the coupled model. Groups of measuring spheres 

were created at the interface, and two central cross-sections of the coupled model to 

obtain the stress and displacement distributions. The ij-component of the average stress 

tensor (𝜎𝑖𝑗) acting on the center location of each measuring sphere can be calculated as:  

𝜎𝑖𝑗 =
1

𝑉
∑𝒇𝑖

𝐶 × 𝒍𝑗
𝐶

𝑛

𝑖=1

 (Eq. 5.20) 

In this equation, at the contact position 𝐶  between two discrete particles, 𝒇𝑖
𝐶  is the i-

component of the contact force, 𝒍𝑗
𝐶  is the corresponding j-component of the branch vector 

connecting the center locations of two discrete particles (Wang et al., 2007).  

5.4 Results and discussion  

5.4.1 Shear behaviour and the mechanical properties of the coupled FD-DE model of the 

combined R-CRF specimen  

Fig. 5.4a demonstrates the shear stress displacement (𝜏𝑠-𝑑𝑠) curves of the coupled model 

under different values of 𝜎𝑛. As can be seen, under the direct shear condition, the coupled 

model shows evident elastoplastic shear behaviour, and each 𝜏𝑠-𝑑𝑠  curve can be divided 

into five main stages. At stage one (oa), when the shear begins, 𝑑𝑠 increases from 0 to 

0.003 m, and a slight decrease in 𝑘𝑖  can be observed due to the breakage of a small group 

of bonds that exceed the normal strength limit. At stage two (ab), 𝜏𝑠  keeps increasing 
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while 𝑑𝑠 increases from 0.003 m to around 0.015 m. Evident elastic deformation can be 

observed at the interface, and 𝑘𝑖  of each 𝜏𝑠-𝑑𝑠  curve maintains a stable value. At stage 

three (bc), shear failure begins to dominate the bond breakage, with a slight decrease in 

𝑘𝑖  occurs at the interface, and 𝜏𝑠  under each 𝜎𝑛  reaches a peak stress value, with 𝑑𝑠 

increasing to around 0.019 m. At stage four (cd), the propagation of the bond breakage at 

the interface occurs significantly, leading to a rapid collapse of 𝜏𝑠, as 𝑑𝑠 increases from 

around 0.019 m to 0.04 m. Finally, at stage five (de), with the binding effect at the 

interface entirely disappearing, frictional sliding occurs between the DE and the FD 

models, and 𝜏𝑠 under each 𝜎𝑛 maintains a stable value of 𝜏𝑟. As 𝑑𝑠 increases to 0.1 m, the 

shape of 𝜏𝑠-𝑑𝑠 curves indicate a perfect plateau, and the shear behaviour of the strain-

softening can be observed at the interface.  

Meanwhile, the coupled model’s strength parameters and deformation properties under 

the direct shear condition highly coincide with the expected results, with the determined 

microstructural parameters shown in Table 4.3 in Chapter 4 and Table 5.3 applied to the 

discrete particles and the interfaces. During the shear process, under 𝜎𝑛 of 0.25 MPa, 0.5 

MPa and 1.0 MPa,  𝜏𝑝  reaches 1.17 MPa, 1.32 MPa and 1.58 MPa, respectively, with a 

maximum relative error of 2.4%. According to the Mohr-Coulomb strength criterion, the 

coupled model’s failure envelope can then be plotted by linearly relating 𝜏𝑝 to 𝜎𝑛. Non-

zero apparent 𝑐𝑖  and 𝜑𝑖  are calculated as 1.04 MPa and 29.5°, respectively, with relative 

errors of 4% and 1.6%. As 𝜎𝑛  increases from 0.25 MPa to 1.0 MPa, 𝑘𝑖  under each 𝜎𝑛 

increases by 25% from 62.8 MPa to 78.8 MPa. A weighted average value of 𝑘𝑖  is calculated 

as 73.5 MPa, with a relative error of 5%. These observations are highly consistent with 

previous studies by Fall and Nasir (2010), which found that higher 𝜎𝑛 is associated with 
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higher 𝜏𝑝 and 𝑘𝑖  at the interface of the coupled model. Under 𝜎𝑛 of 0.25 MPa, 0.5 MPa 

and 1.0 MPa, 𝜏𝑟 maintains stable at 0.18 MPa, 0.33 MPa and 0.63 MPa, respectively, and 

the corresponding 𝜇𝑖  is calculated as 0.63, 0.66 and 0.72, respectively, with a maximum 

relative error of 9%. It must be mentioned that a slight increase in 𝛿𝑐 is also observed as 

𝜎𝑛 Increases from 0.25 MPa to 1.0 MPa.  

Fig. 5.4b and Fig. 5.4c demonstrate that as 𝑑𝑠 increases from 0 to 0.1 m, both 𝜎𝑛 The y- 

and z- directions are stably servo-controlled at 0.25 MPa, 0.5 MPa and 1.0 MPa on the 

constraint walls of the DE model. When the servo-controlling scheme realizes, the average 

contact forces between the discrete particles and the walls are gradually adjusted to 

balance with the target values of 𝜎𝑛 cyclically servo-controlling the velocities of the lateral 

and top constraint walls surrounding the discrete particles. Fig. 5.5a presents the contour 

of 𝜎𝑛 in the y-direction at the central cross-section of the DE model when 𝑑𝑠  reaches 0.02 

m. It should be mentioned here that in FLAC3D, the compressive and tensile stresses are 

plotted as negative and positive, respectively. As can be seen, due to different diameters 

and effective bond gaps of the discrete particles, the contact stress among the spheres 

induced by 𝜎𝑛  indicates a non-uniform distribution, leading to an unbalanced 

distribution in the normal stress in the y-direction at different parts of the central cross-

section. Fig. 5.5b shows the contour of 𝜎𝑛 in the z-direction at the interface of the coupled 

model when 𝜎𝑛 reaches 0.02 m. The figure indicates that 𝜎𝑛 transferred from the discrete 

particles to the top face of the finite zones also exhibits a non-uniform distribution. The 

boundary effect from the fixed faces during the shear process also contributes to this 

unbalanced distribution. However, either the calculated average normal stress applied to 

the central cross-section in the y-direction or transferred to the finite zones in the z-
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direction still highly coincides with servo-controlled 𝜎𝑛 applied to the constraint walls of 

the coupled model. It indicates that servo-controlling the normal stress with the coupled 

FD-DE method can reflect the true nature of the laboratory operation more factually than 

the FD method alone.  

Fig. 5.4d demonstrates the relationship between the normal displacement (𝑑𝑛) and 𝑑𝑠 of 

the coupled model under different 𝜎𝑛. As can be seen at the stage of elastic deformation, 

dn under different values of 𝜎𝑛 all increase rapidly, as 𝑑𝑠 increases from 0 to around 0.02 

m. It indicates that the shear condition causes significant shear dilation at the interface 

of the coupled model (Wang et al., 2018), and the effect can be weakened at higher values 

of σn due to the higher constraint effect. Then, during the collapse of 𝜏𝑠 , 𝑑𝑛  decreases 

stably as 𝑑𝑠 increases from around 0.02 m to 0.04 m. Finally, under lower 𝜎𝑛 of 0.25 MPa 

and 0.5 MPa, as 𝑑𝑠  increases from 0.04 m to 0.1 m, 𝑑𝑛  maintains plateau, but shear 

dilation still exists. However, under a higher 𝜎𝑛 of 1.0 MPa, 𝑑𝑛 decreases to a value lower 

than 0, and the constraint effect gradually diminishes shear dilation.  

Fig. 5.6 shows the distribution of magnitude displacement (𝑑𝑚) in the coupled model 

under different values of 𝜎𝑛 at the central cross-section. The length of the displacement 

vector represents the magnitude and the acting direction of 𝑑𝑚 is pointing from the initial 

position of the discrete sphere or the gridpoint of the finite zone. For the DE model, 

significant rightward motions can be observed on the discrete particles due to the 

relatively low displacement rate during the entire shear process. Before 𝜏𝑠 reaches 𝜏𝑝, the 

binding effect at the interface hinders the rightward motions of the discrete particles, 

leading to a relatively lower 𝑑𝑚 at the bottom of the DE model. After the collapse of 𝜏𝑝, 

the gradient of 𝑑𝑚 from the top to the bottom of the DE model significantly decreases due 
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to the disappearance of the interface’s binding effect. However, while the frictional sliding 

dominates the shear behaviour, the gradient of 𝑑𝑚 still exists at the right end of the DE 

model. For the FD model, before 𝜏𝑠 reaches 𝜏𝑝, an evident convex thrust of 𝑑𝑚 caused by 

shear dilation can be observed in the finite zones along the motion direction of the grid 

points. After the collapse of 𝜏𝑝, the interface’s binding effect disappears, leading to the 

weakening of shear dilation and the diminution of the convex thrust. It also indicates that 

a higher 𝜎𝑛 is associated with a larger convex thrust and a higher 𝑑𝑚. Meanwhile, at the 

frictional sliding stage, a vortex zone of 𝑑𝑚 is formed gradually by the combined action of 

shear dilation and the constraint effect on the right side of the FD model. During the shear 

process, the discrete particles in this zone undergo shear compression and generate the 

shear strain localization.  
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Fig. 5.4 Results of the direct shear tests on the coupled FD-DE model of the combined 

R-CRF specimens: a) 𝜏𝑠-𝑑𝑠 curves, b) 𝜎𝑛-𝑑𝑠 curves in the z-direction, c) 𝜎𝑛-𝑑𝑠 curves in 

the y-direction, and d) 𝑑𝑛-𝑑𝑠 curves.  
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Fig. 5.5 Distribution of 𝜎𝑛  on the coupled FD-DE model of the combined R-CRF 

specimens in: a) y-direction and b) z-direction.  

 

Fig. 5.6 Distribution of 𝑑𝑚 at the CCS of the coupled FD-DE model of the combined R-

CRF specimens under different 𝜎𝑛 of: a) 0.25 MPa, b) 0.50 MPa, and c) 1.00 MPa.  



  Page 112  

Fig. 5.7 indicates the evolution of normal contact force (𝜎𝑛
𝑐 ) chain formed among the 

discrete particles at the DE model’s central cross-section during the entire shear process. 

The mutually connected cylinders represent the force chain at the contact positions. 

Meanwhile, the thickness and axial direction of cylinders reflect the magnitude and 

direction of 𝜎𝑛
𝑐 , respectively. The cylinders are marked in red and blue to identify the 

stress state of 𝜎𝑛
𝑐  in compression and tension, respectively. As can be seen, before the 

shear begins, the DE model is only subjected to the servo-controlled 𝜎𝑛 applied on the 

constraint walls, and either the magnitude or the direction of 𝜎𝑛
𝑐  in compression shows 

uniform distribution in the DE model. Due to the constraint effect, the discrete particles 

are squeezed, and the stress state of 𝜎𝑛
𝑐  in the DE model is dominated by compression and 

no evident 𝜎𝑛
𝑐  in tension is observed. Then, during the elastic deformation stage, as 𝑑𝑠 

increases from 0 to around 0.02 m, the force chain of 𝜎𝑛
𝑐  in compression progressively 

distributes unevenly. A concentration band of 𝜎𝑛
𝑐  in compression can then be formed 

diagonally from the left top corner to the right bottom corner of the central cross-section 

under the combined action of shear displacement rate and the binding effect at the 

interface. While 𝑑𝑠 increases from around 0.02 m to 0.1 m, the interface’s binding effect 

gets weakened and the band gradually diminishes. Finally, the band disappears when the 

frictional sliding dominates the shear behaviour of the coupled model. However, there is 

a significant trend in the direction of the force chain of 𝜎𝑛
𝑐  in compression at this stage, 

which is the same as the shear direction, compared with the chain under the initial servo-

controlled 𝜎𝑛. During the elastic deformation stage, a concentration band of 𝜎𝑛
𝑐  in tension 

is also formed diagonally in the DE model from the bottom left corner to the top right 

corner of the central cross-section. It shows the force chain of 𝜎𝑛
𝑐  in tension formed in the 



  Page 113  

discrete particles, which results from the gradient of 𝜏𝑠 along the height of the DE model, 

which always acts as an inhibition to the rightward motion of the discrete particles. 

However, the inhibition effect is not significant. Finally, the force chain of 𝜎𝑛
𝑐  in tension 

diminishes when virtual bonds at the interface entirely break and the binding effect 

disappears.  

 

Fig. 5.7 Force chain of 𝜎𝑛
𝑐  at the CCS of the DE model of the CRF specimens under 

different 𝜎𝑛 of: a) 0.25 MPa, b) 0.50 MPa, and c) 1.00 MPa.  

Fig. 5.8 demonstrates the distribution of 𝜎𝑥𝑥 in the coupled model under different values 

of 𝜎𝑛 during the entire shear process. As can be seen, 𝜎𝑥𝑥 can be nonuniformly distributed 

in the coupled model, even if under a stable and even shear displacement rate. During the 

elastic deformation stage, a significant stress concentration zone of 𝜎𝑥𝑥 is formed on the 

right side of the DE model. The maximum value of 𝜎𝑥𝑥 at the core of the zone gradually 

increases as 𝑑𝑠  increases from 0 to around 0.02 m. An evident gradient in 𝜎𝑥  can be 

observed along the DE model’s height, which leads to a larger 𝜎𝑥𝑥 at the interface of the 

coupled model due to the binding effect. Meanwhile, the gradient causes evident 𝜎𝑥𝑥 in 
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tension at the right top corner of the DE model, which highly coincides with the force 

chain of 𝜎𝑛
𝑐  plotted in Fig. 5.7. Then, after the collapse of 𝜏𝑠, the stress concentration zone 

of 𝜎𝑥 progressively diminishes and moves to the bottom right corner of the DE model. The 

maximum value of 𝜎𝑥𝑥 at the core of the zone significantly decreases, as 𝑑𝑠 increases from 

around 0.02 m to 0.05 m. It also indicates that the redistribution of 𝜎𝑥𝑥 at this stage is not 

evident under higher values of 𝜎𝑛, as a higher frictional force can significantly inhibit the 

motion of discrete particles in the DE model. However, for the FD model, the distribution 

of 𝜎𝑥  is passively controlled by the fixed boundary conditions at the constraint walls. 

During the entire shear process, the FD model’s finite zones are dragged by the DE model 

and potentially have a rightward motion trend. Thus, the stress state of 𝜎𝑥𝑥  The finite 

zones transform from tension to compression along the shear direction from left to right. 

As can be seen in Fig. 5.8, the stress concentration zones of 𝜎𝑥𝑥  in tension and in 

compression both expand during the elastic deformation stage. After the collapse of 𝜏𝑠, 

𝜎𝑥𝑥  rapidly decreases and the stress concentration of 𝜎𝑥𝑥  in compression on the left 

almost disappears under the domination of the frictional sliding at the interface of the 

coupled model.  
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Fig. 5.8 Distribution of 𝜎𝑥𝑥 at the CCS of the coupled FD-DE model of the combined R-

CRF specimens under different 𝜎𝑛 of: a) 0.25 MPa, b) 0.50 MPa, and c) 1.00 MPa.  

Fig. 5.9 and Fig. 5.10 demonstrate the three-dimensional contours of the zx-component 

of the average peak and residual stress tensors (𝜏𝑧𝑥
𝑝

 and 𝜏𝑧𝑥
𝑟 ) at the interface when 𝜏𝑠 

reaches 𝜏𝑝 and 𝜏𝑟, respectively, under different 𝜎𝑛. The figures illustrate the comparison 

between the contours plotted using the FD and DE methods. For the FD model, the data 

of 𝜏𝑧𝑥
𝑝

 and 𝜏𝑧𝑥
𝑟  are directly collected from 81 groups of the monitoring gridpoints that are 

uniformly located on the top face of the finite zones at the interface. It also should be 

mentioned here that in Fig. 5.9 and 5.10, the compressive stress is plotted as positive to 

make the distribution of the stress peaks and valleys clear and easily focused from the 

three-dimensional contours. For the DE model, the same number of measuring spheres 

with the exact locations of the corresponding monitoring gridpoints are created on the 

bottom face of the discrete particles to measure the stress data. Finally, 𝜏𝑧𝑥
𝑝

 and 𝜏𝑧𝑥
𝑟  are 
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gained from each monitoring gridpoint and the corresponding measuring sphere. The 

mapping software Surfer 18.0 is adopted to plot the data into three-dimensional contours 

with the Kriging gridding method. It has been validated in Fig. 5.4a that the stress-strain 

behaviour and the coupled model’s macro-mechanical properties under the direct shear 

condition highly coincide with the expected results. However, in this case, the contours of 

𝜏𝑧𝑥
𝑝

 and 𝜏𝑧𝑥
𝑟  reflect that a dynamic equilibrium exists between 𝜏𝑧𝑥

𝑝
 , 𝜏𝑧𝑥

𝑟  and 𝜏𝑠 . 𝜏𝑧𝑥  is 

nonuniformly distributed at different locations on the interface during the entire shear 

process due to the constraint effect and the random generation method of the discrete 

particles, even under the servo-controlled σn and low shear displacement rates.  

As shown in Fig. 5.9, under 𝜎𝑛 of 0.25 MPa, 0.5 MPa and 1.0 MPa, 𝜏𝑠 reaches 𝜏𝑝 when 𝑑𝑠 

is 0.018 m, 0.019 m, and 0.02 m, respectively. The contours of 𝜏𝑧𝑥
𝑝

 plotted from the DE 

and the FD models highly coincide with each other. Both the contours have an excellent 

presentation of the distribution of 𝜏𝑠 with the coupling scheme successfully applied at the 

interface. The figures indicate that the peak value of 𝜏𝑧𝑥
𝑝

 under each value of 𝜎𝑛  is 

relatively the same, although higher 𝜎𝑛 values can be associated with the higher bottom 

limit value of 𝜏𝑧𝑥
𝑝

. As can be seen in Fig. 5.9, 𝜏𝑧𝑥
𝑝

 demonstrates a relatively lower value at 

the shear box boundaries due to the constraint effect. Moreover, because the discrete 

particles with different diameters randomly generate in the shear box, the number of 

contacts and discrete particles in each measuring sphere is variable, and groups of stress 

concentration zones of 𝜏𝑧𝑥
𝑝

 appear at the interface. This indicates that the coupled model 

can effectively interpret the true nature of the combined R-CRF specimen with a 

nonplanar and rough interface more factually than modelling with the FD method alone.  
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Fig. 5.10 shows the contours of 𝜏𝑧𝑥
𝑟  when 𝑑𝑠 reaches 0.05 m. As can be seen, under 𝜎𝑛 of 

0.25 MPa, 0.5 MPa and 1.0 MPa, 𝜏𝑟 is 0.18 MPa, 0.33 MPa, and 0.63 MPa, respectively. 

However, both the contours of 𝜏𝑧𝑥
𝑟  plotted from the DE and the FD models show 

significantly uneven distribution. Groups of the stress concentration zones of 𝜏𝑧𝑥
𝑟  appear 

at the interface, and higher 𝜎𝑛 values can be associated with higher peak values of 𝜏𝑧𝑥
𝑟 . 

Meanwhile, due to the breakage of virtual bonds at the interface, the coincidence between 

the two contours of 𝜏𝑧𝑥
𝑟  disappears, and the contour from the DE model shows a more 

imbalanced distribution in 𝜏𝑧𝑥
𝑟  with frictional sliding dominating the shear behaviour. An 

evident increasing trend in 𝜏𝑧𝑥
𝑟  can be observed at the interface from left to right along the 

shear direction. This phenomenon can result from the leftward motion of the stress 

concentration zone of 𝜎𝑥𝑥  in the DE model caused by frictional sliding. Moreover, the 

trend is not significant in the FD model due to the constraint effect at the shear box 

boundaries.  
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Fig. 5.9 Distribution of 𝜏𝑧𝑥
𝑝

  at the interfaces in the coupled FD-DE model of the 

combined R-CRF specimens under different 𝜎𝑛 of: a) 0.25 MPa, b) 0.50 MPa, and c) 1.00 

MPa.  
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Fig. 5.10 Distribution of 𝜏𝑧𝑥
𝑟   at the interfaces in the coupled FD-DE model of the 

combined R-CRF specimens under different 𝜎𝑛 of: a) 0.25 MPa, b) 0.50 MPa, and c) 1.00 

MPa.  
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5.4.2 Effects of the microstructural parameters of the PB contact model on the shear 

behaviour of the coupled FD-DE model of the combined R-CRF specimen 

This section will study the effects of the interface’s microstructural parameters on the 

shear behaviour and macro-mechanical properties of the coupled model. Different orders 

of magnitude were assigned. Five groups of numerical tests for each parameter were 

carried out under 𝜎𝑛  of 0.5 MPa to monitor the changes in the shape of 𝜏𝑠-𝑑𝑠  curves, 

strength parameters and deformation properties. The effects of 𝜎, 𝜏, 𝜑, and 𝜇 are only 

briefly described in this section, as their effects have good agreement with previous 

parametric studies (Bahaaddini et al., 2015, 2013, 2012) on the DE models, which indicate 

that 𝜎 and 𝜏 can directly impact 𝜏𝑝  of the coupled model. In the parallel bond contact 

model, due to the parallel bonds following the Mohr-Coulomb strength criterion, a 

significant increase in 𝜏𝑝  can be observed when either 𝜎  and 𝜏  increases. 𝜑  mainly 

influences the shape of the 𝜏𝑠-𝑑𝑠 the curve at stages three and four, which are described 

in Fig. 4.6 in Chapter 4, indicating that as 𝜑  increases, a slight increase in 𝜏𝑝  can be 

observed, and the increasing and decreasing rates of 𝜏𝑠  at stages three and four, both 

decrease slightly, resulting in a relatively smooth curve shape. Meanwhile, 𝜇 can be highly 

consistent with the natural friction coefficient of the interface, only influencing the shear 

behaviour of the coupled model when frictional sliding occurs. As 𝜇𝑖  increases, 𝜏𝑟 

increases significantly.  

The microstructural parameters of 𝐸 , 𝐸 , 𝜂 , and 𝜂  can significantly impact the shear 

behaviour and macro-mechanical properties at the interface of the coupled model under 

the direct shear condition. Fig. 5.11a to Fig. 5.11d demonstrate 𝜏𝑠-𝑑𝑠  curves of the coupled 

model under 𝜎𝑛  of 0.5 MPa, with the order of magnitude of changes in 𝐸, 𝐸, 𝜂 and 𝜂, 



  Page 121  

respectively. Fig. 11a shows that as 𝐸 increases from 1.5 MPa to 15.0 GPa, 𝑘𝑖  increases, 

leading to a steeper curve shape at the elastic deformation stage. Meanwhile, at higher 𝐸 

values, the decreasing rate of 𝜏𝑠  after the collapse of 𝜏𝑝  decreases. However, as 𝐸 

increases, both 𝜏𝑝 and 𝜏𝑟 first increase and then decrease. Fig. 11b indicates that 𝐸 has a 

tremendous impact on the shape of 𝜏𝑠-𝑑𝑠 curves. While 𝐸 increases from 0.15 MPa to 1.5 

GPa, 𝑘𝑖  significantly increases, and the shear behaviour of the coupled model transforms 

from strain-hardening to strain-softening. When 𝐸 is below 1.5 MPa, no evident 𝜏𝑝 or 𝜏𝑟 

appears. However, while 𝐸 increases from 15.0 MPa to 1.5 GPa, 𝜏𝑝 decreases dramatically, 

and 𝜏𝑝 maintains a stable value. As shown in Fig. 11c, as 𝜂 increases from 0.1 to 1000, no 

evident changes in 𝑘𝑖  or the curve shape are observed, while both 𝜏𝑝  and 𝜏𝑟  decrease 

significantly. Fig. 11d indicates that 𝜂  can also remarkably impact the shape of 𝜏𝑠 -𝑑𝑠 

curves. While 𝜂  increases from 0.1 to 1000, 𝑘𝑖  decreases dramatically, leading to a 

smoother and flatter curve at the elastic deformation stage. As 𝜂 increases, both 𝜏𝑝 and 𝜏𝑟 

first increase and then decrease. However, unlike the effect of 𝐸, at higher 𝜂 values, 𝜏𝑝 

still exists and the shear behaviour of the coupled model is strain-hardening. To 

summarize, all four microstructural parameters of 𝐸, 𝐸, 𝜂 and 𝜂 can impact the macro-

mechanical properties of the interface while only 𝐸 and 𝜂 can remarkably influence the 

shear behaviour of the coupled model.  
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Fig. 5.11 Effects of the microstructural parameters of the PB contact model on the shear 

behaviour of the FD-DE model of the combined R-CRF specimens: a) 𝐸, b) 𝐸, c) 𝜑, and d) 

𝜑.  

5.4.3 Effects of the mesh size of the interface on the shear behaviour of the coupled FD-

DE model of the combined R-CRF specimen 

Fig. 5.12 presents the effects of the mesh size of the FD model’s top face on the coupled 

model's shear behaviour and macro-mechanical properties. It indicates that with Nm 

increasing from 25 to 625, both 𝑘𝑖  and 𝜏𝑝 increase, leading to a steeper curve shape at 

stages two and three, while no evident changes in 𝜏𝑟  at stage five are observed. 
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Meanwhile, as 𝑁𝑚  increases, the shape of 𝜏𝑠-𝑑𝑠 curves maintain strain-softening and the 

decreasing rate of 𝜏𝑠  after the collapse of 𝜏𝑝  has no changes at stage four. It must be 

mentioned that the mesh size along the height of the FD model does not influence the 

coupled model's shear behaviour or macro-mechanical properties. Thus, these figures are 

not presented in this section.  

 

Fig. 5.12 Effect of 𝑁𝑚  of the FD model of the rock specimen on the shear behaviour of 

the FD-DE model of the combined R-CRF specimens.  

5.5 Conclusions  

In this study, three-dimensional numerical direct shear tests were carried out on the 

modelled combined rock-cemented rockfill (R-CRF) specimens based on the coupled 

finite difference and discrete element (FD-DE) method by using Itasca’s software 

FLAC3D 7.0 and PFC3D 6.0. The simulation provided an efficient scheme to determine 

the microstructural parameters of the coupled model of the combined specimen with a 

frictional-bonded interface. Meanwhile, the simulation validated the feasibility of using 

the coupled FD-DE method to model the binding effect at the interface between two geo-
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materials, such as the CRF column and the surrounding rocks. The primary observations 

and conclusions are as follows.  

Under the direct shear condition, the coupled FD-DE model of the combined R-CRF 

specimen shows evident elastoplastic shear behaviour of the strain-softening, including 

five main stages of the initial bond breakage, elastic deformation, bond breakage 

propagation, shear strength collapse and frictional sliding. With the microstructural 

parameters of the DE model of the CRF specimen determined, the coupled model’s 

strength parameters and deformation properties under the different servo-controlled 

normal stresses highly coincide with the expected results. The coupled model’s failure 

envelope under the direct shear condition also agrees with the Mohr-Coulomb strength 

criterion. The servo-controlled normal stress monitored in either the y- or z- direction 

maintains a stable value during the entire direct shear process. However, it can 

nonuniformly distribute at different locations on the corresponding central cross-section 

of the coupled model, indicating that the numerical servo-controlling scheme based on 

the coupled FD-DE method can reflect the true nature of the laboratory operation more 

factually than the FD method alone.  

A significant shear dilation phenomenon can be observed at the interface of the coupled 

model during the entire direct shear process, which leads to a rapid increase in the normal 

displacement during the elastic deformation stage, and then a stable plateau value during 

the frictional sliding stage. During the entire shear process, the magnitude displacement 

of the discrete particles is higher at the top while lower at the bottom of the DE model 

since the binding and frictional effects at the interface hinder the rightward motion of 

discrete particles. For the FD model, during the elastic deformation stage, an evident 
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convex thrust of the magnitude displacement can be observed in finite zones due to shear 

dilation. The convex thrust gradually diminishes after the collapse of the peak shear 

stress. A vortex zone of the magnitude displacement can be formed during the frictional 

sliding stage by shear dilation and the constraint effect from boundary walls.  

During the elastic deformation stage, a concentration band of the normal contact force in 

compression can be formed diagonally from the top left corner to the bottom right corner 

of the DE model. After the peak shear stress collapse, the concentration band gradually 

diminishes due to the weakened binding effect at the interface. During the frictional 

sliding stage, a significant rightward trend can be observed in the chain of the normal 

contact force in compression, with the binding effect disappearing. During the elastic 

deformation stage, a significant stress concentration zone in the x-direction can be 

formed and expanded on the left of the DE model. This concentration zone progressively 

diminishes and moves to the bottom right corner of the DE model after the peak shear 

stress collapse due to the weakened binding effect at the interface. However, for the FD 

model, the stress in the x-direction passively transforms from tension to compression 

along the shear direction from left to right during the entire shear process, during which 

the zx-component of the stress in the coupled model shows a non-uniform distribution at 

different locations on the interface due to the constraint effect and the random generation 

method of the discrete particles. For the peak shear stress at the interface, contours 

plotted from the DE and the FD models highly coincide, and both contours have an 

excellent interpretation of the peak shear stress distribution of the coupled model. For the 

residual shear stress, an evident increasing trend in the zx-component of the stress can 

be observed in the contour from left to right in the DE model. This trend results from the 
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rightward motion of the concentration zone of the stress in the x-direction caused by the 

frictional sliding. However, no corresponding trend can be observed in the contour 

plotted from the FD model due to the constraint effect at the boundary walls.  

The interface microstructural parameters significantly impact the shape of the shear 

stress displacement curve and macro-mechanical properties, including the peak shear 

stress, residual shear stress and the shear stiffness of the coupled model under the direct 

shear condition. The peak and residual shear stress can significantly increase when the 

bond normal or shear strength at the interface increases. As the contact friction coefficient 

at the interface increases, the residual shear stress increases. While the effective modulus, 

bond effective modulus or bond stiffness ratio at the interface increases, both the peak 

and residual shear stress increase and decrease. However, when the interface's stiffness 

ratio increases, the peak and residual shear stress decrease. The increase in the bond's 

internal friction angle at the interface can contribute to a smoother curve shape during 

bond breakage propagation and peak shear stress collapse. The shear stiffness increases 

significantly with increases in either the effective modulus or bond effective modulus. 

However, when the effective bond modulus increases, the coupled model’s shear 

behaviour can transform from strain-softening to strain-hardening. As the stiffness ratio 

increases, the shear stiffness maintains a stable value, while when the bond stiffness ratio 

increases, the shear stiffness decreases significantly. Meanwhile, as the mesh size at the 

interface decreases, the shear stiffness and peak stress increase. Moreover, the residual 

shear stress maintains a stable value.  
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Chapter 6 Coupled finite difference and discrete element method for 

modelling the dumping process of the freshly cemented rockfill 

In this Chapter, the Johnson-Kendall-Robert (JKR) contact model was adopted in the 

discrete element (DE) model of the fresh CRF material to simulate the adhesion among 

the aggregate particles that results from the liquid-bridge forces and binding effect of the 

Portland cement. First, the slump test, which is used to evaluate the flowability and 

workability of the fresh concrete-like material, was simulated with the DE method, and 

the effects of the microstructural parameters on the flowability of the DE model of the 

fresh CRF material were studied. After that, the backfilling process of the fresh CRF 

material at a single stope was modelled with the coupled finite difference (FD) and 

discrete element (DE) method, and the stress, displacement, and porosity distribution in 

the coupled FD-DE model were monitored and recorded during the dumping process. The 

modelling results indicate that the microstructural parameters of surface energy and 

friction coefficient in the JKR contact model are two main factors that significantly 

influence the flowability of the DE model of the fresh CRF material. Consequently, the 

flowability and consistency of the fresh CRF material can determine the CRF column 

shape, the backfilling quality, and the efficiency of the single stope.  

6.1 Introduction  

At a Canadian hard rock mine, the cemented rockfill (CRF) is a mixture of water, Portland 

cement, and granitic aggregates of crushed waste rocks (Sepehri et al., 2017). The fresh 

CRF material is mixed to a homogenous and workable condition on the ground and then 

dumped into an extracted stope by mining trucks. During the backfilling process, the fresh 

CRF material behaves like a fresh concrete-like material, and the composition, cement 
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ratio, and water ratio significantly influence the rheological properties of the fresh CRF 

material (Hou et al., 2017; Behera et al., 2019). Meanwhile, the flowability of the fresh 

CRF material determines the backfilling quality and backfilling efficiency of the mined-

out area at the hard rock mine.  

Fresh concrete is a mixture of concentrated aggregates suspended in a viscous liquid of 

cement material (Boulekbache et al., 2010). The Bingham model is the most popular 

constitutive model to describe concrete-like material. In the Bingham equation, the yield 

stress and the plastic viscosity coefficient are the two main indexes to indicate the 

rheological properties of the non-Newtonian flow, which are not constant during the 

shear time due to the development of thixotropy and the loss of workability (Roussel, 

2005, 2006). Many types of the laboratory and field tests can be used to evaluate the 

flowability of concrete-like materials, such as the slump test, L-pipeline test, and 

viscosimeter test. However, the slump test is proved to be the most efficient way to classify 

concrete-like material in terms of their flowability in the laboratory and field, though no 

rheological properties were measured during the test (Boulekbache et al., 2010). In a 

traditional slump test, there is a slump bucket in a circular truncated cone shape and a 

hard, non-absorbent base plate which behaves as the measuring platform (Hoornahad 

and Koenders, 2012). The slump bucket will be filled with fresh concrete or concrete-like 

materials, and the bucket will be carefully lifted in the vertical direction to start the 

slumping process of the material. The slump of the fresh concrete or concrete-like 

material is defined as the distance from the slumped material's top to the slump bucket's 

top level. The higher the slump is, the greater the flowability of the fresh concrete-like 

material (Wu and Qu, 2009).  
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In recent years, the discrete element (DE) method has been rapidly developed and widely 

used in the numerical modelling of fresh concrete and concrete-like materials to study 

their rheological behaviour and flowability (Li et al., 2021). Guo et al. (2010) simulated 

workability tests on fresh concrete with the DE method and studied the effect of the 

microstructural parameters in the linear contact model on the rheological behaviour of 

the fresh concrete. Krenzera et al. (2019) simulated the mixing process of fresh concrete 

and realized the liquid transportation process between the wet and dry aggregate particles 

with the DE method. Mechtcherine and Shyshko (2015) related the microstructural 

parameters in the contact model to the yield stress based on the Bingham constitutive 

model and studied the effect of the microstructural parameters on the flow shape of the 

DE model of the fresh concrete. Zhang et al. (2020) simulated the filling performance and 

pouring process of the fresh concrete with the DE method by conducting numerical L-

pipeline tests and studied the influence of the rockfill void rate on the passing ability of 

the fresh self-compacting concrete.  

Some studies focus on the numerical modelling of the slump test on fresh concrete 

material based on the DE method, although the slump test is the most common and 

popular empirical test in both the laboratory and the field to evaluate the flowability of 

the fresh concrete material. Hoornahad and Koenders (2012) simulated the slump test on 

the DE model of the fresh concrete and calibrated the rheological behaviour of the model 

with the real fresh concrete material, and Deeb et al. (2014) studied the flowability of the 

self-compacting concrete by simulating the slump test with the DE method. Li et al. (2021) 

adopted the Johnson-Kendall-Robert (JKR) contact model in the DE model of the fresh 
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concrete to simulate the adhesion results from the liquid-bridge forces among the discrete 

particles.  

These numerical slump tests on various fresh concrete with different aggregates and 

additives all showed great agreement with their corresponding laboratory test results on 

the real fresh concrete material. However, there are few numerical studies about using 

the DE method to simulate concrete-like materials, such as the cemented paste backfill 

(CPB) or cemented rockfill (CRF). In this study, firstly, a series of numerical slump tests 

were conducted on the DE model of the fresh CRF material, which was applied with the 

JKR contact model, to study the effects of the microstructural parameters on the 

flowability of the DE model of the CRF material. Secondly, a single stope was extracted in 

the FD model of the orebody, and the backfilling process of the DE model of the fresh CRF 

material was simulated by dumping the discrete particles into the stope in layers to study 

how the flowability and consistency can determine the backfilling efficiency and quality 

of the mined-out area.  

6.2 Material and methodology  

6.2.1 Mining and backfilling methods  

As discussed in Chapter 3, the blasthole stoping (BHS) method was adopted in the hard 

rock mine, which is in Northwest Territories, Canada, and then the mined-out openings 

were backfilled with the cemented rockfill (CRF), which was a mixture of water, Portland 

cement and the crushed waste rock from the surrounding granitic rocks according to a 

modified solid-water ratio. The mining/backfilling process at the hard rock mine is 

presented in Fig. 6.1. The mechanical properties of the kimberlite rock (orebody) were 

evaluated based on the average Rock Mass Rating (RMR) system and the generalized 
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Hoek-Brown criterion (Sepehri et al., 2017), which are shown in Table 5.1 in Chapter 5. 

The stress-strain behaviour and the mechanical properties of the consolidated CRF 

material cured for 28 days were discussed in Chapter 3.  

As shown in Fig. 6.1a, the mining activities with the BHS method and the backfilling 

activities using the CRF material are in a primary/secondary sequence. Before a single 

stope was extracted, two drifts, namely the overcut and undercut, were developed at the 

bottom and the top of the stope, respectively, which were used for drilling and blasting of 

the orebody and the transportation of the ore products, respectively (Sepehri et al., 2017). 

The stope was blasted in a retreated way. As the stope was entirely mined out, the backfill 

barricade was initially built at the undercut gate. Then, the fresh CRF material was 

dumped into the extracted stope to support the adjacent rock pillars and work platform 

for future mining activities.  

Before the fresh CRF material entirely consolidates and gains strength, it behaves as a 

kind of fresh concrete-like slurry, and the consistency and flowability of the fresh CRF 

material can be significantly influenced by the particle size distribution of the CRF 

aggregates, the cement-water ratio, the characteristics of the additives, and the mixing 

quality of the binding material and the granitic aggregates (Hou et al., 2017). Fig. 6.1b 

shows that during the backfilling process at a single stope, the fresh CRF material was 

dumped into the stope by layers, of which the dumping frequency can be determined by 

the waste management plan at the mine, the stope geometry and the flowability of the 

fresh CRF material. And after multiple stages of compression and consolidation, the CRF 

material dewatered and gained strength with 28 days of curing under the field conditions. 

Meanwhile, the extracted stope cannot be entirely backfilled typically, leading to those 
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unbackfilled voids at the top of the stope due to the limitation of the flowability of the 

backfill material, the stope geometry, and the backfilling machinery.  

 

(a) 

 

(b) 

Fig. 6.1 Mining and backfilling methods at the Canadian hard rock mine: a) blasthole 

stoping method, and b) dumping process of the fresh CRF material.  

6.2.2 Slump test 

The slump test is popularly used in both the laboratory and field to evaluate the 

consistency and flowability of the fresh concrete or fresh concrete-like materials before 



  Page 133  

they set, such as the cemented soil, cemented rockfill (CRF), cemented tailings and 

cemented paste backfill (CPB) (Behera et al., 2019). As can be seen in Fig. 6.3, the main 

instruments used in a slump test include a slump bucket, which is in a circular truncated 

cone shape, and a measuring platform, which is a hard, non-absorbent base plate. In a 

standard slump test in the laboratory, the slump bucket has an internal diameter of 100 

mm at the top, an external diameter of 200 mm at the bottom, and a height of 300 mm 

of the cone. Due to the adoption of the particle size scaling method in the DE modelling, 

in this study, the dimensions of the modelled slump bucket were also scaled up, which 

will be discussed in Section 6.3.3, to reduce the generation of the discrete particles and 

increase the computation efficiency.  

In a standard slump test, the slump bucket will be filled with fresh concrete or concrete-

like materials in several stages to make sure the material is naturally compacted, driven 

by gravity, and then the extra material will be struck off flush with the top of the slump 

bucket. At last, the bucket is carefully lifted in the vertical direction to start the slumping 

process of the material. The slump of the fresh concrete or concrete-like material is 

defined as the distance from the slumped material's top to the slump bucket's top level. 

Meanwhile, in this study, three geometric parameters of the slumped fresh CRF material, 

including the stacking height (ℎ𝑠), stacking diameter ( 𝐷𝑠), and repose angle (𝜑𝑟), are 

defined to evaluate how the microstructural parameters of the Johnson-Kendall-Robert 

(JKR) contact model to influence the consistency and flowability of the DE model of the 

fresh CRF material.  



  Page 134  

6.2.3 Johnson-Kendall-Robert contact model  

The Johnson-Kendall-Robert (JKR) contact model, which is an extension of the Hertz-

Mindlin contact model proposed by Johnson (1971), can be used to simulate the cohesion 

or adhesion among the aggregate particles of fresh material due to the van der Waals, 

capillary, or liquid-bridge forces, by introducing an attractive force component to the JKR 

contact model (Harvig et al., 2017; Xia et al., 2019).  

Fig. 6.3 shows that in the JKR contact model when two discrete particles are in contact, 

there is a contact force 𝑭𝑐, consisting of the non-linear JKR force 𝑭𝐽𝐾𝑅 and damping force 

𝑭𝑑, and a contact moment 𝑴𝑟, resulting from the rolling resistance. The elastic JKR force 

𝑭𝐽𝐾𝑅 can be divided into two components, 𝑭𝑛
𝐽𝐾𝑅

 and 𝑭𝑠
𝐽𝐾𝑅

, which act in the normal and 

shear directions, respectively. Thus, the contact force 𝑭𝑐 can be expressed as:  

𝑭𝑐 = 𝑭𝑛
𝐽𝐾𝑅

+ 𝑭𝑠
𝐽𝐾𝑅

+ 𝑭𝑛
𝑑 + 𝑭𝑠

𝑑 (Eq. 6.1) 

To describe the cohesion or adhesion between two in-contact discrete particles, an 

attractive force component, 𝑭𝑎𝑑ℎ, was introduced into the JKR contact model according 

to Johnson (1971) and Chokshi (1993), which acts over the circular contact patch area 

with a radius of 𝑎. Based on the Hertz-Mindlin contact model, the normal JKR contact 

force 𝑭𝑛
𝐽𝐾𝑅

, which is the total normal contact force without considering the damping 

effect, is given by:  

𝑭𝑛
𝐽𝐾𝑅

= (
4𝐸∗𝑎3

3𝑅∗
− 4√𝜋𝛾𝐸∗𝑎3) �̂�𝑐 (Eq. 6.2) 

where 𝐸∗  and 𝑅∗  are the equivalent elastic modulus and contact radius of the two in-

contact discrete particles, respectively, and 𝛾 represents the effective surface energy per 
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unit contact area of each in-contact discrete particle with the identical material. In this 

equation, the first term is identical to the elastic Hertz force and the second term is the 

attractive force component 𝑭𝑎𝑑ℎ. As can be seen from Fig. 6.3, due to the attractive force 

component 𝑭𝑎𝑑ℎ, the contact area between the two in-contact discrete particles assigned 

with the JKR contact model can be larger than that predicted by the Hertz theory, leading 

to an increase in the contact radius 𝑎.   

The cohesion or adhesion between two in-contact discrete particles also influences the 

shear JKR contact force 𝑭𝑠
𝐽𝐾𝑅

. The full shear process between two in-contact discrete 

particles consists of peeling and sliding stages. During the peeling stage, the contact area 

decreases continuously, and the shear JKR contact force 𝑭𝑠
𝐽𝐾𝑅

 increases simultaneously 

from an initial JKR contact force 𝑭𝑠
𝐽𝐾𝑅∗

, which only correlates with the shear-

displacement increment ∆𝜹𝑠 and the tangential shear stiffness 𝑘𝑠
𝑡. And then, as the shear 

process continues, 𝑭𝑠
𝐽𝐾𝑅

 reaches a critical shear JKR force 𝑭𝑠,𝑐
𝐽𝐾𝑅

, at which two in-contact 

discrete particles start to slide along the contact area. During the sliding stage, the shear 

JKR contact force 𝑭𝑠
𝐽𝐾𝑅

 is only related to the friction coefficient 𝜇 and the critical shear 

JKR force 𝑭𝑠,𝑐
𝐽𝐾𝑅

. Thus, during the full shear process, 𝑭𝑠
𝐽𝐾𝑅

 can be expressed as:  

𝑭𝑠
𝐽𝐾𝑅

=

{
 

 𝑭𝑠
𝐽𝐾𝑅∗

= (𝑭𝑠
𝐽𝐾𝑅)

𝑜
+ 𝑘𝑠

𝑡 ∆𝜹𝑠 , |𝑭𝑠
𝐽𝐾𝑅∗| ≤ |𝑭𝑠,𝑐

𝐽𝐾𝑅|

𝑭𝑠,𝑐
𝐽𝐾𝑅 (

𝑭𝑠
𝐽𝐾𝑅∗

|𝑭𝑠
𝐽𝐾𝑅∗|

) , otherwise
 (Eq. 6.3) 

Damping force 𝑭𝑑  is also introduced into the JKR contact model to contribute to the 

kinetic energy dissipation between the two in-contact discrete particles. 𝑭𝑑  can also be 



  Page 136  

divided into two components, 𝑭𝑛
𝑑  and 𝑭𝑠

𝑑, which act in the normal and shear directions, 

respectively. The normal damping force 𝑭𝑛
𝑑  is defined as:  

𝑭𝑛
𝑑 = −2𝛽𝑛√𝑚𝑐𝑘𝑛

𝑡 �̇�𝑛 (Eq.  6.4) 

where 𝑚𝑐 is the effective contact mass of the two in-contact discrete particles, 𝑘𝑛
𝑡  is the 

tangential normal stiffness, �̇�𝑛 is the relative normal translational velocity, and 𝛽𝑛 is the 

normal critical damping ratio. Meanwhile, the shear-damping force 𝑭𝑛
𝑑  is given by:  

𝑭𝑠
𝑑 = {

(−2𝛽𝑠√𝑚𝑐𝑘𝑠
𝑡) �̇�𝑠 , full − shear mode

0, slip − cut mode

 (Eq. 6.5) 

where 𝑘𝑠
𝑡  is the tangential shear stiffness, �̇�𝑠  is the relative shear translational velocity, 

and 𝛽𝑠 is the shear critical damping ratio. As can be seen that during the full shear process, 

shear damping force 𝑭𝑠
𝑑  is related to �̇�𝑠 only, while at the slip-cut process, 𝑭𝑠

𝑑  maintains 

zero due to the formation of the shear failure plane between the two in-contact discrete 

particles.  

In the JKR contact model, when two discrete particles are in contact, there is also a 

contact moment 𝑴𝑟, resulting from the rolling resistance, which can be expressed as:  

𝑴𝑟 = {

𝑴𝑟∗ = (𝑴𝑟)𝑜 − 𝑘𝑟
𝑡  ∆𝜽𝑏 , ‖𝑴𝑟∗‖ ≤ ‖𝑴𝑐

𝑟‖

𝑴𝑐
𝑟 (

𝑴𝑟

‖𝑴𝑟‖
) , otherwise

 (Eq. 6.6) 

where 𝑘𝑟
𝑡  is the tangential rolling resistance stiffness, ∆𝜽𝑏  is the relative bend-rotation 

increment, 𝜇𝑟  is the rolling-friction coefficient, and �̅� is the contact effective radius of the 

two in-contact discrete particles. During the full shear process, the rolling resistance 
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moment 𝑴𝑟  relates to the initial contact moment (𝑴𝑟)𝑜  and the relative bend-rotation 

increment ∆𝜽𝑏. As the shear process continues, 𝑴𝑟  reaches a critical rolling resistance 

moment 𝑴𝑐
𝑟, and 𝑴𝑟 can be only correlated with 𝑴𝑐

𝑟  only during the slip-cut process. 

In the JKR contact model, tensile forces are allowed to develop due to the surface 

adhesion among the discrete particles of the DE model, incorporating the viscous 

damping and rolling resistance forces. As the JKR contact model is assigned to the DE 

model, a contact between two discrete particles forms when the surface gap becomes 

smaller than the reference gap and stays activated until the surface gap reaches a 

threshold tear-off distance.   

 

Fig. 6. 2 Johnson-Kendall-Robert contact model (Xia et al., 2019). 

6.3 Numerical simulation  

6.3.1 Model establishment  

Fig. 6.3 shows the geometry and creation procedures of the slump test instruments for 

the DE model of the fresh CRF material. First, a slump bucket in the truncated cone shape 

was built by creating a series of rigid walls in the software PFC3D, with an internal 

diameter of 10 m, an external diameter of 20 m and a height of 30 m. A stiff planar wall 
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with dimensions of 120 m × 120 m (length × width) was then built as the measuring 

platform. And then, totally a group of 37,830 discrete particles with the mean particle 

diameter, described in Chapter 4, were generated in the slump bucket to simulate the 

fresh CRF material using the boundary contraction method. The JKR contact model and 

its microstructural parameters were then applied to these discrete particles, and the DE 

model of the fresh CRF material was initially set in the bucket before the slump test 

started. The determination of these microstructural parameters in the JKR contact model 

will be discussed in Section 6.3.2.  

 

Fig. 6.3 Slump test on the DE model of the fresh CRF material.  

Meanwhile, the dumping process of the fresh CRF material in a single stope was simulated 

in this study with the coupled finite difference (FD) and discrete element (DE) method. 

The dimensions of the FD model of the surrounding rocks (orebody) were designed to be 

100 m × 100 m × 100 m (length × width × height), which are large enough to eliminate 

the scale effect from the boundary conditions of the FD model. Fig. 6.4 shows that the FD 

model of the orebody was initially constructed in the software FLAC3D, which is a finite 

difference program using an explicit LaGrangian calculation scheme and a mixed 

discretization zoning technique. The finite zones of the FD model meshed radially with an 
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optimal mesh size ranging from 1.0 m to 5.0 m. The Mohr-Coulomb constitutive model 

was then applied to the FD model, and the physical-mechanical properties which are 

listed in Table 5.1 in Chapter 5 were then applied to the FD model directly to realize the 

mechanical behaviour of the corresponding rock material.  

The normal displacement at the bottom and lateral faces of the FD model were fixed at a 

very far distance from the mining zone to simulate the boundary conditions of the 

orebody. Next, the FD model was solved to a geo-stress equilibrium state, as the gravity 

and a lateral earth pressure coefficient of 0.4 were assigned, according to the field 

investigation results from the Canadian underground hard rock mine (Sepehri et al., 

2017). A single vertical-narrow stope with dimensions of 15 m × 7.5 m × 30 m (length × 

width × height) was then excavated at the centre of the FD model. And then, the FD model 

was solved to gain a required unbalanced force ratio and reach a new geo-stress 

equilibrium state again. Finally, six coupling walls were created to cover the surrounding 

walls of the single stope before the dumping process of the DE model of the fresh CRF 

material to ensure the realization of the coupling mechanism between the FD and DE 

models.  

The fresh CRF material was then simulated with the DE method in the software PFC3D. 

A discrete particle inlet was created at the top left corner of the extracted stope in the FD 

model of the surrounding rocks, with dimensions of 3.0 m × 3.0 m × 1.5 m (length × width 

× height) to simulate the actual size of the bucket of a mining truck. The periodic 

boundary condition was applied to the inlet, and a total of 12 layers of the discrete 

particles of the DE model of the fresh CRF material were generated and dumped into the 

stope with initial velocities of 0.02 m/s and 0.02 m/s in the x- and z- directions, 
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respectively, to simulate the entire backfilling sequence in a single stope. Each layer of the 

discrete particles was set and driven by gravity before the next layer was dumped. It 

should be mentioned here that the microstructural parameters of the JKR model can 

significantly influence the layer numbers of the discrete particles of the DE model of the 

fresh CRF material. During the test, the stress and displacement distribution in the 

coupled FD-DE model of the single stope backfilled with the fresh CRF material was 

monitored and recorded at predefined monitoring points, lines, and central cross-

sections are marked in Fig. 6.4. 

 

Fig. 6.4 Coupled FD-DE model of a single stope backfilled with the fresh CRF material.  

6.3.2 Parameter determination  

Similar to the fresh concrete slurry, the adhesion among the aggregates of the fresh CRF 

material can also be simulated by adopting the JKR contact model to the discrete particles 
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of its DE model. Due to the lack of the rheological properties of the fresh CRF material, a 

parametric study was conducted on the microstructural parameters of the JKR contact 

model to study their influence on the consistency and flowability of the DE model of the 

fresh CRF material. The mechanism of the JKR contact model has been discussed in 

Section 6.2.3. As can be seen in Fig. 6.3, there are mainly four microstructural parameters 

that control the rheological properties of the DE model of the fresh CRF material, the 

effective shear modulus (𝐺), surface energy (𝛾𝑠 ), friction coefficient (𝜇), and rolling-

friction coefficient (𝜇𝑟) of the discrete particles, which are listed in Table 6.1.  

Table 6.1 Microstructural parameters of the JKR contact model in the DE model of the 

fresh CRF material.  

Category Values 

Shear modulus (Pa) 1.2e6, 4.1e7, 8.1e7, 1.2e8, 3.9e8, 6.6e8, 9.3e8, 1.2e9 

Surface energy (KJ/m2) 5, 10, 50, 100, 500, 1000, 5000, 10000  

Friction coefficient 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4 

Rolling-friction coefficient 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16 

 

6.4 Results and discussion  

6.4.1 Stress and displacement distribution in the DE model of the fresh CRF material 

during the slumping process 

Fig. 6.5 presents the slumping process of one group of the DE model of the fresh CRF 

material, and the magnitude displacement (𝑑𝑚) of these discrete particles were monitored 

during the slumping process. Initially, the DE model of the fresh CRF material was 
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compacted by gravity naturally and set in the slump bucket. And then, as the slump bucket 

was lifted up, the discrete particles of the DE model started to slump, driven by gravity. 

As the limitation from the stiff walls of the slump bucket disappeared, the outer discrete 

particles can have a larger 𝑑𝑚  then the discrete particles near the vertical-central line 

(VCL) of the DE model of the fresh CRF material. Next, as the slump bucket had no 

contact area with the discrete particles, 𝑑𝑚 was almost at the same level as the middle and 

top parts of the DE model. However, due to the friction and adhesion between the 

measuring platform and the discrete particles, there were still constraints to the slumping 

process of the discrete particles near the VCL of the DE model at the bottom part, leading 

to a relatively smaller 𝑑𝑚  then the outer discrete particles, and finally, as the discrete 

particles set, the slumping process ended, and the displacement arches were displayed on 

the CCS of the fresh CRF material DE model.  
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Fig. 6.5 Distribution of 𝑑𝑚 at the CCS of the DE model of the fresh CRF material during 

the slumping process.  

Fig. 6.6 shows the effects of the microstructural parameters of the JKR contact model on 

the stacking pattern of the DE model of the fresh CRF material during the slumping 

process. Fig. 6.6a indicates that the effective shear modulus (𝐺) mainly influences the 

compressibility of the discrete particles and sequentially influences the slump of the DE 

model of the fresh CRF material. As 𝐺 increased exponentially, the stacking height (ℎ𝑠) 

increased slightly, the stacking diameter (𝐷𝑠) decreased slightly, and the slope of the DE 

model concaved up as the stiffness and the compressibility of the discrete particles 

reduced, leading to an increase in the slope angle of the DE model.  

Fig. 6.6b shows that the surface energy (𝛾𝑠), which reflects the adhesion and viscosity 

among the discrete particles, has a significant effect on the flowability of the DE model of 

the fresh CRF material. As 𝛾𝑠  increased exponentially, ℎ𝑠 and the repose angle (𝜑𝑟) both 

increased significantly while 𝐷𝑠 decreased significantly. As 𝛾𝑠 increased to 10 KJ/m2, the 

adhesion among the discrete particles increased and made the DE model of the fresh CRF 

material more viscous, hindering the downtrend slumping of the discrete particles and 

leading to an irregular cone shape stack of the discrete particles.  

Fig. 6.6c and Fig. 6.6d show that the friction coefficient (𝜇) and rolling-friction coefficient 

(𝜇𝑟) both significantly influence the flowability of the DE model of the fresh CRF material. 

It shows that the increase in 𝜇 and 𝜇𝑟  both can hinder the slumping process of the discrete 

particles, leading to the smaller 𝐷𝑠, higher ℎ𝑠 and larger 𝜑𝑟 of the DE model of the fresh 

CRF material.   
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Fig. 6.7 presents the relationship between the JKR contact model's microstructural 

parameters and the DE model's geometric parameters of the fresh CRF material after the 

slumping process. Fig. 7a shows that 𝐺 has a positive logarithmic relationship with ℎ𝑠 and 

𝜑𝑟, while  𝛾𝑠, 𝜇, and 𝜇𝑟 all have a positive linear relationship with ℎ𝑠 and 𝜑𝑟. Meanwhile, 

𝐷𝑠 decreases linearly as any of the four microstructural parameters increases. As can be 

seen from Fig. 6.6 and Fig. 6.7, the increase in the four microstructural parameters in the 

JKR contact model all led to the decrease in the slump of the DE model of the fresh CRF 

material during the slumping process. The surface energy and friction coefficient can be 

the two most dominant microstructural parameters that influence the flowability of the 

discrete particles and determine the slumping process and stacking form of the DE model 

of the fresh CRF material.  
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Fig. 6.6 Effects of the microstructural parameters of the JKR contact model on the 

stacking pattern of the DE model of the fresh CRF material during the slumping process: 

a) 𝐺, b) 𝛾𝑠, c) 𝜇, and d) 𝜇𝑟.  
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Fig. 6.7 Effects of the microstructural parameters of the JKR contact model on the 

flowability of the DE model of the fresh CRF material during the slumping process: a) 𝐺, 

b) 𝛾𝑠, c) 𝜇, and d) 𝜇𝑟.  

6.4.2 Stress and displacement distribution in the coupled FD-DE model of the single 

stope backfilled with the fresh CRF material during the dumping process  

Fig. 6.8 presents the dumping process of one group of the DE model of the fresh CRF 

material at a single stope, and the distribution of 𝑑𝑚 in the discrete layered particles, the 

FD model of the surrounding rocks was monitored during the dumping process. As can 

be seen from Fig. 6.8 that the coupling mechanism was successfully triggered and 

executed, and the displacement and force information can successfully be transmitted 
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between the DE model of the fresh CRF material and the FD model of the surrounding 

rocks. As the first layer of the discrete particles was dumped into the stope, the discrete 

particles could not entirely spread out and fill the bottom of the stope, and a slope was 

formed in the DE model of the fresh CRF material. As the dumping process continued and 

eight layers of the discrete particles were dumped into the stope, the height of the DE 

model of the CRF column increased, and the slope at the top of the DE model still existed. 

Finally, as 12 layers of the discrete particles were dumped into the stope, an unbackfilled 

void was formed at the top of the stope, and different parts of the DE model of the CRF 

column can have different 𝑑𝑚, due to multiple compression and consolidation stages and 

viscosity and consistency effects, which were generated from the JKR contact model.  

The distribution of 𝑑𝑚 in the FD model of the surrounding rocks indicates that the DE 

model of the fresh CRF material was at the active lateral earth pressure state. As more 

layers of the discrete particles were dumped into the stope, the displacement 

concentration zone of 𝑑𝑚 started to move rightward at the bottom of the stope, and the 

discrete particles at the right bottom corner of the stope were compressed, resulting in 

the largest 𝑑𝑚 among all the discrete particles in the DE model of the fresh CRF material.  
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Fig. 6.8 Distribution of 𝑑𝑚  at the CCS of the coupled FD-DE model of the single 

backfilled stope during the dumping process of the fresh CRF material.  

Fig. 6.9 shows the stress distribution along the monitoring lines in the DE model of the 

CRF column during the dumping process of the fresh CRF material. As 12 layers of the 
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discrete particles were dumped into the stope, the stresses, 𝜎𝑥𝑥 and 𝜎𝑧𝑧, which are in the 

x-, and z- directions, respectively, all increased along the monitoring line AB as the depth 

of the stope increased, while these stresses were slightly fluctuant along the monitoring 

line AC as the horizontal distance increased. Meanwhile, 𝜎𝑧𝑧 and  𝜎𝑥𝑥 were all smaller 

than the corresponding overburden and lateral earth pressures, 𝑝𝑣  and 𝑝ℎ, respectively, 

due to the shear effect at the interfaces between the DE model of the CRF column and the 

FD model of the surrounding rocks, which the JKR contact model mainly contributed 

applied among the discrete particles.  

 

Fig. 6.9 Stress distribution along the monitoring lines in the DE model of the CRF 

column during the dumping process of the fresh CRF material: a) monitoring line AB, and 

b) monitoring line AC.  

Fig. 6.10 shows the distribution of the porosity (𝑛) of the discrete particles along the 

monitoring lines in the DE model of the CRF column during the dumping process of the 

fresh CRF material. As can be seen in Fig. 6.10a, along the monitoring line AB, the 

porosity 𝑛 decreased by 12% as the depth of the column increased due to multiple stages 

of the compression and consolidation by the overburden pressure from the discrete 
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particles of the overlying CRF layers. FOn the other hand, fig. 6.10b shows that along the 

monitoring line AC, which is at the bottom of the DE model of the CRF column, 𝑛 

fluctuated slightly but maintained around 0.247, indicating that at the same height of the 

column, the column can have the same porosity.  

 

Fig. 6.10 Distribution of 𝑛 along the monitoring lines in the DE model of the CRF column 

during the dumping process of the fresh CRF material: a) monitoring line AB, and b) 

monitoring line AC.  

Fig. 6.11 presents the effects of microstructural parameters of the JKR contact model on 

the dumping process of the fresh CRF material in the single backfilled stope. As shown in 

Fig. 6.11a, as 𝐺 increased, the compressibility of the discrete particles in the DE model of 

the fresh CRF material decreased, and the stacking height of the CRF column increased 

significantly, leading to a lower backfilling rate and a higher porosity in the column. Fig. 

6.11b shows that the adhesion among the discrete particles in the DE model dramatically 

influences the stacking state and shape of the fresh CRF layers. As 𝛾𝑠 increased, a group 

of discrete particles were pasted on the FD model of the surrounding walls, and only eight 

layers of the discrete particles could be backfilled into the single stope, indicating a lower 
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backfilling rate and worse backfill quality. It can be seen in Fig. 6.11c that decreasing the 

discrete particles' friction coefficient can help decrease the angle of repose of the CRF 

column, resulting in a higher backfilling of the fresh CRF layers. Fig. 6.11d indicates that 

𝜇𝑟 There is very little contribution to the backfilling rate and backfill quality of the fresh 

CRF material DE model.  

Meanwhile, the effects of the microstructural parameters of the JKR contact model on the 

porosity of the fresh CRF material were also analyzed. The modelling results indicate that 

as 𝐺 decreased, the DE model of the fresh CRF material became denser and could have a 

higher compression capacity, resulting in a significant decrease in 𝑛 . As 𝛾𝑠  increased 

exponentially, the adhesion increased significantly, leading to higher resistance among 

the discrete particles during the dumping process and a higher 𝑛 in the DE model of the 

fresh CRF material. And as 𝜇  and 𝜇𝑟  increased, 𝑛  of the DE model of the fresh CRF 

material increased slightly since the energy significantly dissipated among the discrete 

particles during the dumping process of the DE model of the fresh CRF material.  
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Fig. 6.11 Effects of microstructural parameters of the JKR contact model on the dumping 

process of the fresh CRF material in the single backfilled stope: a) 𝐺, b) 𝛾𝑠, c) 𝜇, and d) 𝜇𝑟.  

6.5 Conclusions 

In this study, the Johnson-Kendall-Robert (JKR) contact model was adopted in the 

discrete element (DE) model of the fresh CRF material to simulate the adhesion among 

the aggregate particles that results from the liquid-bridge forces and binding effect of the 

Portland cement. First, the numerical slump test was conducted to evaluate the 

flowability and workability of the DE model of the fresh CRF material and the effects of 

the microstructural parameters of the JKR contact model on the flowability and 
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consistency. And then, the backfilling process of the fresh CRF material at a single stope 

was simulated with the coupled finite difference (FD) and discrete element (DE) method, 

and the stress, displacement, and porosity distribution in the DE model of the fresh CRF 

material were monitored and recorded during the dumping process.  

The modelling results indicate that the flowability of the DE model of the fresh CRF 

material was mainly influenced by the microstructural parameters of surface energy and 

friction coefficient in the JKR contact model. The modelling results show that the increase 

in the microstructural parameters of the surface energy and friction coefficient can lead 

to a higher porosity, a lower backfilling rate and a worse backfill quality of the CRF 

column. This study provided some numerical modelling experience for the cemented 

backfill material's proportioning modification and backfilling process.  
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Chapter 7 Coupled finite difference and discrete element method for 

modelling a single stope backfilled with the cemented rockfill 

In this chapter, the coupled finite difference (FD) and discrete element (DE) methods 

were adopted to simulate a single underground stope backfilled with a cemented rockfill 

(CRF) column at different lateral earth pressure states, considering the frictional-bonded 

interfaces between the DE model of the CRF column and the FD model of the surrounding 

rocks. By comparing with the analytical solution from previous studies (Li et al., 2005; Li 

and Aubertin, 2009), the modelling results show that the shear effect at the interfaces 

significantly influences the settlement and consolidation process of the CRF column, 

leading to the stress and displacement redistribution in both the CRF column and the 

surrounding rocks, and the occurrence of an arching phenomenon in the CRF column. 

The modelling results also indicate that backfilling with the CRF column can efficiently 

shrink the stress concentration zones, deduce the maximum principal stress in the 

surrounding rocks and improve the stability of the underground mined-out areas. This 

research can provide valuable numerical modelling experience for applying the coupled 

FD-DE method in studying the mechanical interaction between two different geo-

materials involved with frictional-bonded interfaces.  

7.1 Introduction  

In underground mines, backfill columns and the surrounding rocks at the backfilled 

stopes are not self-isolated but mutually supported (Mitchell, 1989; Belem and 

Benzaazoua, 2008). Frictional-bonded interfaces exist between the backfill column in the 

primary backfilled stope and the ore pillar in the secondary unextracted stope (Lingga 

and Apel, 2018). They are formed during the settlement and consolidation processes of 
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the backfill materials. Through these interfaces, energy alternation and stress 

transmission occur ceaselessly between backfill columns and the surrounding rocks, 

especially when the underground mined-out areas undergo disturbance from the 

sequential mining activities.  

Many researchers performed direct shear tests on the combined rock-backfill or backfill-

backfill specimens to study the mechanical properties and stress-strain behaviour of the 

interfaces between the two parts of the combined specimens. It is considered a 

fundamental step to assess the mechanical response and interaction between backfill 

columns and the surrounding rocks at the backfilled stopes. The test results revealed that 

the shear failure envelopes of these interfaces obey the Mohr-Coulomb strength criterion 

(Lingga and Apel, 2018). Furthermore, the shear strength of those combined specimens 

is always smaller than the corresponding backfill specimens, and perfect elastoplastic 

behaviour can be observed on the interfaces of the combined rock-backfill specimens 

(Koupouli et al., 2016; Fall and Nasir, 2010). Major influence factors on the shear 

behaviour of these interfaces include the cement content, applied normal stress, surface 

roughness, curing time and condition (Fang and Fall, 2019, 2020; Nasir and Fall, 2008; 

Lingga and Apel, 2018; Guo et al., 2020). 

The interfaces significantly influence the stress distribution and the stability of the 

underground mined-out areas. The shear interaction between backfill columns and the 

surrounding rocks leads to an arching phenomenon inside backfill columns (Lingga and 

Apel, 2018). The differential strain mobilizes the shear stress at the interfaces as backfill 

materials settle, dewater, and consolidate. As a result, a portion of the pressure from the 

backfill columns' yielding parts is transferred to the relatively stable neighbour non-
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yielding parts of the surrounding rocks (Ting et al., 2011). Some researchers observed this 

phenomenon by measuring the in-situ total earth pressure at specific monitoring 

locations in cemented paste backfill (CPB) columns (Ouellet and Hassani, 2005; 

Thompson et al., 2009; Hasan et al., 2014). The measuring results indicate that the 

cement content significantly influences the arching effect on the stress distribution inside 

backfill columns. As cement hydration occurs continuously, backfill columns gain 

strength gradually, and the vertical stress at each location is reduced to the corresponding 

theoretical overburden pressure (Ting et al., 2011; Pirapakaran and Sivakugan, 2007).  

Two very-high concerns from mining engineers and researchers are the stress distribution 

in the surrounding rocks and the improvement effect of backfill columns on the stability 

of the underground mined-out areas. Some previous studies showed that backfilling the 

extracted stopes helps minimize ground subsidence, control the overlying strata 

movement, and increase the rock pillar stability (Heib et al., 2010; Yin et al., 2017). For 

example, in underground coal mines, the main factors influencing the overburden 

stability of the backfilled stopes include the stope roof thickness, overlying strata 

pressure, advancement distance, work face width and foundation coefficient of backfill 

columns (Sun et al., 2019). In addition to the field stress monitoring, some researchers 

created physical models of multiple backfilled stopes in the laboratory to reproduce the 

entire process of the settlement and consolidation of backfill columns and study the 

stability of the backfilled stopes at different stages in a primary/secondary manner of 

mining and backfilling (Zhang et al., 2018; Yang et al., 2015). The test results indicated 

that the primary backfilled stope has the worst stability condition when the second stope 

gets extracted as the primary backfill column is exposed in the air. Furthermore, the 
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corners of the underground backfilled stopes at the surrounding rocks are the critical 

positions of shear stress concentration zones with high risks in potential rockburst 

geohazard.  

However, it is not efficient enough to study the arching phenomenon inside backfill 

columns using the measuring or physical method, owing to the limitations of backfill 

material types, monitoring location numbers and the underground mined-out area 

dimensions (Thompson et al., 2009). Thus, many researchers studied the stress 

distribution inside backfill columns caused by the shear interaction at the interfaces 

through analytical solutions and numerical simulation. For example, Li and Aubertin 

(2009) proposed a three-dimensional analytical model based on earlier models from 

Marston (1930), Terzaghi (1943) and Li et al. (2005), which considers the interface shear 

parameters, stope geometry and hydrostatic pressure as influence factors. It calculates 

the effective stress distribution along the backfill columns' vertical-central lines (VCL). 

The equivalent internal frictional angle, apparent cohesion, and lateral earth pressure 

coefficient at each interface can be considered anisotropic in this analytical model. The 

analytical model also shows that the aspect ratio and inclination of the stope are critical 

factors influencing the stress distribution in backfill columns.  

There is also plentiful research in which the numerical models of the backfilled stopes 

were established to validate these analytical solutions to predict the instability of backfill 

columns and potential geohazards induced by the sequential underground mining 

activities (Liu et al., 2016; Ting et al., 2011; Li and Aubertin, 2009). The modelling results 

showed that the key factors which affect the arching phenomenon in backfill columns 

include the mechanical properties of backfill materials and the interfaces, stope geometry, 



  Page 159  

excavation sequence and backfilling process (Jahanbakhshzadeh et al., 2017; Ting et al., 

2011; Li and Aubertin, 2009; Liu et al., 2016; Mkadmi et al., 2014; Falaknaz et al., 2015; 

Emad et al., 2018). According to Liu et al. (2016), as the interfaces' effective internal 

friction angle and cohesion increase, both the vertical and horizontal stresses increase at 

each elevation along the VCL of a backfill column. However, the stresses become 

insensitive to the mechanical properties of the interfaces when they reach higher values. 

Furthermore, in Falaknaz et al.’s (2015) study, two adjacent stopes were simulated to be 

extracted and backfilled in a primary/secondary manner. The modelling results indicated 

that the stresses in the first backfilled stope show an evident redistribution, which is 

significantly influenced by the neighbouring excavation and backfilling operation. During 

the excavation process of the secondary stope, the vertical stress decreases along the VCL 

of the primary backfill column. In contrast, the corresponding horizontal stress increases 

initially and then decreases, owing to the movement of the surrounding rocks of the 

primary backfilled stope (Falaknaz et al., 2015; Newman, 2018).  

Among these studies that adopted the numerical simulation, most researchers used the 

continuum approaches to simulate the underground backfilled stopes, including the 

finite-element (FE) method, finite difference (FD) method and finite-volume (FV) 

method (Liu et al., 2016; Mkadmi et al., 2014; Falaknaz et al., 2015; Emad et al., 2018). 

The continuous approaches treat the modelled backfill materials as homogeneous and 

elastoplastic, resulting in high computation efficiency. While for the discontinuum 

approaches, such as the discrete element (DE) method, very few studies simulated the 

stress redistribution at underground mined-out areas by considering backfill materials as 

assemblies of discrete blocks or particles (Hasan et al., 2017). Some other studies that 
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used the discontinuum approaches mainly focus on the stress-strain behaviour of backfill 

materials and the instability of underground stopes due to their advantages in modelling 

large-strain deformation and the post-failure behaviour (Suazo and Villavicencio, 2018; 

Wu et al., 2018). Furthermore, some researchers used the coupled FE-DE or FD-DE 

method to simulate the rock damage zones induced by blasting vibration or the adjacent 

stope excavation to combine the advantages of the two approaches (Saiang, 2010; Cai et 

al., 2006).  

However, there are no relevant studies regarding the stress distribution inside backfill 

columns and the stability of the backfilled stopes by using the hybrid continuum-

discontinuum approach. In previous studies, most researchers only focused on the stress 

distribution inside backfill columns, and there are no studies that emphasized the 

supporting effect of backfill columns on the backfilled stopes and the improvement effect 

on the stability of the underground mined-out areas. On the other hand, the coupled FD-

DE method, a popular hybrid continuum-discontinuum approach, can easily overcome 

the hardness in modelling the underground mined-out areas with large dimensions by 

using the pure DE method without losing computation efficiency. Also, the coupled FD-

DE method can conquer the problem of the pure FD method in modelling large-strain 

deformation and the post-failure without considering influences by meshing and zone 

numbers. Thus, it is necessary to fill this gap using the coupled FD-DE method to simulate 

the backfilled stopes considering the interfaces between backfill columns and the 

surrounding rocks.  
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7.2 Background and methodology  

7.2.1 Mining and backfilling methods  

As discussed in Chapter 3, the blasthole stoping (BHS) method was adopted in the hard 

rock mine, which is located in Northwest Territories, Canada, and then the mined-out 

openings were backfilled with the cemented rockfill (CRF) (Sepehri et al., 2017). The 

mining/backfilling activities at the hard rock mine were executed in a primary/secondary 

manner, shown in Fig. 6.1 in Chapter 6. Two drifts, including an overcut and an undercut, 

were developed at the bottom and the top of the stope before the extraction, respectively, 

for drilling/blasting the orebody and transporting the ore rocks. As the stope was 

extracted, the stope was then backfilled with the CRF material by layers. After at least 28 

days of curing under the field conditions, the CRF column was entirely dewatered, 

consolidated, and gained strength, providing a working platform for future mining 

activities and improvement effects on the adjacent rock pillars.   

7.2.2 Li and Aubertin’s analytical model  

Li et al. (2005) proposed a three-dimensional analytical model regarding the arching 

phenomenon to predict the stress distribution along the VCL of a backfill column by 

considering the shear behaviour at the frictional-bonded interfaces between the backfill 

column and the surrounding rocks. In Li et al.’s model, the aspect ratio and inclination of 

the backfilled stope are involved, which can strongly affect the arching phenomenon in 

the backfill column. Meanwhile, in Li et al.’s model, for each interface, the equivalent 

internal friction angle, apparent cohesion, and lateral earth pressure coefficient at the 

surrounding rocks of the backfilled stope can be considered anisotropic at any random 

elevation.  
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Fig. 7.1 depicts the schematic diagram of a vertical-narrow backfilled stope and a layer 

element from the backfill column at a random depth ℎ, which is subjected to a series of 

uniformly distributed stresses from the walls formed by the surrounding rocks. In this 

figure, 𝐻, 𝐵, and 𝐿 are the height, width, and length of the backfill column, respectively. 

The left, front, right and back surrounding walls are marked as 1, 2, 3 and 4, respectively. 

For a random backfill column depth ℎ , the backfill layer element is subjected to the 

vertical overburden pressure 𝑉 on the top surface, horizontal lateral compressive force 𝐶𝑖 

(𝑖 = 1, 2, 3, 4), longitudinal and transversal shear forces 𝑆𝑖  and 𝑇𝑖  (𝑖 = 1, 2, 3, 4) at the 

interfaces, where 𝑖 represents the mark number of the corresponding surrounding walls.  

The weight of the backfill layer element 𝑊 can be calculated as:  

𝑊 = 𝛾𝐵𝐿𝑑ℎ (Eq. 7.1) 

In this equation, 𝛾 is the unit weight of the consolidated backfill material and 𝑑ℎ is the 

thickness of the backfill layer element.  

The vertical overburden pressure 𝑉 is assumed to be uniformly distributed on the top 

surface of the backfill layer element and can be obtained by: 

𝑉 = 𝜎𝑣
ℎ𝐵𝐿 (Eq. 7.2) 

where 𝜎𝑣
ℎ is the vertical stress, which is assumed to be uniformly distributed in the backfill 

layer element at a random backfill column depth ℎ.  

The horizontal lateral compressive force 𝐶𝑖 (𝑖 = 1, 2, 3, 4) at the interfaces between the 

backfill column and four surrounding walls can be expressed as: 
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𝐶𝑖 = 𝜎ℎ𝑖
ℎ 𝑑ℎ𝐿 = 𝐾𝑐𝑖𝜎𝑣

ℎ𝑑ℎ𝐿 = 𝐾𝑐𝑖𝑑ℎ 𝑉 𝐵⁄  (Eq. 7.3) 

where 𝜎ℎ𝑖
ℎ  ( 𝑖  = 1, 2, 3, 4) is the horizontal stress, which is assumed to be uniformly 

distributed in the backfill layer element at a random backfill column depth ℎ. In this 

equation, a linear relationship between 𝜎𝑣
ℎ  and 𝜎ℎ𝑖

ℎ  is adopted. Thus, the lateral earth 

pressure coefficient 𝐾𝑐𝑖  (𝑖  = 1, 2, 3, 4) is calculated to represent the ratio between the 

horizontal and vertical stresses at the corresponding interface: 

𝐾𝑐𝑖 = 𝜎ℎ𝑖
ℎ 𝜎𝑣

ℎ⁄  (Eq. 7.4) 

Meanwhile, a unified format of 𝐾𝑐𝑖  that considers three different lateral earth pressure 

states of at-rest, active and passive can be expressed as: 

𝐾𝑐𝑖 = 𝐾𝑖 +
2𝑐

𝜎𝑣
ℎ
tan 𝛼𝑖  (Eq. 7.5) 

where 𝑐 is the cohesion of the backfill column, 𝐾𝑖  (𝑖 = 1, 2, 3, 4) is the reaction coefficient 

of the lateral earth pressure and 𝛼𝑖 (𝑖 = 1, 2, 3, 4) is the state angle of the lateral earth 

pressure at the corresponding surrounding walls, which is only related to the internal 

friction angle 𝜑 of the backfill column (Frydman and Keissar, 1987). The definition of 𝐾𝑖  

and 𝛼𝑖 are listed in Table 7.1.  

Table 7.1 Coefficients and angles of different lateral earth pressure states.  

Lateral earth 

pressure state 

Lateral earth 

pressure coefficient 

Lateral earth 

pressure angle 

At-rest 1 − sin 𝜑 0° 

Active (1 − sin𝜑) (1 + sin 𝜑)⁄  𝜑 2⁄ − 45° 

Passive (1 + sin𝜑) (1 − sin 𝜑)⁄  𝜑 2⁄ + 45° 
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In Li et al.’s model, for a random backfill column depth h, the longitudinal shear stress 

which acts at the interfaces between the backfill column and the surrounding rocks is 

defined according to the Mohr-Coulomb strength criterion to determine the threshold 

values of the longitudinal shear force 𝑆𝑖  (𝑖 = 1, 2, 3, 4) at the corresponding interface:   

𝑆𝑖 = (𝜎ℎ𝑖
ℎ tan 𝛿𝑖 + 𝑐𝑖)𝐿𝑑ℎ = (𝐾𝑐𝑖𝜎𝑣

ℎ tan 𝛿𝑖 + 𝑐𝑖)𝐿𝑑ℎ (Eq. 7.6) 

where 𝛿𝑖  and 𝑐𝑖  ( 𝑖  = 1, 2, 3, 4) are the effective internal friction angle and apparent 

cohesion of the interfaces between the backfill column and the surrounding rocks, 

respectively.  

The backfill layer element at a random backfill column depth h reaches its static stress 

equilibrium in the vertical direction as the backfill column entirely settles and 

consolidates. Thus, at the centroid of the backfill layer element, the equilibrium equation 

can be expressed as:  

𝑊 = 𝑑𝑉 +∑𝑆𝑖

4

𝑖=1

 (Eq. 7.7) 

Introducing Eq. 7.1 to Eq. 7.6 into Eq. 8.7, the unified format of the equilibrium equation 

can be obtained by:  

𝑑𝜎𝑣
ℎ

𝑑ℎ
+ 𝜎𝑣

ℎ (
𝜆1,3

𝐵
+
𝜆2,4

𝐿
) + (

𝜅1,3

𝐵
+
𝜅2,4

𝐿
) − 𝛾 = 0 (Eq. 7.8) 

In this equation, 𝜆1,3, 𝜆2,4, 𝜅1,3, and 𝜅2,4 are defined as:  

𝜆1,3 = 𝐾1 tan 𝛿1 + 𝐾3 tan 𝛿3 (Eq. 7.9) 
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𝜆2,4 = 𝐾2 𝑡𝑎𝑛 𝛿2 + 𝐾4 𝑡𝑎𝑛 𝛿4 (Eq. 7.10) 

𝜅1,3 = 𝑐1 + 𝑐3 + 2𝑐(tan 𝛼1 tan 𝛿1 + tan 𝛼3 tan 𝛿3) (Eq. 7.11) 

𝜅2,4 = 𝑐2 + 𝑐4 + 2𝑐(tan 𝛼2 tan 𝛿4 + tan 𝛼2 tan 𝛿4) (Eq. 7.12) 

Combining with Eq. 7.4, the vertical and horizontal stresses (𝜎𝑣
ℎ and 𝜎ℎ𝑖

ℎ ) which act at the 

centroid of the backfill layer element can be solved as:  

𝜎𝑣
ℎ =

𝛾 − (𝜅1,3𝐵
−1 + 𝜅2,4𝐿

−1)

(𝜆1,3𝐵
−1 + 𝜆2,4𝐿

−1)
{1 − 𝑒𝑥𝑝[−ℎ(𝜆1,3𝐵

−1 + 𝜆2,4𝐿
−1)]} (Eq. 7.13) 

𝜎ℎ𝑖
ℎ = 𝐾𝑖𝜎𝑣

ℎ + 2𝑐 tan 𝛼𝑖  (Eq. 7.14) 

If the four surrounding walls of the backfilled stope have the same reaction coefficient 𝐾 

and state angle 𝛼 of the lateral earth pressure state, the general solution to the vertical 

and horizontal stresses (𝜎𝑣
ℎ and 𝜎ℎ𝑖

ℎ ) can be simplified as:  

𝜎𝑣
ℎ =

𝛾(𝐵−1 + 𝐿−1)−1 − 2𝑐(1 + 2 tan 𝛼 tan 𝛿)

2𝐾 tan 𝛿
{1

− 𝑒𝑥𝑝[−2ℎ𝐾(𝐵−1 + 𝐿−1) tan 𝛿]} 

(Eq. 7.15) 

𝜎ℎ
ℎ = 𝐾𝜎𝑣

ℎ + 2𝑐 tan 𝛼 (Eq. 7.16) 

As can be seen from Eq. 7.15, the vertical stress 𝜎𝑣
ℎ that acts at the centroid of the backfill 

layer element tends to approach the overburden pressure 𝑉  when the scale of the 

backfilled stope is large enough to ignore the shear effect at the interfaces between the 

backfill column and the surrounding rocks. Meanwhile, naturally, for a typical vertical-

narrow backfilled stope, the lateral earth pressure state of the backfill column is expected 

to be between the at-rest and active states, depending on the depth of the backfill layer 
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element in the backfill column. In this study, the reaction coefficient of the lateral earth 

pressure at the at-rest and active states (𝐾𝑖
𝑟 and 𝐾𝑖

𝑎) are calculated as 0.223 and 0.125, 

respectively, for the following numerical modelling of a single backfilled stope based on 

the coupled FD-DE method.  

 

Fig. 7.1 Interaction between a typical cemented backfill column and the surrounding 

rocks.  

7.3 Numerical simulation  

7.3.1 Model establishment  

Fig. 7.2 shows the geometry, boundary conditions, and establishment of the three-

dimensional coupled FD-DE model of a single underground stope backfilled with a CRF 

column. The dimensions of the FD model of the orebody were designed to be 100 m × 100 

m × 100 m (length × width × height), which are large enough to eliminate the scale effect 

from the boundary conditions of the FD model. As shown in Fig. 7.2b, the FD model was 

initially constructed with the FD method in FLAC3D, a finite difference program using an 

explicit LaGrangian calculation scheme and a mixed discretization zoning technique. 
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Initially, the finite zones of the FD model meshed radially with optimal mesh sizes ranging 

from 1.0 to 5.0 m. The Mohr-Coulomb constitutive model with the physical-mechanical 

properties of the surrounding rocks, listed in Table 8.1, was then applied to the FD model 

directly to realize the mechanical behaviour of rock-like materials. And then, the normal 

displacement of the bottom and lateral faces of the FD model was fixed to simulate the 

boundary conditions of the orebody at a very far distance from the underground mined-

out areas. Next, the FD model was solved to a geo-stress equilibrium state, by assigning 

the gravity and a lateral earth pressure coefficient of 0.4, according to the field 

investigation results from the Canadian underground hard rock mine (Sepehri et al., 

2017). A single vertical-narrow stope with dimensions of 30 m × 7.5 m × 30 m (length × 

width × height), of which the dimensions are the same as the mine (Sepehri et al., 2017), 

was then excavated at the centre of the FD model. And then, the FD model was solved to 

gain the required unbalanced force ratio and reach a new geo-stress equilibrium state 

again. Six coupling walls were created to cover the surrounding walls of the single stope 

before the creation of the DE model of the CRF column to ensure the realization of the 

coupling mechanism between the FD and DE models.  

The CRF column was then modelled with the DE method in PFC3D software, which 

provides a discrete element modelling framework. Twelve layers of the discrete particles, 

representing the CRF granitic aggregates, were sequentially generated to form the DE 

model of a CRF column with dimensions of 30 m × 7.5 m × 29.5 m (length × width × 

height) in the single stope in the FD model. The primary layer of the discrete particles was 

firstly generated in the single stope and solved to gain the required porosity and unit 

weight, which coincide with the real CRF material in the laboratory. Secondly, the PB 
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contact model was assigned to the primary layer of the discrete particles, and the 

microstructural parameters listed in Table 4.2 in Chapter 4 and Table 5.3 in Chapter 5 

were assigned to the DE model of the discrete particles and its interfaces with the FD 

model of the surrounding rocks, respectively, to simulate the binding effect from the 

Portland cement among the granitic aggregate in the CRF material. Thirdly, gravity was 

assigned to the discrete particles' primary layer to simulate the CRF column's settlement 

and consolidation process. Next, the discrete particles' secondary layer was generated on 

top of the discrete particles' primary layer by following the same generation procedures. 

These steps were repeated until the last layer of the discrete particles was successfully 

generated and the DE model of the CRF column entirely formed. As can be seen from Fig. 

7.2a, an unfilled void with a thickness of 0.5 m was left at the top of the single stope, 

representing the incompleteness of the backfilling process due to the dewatering, 

settlement, and compression processes of the CRF column. In this study, the particle size 

scaling method was adopted to simplify the generation of the discrete particles in the DE 

model of the CRF column. Empirically, to eliminate the scale effect on the DE model, the 

ratio between the maximum model scale and the maximum ball radius 𝑟𝑚𝑎𝑥 should be no 

less than 50, and the ratio between the maximum ball radius 𝑟𝑚𝑎𝑥 and the minimum ball 

radius 𝑟𝑚𝑖𝑛  should be no less than 1.66 (Ding et al., 2014; Wu and Xu, 2016). Thus, in this 

study, optimal 𝑟𝑚𝑎𝑥 and 𝑟𝑚𝑖𝑛  The discrete particles were determined as 0.18 and 0.3 m, 

respectively, and a total of 75,659 discrete particles were generated.  

Meanwhile, two kinds of the lateral earth pressure states of the CRF column during the 

settlement and consolidation process were simulated, namely the fully at-rest and natural 

states. For the backfill columns at the natural state, especially the uncemented backfill 
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columns, the lateral earth pressure can transfer from the at-rest state at the shallow depth 

to the active state at the bottom of the backfill columns. The difference in the movement 

magnitude of the surrounding walls along the depth of the single stope can result in the 

difference in the horizontal pressure transferring (Aubertin et al., 2003). In this study, if 

no modifications were made to the coupled FD-DE model, then the DE model of the CRF 

column was simulated to be at the natural state. For some cemented backfill materials 

with very high strength, such as the CRF material, can settle and consolidate very fast in 

the early curing stage, and the column can quickly gain a great self-supporting ability, 

resulting in a fully at-rest lateral earth pressure state, with a very small portion of 

horizontal pressure from the backfill column transferred to the surrounding rocks. In this 

study, to simulate the fully at-rest state, the normal displacement of the surrounding walls 

of the single stope in the FD model was fixed until the displacement in the primary layer 

of the discrete particles of the DE model, which was caused by its weight, was eliminated. 

After the normal displacement of the surrounding walls was freed, the secondary layer of 

the discrete particles was generated, and these steps were repeated until the DE model of 

the CRF column was entirely formed and consolidated.  

In this study, six monitoring lines of AB, AC, AD, EF, GH and IJ in the FD model, a 

vertical-central line (VCL) and two central cross-sections (CCS) in the DE model were 

created to monitor the redistribution of the stress and displacement in the coupled FD-

DE model of the single stope backfilled with the CRF column. Furthermore, Fig. 8.6d 

shows that groups of measuring spheres were created at the CCSs of the DE model to 

obtain the contours of the stress and displacement distributions, of which the measuring 

mechanism has been described in Wei et al.’s research (2022).  
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Fig. 7.2 Coupled FD-DE model of a single stope backfilled with a CRF column: a) 

perspective view, b) coupling walls and monitoring lines, c) vertical-central lines and 

cross-sections, and d) measuring spheres.  

7.3.2 Parameter determination  

The cemented rockfill is a porously bonded concrete-like material (Wu et al., 2018; 

Jongpradist et al., 2011). Thus, the linear parallel bond (PB) contact model was assigned 
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to the DE model of the CRF column and its interfaces with the FD model of the 

surrounding rocks to simulate the binding effect from the Portland cement among the 

granitic aggregate particles in the CRF material. The rheological components in the PB 

contact model are shown in Fig. 4.1b in Chapter 4. As can be seen, two virtual interfaces 

exist at the contact position between two discrete particles in the DE model, consisting of 

groups of parallel springs, bonds, and dashpots. Interface one is linear, elastic, and 

frictional without tension, representing the linear bond, and interface two is linear-elastic 

bonded, representing the parallel bond. These cement-like bonds are deformable and 

breakable, transferring forces and moments between the discrete particles in the DE 

model. Since the implementation mechanism of the PB contact model has been studied 

in many previous studies (Wu et al., 2018; Ding et al., 2014), the algorithms, governing 

equations and the update mechanism of the contact forces and moments among the 

discrete particles in the DE model are not reiterated here.  

Unlike the FD method, the overall mechanical properties of the backfill material, which 

needs to be simulated using the DE method, cannot be assigned to the DE model directly. 

Instead, they are controlled by the microstructural parameters of the bonds in the PB 

contact model, which is assigned to the DE model at the microscopic level. Thus, before 

modelling the backfill material by using the DE method, these microstructural parameters 

need to be determined until the overall mechanical properties of the DE model have a 

good agreement with the corresponding real backfill material. In this study, the 

microstructural parameters of the DE model of the CRF material were determined by 

conducting numerical uniaxial and triaxial compression tests on the DE model of the 

cylindrical CRF specimens, and the test results are shown in Table 4.2 in Chapter 4. These 
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numerical tests can ensure the overall mechanical properties of the DE model of the CRF 

material have a good agreement with the corresponding values shown in Table 4.1 in 

Chapter 4, and the stress-strain behaviour of the DE model of the CRF specimens 

coincides with the real CRF specimens in the laboratory. It should be mentioned here that 

the establishment of the DE model of the CRF specimens and test procedures for the 

numerical uniaxial and triaxial compression tests are not reiterated here, as they have 

been studied in many previous studies (Wu et al., 2018; Ding et al., 2014). Meanwhile, in 

this study, numerical direct shear tests were conducted on the coupled FD-DE model of 

the combined rock-cemented rockfill (R-CRF) specimens to determine the 

microstructural parameters of the interfaces between the DE model of the CRF column 

and the FD model of the surrounding rocks (Wei et al., 2022). These numerical tests 

ensure that the interfaces' overall mechanical properties in the coupled FD-DE model of 

the single stope backfilled with a CRF column coincide well with the corresponding values 

shown in Table 5.2 in Chapter 5.  

Fig. 5.3 and Fig. 5.4 in Chapter 5 show the establishment of the coupled FD-DE model of 

the combined R-CRF specimens and their stress-strain behaviour during the numerical 

the direct shear tests. More details about the implementation mechanism of the 

numerical direct shear test based on the coupled FD-DE method were presented in 

another research by the author (Wei et al., 2022). As can be seen in Fig. 5.3, the finite 

zones were constructed in FLAC3D, representing the FD model of the rock specimen, and 

the discrete particles were constructed in PFC3D, representing the DE model of the CRF 

specimen. A coupling wall, of which the microstructural parameters need to be 

determined, was generated at the interface to transfer the forces and displacements 
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between the FD and DE models. During the shearing process, normal stresses of 0.25 

MPa, 1.50 MPa and 2.50 MPa were applied and servo-controlled on the lateral and top 

walls of the coupled FD-DE model, and the DE model was moved rightward at a very low 

displacement rate of 0.05 m/s to ensure a quasi-equilibrium direct shearing system. Fig. 

5.4b and Fig. 5.4c show that the servo-controlled normal stresses were successfully 

applied to the lateral and top walls of the coupled FD-DE model, and as the numerical 

direct shear test repeated, the overall mechanical properties and stress-strain behaviour 

of the coupled FD-DE model finally coincided well with the corresponding real combined 

R-CRF specimen. The microstructural parameters of the interface in the coupled model 

were then successfully determined.  

7.4 Results and discussion 

7.4.1 Stress and displacement distribution in the DE model of the CRF column  

Fig. 7.3 presents the stress distribution along the VCL of the DE model of the CRF column 

at different lateral earth pressure states in the single backfilled stope. The calculation 

results show that when the interfaces between the CRF column and the surrounding rocks 

are smooth and frictionless, no shear effect generates at the interfaces, and no arching 

phenomenon occurs in the column. Thus, the vertical overburden pressure 𝑝𝑣  along the 

VCL of the column is only subjected to the unit weight 𝛾  and has a positive linear 

relationship with the depth h of the column. In this situation, two lateral earth pressure 

coefficients k of 0.233 and 0.125, were used to calculate the lateral earth pressure, 𝑝ℎ
𝑟  and 

𝑝ℎ
𝑎 , respectively, along the VCL of the column at the at-rest and active states, respectively. 

Both 𝑝ℎ
𝑟  and 𝑝ℎ

𝑎  have a positive linear relationship with the depth ℎ of the column at both 

states.  
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The predicted vertical stresses, 𝜎𝑣
𝑟 and 𝜎𝑣

𝑎, along the VCL of the column at the at-rest and 

active states, respectively, are calculated from Li et al.’s analytica l model and shown in 

Fig. 7.3a and Fig. 7.3b, respectively. The calculation results indicate that when the 

interfaces between the CRF column and the surrounding rocks are frictional and bonded, 

both 𝜎𝑣
𝑟  and 𝜎𝑣

𝑎  increase logarithmically, as the depth of the column increases, at both 

states. Due to the shear effect at the interfaces and the arching effect in the column, the 

apparent deduction is observed in 𝜎𝑣
𝑟  and 𝜎𝑣

𝑎 , which are both smaller than the 

corresponding 𝑝𝑣, along the VCL of the column at any depth of the column. And the larger 

the depth of the column is, the larger the deduction in 𝜎𝑣
𝑟 and 𝜎𝑣

𝑎 can be found.  

Meanwhile, according to the calculation results from Li et al.’s model, the predicted 

horizontal stresses, 𝜎ℎ
𝑟  and 𝜎ℎ

𝑎 , along the VCL of the column at the at-rest and active 

states, respectively, are both smaller than the corresponding 𝑝ℎ
𝑟  and 𝑝ℎ

𝑎, respectively, and 

increase logarithmically as the depth of the column increases. When the column is in the 

active state, a larger portion of 𝑝ℎ
𝑎 from the yielding parts of the column is transferred to 

the corresponding relatively stable neighbour surrounding rocks, leading to smaller 𝑘 and 

𝐶𝑖 (𝑖 = 1, 2, 3, 4) values at the interfaces, compared with the column at the at-rest state. 

Thus, 𝜎ℎ
𝑎 is smaller than the corresponding 𝜎ℎ

𝑟, and 𝜎𝑣
𝑎 is larger than the corresponding 

𝜎𝑣
𝑟 due to a weaker shear effect at the interfaces and a weaker arching effect in the column. 

It should be mentioned here that 𝜎𝑣
𝑟 , 𝜎𝑣

𝑎 , 𝜎ℎ
𝑟 , and 𝜎ℎ

𝑎 , which are the predicted values 

calculated from Li et al.’s model, are considered the threshold values for the true vertical 

and horizontal stresses along the VCL of the column at the natural lateral earth pressure 

state, as 𝑆𝑖  (𝑖  = 1, 2, 3, 4) at the interfaces are defined by the Mohr-Coulomb strength 
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criterion in Li et al.’s model, which is always larger than the real shear stresses in the 

vertical shear direction at the interfaces.  

Fig. 7.3a shows that at the at-rest state, the stresses in the z-, x- and y- directions, 𝜎𝑧𝑧
𝑟 , 𝜎𝑥𝑥

𝑟 , 

and 𝜎𝑦𝑦
𝑟 , along the VCL of the column, which are modelled with the DE method, all 

increase logarithmically as the depth of the column increases, and have a good agreement 

with the corresponding 𝜎𝑣
𝑟  and 𝜎ℎ

𝑟 , respectively, which are calculated from Li et al.’s 

model. As can be seen from Fig. 7.3a, although the horizontal displacement caused by the 

settlement of the primary layer of the column has been eliminated, as the depth of the 

column increases, the overburden pressure from the second layer of the column can still 

lead an extra small portion of 𝑝ℎ
𝑎 from the yielding parts of the column to transfer to the 

corresponding relatively stable neighbour surrounding rocks, resulting in a slight increase 

in 𝜎𝑧𝑧
𝑟  and a slight decrease in 𝜎𝑥𝑥

𝑟  and 𝜎𝑦𝑦
𝑟  at the bottom of the column.  

Fig. 7.3b shows that at the natural state, the stresses in the z-, x- and y- directions, 𝜎𝑧𝑧
𝑎 , 

𝜎𝑥𝑥
𝑎 , and 𝜎𝑦𝑦

𝑎 , along the VCL of the column, which is modelled with the DE method, all 

increase logarithmically as the depth of the column increases. As can be seen in Fig. 7.3b, 

naturally, at the shallow and medium depth of the column, the column is at the at-rest 

state, and 𝜎𝑧𝑧
𝑎  also has a good agreement with 𝜎𝑣

𝑟, due to the high strength and great self-

supporting ability of the column. As the depth of the column increases, the overburden 

pressure increases, and a slight increase in 𝜎𝑧𝑧
𝑎  can also be observed at the bottom of the 

column, which leads the lateral earth pressure to switch from the at-rest state to the active 

state at the bottom. Meanwhile, as can be seen in Fig. 7.3b, naturally, as the depth of the 

column increases, both 𝜎𝑥𝑥
𝑎  and 𝜎𝑦𝑦

𝑎  have a good agreement with the corresponding 𝜎ℎ
𝑎, 

which is calculated from Li et al.’s model, while 𝜎𝑦𝑦
𝑎  is slightly larger than the 



  Page 176  

corresponding 𝜎𝑥𝑥
𝑎  at the natural lateral earth pressure state due to the stope geometry 

with a narrow width and a long length and the high strength of the column. Under the 

same overburden pressure from the secondary layer, the portion of 𝑝ℎ
𝑎 from the yielding 

parts of the primary layer of the column transfers more in the x-direction rather than in 

the y-direction to the corresponding relatively stable neighbour surrounding rocks, 

resulting in a slightly higher k in the y-direction. Furthermore, as can be seen in Fig. 7.3b, 

at the active state, a slight increase can be observed in both 𝜎𝑥𝑥
𝑎  and 𝜎𝑦𝑦

𝑎  at the shallow 

depth of the column, resulting from the squeezing effect generated at the top of the 

surrounding walls during the downtrend movement of the layers of the column in the 

settlement process.  

 

Fig. 7.3 Stress distribution along the VCL of the DE model of the CRF column at: a) at-

rest, and b) natural lateral earth pressure states.  

Fig. 7.4 presents the distribution of the 𝑘 along the VCL of the DE model of the CRF 

column at different lateral earth pressure states in the single vertical backfilled stope. At 

the at-rest state, as the depth of the column increases, both 𝑘 in the x- and y- directions 

start from the infinity and then approach the standard value of 0.233 gradually at the 
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medium depth of the column. At the natural state, as the depth of the column increases, 

𝑘 in the x-direction starts from infinity and then approaches the standard value of 0.125 

gradually at the medium depth of the column. However, 𝑘 in the y-direction is larger than 

the standard value of 0.125 at the medium depth and bottom of the column, due to the 

stope geometry with a narrow width and a long length, indicating a greater self -

supporting ability of the column in the y-direction.  

 

Fig. 7.4 Distribution of 𝑘 along the VCL of the DE model of the CRF column at different 

lateral earth pressure states.  

Fig. 7.5 and Fig. 7.6 present the stress distribution at the CCS of the DE model of the CRF 

column at different lateral earth pressure states in the single vertical backfilled stope. The 

modelling results indicate that at both the at-rest and active states, the stress distribution 

inside the CRF column is significantly influenced by the shear effect that generates at the 

frictional bonded interfaces between the column and the surrounding rocks, leading to 

the occurrence of the arching phenomenon inside the column. As can be seen in Fig. 7.5a 

and Fig. 7.5b, in the CRF column at the at-rest state, the stress in the z-direction, 𝜎𝑧𝑧, is 

smaller than the corresponding vertical overburden pressure 𝑝𝑣  at both the CCS of the 
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column on the xz- and yz- planes. Meanwhile, at any depth of the column, 𝜎𝑧𝑧 decreases 

gradually from the locations near the VCL of the column to the locations near the 

interfaces, and evident concave-down stress arches are observed in the distribution of 𝜎𝑧𝑧 

at both the CCS of the column on the xz- and yz- planes.  

Fig. 7.5c and Fig. 7.5d show that in the CRF column at the at-rest state, the stresses in the 

x- and y- directions, 𝜎𝑥𝑥
𝑟  and 𝜎𝑦𝑦

𝑟 , are both smaller than the corresponding lateral earth 

pressure 𝑝ℎ
𝑟  at both the CCS of the column on the xz- and yz- planes. Meanwhile, at the 

locations near the surrounding rocks inside the column, both 𝜎𝑥𝑥
𝑟  and 𝜎𝑦𝑦

𝑟  are extremely 

small, and only a very small portion of 𝑝ℎ
𝑟  from the yielding parts of the column transfers 

to the corresponding relatively stable neighbour surrounding rocks because the 

horizontal displacement caused by the settlement of the primary layer of the column has 

been eliminated. Thus, both 𝜎𝑥𝑥
𝑟  and 𝜎𝑦𝑦

𝑟  at the locations near the VCL of the column are 

mostly influenced by the mechanical properties of the CRF column itself.  

Fig. 7.6a and Fig. 7.6b present that, in the CRF column at the natural state, the stress in 

the z-direction 𝜎𝑧𝑧  has the same distribution pattern with 𝜎𝑧𝑧  at the at-rest state, and 

obvious concave-down stress arches are also observed in the distribution of 𝜎𝑧𝑧, at both 

the CCS of the column on the xz- and yz- planes. Naturally, at the shallow and medium 

depth of the column, the column is at the at-rest state, due to its high strength and great 

self-supporting ability, resulting in the same magnitude of 𝜎𝑧𝑧 compared with the column 

at the at-rest state. As the depth of the column increases, the overburden pressure 

increases, and the lateral earth pressure switch from the at-rest state to the active state at 

the bottom of the column, resulting in an increased magnitude of 𝜎𝑧𝑧  closed to the 

threshold value at the active state.  
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Fig. 7.6c and Fig. 7.6d show that, in the CRF column at the natural state, the stresses in 

the x- and y- directions, 𝜎𝑥𝑥
𝑎  and 𝜎𝑦𝑦

𝑎 , have a very similar distribution pattern with 𝜎𝑥𝑥
𝑟  and 

𝜎𝑦𝑦
𝑟  at the at-rest state, and at the CCS of the column on the xz- and yz- planes, 

respectively. However, due to the ununiform particle size distribution of the DE model of 

the CRF column, some symmetric stress concentration zones in the distribution of 𝜎𝑥𝑥
𝑎  

and 𝜎𝑦𝑦
𝑎  are observed on the CCS of the column on the xz- and yz- planes, respectively, 

during the settlement and consolidation processes of the column. As can be seen from 

Fig. 7.6c and Fig. 7.6d, at the natural state, the stress transmission and energy alternation 

occur ceaselessly at the interfaces between the column and the surrounding rocks. Thus, 

compared with the column at the at-rest state, at the locations near the interfaces inside 

the column, a relatively large portion of 𝑝ℎ
𝑎 from the yielding parts of the column transfers 

to the corresponding relatively stable neighbour surrounding rocks, resulting in relatively 

smaller 𝜎𝑥𝑥
𝑎  and 𝜎𝑦𝑦

𝑎  in the column especially at the bottom of the column at the natural 

state.  
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Fig. 7.5 Stress distribution at the CCS of the DE model of the CRF column at the at-rest 

lateral earth pressure state: a) 𝜎𝑧𝑧
𝑟  on the xz-plane, b) 𝜎𝑧𝑧

𝑟  on the yz-plane, c) 𝜎𝑥𝑥
𝑟  on the xz-

plane, and d) 𝜎𝑦𝑦
𝑟  on the yz-plane.  
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Fig. 7.6 Stress distribution at the CCS of the DE model of the CRF column at the natural 

lateral earth pressure state: a) 𝜎𝑧𝑧
𝑎  on the xz-plane, b) 𝜎𝑧𝑧

𝑎  on the yz-plane, c) 𝜎𝑥𝑥
𝑎  on the xz-

plane, and d) 𝜎𝑦𝑦
𝑎  on the yz-plane.  

Fig. 7.7 and Fig. 7.8 present the displacement distribution at the CCS of the DE model of 

the CRF column at different lateral earth pressure states in the single vertical backfilled 

stope. The modelling results indicate that at both the at-rest and natural states, the 
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displacement distribution inside the CRF column is significantly influenced by the shear 

effect that generates at the frictional bonded interfaces between the column and the 

surrounding rocks, resulting from the occurrence of the arching phenomenon inside the 

column. As can be seen in Fig. 7.7a and Fig. 7.7b, in the CRF column at the at-rest state, 

the displacement in the z-direction 𝑑𝑧𝑧
𝑟 , is smaller at the locations near the interfaces and 

increase to be higher at the locations near the VCL of the column, at both the CCS of the 

column on the xz- and yz- planes at any depth of the column. Meanwhile, obvious 

concave-up displacement arches are observed in the distribution of 𝑑𝑧𝑧
𝑟  at both the CCS of 

the column on the xz- and yz- planes, as the shear effect at the interfaces hinders the 

downtrend movement of the CRF particles and the settlement process of the column. Fig. 

7.7c and Fig. 7.7d show that in the CRF column at the at-rest state, the displacement in 

the x- and y- directions, 𝑑𝑥𝑥
𝑟  and 𝑑𝑦𝑦

𝑟 , are both extremely small, and no obvious 

displacement arches are observed at the CCS of the column on either the xz- or yz- plane, 

because the horizontal displacement which is caused by the settlement of the primary 

layer of the column has been eliminated. Thus, due to the quick consolidation process and 

the good self-supporting ability of the column, both 𝑑𝑥𝑥
𝑟  and 𝑑𝑦𝑦

𝑟  in the column are mostly 

influenced by the mechanical properties of the column itself.  

Fig. 7.8a and Fig. 7.8b show that in the CRF column at the natural state, the displacement 

in the z-direction 𝑑𝑧𝑧
𝑎 , has the same distribution pattern with 𝑑𝑧𝑧

𝑟  at the at-rest state, and 

obvious concave-up displacement arches are also observed in the distribution of 𝑑𝑧𝑧
𝑎 , at 

both the CCS of the column on the xz- and yz- planes. Furthermore. Fig. 7.8c and Fig. 7.8d 

show that in the CRF column at the natural state, the displacement in the x- and y- 

directions, 𝑑𝑥𝑥
𝑎  and 𝑑𝑦𝑦

𝑎 , show an evident symmetrical distribution pattern at both the CCS 
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of the column on the xz- and yz- planes. At the natural state, in the corresponding x- and 

y- directions, 𝑑𝑥𝑥
𝑎  and 𝑑𝑦𝑦

𝑎  are both smaller at the locations near the VCL of the column 

and increase to be higher at the locations near the interfaces, leading the CRF particles to 

have a tendency of outward movement from the VCL of the column. Naturally, as the 

depth of the column increases, the outward movement tendency of CRF particles gets 

stronger, resulting in the lateral earth pressure switching from the at-rest state to the 

active state at the bottom of the column.  
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Fig. 7.7 Displacement distribution at the CCS of the DE model of the CRF column at the 

at-rest lateral earth pressure state: a) 𝑑𝑧𝑧
𝑟  on the xz-plane, b) 𝑑𝑧𝑧

𝑟  on the yz-plane, c) 𝑑𝑥𝑥
𝑟  

on the xz-plane, and d) 𝑑𝑦𝑦
𝑟  on the yz-plane.  
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Fig. 7.8 Displacement distribution at the CCS of the DE model of the CRF column at the 

natural lateral earth pressure state: a) 𝑑𝑧𝑧
𝑎  on the xz-plane, b) 𝑑𝑧𝑧

𝑎  on the yz-plane, c) 𝑑𝑥𝑥
𝑎  

on the xz-plane, and d) 𝑑𝑦𝑦
𝑎  on the yz-plane.  

7.4.2 Stress and displacement distribution in the FD model of the surrounding rocks 

Fig. 7.9 shows the stress distribution at the CCS of the FD model of the surrounding rocks 

at the natural lateral earth pressure state in the single stope after being backfilled with the 
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CRF column. It should be mentioned here that, at the at-rest state, the stress at the CCS 

of the surrounding rocks has the same distribution pattern as the natural state. Thus, it is 

not shown in this section. As can be seen in Fig. 7.9a and Fig. 7.9b, in the surrounding 

rocks at the natural state, the stress in the z-direction, 𝜎𝑧𝑧
𝑎 , increases significantly at both 

the CCS of the surrounding rocks on the xz- and yz- planes, due to the overburden 

pressure from the column and the shear effect at the interfaces during the settlement and 

consolidation processes of the column. Fig. 7.9c, and Fig. 7.9d indicate that, naturally, 

after the stope backfilled, the downtrend movement of the column provides the confining 

pressure and supporting effect to the adjacent surrounding rocks, increasing in 𝜎𝑥𝑥
𝑎  and 

𝜎𝑦𝑦
𝑎  at the CCS of the surrounding rocks on the xz- and yz- planes, respectively.  

Fig. 7.10 presents the zoomed-out view of the distribution of maximum principal stress 

𝜎𝑚
𝑎  at the stress concentration zones in the FD model of the surrounding rocks before and 

after backfilled with the CRF column at the natural lateral earth pressure state. As can be 

seen, the area of the stress concentration zones, which are located at the bottom corners 

of the surrounding rocks, evidently shrinks due to the confining pressure and the 

supporting effect from the column. It demonstrates that at the core the stress 

concentration zone located on the xz-plane shown in Fig.7.10, 𝜎𝑚
𝑎  decreases by 4.0% after 

the stope is backfilled with the column. The modelling results indicate that, naturally, 

backfilling the primary extracted stope can efficiently provide the confining pressure to 

the surrounding rocks, reduce the potential rockburst risk and improve the stability of the 

underground mined-out areas.  
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Fig. 7.9 Stress distribution at the CCS of the FD model of the surrounding rocks at the 

natural lateral earth pressure state: a) 𝜎𝑧𝑧
𝑎  on the xz-plane, b) 𝜎𝑧𝑧

𝑎  on the yz-plane, c) 𝜎𝑥𝑥
𝑎  

on the xz-plane, and d) 𝜎𝑦𝑦
𝑎  on the yz-plane, e) 𝜎𝑚

𝑎  on the xz-plane, and f) 𝜎𝑚
𝑎  on the yz-

plane.  
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Fig. 7.10 Effect of the backfilling process on the distribution of 𝜎𝑚
𝑎  at the stress 

concentration zones in the FD model of the surrounding rocks at the natural lateral earth 

pressure state.  

    Fig. 7.11 shows the changes in the stress distribution along the monitoring lines of the 

FD model of the single stope before and after backfilled with the CRF column at the 

natural lateral earth pressure state. As can be seen in Fig. 7.11a and Fig. 7.11b, before the 

stope backfilled, the maximum principal stress 𝜎𝑚
𝑒  increases first and then decreases 

along the monitoring line BA and AC in the surrounding rocks, respectively, with the 

highest value of 𝜎𝑚
𝑒  appearing at the mid-points of both the monitoring lines. Fig. 7.11c 

shows that before the stope backfilled, 𝜎𝑚
𝑒  increases along the monitoring line DA in the 

surrounding rocks, as the depth of the stope increases, with the highest value of 𝜎𝑚
𝑒  

appearing at the bottom end of the monitoring line. Fig. 7.11a to Fig. 7.11c also show that 

after the stope backfilled, 𝜎𝑚
𝑎  all decreases to be smaller than the corresponding 𝜎𝑚

𝑒 , along 

the monitoring line BA, AC and DA at the surrounding rocks, with the maximum decrease 

rates of 3.9%, 4.0%, 1.8%, respectively. The modelling results indicate that the column 

significantly improves the stability of the underground mined-out areas, leading to the 
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efficient reduction in the maximum principal stress and the area of the stress 

concentration zones in the surrounding rocks.  

Fig. 7.11d to Fig. 7.11f show that, before the stope backfilled, the stresses in the x-, y- and 

z- directions, 𝜎𝑥𝑥
𝑒 , 𝜎𝑦𝑦

𝑒 , and 𝜎𝑧𝑧
𝑒 , along the monitoring line IJ, GH and EF in the 

surrounding rocks, respectively, all start from zero at the interfaces and increase to the 

corresponding overburden pressure 𝑝𝑣  and lateral earth pressure 𝑝ℎ
𝑎 , respectively, at the 

further end of the monitoring lines. And then, after the stope backfilled, the stresses in 

the x-, y- and z- directions, 𝜎𝑥𝑥
𝑎 , 𝜎𝑦𝑦

𝑎 , and 𝜎𝑧𝑧
𝑎 , all increases to be larger than the 

corresponding 𝜎𝑥𝑥
𝑒 , 𝜎𝑦𝑦

𝑒 , and 𝜎𝑧𝑧
𝑒 , along the monitoring line IJ, GH and EF in the 

surrounding rocks, especially near the interfaces. The modelling results indicate that the 

column provides effective confining pressure to reinforce the surrounding rocks and 

increase the pore convergence degree of the rock mass by its self-weight and the 

mechanical interaction at the interfaces between the column and the surrounding rocks.  
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Fig. 7.11 Effect of the backfilling process on the stress distribution along the monitoring 

lines in the FD model of the surrounding rocks at the natural lateral earth pressure state: 

a) 𝜎𝑚
𝑎  along the monitoring line BA, b) 𝜎𝑚

𝑎  along the monitoring line AC, c) 𝜎𝑚
𝑎  along the 
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monitoring line DA, d) 𝜎𝑧𝑧 along the monitoring line EF, e) 𝜎𝑥𝑥 along the monitoring line 

GH, and f) 𝜎𝑦𝑦 along the monitoring line IJ.  

Fig. 7.12 and Fig. 7.13 show the displacement distribution at the CCS of the FD model of 

the surrounding rocks at different lateral earth pressure states after the single vertical 

stope backfilled with the CRF column. The modelling results indicate that at both the at-

rest and natural states, the displacement in the surrounding rocks in the z-direction, 𝑑𝑧𝑧
𝑟  

and 𝑑𝑧𝑧
𝑎 , show the same distribution pattern at both the CCS of the surrounding rocks on 

the xz- and yz- planes. During the settlement and consolidation processes of the column, 

the overburden pressure from the column and the shear effect at the interfaces drive the 

surrounding rocks to gain a downtrend movement, leading the significant displacement, 

𝑑𝑧𝑧
𝑟  and 𝑑𝑧𝑧

𝑎 , in the z-direction in the surrounding rocks. However, as can be seen in Fig. 

7.12c and Fig. 7.12d, in the surrounding rocks at the at-rest state, the displacement in the 

x- and y- directions, 𝑑𝑥𝑥
𝑟  and 𝑑𝑦𝑦

𝑟 , are both extremely small at the CCS of the surrounding 

rocks on either the xz- or yz- plane because the CRF column has a great self-supporting 

ability, and relatively no horizontal displacement transferring occurs at the interfaces 

between the CRF column and the surrounding rocks. In contrast, Fig. 7.13c and Fig. 7.13d 

show that, naturally, along the depth of the CRF column, the lateral earth pressure switch 

from the at-rest state to the active state, leading to significant displacement transferring 

at the interface between the CRF column and the surrounding rocks. And then, under the 

combined effect of the overburden pressure from the CRF column and the shear effect at 

the interfaces, the bottom part of the CRF column has a trend of pushing the surrounding 

rocks away, leading to the significant increase in the displacement in the x- and y- 
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directions, 𝑑𝑥𝑥
𝑟  and 𝑑𝑦𝑦

𝑟 , at both the CCS of the surrounding rocks on the xz- and yz- 

planes.  

 

Fig. 7.12 Displacement distribution at the CCS of the FD model of the surrounding rocks 

at the at-rest lateral earth pressure state: a) 𝑑𝑧𝑧
𝑟  on the xz-plane, b) 𝑑𝑧𝑧

𝑟  on the yz-plane, c) 

𝑑𝑥𝑥
𝑟  on the xz-plane, and d) 𝑑𝑦𝑦

𝑟  on the yz-plane.  
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Fig. 7.13 Displacement distribution at the CCS of the FD model of the surrounding rocks 

at the active lateral earth pressure state: a) 𝑑𝑧𝑧
𝑎  on the xz-plane, b) 𝑑𝑧𝑧

𝑎  on the yz-plane, c) 

𝑑𝑥𝑥
𝑎  on the xz-plane, and d) 𝑑𝑦𝑦

𝑎  on the yz-plane.  

7.5 Conclusions  

In this study, the coupled finite difference (FD) and discrete element (DE) method were 

successfully used to simulate a single underground stope backfilled with a cemented 

rockfill (CRF) column, considering the frictional-bonded interfaces between the CRF 

column and the surrounding rocks. This work proved the feasibility of applying the 

coupled FD-DE method in simulating the mechanical interaction and response between 

two different geo-materials involved with interfaces.  
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The modelling results indicate that the shear effect significantly influences the stress and 

displacement distribution at the single backfilled stope at the interfaces between the CRF 

column and the surrounding rocks. Naturally, as the CRF column fully settles and 

consolidates, the lateral earth pressure of the CRF column switch from the at-rest state at 

the shallow depth to the active state at the medium depth and bottom of the column. Due 

to the arching phenomenon in the CRF column, a significant deduction can be found in 

both the vertical and horizontal stresses in the CRF column, owing to the resistant forces 

from the shear effect at the interfaces between the CRF column and the surrounding 

rocks.  

Meanwhile, the modelling results demonstrate that at both the at-rest and natural lateral 

earth pressure states, the CRF column provides confining pressure and supporting effect 

to the surrounding rocks, resulting in the shrinkage of the stress concentration zones and 

the decrease in the maximum principal stress in the surrounding rocks. The modelling 

results confirm that backfilling the primary single-stope can efficiently reduce the 

rockburst risk in surrounding rocks and improve the stability of the underground mined-

out areas.  
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Chapter 8 Coupled finite difference and discrete element method for 

modelling multiple stopes backfilled with the cemented rockfill 

In this chapter, multiple stopes backfilled with the cemented rockfill (CRF) columns at 

the natural lateral earth pressure state were modelled with the coupled finite difference 

(FD) and discrete element (DE) method, considering the frictional-bonded interfaces 

between the CRF columns and the surrounding rocks. Meanwhile, the primary/secondary 

manner of the mining/backfilling activities was modelled to study the influence of the 

sequence of the mining/backfilling activities on the stress and displacement distribution 

in the CRF columns and around the surrounding rocks at these multiple backfilled stopes. 

The modelling results indicate that backfilling the extracted stopes can efficiently enhance 

the stability of the underground mined-out area and adjacent rock pillars at the hard rock 

mine, and the mining/backfilling sequence can have a significant influence on the stress 

and displacement distribution in the CRF columns and around the surrounding rocks. 

Furthermore, the CRF columns with different numbers of exposed sidewalls were also 

modelled with the DE method in this chapter to study the fracture development and 

failure pattern caused by the overburden pressure from a constant displacement rate at 

the top surface of the CRF column. The modelling results show that the measured uniaxial 

compressive strength (UCS) and cohesion of the CRF columns at the hard rock mine are 

much higher than the required UCS and cohesion calculated with the modified Mitchell’s 

analytical solution (1982), and the CRF columns can have decent stability when they are 

subjected to the adjacent mining activities, even for these CRF columns with the lowest 

UCS. Meanwhile, the modelling results indicate that as the mined-out area or the total 

width of the multiple backfilled stopes increase, the deduction in the maximum principal 

stress at the stress concentration zones around the surrounding rocks increases, resulting 
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from a relatively higher supporting effect from the CRF columns at the multiple backfilled 

stopes.  

8.1 Introduction  

At underground mines where the backfilling method is adopted, the mining/backfilling 

activities are usually executed in a sequence (primary/secondary manner) at the adjacent 

multiple stopes (Sepehri et al., 2017). For example, in the blasthole stoping (BHS) mining 

method, the primary stopes are extracted first, leaving the adjacent stopes as rock pillars 

to support the overburden pressure from the overhead rock strata. And then, the primary 

stopes are backfilled with the cement backfill material and cured for more than 28 days 

to form backfill columns. As backfill columns settle, consolidate, and gain strength, the 

secondary stopes, which are the adjacent rock pillars, can then be recovered, leaving the 

primary backfill columns to support the overburden and lateral pressures from 

surrounding rocks, providing work platform for the future mining activities at the 

meantime.  

The primary/secondary manner of mining/backfilling activities can significantly 

influence the stress and displacement distribution in backfill columns and around the 

surrounding rocks. Numerical modelling is very efficient in comprehensively 

understanding the stress distribution law. Many researchers have created numerical 

models with the continuum or discontinuum method to study the effect of the 

mining/backfilling sequence on the stability of the underground mined-out area. These 

numerical models can be calibrated with analytical solutions to predict the instability and 

potential geohazards induced by the sequential mining/backfilling activities (Liu et al., 

2016; Sepehri et al., 2017). In Mkadmi’s FE model, saturated backfill layers were added 
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on the top of the pre-drained and settled backfill layers until the stope was wholly 

backfilled (Mkadmi et al., 2013). The modelling results show that a higher sequential 

backfilling rate results in higher total stress at the base of backfilled stopes due to the 

accumulation of pore water pressure, and lower normal stress can be observed at a slower 

backfilling rate since the drainage and binder hydration can occur sequentially in backfill 

columns. In some other FD models, two adjacent stopes were extracted and backfilled in 

a primary/secondary manner (Falaknaz et al., 2015). The modelling results indicate that 

the stress distribution in the second backfilled stope tends to behave like in a single 

backfilled stope and is in good agreement with the analytical solution developed by Li and 

Aubertin (2009), while the stress in the first backfilled stope can show an evident 

redistribution, which is significantly influenced by the neighbouring excavation and 

backfilling operations (Newman, 2018). Previous studies by Newman (2018) and 

Falaknaz et al. (2015) both show that during the excavation of the second stope, the 

vertical stress in the first backfilled stope tends to decrease, especially near the mid-

height, while the horizontal stress increases first and then decreases owing to the 

movement of the surrounding walls. During the backfilling process of the second stope, 

the horizontal stress in the first backfilled stope tends to increase with the backfilling 

sequence, while the corresponding vertical stress becomes insensitive to the backfilling 

process. It should be mentioned here that most of the previous studies adopted the 

continuum approach due to its high computation performance (Falaknaz et al., 2015; 

Emad et al., 2018; Liu et al., 2016), while in very few studies (Hasan et al., 2017), the 

discontinuum approach has been selected to evaluate the stress redistribution within 

multiple stopes backfilled with uncemented backfill materials.  
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For underground mines, gaining an in-depth understanding of the stability of multiple 

backfilled stopes is one of the most crucial research objectives for mining engineers. 

Backfilling the underground mined-out area can reduce the risks in ground subsidence, 

ore dilution, pillar failure and rockburst (Abdellah et al., 2020; Heib et al., 2010; Yang et 

al., 2015). To study the backfill column stability, Mitchell (1982) proposed a solution 

based on the limit equilibrium analysis of a wedge block model, in which the required 

UCS of the backfill column is only related to the stope geometry and the height of the 

exposed sidewall. Li and Aubertin (2012) proposed a modified Mitchell’s solution, which 

can be applied to backfilled stopes with rectangular shapes and overcomes several 

limitations of the original Mitchell’s analytical model. For example, in the modified 

model, the internal friction angle of the backfill column can be nonzero, and the interface 

cohesion can be considered a portion of the cohesion of the backfill column. Meanwhile, 

a safety factor is introduced to evaluate the backfill column stability, calculated as the 

ratio of resistant force and driving force on the failure plane (Li and Aubertin, 2012). It 

must be mentioned here more details about Mitchell’s analytical models are discussed in 

section 8.2.2.  

Many previous studies have shown that underground mined-out voids are backfilled to 

minimize the ground subsidence and control the overlying strata movement, especially in 

many coal mines. The main factors that influence the stability of backfilled stopes at a coal 

mine include the deformation modulus and thickness of the stope roof, the overlying 

strata pressure, the advancement distance and work face width, and foundation 

coefficients of backfill columns (Sun et al., 2019; Yang et al., 2017). Yang et al. (2017) built 

a FE model of multiple backfilled stopes with the same geometry as the stopes at an 
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underground iron mine to evaluate the surface vertical and horizontal deformation at the 

mine site due to the subsidence. The modelling results indicate that as underground 

stopes are backfilled, the ground deformation can be lower than critical values and fall 

into a controllable range. It shows that backfilling the stopes with the cemented paste 

backfill (CPB) can be feasible and effective in subsidence control. Zhang et al. (2018) 

created a physical model of multiple backfilled stopes in the laboratory with the same 

cemented paste backfill and rock materials from a coal mine to reproduce the movement 

of overlying strata in a mining/backfilling sequence. The test results indicate that the 

overburden pressure from the overhead coal seams on the top surface of backfill columns 

increases first and then keeps stable. Backfilling underground stopes can limit the 

overlying rock strata's deformation and avoid the caved zones' appearance. Yang et al. 

(2015) created a physical model of two adjacent backfilled stopes in the laboratory with 

the same cemented paste backfill material from an iron mine to study the stope stability 

at different stages in the mining/backfilling sequence. The test results reveal that the 

stability of the primary backfilled stope is the worst when the secondary stope is extracted 

and one sidewall of the primary backfill column is exposed. Lu et al. (2018) conducted 

field monitoring and numerical modelling to study the stress redistribution caused by the 

excavation and backfilling of multiple stopes. The study indicates that shear stress can be 

concentrated at the interfaces between backfill columns and the surrounding rocks, and 

the corners of the backfilled stopes are the critical positions of shear and maximum 

principal stress concentration zones.  

The rock pillar failure is a common engineering disaster at the underground mined-out 

area. Many researchers combined in-situ monitoring and numerical modelling to study 
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the supporting effect of backfill columns on rock pillars' stability. Heib et al. (2010) 

instrumented total earth pressure cells on rock pillars based on a gypsum mine and found 

that adjacent backfill columns can induce confining pressures on rock pillars. Building 

the DE model of multiple backfilled stopes adjacent to fractured rock pillars indicates that 

backfill columns can induce the horizontal and vertical stress that contributes to the 

cracks and fracture closure inside rock pillars. The induced stress depends on the backfill 

material consolidation, pillar deformation, pillar fracture presence, and the mechanical 

properties of the interfaces between backfill columns and the surrounding rocks (Heib et 

al., 2010; Yin et al., 2017). Tesarik et al. (2009) analyzed the monitoring data from biaxial 

stress meters instrumented in rock pillars to study the long-term stability of backfilled 

stopes in an underground lead-zinc mine. The test results indicate that backfill columns 

can limit dilation and improve the stability of rock pillars. The total strain measured 

inside rock pillars supported by backfill columns is significantly smaller than unconfined 

rock pillars (Tesarik et al., 2009; Zhang et al., 2017).  

In this study, multiple underground stopes backfilled with the CRF columns at the natural 

lateral earth pressure state were modelled with the coupled FD-DE method, considering 

the frictional-bonded interfaces between the CRF columns and the surrounding rocks. 

Meanwhile, the primary/secondary manner of the mining/backfilling activities was 

simulated to study the effect of the mining/backfilling sequence on the stress and 

displacement distribution in the CRF columns and around the surrounding rocks at these 

multiple backfilled stopes. The CRF columns with different numbers of exposed sidewalls 

were also modelled with the DE method to study the fracture development and failure 
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pattern caused by the overburden pressure from a constant displacement rate at the top 

surface of the CRF columns.  

8.2 Background and methodology  

8.2.1 Mining and backfilling methods  

In Chapter 3, Chapter 6, and Chapter 7, the mining and backfilling methods at the 

Canadian hard rock mine have been discussed in detail. At the mine, the blasthole stoping 

(BHS) method was adopted to extract the orebody, and then the cemented rockfill (CRF) 

was used to backfill the underground mined-out openings (Sepehri et al., 2017). Fig. 6.1 

in Chapter 6 depicts the primary/secondary mining/backfilling activities at the hard rock 

mine. Two drifts of overcut and undercut were developed at the bottom and top of the 

stope, respectively, for mining and transportation of the ore products. As the stope was 

entirely mined out, the CRF material was then used in the extracted stope to provide 

support to the adjacent rock pillars. As the primary stopes were extracted and backfilled, 

the secondary stopes, which were the adjacent rock pillars, could be mined, leaving the 

primary CRF columns to prevent the mined-out area from catastrophic disasters of 

subsidence or rock pillar failure.  

8.2.2 Mitchell’s analytical model  

Mitchell (1982) first proposed an analytical model to evaluate the stability of the backfill 

column based on a limit equilibrium analysis of a wedge block model. Li and Aubertin 

(2012) proposed a modified Mitchell’s solution suitable for the backfilled stopes with 

rectangular shapes and overcame the limitations of original Mitchell’s analytical model. 

In the modified Mitchell’s solution, the internal friction angle of the backfill column can 

be nonzero, the contact between the backfill column and the unexposed surrounding walls 
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can be nonnegligible, and the interface cohesion can be considered a part of the cohesion 

of the backfill column. Meanwhile, A factor of safety (FS) is introduced to evaluate the 

backfill column stability, calculated as the resistance force's and driving force's ratio on 

the failure plane (Li and Aubertin, 2012). Fig. 8.1 shows the schematic diagram of a typical 

vertical backfill column, of which the front sidewall is exposed to the adjacent extracted 

stope. 𝐻, 𝐵, and 𝐿 are the height, width, and length of the backfill column, respectively. 

𝐻𝑟 is the height of the main backfill column with a unit weight of 𝛾, a cohesion of 𝑐, and 

an internal friction angle of 𝜑. 𝐻𝑝 is the height of the backfill column plug with a unit 

weight of 𝛾𝑝 , a cohesion of 𝑐𝑝 , and an internal friction angle of 𝜑𝑝 . 𝑝𝑜  is the surcharge 

pressure that acts on the top surface of the backfill column.  

For the failure plane of the backfill column, two possibilities can be considered due to the 

difference in the mechanical properties of the two parts of the backfill column. One is the 

failure plane that entirely falls in the part of the backfill column plug, and the other one 

is the failure plane intersects with the interface between the main backfill column part 

and the backfill column plug. It must be mentioned that, in this study, the mechanical 

properties of the backfill column plug are assumed to be the same as the main backfill 

column part. Thus, the cohesion (𝑐𝑝) of the backfill column plug can be equal to the main 

backfill column part (𝑐𝑓), and the cohesion at the interface between the backfill column 

and the surrounding walls (𝑐𝑖) is assumed to be a portion of the backfill column’s cohesion 

(𝑐):  

𝑐𝑝 = 𝑟𝑝𝑐𝑓 = 𝑐 (Eq. 8.1) 
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𝑐𝑖𝑓 = 𝑐𝑖𝑝 = 𝑟𝑖𝑓𝑐𝑓 = 𝑟𝑖𝑝𝑐𝑝 = 𝑐𝑖 = 𝑟𝑖𝑐 (Eq. 8.2) 

where 𝑐𝑖𝑓  and 𝑐𝑖𝑝 are the cohesions at the interfaces between the surrounding walls and 

the corresponding backfill column part and backfill column plug, respectively. 𝑟𝑝, 𝑟𝑖𝑓, 𝑟𝑖𝑝, 

and 𝑟𝑖  are the corresponding proportion coefficients for the interface cohesions.  

When the failure plane entirely falls in the backfill column plug, then the net weight of the 

wedge block above the failure plane (𝑊𝑛) can be given as:  

𝑊𝑛 = 𝑝𝑜𝐵𝐿 + (𝛾𝐿 − 2𝑐𝑖𝑓)𝐻𝑓𝐵 + (𝛾𝑝𝐿 − 2𝑐𝑖𝑝)𝐻
𝑟𝐵 (Eq. 8.3) 

where the reference height 𝐻𝑟 is given by:  

𝐻𝑟 = 𝐻𝑝 − 𝐻𝑠 −
𝐵 tan𝛼

2
 (Eq. 8.4) 

According to Mitchell’s analytical model, a factor of safety (FS) is introduced to evaluate 

the stability of the backfill column by considering the stress equilibrium of the wedge 

block. It is defined as the ratio between the resisting forces and the driving forces on the 

failure plane. In the situation that the failure plane of the backfill column entirely falls in 

the backfill column plug, the FS can be deduced as:  

𝐹𝑆 =
𝐹𝑟

𝐹𝑑
=
tan𝜑

tan 𝛼
+

2𝑐𝑝𝐿𝐵

𝑊𝑛 sin 2𝛼
=
tan 𝜑

tan 𝛼
+

2𝑟𝑝𝑐

𝑝𝑛 sin 2𝛼
 (Eq. 8.5) 

In this equation, 𝛼 is the angle between the failure and horizontal planes in the backfill 

column. The sub-term of 𝛼 and 𝑝𝑛 are given as:  

𝛼 = 45° +
𝜙

2
 (Eq. 8.6) 
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𝑝𝑛 = 𝑝𝑜 + (𝛾 −
2𝑟𝑖𝑓𝑐

𝐿
)𝐻𝑓 + (𝛾𝑝 −

2𝑟𝑖𝑝𝑟𝑝𝑐

𝐿
)𝐻𝑟 (Eq. 8.7) 

Meanwhile, in this situation, the required cohesion 𝑐𝑟 of the backfill column is given by:  

2𝑐𝑟 =
𝑝𝑜 + 𝛾𝐻𝑓 + 𝛾𝑝𝐻

𝑟

𝛾𝑝
(𝐹𝑆 − tan 𝜙 tan 𝛼⁄ ) sin 2𝛼

+ 𝛾𝑖𝑓
𝐻𝑓
𝐿
+ 𝑟𝑖𝑝𝑟𝑝

𝐻𝑟

𝐿

 
(Eq. 8.8) 

The second possibility is that the failure plane of the backfill column intersects with the 

interface between the main backfill column part and the backfill column plug. In this 

situation, the net weight of the wedge block above the failure plane (𝑊𝑛) can be given as:  

𝑊𝑛 = 𝑝𝑜𝐵𝐿 + (𝛾𝐿 − 2𝑐𝑖𝑓)𝐵𝐻
𝑅 + (𝛾𝑝𝐿 − 2𝑐𝑖𝑝)

(𝐻𝑝 − 𝐻𝑠)
2

2 tan 𝛼
 (Eq. 8.9) 

where the reference height 𝐻𝑅 is given by:  

𝐻𝑅 = 𝐻𝑓 −
(𝐵 tan 𝛼 − 𝐻𝑝 + 𝐻𝑠)

2

2𝐵 tan 𝛼
 (Eq. 8.10) 

In this situation, considering the stress equilibrium of the wedge block in the tangential 

and perpendicular directions along the failure plane of the backfill column, the FS can be 

deduced as:  

𝐹𝑆 =
tan𝜙

tan 𝛼
+

𝑐

sin2 𝛼

tan 𝛼 + (𝑟𝑝 − 1)
𝐻𝑝 − 𝐻𝑠
𝐵

𝑝𝑜 + (𝛾 −
2𝑟𝑖𝑓
𝐿
𝑐)𝐻𝑅 + (𝛾𝑝 −

2𝑟𝑖𝑝𝑟𝑝
𝐿

𝑐)
(𝐻𝑝 − 𝐻𝑠)

2

2𝐵 tan 𝛼

 (Eq. 8.11) 

Meanwhile, in this situation, the required cohesion 𝑐𝑟 of the backfill column is given by:  
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𝑐𝑟 =
𝑝𝑜 + 𝛾𝐻

𝑅 + 𝛾𝑝
(𝐻𝑝 − 𝐻𝑠)

2

2𝐵 tan 𝛼

tan 𝛼 + (𝑟𝑝 − 1)
𝐻𝑝 − 𝐻𝑠
𝐵

(𝐹𝑆 −
tan 𝜙
tan 𝛼

) sin2 𝛼
+
2
𝐿
[𝑟𝑖𝑗𝐻

𝑅 + 𝑟𝑖𝑝𝑟𝑝
(𝐻𝑝 − 𝐻𝑠)

2

2𝐵 tan 𝛼
]

 
(Eq. 8.12) 

If the backfill column plug has the same mechanical properties as the main backfill 

column part, then the FS and the required cohesion of the backfill column in the two 

failure possibilities inside the backfill column can be simplified to:  

𝐹𝑆 =
tan 𝜙

tan 𝛼
+

2𝑐

𝑝𝑜 + (𝛾 −
2𝑟𝑖𝑓𝑐
𝐿
) (𝐻 −

𝐵 tan 𝛼
2

) sin 𝛼

 
(Eq. 8.13) 

2𝑐𝑟 =
𝑝𝑜 + 𝛾 (𝐻 −

𝐵 tan 𝛼
2

)

[(𝐹𝑆 −
tan𝜙
tan 𝛼

) sin 2𝛼]
−1

+
𝑟𝑖𝑓
𝐿
(𝐻 −

𝐵 tan 𝛼
2

)

 (Eq. 8.14) 

Thus, the required uniaxial compressive strength, (𝑈𝐶𝑆)𝑟 , can be expressed from the 

Mohr-Coulomb strength criterion by introducing the required cohesion of the backfill 

column:  

(𝑈𝐶𝑆)𝑟 = 2𝑐 tan (45° +
𝜙

2
) (Eq. 8.15) 
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Fig. 8.1 Interaction between a typical cemented backfill column with an exposed sidewall 

and the surrounding rocks.  

8.3 Numerical simulation  

8.3.1 Model establishment 

Fig. 8.2 shows the geometry, boundary conditions, and establishment procedure of the 

three-dimensional coupled FD-DE model of multiple stopes backfilled with the CRF 

columns, which were constructed in Itasca software FLAC3D and PFC3D. In this study, 

the dimensions, mechanical properties, boundary conditions, and geo-stress balance of 

the FD model of the orebody (surrounding rocks) are the same as those descriptions of 

the FD model of the surrounding rocks in Chapter 7. The dimensions of the FD model are 

large enough to eliminate the scale effect from the boundary conditions efficiently, and 

then the mechanical properties of kimberlite rock listed in Table 5.1 in Chapter 5 were 

assigned to the FD model of the surrounding rocks directly. Each stope, excavated in the 

FD model according to the mining/backfilling sequence at the hard rock mine, has the 

same dimensions as the single stope described in Chapter 7.  
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As shown in Fig. 8.2b, in the coupled FD-DE model of the multiple backfilled stopes, there 

are three primary and two secondary stopes. The mining/backfilling activities in the 

coupled FD-DE model were executed in 7 stages, as indicated in Fig. 8.2b. First, the 

primary stope A was extracted and backfilled with the CRF column A (stage 1 and stage 

2), and then the primary stope B and C were mined-out and backfilled with the CRF 

columns B and C, sequentially (stage 3 to stage 6). Finally, the secondary stope D and E 

were excavated (stage 7), leading the CRF column A to stand alone without support from 

adjacent rock pillars. Meanwhile, a constant quasi-static displacement rate of 0.5 

mm/min was added on the top surface of the DE model of the CRF column A, B and C, 

respectively, after the stope D and E was extracted, to study the stability of the CRF 

columns subjected to different numbers of exposed sidewalls. In addition, two groups of 

the mechanical properties of the CRF material, which are listed in Table 8.1, were assigned 

to the DE model of the CRF columns to study the effect of the strength characteristics on 

the fracture development and failure pattern of the columns. During these stages of the 

mining/backfilling sequence, the stress and displacement redistribution were measured 

and recorded along the predefined monitoring points, lines, and cross-sections in both 

the DE model of the CRF columns and the FD model of the surrounding rocks, which are 

marked in Fig. 8.2c to Fig. 8.2d.  

Table 8.1 Physical-mechanical properties of the CRF columns.  

Category 
With the average uniaxial 

compressive strength 

With the lowest 

compressive strength 

Unit weight (MN/m3) 0.028 0.028 

Young’s modulus 

(GPa) 
4.45 3.00 
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Poisson’s ratio 0.24 0.24 

Uniaxial compressive 

strength (MPa) 
6.69 4.95 

 

 

Fig. 8.2 Coupled FD-DE model of multiple stopes backfilled with the CRF columns: a) 

perspective view, b) mining sequence, c) backfilling sequence and d) measuring method.  

8.3.2 Parameter determination  

For the FD model of the surrounding rocks, the Mohr-Coulomb constitutive model was 

applied, and the mechanical properties listed in Table 5.1 in Chapter 5 were directly 

assigned to the FD model. For the DE model of the CRF columns, firstly, a series of 

numerical uniaxial and triaxial compression tests were conducted on the DE model of the 
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CRF specimens, which were generated according to the simplified particle size 

distribution to determine the microstructural parameters in the parallel bond (PB) 

contact model. These numerical tests can ensure the overall mechanical properties and 

stress-strain behaviour of the DE model are the same as the real CRF specimens in the 

laboratory. Next, the discrete particles of the DE model of the CRF columns were 

generated in layers with a simplified particle size distribution using the particle diameter 

scaling method. As a result, a total of 226,977 discrete particles were generated, with 

diameters ranging from 0.18 m to 0.3 m, and the DE model of the CRF columns was 

simulated to have a natural lateral earth pressure state. And then, these determined 

microstructural parameters, which were listed in Table 4.2 in Chapter 4, were assigned to 

the PB contact model among the discrete particles of the DE model of the CRF columns. 

Meanwhile, numerical the direct shear tests on the coupled FD-DE model of the combined 

rock-cemented rockfill (R-CRF) specimens were designed to determine the 

microstructural parameters at the interfaces between the DE model of the CRF columns 

and the FD model of the surrounding rocks (Wei et al., 2022). As a result, the 

microstructural parameters of the interfaces in the coupled FD-DE model of multiple 

backfilled stopes have been determined and listed in Table 5.3 in Chapter 5.  

8.4 Results and discussion  

8.4.1 Stress and displacement distribution in the DE model of the CRF columns  

Fig. 8.3 shows the stress distribution along the VCL of the DE model of the CRF column 

A during the mining/backfilling sequence of stope B to E. It indicates that the 

primary/secondary manner of the mining/backfilling activities can significantly influence 

the stress states in the CRF columns at different stages in the sequence. At stage 2, the 
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discrete particles of the DE model of the CRF column A were placed into the extracted 

stope A by layers. At the natural lateral earth pressure state, as the PB contact model 

which was applied among the discrete particles was activated, the horizontal (𝜎𝑥𝑥
𝑎 ) and 

vertical stresses (𝜎𝑧𝑧
𝑎 ) in the x- and z- directions, respectively, increased along the VCL of 

column A, due to multiple stages of compression and consolidation under the overburden 

pressure from the overlying CRF layers. However, at a random depth of column A, the 𝜎𝑥𝑥
𝑎  

and 𝜎𝑧𝑧
𝑎  were smaller than the corresponding natural lateral earth pressure (𝑝ℎ ) and 

overburden pressure (𝑝𝑣), respectively, due to the shear effect at the interfaces between 

the DE model of the CRF column A and the FD model of the surrounding rocks.  

At stage 3, as the adjacent stope B was extracted, 𝜎𝑥𝑥
𝑎  along the VCL of the DE model of 

the CRF column A decreased since the rock pillar D tended to bend to the extracted stope 

B, which led to the decrease in the confining pressure at the interface between the DE 

model of the CRF column A and the FD model of the stope D. As can be seen from Fig 

8.3a that at the shallow depth, along the VCL of column A, 𝜎𝑥𝑥
𝑎  decreased to zero, showing 

an at-rest lateral earth pressure state, and at the middle height, 𝜎𝑥𝑥
𝑎  became tensile, 

indicating a more unstable lateral earth pressure state. It also shows that the excavation 

of stope B hastened column A to transfer from active to at-rest lateral earth pressure state, 

especially at the shallow and middle height of the column. Meanwhile, as can be seen from 

Fig. 8.3b, along the VCL of column A, 𝜎𝑧𝑧
𝑎  increased during stage 3 since the excavation of 

stope B accelerated the downtrend movement of the discrete particles of column A and 

weakened the shear effect at the interface between column A and stope D.  

During stage 4, the excavated stope B was backfilled, 𝜎𝑥𝑥
𝑎  along the VCL of the DE model 

of the CRF column A increased significantly, especially at the shallow and middle depth, 
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since backfilling the stope B recovered part of the horizontal elastic strain that was stored 

in the rock pillar D. But 𝜎𝑥𝑥
𝑎  along the VCL of the column, A can never recover to its 

original value and lateral earth pressure state before the excavation of stope B. 

Meanwhile, 𝜎𝑧𝑧
𝑎  almost decreased to its original value and stress state before the 

excavation of stope B, since that backfilling the stope B contributed to the increase in the 

confining pressure and shear stress at the interface between the column A and the stope 

D. At the stage 5 and stage 6, the law of the stress redistribution along the VCL of the DE 

model of the CRF column A are similar to the stage 3 and stage 4. As stope C was excavated 

and backfilled, 𝜎𝑥𝑥
𝑎  Increased positively as tensile stress and then decreased slightly to 

around zero, especially at the shallow and middle height of column A, and 𝜎𝑧𝑧
𝑎  Increased 

firstly and then decreased. However, neither 𝜎𝑥𝑥
𝑎  and 𝜎𝑧𝑧

𝑎  can recover to its original value 

and stress state before the excavation of stope C due to the realization of the elastic strain 

stored in the rock pillar E. However, it also indicates that at stage 5, the CRF column A 

DE model can have the worst stability condition due to the further development of tensile 

stress zones, especially at the shallow and middle height of the column.  

As can be seen in Fig. 8.3, at stage 7, rock pillars in the stope D and E were extracted at 

the same time, and significant stress redistribution can be found both in 𝜎𝑥𝑥
𝑎  and 𝜎𝑧𝑧

𝑎  along 

the VCL of the DE model of the CRF column A. During stage 7, 𝜎𝑥𝑥
𝑎  decreased to zero, 

especially at column A's shallow and middle depth, due to the disappearance of the 

confining pressure and supporting effect from the adjacent rock pillars. Meanwhile, 𝜎𝑧𝑧
𝑎  

increased significantly to the overburden pressure (𝑝𝑣 ), which is only related to the 

density and height of the column, due to the disappearance of the resistance from the 

shear effect at the interfaces between the column A and the stope D and stope E.  
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Fig. 8.3 Stress distribution along the VCL of the DE model of the CRF column A at the 

natural lateral earth pressure state during the mining/backfilling sequence of the stope B 

to E: a) 𝜎𝑥𝑥
𝑎 , and b) 𝜎𝑧𝑧

𝑎 .  

Fig. 8.4 shows the effect of stope D and E mining sequence on the displacement 

distribution at the CCS of the DE model of the CRF columns. At the natural lateral earth 

pressure state, before the stope D and E were extracted, the arching phenomenon can be 

observed in the DE model of the CRF columns A, B, and C, due to the shear effect at the 

interfaces between the DE model of the CRF columns and the FD model of the 

surrounding rocks. Thus, the distribution of the displacement in the z-direction (𝑑𝑧𝑧
𝑎 ) in 

all three columns can show as concaved-down shape arches, since 𝑑𝑧𝑧
𝑎  was larger at the 

locations near the VCLs of the columns and smaller at the locations near the surrounding 

rocks. However, along the VCLs of the columns, 𝑑𝑧𝑧
𝑎  in column A was slightly larger than 

the columns B and C at the same height due to the irreversible downtrend movement and 

settlement of the discrete particles during the mining/backfilling process of stope B and 

C. Along the VCLs of the DE model of the CRF columns, 𝑑𝑥𝑥
𝑎  at the bottom part of the 
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column, A was slightly larger than columns B and C at the same location due to a further 

expansion of the column width during the mining/backfilling process of stope B and C.  

Fig. 8.4b shows that the mining sequence of stope D and E significantly influences the 

displacement distribution at the CCS of the DE model of the CRF columns. After the 

excavation of the stope D and E, the confining pressure and supporting effect from the 

adjacent rock pillars to the CRF columns disappeared, resulting in the disappearance of 

the shear effect at the interfaces between the DE model of the CRF columns and the FD 

model of the surrounding rocks. Thus, a further downtrend movement and settlement of 

the discrete particles in the columns occurred, leading to an increase in 𝑑𝑧𝑧
𝑎  in the columns, 

especially the parts near the extracted stope D and E. Meanwhile, after the excavation of 

D and E, the DE model of the CRF columns A, B, and C all tended to slide into the adjacent 

mined-out area, leading to an increase in 𝑑𝑥𝑥
𝑎 , especially at the shallow and middle parts 

of the columns. It shows that the excavation of stope D and E reduced the stability of the 

columns, leading to the formation of the potential failure planes in the DE model of the 

CRF columns.  
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Fig. 8.4 Effect of the mining/backfilling sequence of the stope D to E on the displacement 

distribution at the CCS of the DE model of the CRF columns at the natural lateral earth 

pressure state: a) 𝑑𝑥𝑥
𝑎  on the xz-plane, and b) 𝑑𝑧𝑧

𝑎  on the xz-plane.  

Fig. 8.5 and Fig. 8.6 show the failure pattern, fragment and force chains development of 

the DE model of the CRF columns with different mechanical properties and different 

numbers of the exposed sidewalls under the constant displacement control at the top 

surface of the columns. It should be mentioned here that the colour of the discrete 

particles in the DE model of the CRF columns indicates the order in which the fragments 

appear, and the green and blue colour indicates the tension and compression contact 

forces, respectively, in the parallel bond between two discrete particles in the DE model 

of the CRF columns. The modelling results show that when the adjacent stope was 

extracted, the DE model of the CRF columns with the average and the lowest UCS values 

were strong enough to stand steadily under the overburdened pressure from their self-
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weight. It indicates that although naturally, the UCS of different parts of the CRF columns 

distributes dispersedly from 4.95 MPa to 8.78 MPa, which was discussed in Chapter 3, 

the CRF columns at the hard rock mine can still maintain stability, and no potential failure 

risk occurs.  

And then, as the constant displacement rate was added at the top surface of the DE model 

of the CRF columns, the extra overburden pressure was loaded until the column reached 

its critical failure state. Fig. 8.5 shows that the DE model of the CRF columns B and C, 

which were with one exposed sidewall to the adjacent mined-out area, both have the same 

failure pattern of sliding shear mode, while the columns with the lowest UCS value 

reached failure faster due to its weaker load-bearing capacity. In the beginning, both 

columns B and C tended to slide into the adjacent extracted stope, and then the fragment 

started to develop from the foot end of the columns and gradually formed a wedge block. 

As the extra overburden pressure loaded on the top of the columns increased, the wedge 

block started to fall off from the failure plane, which appeared in both the columns, with 

average failure angles of 66.5 º and 65.2º, respectively, for the columns with average and 

the lowest UCS. According to the modified Mitchell’s analytical model, the calculated 

failure angle of the failure plane is 70.5°, which is very close to the observation on the two 

kinds of DE model of the CRF columns, with an average error of 6.6%. 

Meanwhile, if the FS was assumed to be 1, the required cohesion and the required UCS of 

the CRF columns were calculated as 0.088 MPa and 0.5 MPa, respectively, which were 

much smaller than the lowest UCS from the laboratory test results. For the DE model of 

the CRF column A, which was with two exposed sidewalls to the adjacent extracted stope 

D and E, the failure was in the ‘X’ shear mode at the shallow depth of the column during 
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the loading of the overburden pressure on the top surface of the column. The modelling 

and calculation results indicate that the CRF columns at the hard rock mine have an 

excellent stability condition and no potential failure risks exist even though the 

segregation phenomenon was found in the CRF columns, leading to the dispersed 

distribution of the UCS of different parts of the CRF columns.  
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Fig. 8.5 Failure pattern of the DE model of the CRF columns with a) average UCS and b) 

lowest UCS, subjected to the overburden pressure.   

 

Fig. 8.6 Force chain of 𝜎𝑛
𝑐  at the CCS of the DE model of the CRF columns with a) average 

UCS and b) lowest UCS, subjected to the overburden pressure.   
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8.4.2 Stress and displacement distribution in the FD model of the surrounding rocks 

Fig. 8.7 and Fig. 8.8 present the distribution of the maximum principal stress (𝜎𝑚
𝑎 ) along 

the monitoring lines and at the CCS of the coupled FD-DE model of the multiple backfilled 

stopes, which was influenced by the mining/backfilling sequence. Fig. 8.7a shows the 

distribution of 𝜎𝑚
𝑎  along the monitoring line AB in the FD model of the surrounding rocks 

at the natural lateral earth pressure state during the mining/backfilling sequence of the 

stope A to E. During stage 1, stope A was excavated and stress concentration zones of 𝜎𝑚
𝑎  

were formed at the bottom corners of stope A.  During stage 2, stope A was backfilled with 

the DE model of the CRF column A, and 𝜎𝑚
𝑎  at the bottom corners of the stope, A 

decreased by 2.6%. As the stope B was excavated in stage 3, 𝜎𝑚
𝑎  at the bottom corners of 

the stope A and B both increased again. However, due to the supporting effect from 

column A to the adjacent rock pillars, 𝜎𝑚
𝑎  at the left bottom corner of the stope, A was 

10.6% smaller than 𝜎𝑚
𝑎  at the right bottom corner of stope B. And then, the stope B was 

backfilled with the column B in stage 4, and 𝜎𝑚
𝑎  at the bottom right corner of the stope, B 

decreased by 2.5%.  

The effect of the mining/backfilling sequence of the stope C on the distribution of 𝜎𝑚
𝑎  

along the monitoring line, AB is very similar to stope B due to the symmetric geometry of 

the coupled FD-DE model of the multiple backfilled stopes. During stage 5, stope C was 

excavated, and 𝜎𝑚
𝑎  at all bottom corners of the columns increased, while 𝜎𝑚

𝑎  at the right 

bottom corner of the stope B was 2.4% smaller than 𝜎𝑚
𝑎  at the left bottom corner of stope 

C, due to the supporting effect from columns A and B. And then, stope C was backfilled 

with the column C in stage 6, and 𝜎𝑚
𝑎 at the left bottom corner of the stope, C decreased by 

2.5%.  
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Fig. 8.7b shows that the mining/backfilling sequence of the stope A to E has a significant 

influence on the distribution of 𝜎𝑚
𝑎  along the monitoring line CD in the rock pillar E (stope 

E) in the FD model of the surrounding rocks at the natural lateral earth pressure state. 

Before the mining/backfilling activities in the FD model of the orebody, 𝜎𝑚
𝑎  along the 

monitoring line CD in the stope E can be only related to the unit weight of the rock mass. 

At the stage 1, the stress concentration zones of 𝜎𝑚
𝑎  formed at the top and bottom corners 

of the stope E due to the excavation of stope A. And then,  𝜎𝑚
𝑎  decreased slightly during 

the stage B when stope A was backfilled with the DE model of CRF column A. At stage 3 

the stope B was excavated, 𝜎𝑚
𝑎  along the monitoring line CD increased significantly since 

the right sidewall of the stope E was exposed and the sudden increase in the overburden 

pressure at the top of the rock pillar E. Next, backfilling the stope B contributed to the 

decrease in 𝜎𝑚
𝑎  at the bottom of the rock pillar E, while 𝜎𝑚

𝑎  at the shallow depth of the 

pillar increased slightly. The mining/backfilling sequence of the stope C can have a similar 

effect on the distribution of 𝜎𝑚
𝑎  along the monitoring line CD in stope E, compared with 

stope B, the effect can be smaller due to a farther distance. Fig. 8.7 and Fig 8.8 also 

indicate that backfilling the multiple stopes with the CRF columns can provide the 

confining pressure and supporting effect to the adjacent rock pillars and shrink the stress 

concentration zones improve the stability and the stress distribution state at the mined-

out area.  



  Page 220  

 

Fig. 8.7 Distribution of 𝜎𝑚
𝑎  along the monitoring lines in the FD model of the surrounding 

rocks at the natural lateral earth pressure state during the mining/backfilling sequence of 

the stope A to E: a) monitoring line AB, and b) monitoring line CD.  

 

Fig. 8.8 Effect of the mining/backfilling sequence of a) stope A to C, and b) stope D to E, 

on the distribution of 𝜎𝑚
𝑎  at the CCS of the FD model of the surrounding rocks at the 

natural lateral earth pressure state.   
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Fig. 8.9 presents the displacement distribution at the CCS of the FD model of the 

surrounding rocks at the natural lateral earth pressure with or without the stope A to C 

were backfilled. Fig. 8.9a indicates that at the natural lateral earth pressure state, the rock 

pillars D and E (stope D and E) tend to slide into the adjacent mined-out area. For the 

multiple stopes that were backfilled with the CRF columns, 𝑑𝑥𝑥
𝑎  The stope D and E were 

smaller than the multiple stopes backfilled with the CRF columns, especially at the middle 

and bottom part of the rock pillars, leading to a lower failure risk. Fig. 8.9b and Fig. 8.9c 

show that as the stope A to C were backfilled, 𝑑𝑧𝑧
𝑎  and 𝑑𝑚

𝑎  at the top part of the rock pillars, 

D and E slightly increased, while 𝑑𝑧𝑧
𝑎  and 𝑑𝑚

𝑎  at the bottom of the multiple backfilled 

stopes decreased, compared with the multiple stopes that were not backfilled with the 

CRF columns.  
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Fig. 8.9 Effect of the mining/backfilling sequence of the stope A to C on the displacement 

distribution at the CCS of the FD model of the surrounding rocks at the natural lateral 

earth pressure state: a) 𝑑𝑥𝑥
𝑎  on the xz-plane, b) 𝑑𝑧𝑧

𝑎  on the xz-plane, and c) 𝑑𝑚
𝑎  on the xz-

plane.  

Fig. 8.10 depicts the comparison of the displacement distribution at the CCS of the FD 

model of the surrounding rocks between the multiple stopes that were involved or not 

involved in backfilling activities during the mining/backfilling sequence. Fig. 8.10a shows 

that the as the multiple stopes were backfilled sequentially during the stage 1 to 7, 𝑑𝑥𝑥
𝑎  in 
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the FD model, the surrounding rocks, especially at the lateral walls of stope 2 and 3, were 

smaller than the multiples stopes without backfilling activities at the natural lateral earth 

pressure state due to the confining pressure and supporting effect that were provided by 

the CRF column B and C. Fig. 8.10b and Fig. 8.10c show that as the multiple stopes were 

backfilled, 𝑑𝑧𝑧
𝑎  and 𝑑𝑚

𝑎  at the roof of the FD model of the surrounding rocks have minimal 

changes, while 𝑑𝑧𝑧
𝑎  and 𝑑𝑚

𝑎  at the bottom of the multiple backfilled stopes decreased, 

compared with the multiple stopes that were not backfilled with the CRF columns.  
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Fig. 8.10 Effect of the mining/backfilling sequence of the stope D to E on the 

displacement distribution at the CCS of the FD model of the surrounding rocks at the 

natural lateral earth pressure state: a) 𝑑𝑥𝑥
𝑎  on the xz-plane, b) 𝑑𝑧𝑧

𝑎  on the xz-plane, and c) 

𝑑𝑚
𝑎  on the xz-plane.  

8.5 Conclusions 

In this study, the coupled finite difference (FD) and discrete element (DE) method were 

successfully used to simulate multiple underground stopes backfilled with the cemented 

rockfill (CRF) columns, considering the frictional-bonded interfaces between the CRF 

columns and the surrounding rocks, and the primary/secondary manner of the 

mining/backfilling activities. The modelling results indicate that the stress and 

displacement distribution in the CRF columns and around the surrounding rocks can be 

significantly influenced by the mining/backfilling sequence, leading to changes in the 

stability conditions at the multiple backfilled stopes. As a result, backfilling the multiple 

stopes with the CRF columns can decrease the maximum principal stress in the 

surrounding rocks, shrink the stress concentration zones occurring at the corners of the 

stopes, provide extra confining pressure and supporting effect to the adjacent rock pillars, 

and reduce the risk and potential damage from the overburden pressure to the 

underground mined-out area.  
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Chapter 9 Conclusions and recommendations  

Five main conclusions can be summarized and highlighted here based on the laboratory 

test and numerical modelling results discussed in Chapters 3 to 8 in this thesis. Firstly, 

the strength characteristics and deformation properties of the field CRF material are 

heterogeneous at different parts of the CRF column, resulting from the segregation 

phenomenon during the settlement and consolidation processes of the CRF material due 

to the effects of the particle size distribution field curing conditions, and the workability 

of the CRF material. Secondly, the discrete element (DE) method, a discontinuum 

modelling approach, is verified to be feasible to simulate the elastoplastic behaviour of 

the CRF material, especially at the post-failure stage, by applying the parallel bond (PB) 

contact model and particle size scaling method. Thirdly, running the new-designed direct 

shear test on the coupled finite difference (FD) and discrete element (DE) model of the 

combined rock-cemented rockfill (R-CRF) specimen is verified to be an imperative step 

to determine the microstructural parameters of the PB contact model applied at the 

frictional-bonded interfaces between the CRF columns and the surrounding rocks. 

Fourthly, the stress and displacement distribution at the underground backfilled stopes 

is significantly influenced by the arching phenomenon, resulting from the shear effect at 

the interfaces between the CRF columns and the surrounding rocks. Next, the stress and 

displacement distribution at the underground backfilled stopes is significantly influenced 

by the primary/secondary manner of the mining/backfilling activities, leading to different 

stability conditions at different stages of the mining/backfilling sequence. It is verified 

that backfilling the underground stopes with the CRF columns can efficiently improve the 
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stress state and enhance the stability of the adjacent mining area. Finally, the coupled FD-

DE method is proved to be an advanced hybrid discontinuum-continuum approach, with 

higher computation efficiency and precision, to simulate the mechanical interaction 

between different geo-materials involved with frictional, cohesive and bonded interfaces.  

Meanwhile, three main aspects in the future work can be drawn here by comparing this 

research to the reality of the mining/backfilling activities at the Canadian hard rock mine. 

First, the determination of the microstructural parameters of the PB contact model at the 

interfaces with irregular profile shapes, different meshing sizes and numbers in the 

coupled FD-DE model of the underground stopes backfilled with the CRF columns. 

Second, the simulation of the CRF columns cured under the field conditions with the DE 

method by generating the discrete particles with different shapes, contacts and 

compositions. Thirdly, simulating the real-scale underground mined-out area backfilled 

with the CRF columns at the hard rock mine by connecting the Itasca software FLAC3D 

and PFC3D to the supercomputer with high computation efficiency.  
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