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Abstract
Mining at great depth is associated with many principal stability and ground control problems. 
One of the challenges currently facing underground mines is changes in ground conditions 

leading to the fall of ground (FoG) hazards. Fall of ground refers to rock material dislodged 

from roof and sidewalls of an underground excavation usually unintentionally induced. This 

study focuses on FoG characterization. A FoG database has been compiled. In order to 

quantify the rock mass behavior around underground excavations and fully characterize the 

FoG events, statistical analysis, numerical methods, rock engineering system (RES) and 

artificial neural networks (ANN) have been used. The Bamangwato Concessions Limited 

(BCL), an underground mine located in Selibe-Phikwe, Botswana was used as case study 

where FoG events that occurred in various stopes and other mine openings were recorded. 
Overall, two aspects of the FoG characterization were investigated. In the first part of this 

thesis, the concept of ground behaviour index was introduced to predict the ground class 

associated with FoG hazard. To this end, ANN was used to determine the weights of input 
parameters involved and the RES was employed as a tool to quantify the non linear 
interactions of parameters via the interaction matrices and the hazard class evaluated. 
Meanwhile, in the second part of the thesis, numerical modelling was implemented to analyse 

the modes of rock failure around the underground openings which had led to FoG. Several 
models were established in Rocscience software package to simulate the structure-induced 

and stress-induced failure modes or a combination of both that had been observed in the field. 
In general, the obtained results were in agreement with the field results. It is concluded that 
this study has enhanced the understanding of ground conditions, fall of ground characteristics 

and provided ground control improvements in BCL mine.

Keywords: Fall of ground characterization; failure mode; ground control; ground behavior 
index; rock engineering system; Artificial Neural Networks; and Numerical Methods
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Chapter 1: Introduction

1.1 The research background
Over the years, Bamangwato Concessions Limited (BCL) mine has been a key driving factor 
to Botswana’s economy, enormously contributing to the gross domestic product (GDP) 
(Newman, 2013). The depletion of surface mineral resources compels mining in deeper 
ground to extract valuable mineral resources that account for country’s economy. The 

development of mines into greater depths, unexploited ground conditions is accompanied by 

risk, unique challenges for engineers and researchers that are associated with underground 

excavation instability and ground control issues.
A wide range of rock fall events can be used in the literature to describe fall of ground (FoG). 
FoG can be defined as rock detached from roof and sidewalls of an underground excavation 

usually unintentionally induced (Adoko et al., 2017). Ground falls refer to rock dislodged by 

falling from roof, sliding from sidewalls, that falls by gravity on the excavated site (Varnes, 
1978). In this thesis the author defined fall of ground as when the rock material is discharged 

from the roof and sidewalls as blocks posing serious threat to the underground activities such 

as causing injuries, fatalities and damaging equipment.
Falls of ground (FoG) are an intrinsic danger and one of the leading hazards in underground 

mines eroding workers safety and mine operations. Falls of ground dangers exist in every 

underground mine across the world due to uncertainties in ground conditions and are a result 
of excavation instability. Thus, ground fall is a serious unwelcome global challenge affecting 

underground miners and mining investment. Fall of ground characterization is of critical 
importance to the design and mining of underground rock engineering projects.
In recent years, ground falls have been reported as a problem in BCL mine and underground 

mines from many countries, including South Africa (Koldas, 2003, Stacey and Gumede, 
2007), USA (Bertoncini and Hinders, 2010), Peru (Iramina et al., 2014) and Zambia (Katongo, 
2005). In BCL, underground mining operations have been affected by FoG leading to mine 

economic loss and accidents to miners. The mine accidents reveal the hazardous nature of 

FoG. Historically rock falls have always been accountable for the loss of lives and it is the 

leading hazard causing most fatalities in mining and tunnel works. For example, nine miners 

died in a violent coal bump at Crandall Canyon mine in United States in 2007 (Mark et al.,
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2011). Since 1999 through to 2010, fall of ground integrated with rockbursts have in the past 
been responsible and remains the leading cause of most fatalities and injuries in underground 

mines. The development of ground control procedures and ground support standards to tackle 

these hazards has resulted in reduction of fatalities and enhanced mining operations (Pappas 

and Mark, 2012).
Ground conditions, geological discontinuities, excavation geometry, support design measures 

and mining methods are fundamental contributors of underground excavation rock falls. 
Ground control has been and continues to be a major problem facing underground mines 

around the world. The reduction of geo-engineering hazards including fall of ground to an 

acceptable degree, while maintaining safe excavations in surrounding rock mass is the 

principal objective of ground control in mining, civil and tunneling operations. Therefore, the 

knowledge of rock mass structure, ground behavior and failure mode is essential in managing 

the ground and designing of ground control procedures for future mining. The consequence of 

FoG have led to personal harm, equipment damage accompanied with enormous economic 

losses in worker’s compensation and production delay (Lang, 2010).

1.2 Problem description
Over the past two decades, annual fatalities in Bamangwato Concessions Limited (BCL) 
underground mine have been decreasing steadily while production was rising. The downward 

trend in fatalities and injuries classified in 5 year periods can be observed through the two 

decades in Table 1. 2005 to 2009 were the safest years for BCL mining recording the lowest 
number of fatalities and injuries, with 2 fatalities and 2 lost time injuries according to the 

statistics. Fall of ground events are accountable for most of the fatalities and injuries of the 

BCL underground mine according to mine accident statistics. This shows that unplanned falls 

of ground are an important problem. On the BCL fall of ground reports, 89 fatalities and 

injuries occurred from March 1995 through January 2016 with an enormous number of these 

accidents taking place in stopes areas posing danger to miner’s safety (BCL, 2016).
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Tabic 1: BCL mine fatalities and injuries data BCL mine (BCL, 2016).
Reportable 

Injuries (RI)
Lost Time Minor Injuries

BCL Mine Year Fatalities
Injuries (LTI) (MI)

1995-1999 12 16 1
2000-2004 8 13 9 6
2005-2009 2 2

2009-2016 2 7 7 4

Total 24 36 19 10

New challenges of excavation stability arise due to increased depths of mining, changing 

ground conditions and changes of rock mass response to mining has resulted in fall of ground 

occurring in BCL mine. Table l illustrates FoG fatalities and injuries that have occurred in 

BCL mine caused by fall of ground from excavation roof and side walls. Increasing concern 

of hazard occurrences in BCL mines has led to demand for improvement and efficient ground 

control measures. Accordingly, instability of rock mass surrounding underground mine 

excavations has become a serious safety issue and challenging problem for BCL and mining 

industry worldwide. Currently numerous number of FoG are registered in the mine with 

varying fall out size. Figure 1 shows fall of ground damage that occurred at 835 m depth/ 
3450 stope. Ln order to deal with these challenges, design methodologies must take into 

consideration all risk modifiers that influence manifestations of instability in surrounding rock 

mass. This research focuses on considerable fundamental fall of ground characterization for 
effective ground control in BCL mine as a case study. Ground control forms a significant part 
of mine planning to ensure, improve safety and production. Peng (2015) stated that 
implementation of ground control methods is required for improving miners safety and 

accomplishing desired mine design as many rock engineering applications would have not 
functioned without it.
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Figure 1: Fall of ground at 835 m/ 3450 in Phikwe stope.

1.3 Motivation
Underground excavations are located in vast variety of ground conditions with different 
inodes of behavior and failure. This has led to an imperative challenge of understanding of 

surrounding rock mass response to underground mining activities since it can aid in 

eliminating hazards, improving safety and ground control approaches. The motivation for this 

research work was driven by problems associated with excavation instability such as falls of 

ground necessitating to make underground mines a safer place to work. The problems and 

consequences of changing ground conditions led to the requirement to characterize and 

understand the cause of ground falls in different stope environments in the mine.

1.4 Aim of the research project
The aim of this research is to characterize fall of ground events that occurred at BCL mine in 

order to propose practical recommendations in terms of ground control.

1.5 Objectives of this study 
The main objectives of the research project are to:

i. Compile fall of ground data including the rock mass characteristics, excavation 

geometry, excavation support and mining methods.
ii. Describe the FoG events at BCL mine.
iii. Quantify the rock mass behavior around the stopes subject to fall of ground using the 

concept of Ground Behavior Index (GB1).
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iv. Analyze the fall of ground features including the factors influencing the excavations 

instability, failure types and modes in selected stopes using numerical methods.
v. Formulate recommendations for ground control at BCL Mine.

1.6 Methods
In order to achieve the objectives of this study, a set of methods were implemented including 

Field observations, statistical methods, Rock Engineering System (RES), Artificial Neural 
Network (ANN) and numerical modeling methods as summarized in Table 2.
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Table 2: Methods employed to acquire the objectives of this study.

Objectives Methods

(i). Compile fall of ground data 

including the rock 

characteristics, excavation geometry, 

support and mining methods.

Field observations.

Literature review.

Followed by collection of underground data from the 

field, underground mapping, studying and assembling 

geotechnical reports.

Laboratory rock mechanical properties testing results 

data was availed.

Fall of ground data gathered from ground fall 

directory.

mass

Assembled FoG database was screened to determine 

the fall of ground properties and factors influencing 

instability.

Statistical methods, RES, ANN, GBI conception and 

empirical methods.

(ii). Describe the FoG events at BCL 

mine.

Quantify the rock mass behaviour 

around the stopes subject to fall of 

ground using the concept of Ground 

Behaviour Index.

Simulate different rock material models to reproduce 

the rock failure mode occurring around the stopes and 

sill drive using Rocscience software package (Dips, 

Examine20 and RS2.)

(iii). Analyze the fall of ground 

features including the factors 

influencing the excavations instability, 

failure types and modes in selected 

stopes using numerical methods.

Based on the results of the GBI and numerical 

analysis as well as the field observations, ground 

control suggestions can be devised.

(iv). Formulate recommendations for 

ground control at BCL Mine.

1.7 Thesis Outline
In this thesis, an assessment into characteristics of the rock mass and ground falls, failure 

mode and factors impacting ground instability leading to fall of ground was carried out. The
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current chapter introduces the nature of the work, starting with background, defines the 

problem that is being studied and methodology and objectives of the thesis.
Chapter 2 provides a detailed literature review on fall of ground characterization and ground 

control in underground mining and methods used to pinpoint factors influencing fall of 

ground and methods that can be used to compile, analyze and group FoG data. In this chapter 
an evaluation of the necessary information on characterization of ground falls and ground 

control methods, the importance of controlling ground movement in mines and mine design 

technique was carried out. This involved the theory of hazards presented as FoG and the types 

of FoG. Key concepts of rock falls and rock fall events are explained. The factors that can 

influence FoG are also reviewed. Finally, the different techniques that are used to control 
ground movement are explained.
Chapter 3 presents the methodology that aims at compiling BCL mine fall of ground data and 

analyzing the data using statistical methods. The geological setting, mining methods and the 

stress field of the mine are explained. The methodology of compiling FoG data and 

quantifying the fall of ground characteristics is discussed.
Chapter 4 illustrates the application of ANN and RES to quantify ground behavior of BCL 

mine. Empirical, analytical and statistical analysis together with numerical approaches will be 

used to determine the rock mass behavior and the hazard level of FoG as well as identifying 

principal parameters influencing fall of ground.
Chapter 5 discusses the Rocscience software package used in this work to examine structure 

induced gravity driven failure and stress failure modes occurring in the mine. Kinematic 

analysis is used to assess potential failure around the excavations. Numerical modeling is 

utilized to analyze stress and combined stress and structural failures.
Chapter 6 provides a discussion of this research work’s summary results.
Chapter 7 provides conclusions of this research project incorporating recommendations for 

future work.
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Chapter 2: Fall of Ground Review 

2.1 Introduction
The stability of underground openings is critical to sustainable safe mining in underground 

metalliferous hard rock mines. The evaluation of ground behavior around underground mine 

excavations and characterization of ground falls is required because they have a considerable 

influence on engineering decision making when choosing suitable mine design techniques, 
application of ground control measures and maintaining underground openings stability. The 

excavation failure mode may be altered by mining induced stresses. The applicable 

engineering methods may need to be changed due to changes in excavation behavior during 

mining (Kaiser, 2016). In rock engineering projects involving underground excavations in 

rock with discontinuities, many instability problems are caused by failure and deformation 

(Hao and Azzam, 2005). The rock mass failure can result in falls of ground. The major 
challenge encountered in underground metalliferous mining today is managing geo-hazards 

such as fall of ground which is connected to ground control problems.
Ground falls pose a great significant challenge in underground mines and tunnels, as it is the 

source of injuries, fatalities, damage to machinery and production delay. This serious hazard 

has been responsible for numerous casualties, excavation and equipment damage in 

underground mines. In underground mines, FoG and ground control problems demands 

attention for ensuring miners safety and stability of excavations. Underground metalliferous 

hard rock mines continues to experience many types of ground failures and have developed 

comprehensive ground support standards and ground control procedures to address the 

hazards. From underground observations, studies and experience acquired from rock mass 

failure events around excavations indicates that fall of ground is relentless and the 

requirement of understanding ground behavior compels advances in rock mechanics to reduce 

excavation failures (Kaiser, 2016). It is important to assess fall of ground characteristics, 
failure mode, ground conditions connected with hazards to mitigate this unwanted problem by 

coming with reliable improved ground control technology. The system used as a line of 

resistance to lessen any form of ground movement is ground control (Kaiser and Cai, 2012). 
The method has been successful in many underground opening across the world.
Statistics recorded around the world show that mechanized mining practices and ground 

conditions play a key role in driving instabilities. Previous statistical data of non fatal and
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fatal injuries confirm the seriousness of this unwanted safety issue in underground mines in 

USA, Poland, South Africa and Australia (Mark et al., 2011, Martyka and Hetmanczyk, 2013). 
Advancement in ground control methods such as pillar design and ground movement control 
technology have remarkably reduced injuries and fatalities caused by fall of ground but they 

remain the major cause of injuries in underground mines stated by Mark and Gauna (2017). 
Koldas (2003), Peng (2015), Katongo (2005), Kashyap et al. (2008), Mark and Gauna (2017), 
Mark (2016), Zhu et al. (2017), Direk (2015) and Queensland (2004) have been assessing this 

safety issue for years and research work still ongoing worldwide. One of the principal 
problems faced by past and current industry, academic research engineers and research 

students is to advance methods of managing FoG and mitigate the hazards associated with 

ground instabilities. According to Stacey and Gumede (2007), Koldas (2003), Cai (2016), 
Mark (2016), Prusek et al. (2017), Mark et al. (2011), Shahriar et al. (2009), Mark and 

Barczak (2010), Sinkala and Krishna (2014) and Peng (2015) the optimum approaches have 

been developed to diminish these hazards with continuous observations, experience and 

research to upgrade mine safety, but further growth can be achieved in underground mining 

ground control. Such dramatic reduction can be observed in the industry safety statistics, 
which illustrates a crucial downward direction in ground fall injuries and fatalities (Potvin et 
al., 2001). Furthermore, reduction in ground fall injuries can be attributed to other factors 

such as reduction of underground workers, advances in new ground control technologies 

especially innovation of roof bolts implemented for ground support, application of these 

technologies and alteration of safety cultures (Mark, 2015). According to Mark and Barczak 

(2010) utilization of roof control plan and the growth in shield support for long wall mining 

principally contributed in enhancing ground control technology. Research has shown that 
continuous development of ground control technologies and methods would result in 

advances of ground fall prevention plans, improved safety and excavation stability.

2. /. /. 1 Coal Mine ground falls
Esterhuizen and Bajpayee (2012), Molinda and Mark (2010), Mark et al. (2011), Ndlovu and 

Stacey (2007), van der Merwe et al. (2001), Kashyap et al. (2008), Esterhuizen et al. (2007) 
and Xie et al. (2018) previously carried out different studies and examination on roof fall 
causes and factors influencing it. The strength of rock mass, excavation’s geometry and the 

magnitude and the orientation of in situ stresses determine the extent of rock failure around an
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excavation (Hoek et al., 2002). Failures around mine structures stabilize after strata 

movements and in other places continue throughout before Final collapse takes place. 

Research indicates that many roof falls occur in underground mines with weak roofs than in 

strong roofs (Lehmann and Konietzky, 2015, Pappas and Mark, 2010). The stability of 

excavations can be reduced by geological discontinuities. Roof falls in underground coal 

mines are generated by a number of various factors. Esterhuizen et al. (2007), Esterhuizen and 

Bajpayee (2012) and Molinda and Mark (2010) conducted a study on the factors that 

influence excavation stability and found that geological conditions, roof quality, moisture, in- 

situ stress level, mining methods, multiple seam mining and inadequate strata support are the 

leading factors that cause strata movements and FoG. Bajpayee et al. (2014) investigated the 

factors influencing roof instabilities in underground coal mines. Roof falls investigations have 

yielded a list of common types of roof falls that are the chief hazards to miners (Molinda, 

2003).

2.1.2 Occurrence of FoG

Falls of ground occur when rocks become displaced from the roof or sidewalls of an 

underground excavation. The amount of dislodged geological material can vary in size from 

hundreds of kilograms to thousands of tons of material. The ejected material can be a serious 

hazard to workers, equipment and production as it causes injuries, fatalities, damage to 

equipment and production delays as well as economic loss to mine operations. There are 

situations demanded in order for fall of ground incident to happen, such as ground element 

domain, human factor element domain and inadequate ground support system (Biswas and 

Zipf, 2003). Ground control measures are implemented to stabilize underground excavations 

and prevent falls of ground. Ground control is the art of maintaining and preventing ground 

movements in underground mine openings to an acceptable level utilizing various techniques. 

It is essential that fall of ground events are thoroughly investigated in order to 

comprehensively understand the factors that contributed to the occurrence and for improving 

ground control measures as well as preventing recurrence of similar events for future control. 

Every mine is required to conduct falls of ground investigations.

10



2.1.3 Types of FoG
Instability in underground openings presents itself as fall of ground. Falls of ground in 

underground mines can be mainly categorized into: Induced/ intentional ground fall and 

unplanned/ unintentional fall of ground (Biswas and Zipf, 2003). Induced fall of ground 

expresses the ground falls that are expected to occur promoted by mining methods such as 

caving rock in block caving mining method in hard rock mine and room and pillar mine 

where the roof collapses. Unintentional FoG signify that fall of ground from around the 

excavation arise without prior warning to miners in mine workings due to underground 

opening instability. This work focuses on unplanned falls of ground characterization and 

prediction. Fall of ground includes, rock falls, cave-in and stress-induced instabilities which is 

rock spalling and rock burst (Martin et al., 2003, Adoko et al., 2017). The types of ground 

instabilities are gravity induced structurally controlled, block movement and stress induced 

(Martin et al., 1999). Cave in is where the overlying ground immediately falls into the 

excavation. The dimensions of the falls are blocks of dissimilar sizes and fracturing dominates 

in these collapses. Understanding and recognition of ground failure mechanisms resulting in 

the hazardous failure process and evaluation of roof and side wall fall danger are essential in 

eliminating injuries and ground falls.

2.1.4 Factors influencing excavation instability and FoG.
Today, ground falls is the most significant hazard that underground workers have to tackle. In 

order to design satisfactory ground control measures and minimize falls of ground it is 

essential to understand ground movement mechanisms as a result of mining operation and 

elements influencing instability in underground openings triggering fall of ground. The causes 

of rock falls can be broadly categorized into geologic, ground control components and ground 

control system design. In underground hard rocks, there are many factors that are related to 

the occurrence of falls of ground such as rock blasting, excavation geometry including size 

and shape, rock mass strength and type, geological structures of the rock mass, ground water, 
geo-stress condition and the mining method. Other factors that influence the behavior of the 

rock mass, occurrence of ground falls around underground excavations include mechanical 
properties of rocks, nature of geological discontinuities, the method of excavation and the 

rock reinforcement and ground support systems (Brown and Hoek, 1978). Over the years, 
several researchers have reported the factors associated with rockbursts events in hard rock
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using prediction methods (Wang and Park, 2001, Mansurov, 2001, Zhou et al., 2010, Jian et 
al., 2012).
Although rock is naturally stable, there are different factors when combined which influence 

the rock behavior and stability of rock mass (Cai et al., 2004). It is therefore important to 

understand rock mass characteristics, rock mass extrinsic parameters and rock engineering 

design parameters affecting rock mass behavior since they have a great significance on the 

long term stability of underground excavations, ground control measures and in choosing 

suitable mine design techniques (Adoko et al., 2017).
Cai et al. (2004) proposed parameters that guide the ground behavior and organized them into 

three groups: Rock mass intrinsic parameters, rock mass extrinsic parameters and excavation 

design parameters as depicted in Table 3 below. Table 3 shows the specific parameters which 

influence rock behavior of the rock in underground excavations. Among the intrinsic 

parameters, the uniaxial compressive strength, joint orientation has been used in this study to 

evaluate the ground behavior around BCL mine openings. Between the rock mass extrinsic 

parameters, the in situ stress conditions and blasting has been used and from excavation 

design factors excavation size and blasting has been used to quantify the ground behavior 
index in this research work. From Cai et al. (2004)’s work on parameters influencing ground 

behavior, improvements in rock engineering design parameters can be made. The author 
proposes that the mining methods and ground support system be added in the excavation 

design parameters as it greatly influences the ground behavior. Ground support and mining 

methods are significant to the long term stability of underground excavations.
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Table 3: Group of parameters influencing ground behaviors (Cai ct ah, 2004).

Group of parameter Individual parameters

Intact rock parameters Strength of intact rock

Rock modulus
Rock mass intrinsic Number of joint sets
parameters Joint frequency

RQD

Joint parameters Joint condition (roughness, 

infilling, weathering)

Joint size/length, persistency

Joint orientation

In situ stress

Rock extrinsic Not applicable Ground watermass

conditionDynamic 

(earthquake, blasting)

parameters

Excavation size

Excavation shape

Not applicable

Construction methodDesign

parameters

(excavation)

Blasting damage

2.1.4.1 Geological discontinuities

Mines are constructed in rocks which are greatly affected by geological discontinuities. In 

rock engineering excavation projects, geological discontinuities are one of the most vital 

elements of an excavation and greatly influence excavation instability problems leading to 

ground falls. The frequent encountered geological discontinuities in rock mass are faults, 

joints, bedding and foliations. The discontinuities occurrence in underground openings 

weakens the rock mass strength, control failure and deformation (Liu et al., 2010, Chikande 

and Zvarivadza, 2016). Most FoGs occurrences are associated to rock mass with considerable
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discontinuities creating ground control challenges (Koldas, 2003). The rock mass geological 
structures heavily control the magnitude and frequency of fall of ground occurrence where 

underground excavations take place. The geological discontinuity properties such as 

orientation, persistence, infilling and roughness play a vital role in controlling the probability 

of FoG occurrence. Thus, the evaluation of geological structures is significant based on 

structural collected field data of excavated stopes and other underground mine excavations. 
Kainthola (2015), Li et al. (2015) stated that over the years underground rock engineering 

constructions have been facing considerable challenge on deformation and failure of 

surrounding rock mass along geological structures. Schubert (1998) investigated the impact of 

geological discontinuities on the failure and deformation behavior of rock mass surrounding 

underground excavations.

2.1.4.2 Blasting
The backbone of underground mine openings excavation technique is blasting. Numerous 

safety and mining operations problems are a result of blasting practices that are not optimized 

to the specific site ground conditions (Iverson et al., 2007). Blasting practices generates 

seismic disturbances, damages the surrounding rock mass, roof, ribs, walls and ground 

support system initiating hazardous conditions in underground excavation (Singh et al., 2015). 
Rock damage caused by blasting can result in instability, unplanned falls of ground which is a 

safety threat to workers and equipment. Moreover, blast damage contributes to rock mass 

quality reduction leading to demand in ground support increase (Iverson et al., 2007). 
Statistics show that most of injuries sustained during scaling and installation of ground 

support are the result of unplanned falls of ground originated from blast damage. Blast 
induced damage and unplanned falls of ground can be reduced by utilizing better perimeter 
control blasting (Badal, 1994, Iverson et al., 2007). Ground control consideration and stability 

of underground excavations are commonly connected to the strength of rock mass. Therefore 

the enhancement of better careful perimeter blasting will improve rock quality, minimize 

scaling and ground control requirements. Whyatt et al. (2003) employed controlled blasting 

approaches to improve ground control safety in underground mines. Kidybinski (1986) 
recorded small and large roof falls and floor heave in underground coal mine openings being 

caused by blast damage when the peak particle velocity (PPV) increases. Currently National 
Institute of Occupational Safety and Health (Iverson et al., 2013, Verma et al., 2014) is
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conducting research on reducing rock damage around underground excavations. Methods 

have been developed to quantify blast induced damage and future investigations are directed 

towards documenting the location and orientation of cracks surround the opening and 

measuring seismic velocity changes.

2.1.4.3 Ground water
Ground water is water located in the subsurface filling up soil pore spaces and rock mass 

cracks. It is stored and moves by hydraulic gradient through geological lithologies. It is this 

ground water that affects the excavation conditions and long term stability (Palmstrom and 

Stille, 2010). When designing underground excavations during analysis of potential water 
problems it is critical to consider regional geology and ground water pattern (Flaten, 2015). 
Significant ground water encountered in rock mass is associated with many forms of 

instability. The stability of the mine openings is affected by reduction in friction, strength of 

the rock material and the shear strength of discontinuities caused by groundwater pore 

pressure. Increase in water content increases the rock weight resulting in increased shear 
stress. Nilsen and Palmstrom (2000) stated that the evaluation of ground water pressure is key 

as it may contribute to instability by corroding the ground support and reducing rock mass 

strength.

2.1.4.4 Weathering
The interaction of water with the rock system favors rock dissolution, mineral deposition and 

clay mineral formation (Watters et al, 2005). Irfan (1999), Zimbelman et al. (2004) and 

Watters et al. (2000) have focused on weathering factors causing chemical and mineral 
alteration process and few attempts on the weathering effects on strength reduction of altered 

rock material have been investigated (Zimbelman et al., 2003). Finn et al. (2007) proposed 

that material degradation is an essential factor in inducing excavation instability and fall of 

ground. Also, progressive alterations of rock materials by physical and chemical systems that 
could promote instability in underground excavations understanding is limited (Pola et al., 
2014). Instability in mine openings produces hazardous conditions and fall of ground. The 

correlation between an increase in porosity and decreasing the uniaxial compressive strength 

(UCS) of rock has been widely accepted worldwide. Marques et al. (2010) and Pola et al. 
(2014) illustrated that physical characterization (porosity, water content, P-S wave velocity),
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chemical characterization, deterioration of UCS and Young’s modulus could be employed to 

demonstrate the degree of alterations in rocks. Therefore, detailed descriptions of the rock 

mass behavior and assessment of failure mode is a fundamental requirement for effective 

ground control measures to hamper fall of ground and stability challenges.

2.1.5 Characteristics of an effective fall of ground assessment method 

The fall of ground occurrence evaluation approaches can be thought of as steps that 
characterize the fall of ground events and implement controls to handle these events to an 

acceptable level. The first step is to identify ground fall location, measure the excavation 

geometry and estimate FoG dimensions, FoG size, determine the geology and ground support 
type within active portions of the mine. By executing this process, the distinguishing 

parameters are recognized and quantitatively analyzed using rock engineering system, 
artificial neural networks, statistical methods and qualitative numerical methods. The aim is to 

establish the most important parameters influencing the ground behavior leading to FoG 

taking place. The identified influential parameters are rated from the most important to least 
significant. The next step uses a wide variety of analysis techniques to determine the potential 
of FoG, forecasting areas that are highly susceptible to ground falls linked with specific 

ground conditions and ground behavior of the mine. In underground mine the hazards can be 

graded by their severity and ground management procedure can be applied to determine how 

to minimize the hazard.

2.1.6 Hazards in underground mines
In underground mining rock explosion from excavations are considered to as rock burst in 

metalliferous (nickel copper) mines and coal burst in coal mines, which are described as 

hazards caused by mining and ground behavior around excavation (Cai, 2016). Geological 
conditions in the mining area such as the rock mass in situ stresses, bumping features 

contained in the rock mass and ability to maintain large amounts of strain energy influence the 

mechanism and mode of rock explosion. Fall of ground, coal bumps and rock bursts as 

regarded as hazards in underground mines are discussed as they take place in similar 
geological conditions and induced by mining excavations (Kaiser and Cai, 2013, Cai, 2016). 
Whenever a fall of ground, coal burst and rock burst occurs, there are always contributing
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geological conditions, excavation geometry and mining induced stress related to it. The 

hazards in underground mines are described in the following sections.

2.1.6.1 Scaling
Ground condition observations in underground mines become intricate as the excavations 

spans and height increase creating visibility challenges when taking down loose after blasting. 
Failure to remove loose ground causes fall of ground. Scaling in underground mines is 

important to remove loose ground after blasting from sidewalls and roof. There are two ways 

of carrying out scaling namely: hand scaling and mechanical scaling. Mechanical scaling 

separates the miner from unsupported ground reducing the risk of rock falls. According to 

and Prosser (1997) approximately one third of the fall of ground injuries in 

underground mines are caused by hand scaling contributing 90% of injuries leading the 

statistics. Iannacchione et al. (1998) stated that ground control hazards can be reduced by 

making underground excavations stable.

Grau

2.1.7 Coal bumps
Coal bumps refers to abrupt and forceful ejection of coal and rock fragments from the walls or 
pillars caused by stress release. In the 1960s, studies on coal bumps and rock burst began 

using micro seismic techniques to pinpoint areas of high stress concentration (Peng, 2015). 
Already with more than 50 years of sustained study and examination, numerous coal bumps 

continue to cause problems to excavation damage and miner’s safety resulting in injuries and 

fatalities. The coal bump phenomena continue to be encountered in underground coal mines 

without prior awareness even though lots of coal bump concepts have improved and ground 

monitoring procedures to control them have developed. Several researchers studied causes of 

coal bumps and rock bursts and deduced ground control measures to avoid high stress 

concentrations (Saharan and Mitri, 2011, Konicek et al., 2011). Calleja and Porter (2016) and 

other researchers (Mark and Zelanko, 2005, Dou et al., 2009, Mark et al., 2011, Cai, 2016, 
Zhang et al., 2015, Mark and Gauna, 2017) explained that there are preventative and 

mitigating methods that have been successfully employed and are currently in operation to 

control and prevent coal bursts and rock bursts in underground mines, such as destress 

blasting, pillar design, long term water infusion, optimization of mining methods, mining 

sequence, implementation of rock bolts as ground support and hydrofracking.
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2.1.8 Rock bursts
Over the past years, artificial intelligence has been used to predict rock burst occurrence 

utilizing important parameters that influence rock burst as inputs. Rock burst prediction can 

be classified into long term prediction and short term prediction (Peng et al., 2010). Several 
researchers have studied rock burst prediction using parameters that affect ground behavior 
related rock burst occurrence. Peng et al. (2014) classified rock burst based on support vector 
machines. Li and Liu (2015) and Li et al. (2016) employed Bayesian networks technique to 

predict rock burst hazard. Furthermore, Adoko et al. (2013), Yu et al. (2009), Guo and Jiang 

(2009) used fuzzy networks technologies to deduce rock burst hazard. Miao et al. (2016) 
stated that geo-stress is one of the critical factors in forecasting rock burst. A similar 
methodology was adopted in this research using parameters that influence ground behavior 
causing hazards to predict fall of ground.

2.2 Ground Control
Ground control is a technique of sustaining stability around underground openings to 

minimize the hazards related with different ground failures and displacement appearances to 

ensure and prolong safety of mines. Ground control may be described as the art of 

maintaining and preventing ground movements and predicting rock behavior in underground 

mine openings to an acceptable level utilizing various techniques to ensure safety of workers 

and serviceability of openings (MOSHAB, 1997). Ground represents all forms of rock 

ranging from very weak, weathered to high strength material and rock mass. Ground control 
is a principal problem, which affects safety and productivity in underground mining. Ground 

control deals with the adaptation of a system by which ground movement can be regulated to 

accepted level of safe workplace and extraction of mineral resources. Rock mass properties 

such as cohesion, strength and friction angle as well as detailed knowledge of any geological 
structures, stress field details are needed to examine the ground response to mining activities. 
The requirement for effective ground control may extend into its components. The three key 

elements that make up successful ground control maybe considered to be:

• Site Ground characteristics

• Mine planning and design

• Ground support and reinforcement
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2.2.1 Ground Control in underground mining
Ground control encompasses different engineering and operational measures to control, 
monitor and restrain falls of ground from occurring. The procedure to manage ground 

movements and instabilities require understanding of rock mass behavior, failure mechanisms 

and failure modes in order to design measures that prevents falls of ground. Mine planning 

and sequencing strategies can be utilized to minimize the effects of stress on ground support, 
adequate ground support installation to stabilize underground mine openings and monitoring 

system to measure ground displacements and rock mass stress levels around the excavations. 
The slope mining sequence plays a central role in determining the redistribution of mining 

induced stresses around the openings. Different mining induced stresses are the results of 

varied mining sequences, which are one of the important factors affecting instability, assisted 

by the dip, thickness of ore body and excavation geometry (Abedellah et al., 2014).
All forms of ground displacement are addressed by ground control use to try and solve the 

challenges associated with mining operations such that appropriate methods and technologies 

could be improved to grow the craft ground control to tackle critical mining issues. 
Fundamental problems in underground mines are tackled by ground control such as sidewall 
control, floor control, pillar design, roof control, bump failures and subsidence of overlying 

ground and stress changes (Peng, 2015). In mining operations, Ground control measures, 
namely design of support and reinforcement, mining method, ground conditions as well as 

excavation methods and sequencing can greatly affect the stability of underground openings. 
In a variety of rock engineering fields the stability of underground excavations is a persistent 
challenge for engineers.

2.3 Failure mode
Failure mode is the manner in which the rock mass will fail also identifying their causes and 

effects to the ground behavior. It is the result of failure mechanisms. The way failure happens 

is reported by failure mode. The description of the rock mass failure mode can be a qualitative 

analysis to indicate that it is a central and fundamental task in rock mechanics engineering. 
The general rock mechanics modes of failure that are commonly experienced in underground 

mine openings are structurally controlled gravity driven failure, stress induced spalling / 
slabbing type failure and a mixture of structurally controlled gravity driven action along 

structures and stress induced failure. The failure modes involving geological discontinuities
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and intact rock are buckling, shearing and sliding as well as block falls. The failure modes 

involving only intact rock are rockbursting, squeezing and spalling (Deng, 2000).
Shear failure along geological structures is related with majority of ground behavior types 

around underground excavations (Kaiser and Kim, 2008). The Damage index (Dj) introduced 

by (Martin et al., 1999) endeavored to quantify the potential for stress induced brittle failure is 

given by Equation 1:

A =— (i)max

Equation 1: Damage index expression used for calculating stress induced failure.

is the maximum tangential stress on the boundary of excavation and cc is the 

uniaxial compressive strength.
Table 4 denotes fall of ground damage scale occurring in underground mine (Duan, 2016). 
The rock damage scale was established based on case history data (Mikula, 2013).

Where omax
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Table 4: Rock damage scale used to classify the case history data (Mikula, 2013, Duan, 
2016).________
Rock Tonnes

Displaced
Rating Operational Support Damage

Damage Implications
Scale (RDS)
R1 Nil Acceptable Damage is sufficiently 

limited that it does not 
need repair
Damage is sufficiently 
limited that it does not 
need repair. Minor 
damage

No damage

R2 1 Acceptable Support system is loaded, 
loose in mesh, plates 
deformed

R3 <10 Tolerable Damage requires a level 
of repair or
rehabilitation, however, 
effort and cost can be 
tolerated

Some broken bolts

R4 <100 Intolerable Damage is extensive that 
effort and cost would be 
high

Major damage to support 
system

R5 >100 Intolerable Complete failure of support 
system_______________

2.3.1 General ground behavior and failure
Stability challenges occur in underground openings when the excavated rock does not 
function to its normal state of physical balance (Andreev, 1995). The topic connecting rock 

strength, stress and rock mass damage contributing to rock mass behavior has been 

investigated, accepted and advanced the mining rock engineering subject. A few critical 
references are discussed here.
It is understood that a combination of elements affecting the rock behavior can cause stability 

problems to take place (Palmstrom and Stille, 2007). This is determined by several 
parameters such as the rock mass characteristics, mining induced stress, excavation geometry 

and rock mass extrinsic parameters. In Hoek and Brown (I980)’s study at Zambian 

metalliferous mines and gold hard rock mines at South Africa, observed the ground behaviors 

and connected the ground behavior to various failure modes. The failure types were studied 

under high and low in situ stresses as a function of the ratio between applied stress (oi) and 

laboratory rock strength (cc). Hoek and Brown (1980) recognized high rock stress failure,
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structurally controlled failure, swelling rock failure and groundwater induced failure as the 

four primary types of failure causing underground instability based on the ground behavior. 
Moreover, the examination found that rock mass brittle fracturing, violent failure mechanisms 

such as spalling and rockbursts was caused by elevated stresses and low stress involved 

localized brittle failure of rock and movement of blocks along discontinuities. The low mining 

induced stresses and negative tangential stresses around the excavations influence structurally 

controlled failure mechanisms to take place (Kaiser and Kim, 2008). Furthermore, Martin et 
al. (1999) expanded (Hoek and Brown, 1980)’s concept founded on considerable research 

work on rock damage mechanisms with respect to failure mode.
The comparison between the mining induced stresses and rock strength by (Kaiser et al., 2000, 
Goricki et al., 2004, Kaiser and Kim, 2008) further developed the rock damage mechanism 

theory. It illustrated that the quality of rock mass regarding the geological strength index (GSI) 
reduced with continuation of increasing rock damage related to rising stress to strength ratio. 
The damage index (Di) is described as the ratio rock mass demand regarding the maximum 

tangential stress (oi) to capacity concerning the uniaxial compressive strength (ac). The 

ground behavior around underground excavations is measured and predicted by damage index 

(Kaiser et al., 2000). Table 5 below illustrates the principal rock mass behavior and failure 

modes of underground excavations in hard rock (Goricki et al., 2004). Figure 2 shows the 

main failure modes in underground excavations (Kaiser and Kim, 2008).
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Tabic 5: Ground behavior type and instability in underground opening for
gcomechanical planning (Goricki ct al., 2004).___________________________ ________

Description of potential failure mode/mechanics during
excavation of the tunnel/underground mine
Stable rock mass with potential of small local gravity induced

falling or sliding of blocks
Deep reaching, discontinuity controlled, gravity induced falling
and sliding of blocks, occasional local shear failure

Basic behaviour type

1. Stable

2. Stable with the potential of 

discontinuity controlled block

fall
Shallow stress induced shear failures in combination with 

discontinuity and gravity controlled failure of the rock mass 

Deep seated stress induced shear failures and large deformation
Sudden and violent failure of the rock mass, caused by highly 

stressed, brittle rocks and the rapid release of accumulated strain 

energy
Buckling of rocks with a narrowly spaced discontinuity set,

frequently associated with shear failure
Potential for excessive over break and progressive shear failure 

with the development of chimney type failure, caused mainly by a

3. Shallow shear failure

4. Deep seated shear failure

5. Rockburst

6. Buckling failure

7. Shear failure under low 

confining pressure
deficiency of side pressure
Flow of cohesion less dry or moist, intensely fractured rocks or8. Ravelling ground
soil
Flow of intensely fractured rocks or soil with high water content

Time dependent volume increase of the rock mass caused by
physio-chemical reaction of rock and water in combination with 

relief, leading to inward movement of the tunnel/ excavation

9. Flowing ground

10. Swelling

stress
perimeter _ -
Rapid variation of stresses and deformations, caused by
heterogeneous rock mass conditions or block-in-matrix rock 
situation of a tectonic melange (brittle fault zone) _________ _

11. Frequently changing
behaviour
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Figure 2: Various modes of failure in underground openings (Kaiser and Kim, 2008).

Martin et al. (2001) further studied the effect of stresses on the rock behavior. Spalling and 

slabbing failure occurs in massive intact hard rock and high stresses. Ductile failures are 

anticipated to take place in heavily faulted, foliated and jointed rock mass. Structurally 

controlled failures occur in rock masses that comprises of many intersecting discontinuities 

forming blocks that have the potential of falling and sliding into the opening. Figure 3 shows 

the rock mass failure behavior in underground excavations (Kaiser et al., 2000) and (Rahimi
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and Sharifzadeh, 2017). Figure 3 denotes the key ground behaviors and various failure modes 

in underground excavations.

2.3.2 Structurally controlled failures
Structurally controlled failures are swayed by geological discontinuities and frequently 

associated with low stress environment. The failure modes originate from weakness planes 

where the weakness planes are delineated by geological structures. Blocks are formed by pre­
existing joints and new fractures in the roof and sidewalls, which become free to move by 

sliding or falling when the underground excavations are made (Hoek 1980). These failures 

present themselves as block falls, ravelling and cave-in.
The volume, mass and frequency of ground falls is dependent on the structure of the rock 

mass (Marinos, 2010). This type of rock mass behavior is mostly determined by mine opening 

geometry, mining induced stresses and rock mass characteristics because the rock mass 

conditions such as quality and confinement pressure are affected and different.

2.3.3 Spalling failure
Spalling failure occurs under high stresses and is often characterized by tensile fracturing of 

rock in an orientation typically parallel or near parallel to excavation boundary and is 

connected with ejection of rock slabs. Spalling may occur in intact or massive brittle rock. 
Christiansson et al. (2012) stated that stress driven damage often starts as progressive violent 
spalling of the excavation side walls and build up within areas of the highest induced stress 

accumulation. Figure 3 illustrates the key ground behaviors and failure modes in underground 

excavations.
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Figure 3: Ground behavior in underground mine opening (Rahimi and Sharifzadeh,
2017),

2.4 Summary

Sinkala and Krishna (2014), Katongo (2005), Koldas (2003), Peng (2015), Rahimi and 

Sharifzadeh (2017) and Kaiser (2016) have studied and described the mechanisms of fall of 

ground in underground metalliferous hard rock nickel copper and other metal deposits mines 

and ground control methods. Katongo (2005) investigated that difference in rock strength and 

structure, excavation geometry and mining induced stresses leads to alteration of ground 

conditions which have the potential to cause FoG as well as changes in mining methods. 
Stacey and Gumede (2007) stated that fall of ground occurs when there is no support, rocks 

falling between support and inadequate ground support system causing ground falls.

As can be seen from reviewed journals, reports and thesis, rock engineering system, artificial 
neural network and numerical methods have been used in a wide variety of applications for 
characterizing the ground behavior and failure mode around underground hard rock 

excavations. Previous ground behavior investigations methods of the surrounding rock mass 

in underground openings have been concentrating on the general rock mass behavior, failure 

mode and ground control. However, the conclusions deduced from the works are widespread. 
A small number of studies have been reported on the ground behavior, failure mode, ground 

control and assessment of geohazards resulting from excavation instability in complex 

geological conditions. There is very little work done on quantification of ground behavior
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around underground excavation using rock engineering system and artificial neural network 

focusing on the parameters related to FoG. Rafiee (2014), Kim et al. (2008), Adoko et al. 
(2017), Faramarzi et al. (2014) and Adoko et al. (2016) appear to be the only special case. 
There is little work on rock mass failure mode utilized in ground control design in 

combination with ground behavior and field observational method. The techniques of 

watching and examination play a critical role in rock engineering problem solving since it 
brings together an interval between reality of observed rock mass behavior and modern 

practices of assuming rock behavior in all aspects of underground rock engineering (Flaten, 
2015, Sinkala and Krishna, 2014, Kaiser, 2016, Rahimi and Sharifzadeh, 2017).

Rock engineering practices in underground mining are conducted in complex and unique 

geomechanical conditions. There is a requirement to evaluate the hazard level associated with 

that particular rock engineering site. At the present time, there is no literature that have been 

reported on parameters influencing ground behavior associated with fall of ground and 

utilizing parameters in underground metalliferous mining ground control designs.
Grounded on a thorough rock engineering context of underground mine opening, numerous 

factors that influence ground behavior, failure modes and excavation stability have been 

employed to maintain excavation stability and safety. This study’s contribution includes 

quantifying parameters that influence ground behavior associated with fall of ground and use 

in ground designs to assess the hazard level. This has practical significance for BCL mine 

underground openings that experience fall of ground as well as other underground mine 

engineering setting with corresponding complicated geological conditions and engineering 

methods.
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Chapter 3: Fall of Ground (FoG) Characterization at BCL Mine

3.1 Introduction
As presented in the previous chapters, the main focus of this thesis is the assessment of 

ground fall characteristics in an underground mine in three different shafts. The BCL mine 

site will be used as a case study for the thesis and this chapter presents the case study. Firstly, 
a general description of the mine is given along with location, mining methods, geological 
and geomechanical data. Field work was conducted to collect FoG data, characterize rock 

mass and observe FoG events that took place in the mine. In addition the FoG directory is 

compiled, analyzed and the results are presented in the next sections of this chapter. FoG data 

was studied using histograms and graphs.

3.1.1 Location of study area
The BCL Mine is located in north-eastern Botswana, approximately 405 kilometers from the 

capital city Gaborone and 139 kilometers from Palapye, Botswana. Figure 4 shows location of 

the study area and Figure 5 illustrates location of BCL mine site. The mine manages four 
shafts, namely Number 2 (Selebi), Number 1 (Phikwe central), Number 3 (South East 
Extension) and Number 4 (Selebi North) which all mine nickel-copper deposits. Selebi North 

and Selebi are located 8 km and 15 km south of Number 3 shaft as shown on Figure 5. The 

copper- nickel ore was magmatically deposited in fractures and openings of the Phikwe 

complex metamorphic rocks.
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3.2 Geo-engineering setting of the study area 

3.2.1 Geology
The Nickel-copper ore deposit in Selebi-Phikwe occurs in an area dominated by the high- 
grade metamorphic gneiss units assigned to Phikwe complex rocks which form part of the 

Central Zone of the Limpopo Belt (Mason, 1973). The Limpopo Belt is positioned between 

the Kaapval and Zimbabwe cratons which is Archean age. The Limpopo Belt comprises of 

principal terranes such as Central zone, Southern Marginal Zone and Northern Marginal Zone 

which have age ranging between 3.2 Ga and 2.6 Ga that have been accreted onto Zimbabwe 

and Kaapvaal cratons alongside the shear zones that are steeply dipping and wide (Barton et 
al., 2006). According to Chinner and Sweatman (1968), rocks of the Central Zone are of high 

metamorphic grade possibly as a result of more than one thermal event. The Selebi-Phikwe 

Cu-Ni sulphide deposits, owned by BCL mine have therefore been described as tectono- 
metamorphically modified ortho-magmatic deposits in which an immiscible sulphide melt 
originally separated from tholeiitic magma (Brown, 1988). The granulites of the Limpopo 

Belt are bordered to the north and south by the Zimbabwe and Kaapvaal Cratons respectively. 
The shear zones and strike slip zones are classified by a high proportion metasediments and 

highest metamorphic grades. The reworked Granite Greenstone material defines the thrust 
zones. The Phikwe complex rocks comprises of Archaean mafic and ultramafic intrusions 

namely: granite gneiss that are medium- coarse grained, massive to weakly foliated, 
granoblastic to porphyroblastic texture and hornblende gneiss, quartzofeldspathic gneiss and 

anorthositic gneiss that form part of a variation of banded supracrustal gneisses. The volcanic 

and shallow intrusions of theoleiitic basaltic and Ti-rich ferrobasaltic constitution are accepted 

to be the protoliths of hornblende gneisses, whereas the quartzofeldspathic gneisses protoliths 

are calc alkaline volcano-sedimentary rocks (Brown, 1988). Figure 6 shows the general 

stratigraphy of the study area.
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Figure 6: Generalized stratigraphy of BCL mine (Gallon, 1986).

3.2.2 Structural geology
Structural geology in BCL is mainly characterized by rocks that have been deformed by 

shearing and folding events. Intense folding and shearing occurrence produced ore bearing 

intrusions that are relatively thin (Lear, 1979). High horizontal stresses are due to different 
geological environments and the influence of geological structures and regional tectonic 

forces. McCourt et al. (2004) suggested that dykes, faults and regional shear zones are 

evidence of geological structures showing the region has been exposed to tectonic 

deformation. Geological structures are caused by constructional, high grade metamorphism 

where the fold axis and foliation is parallel to lineation. Van der Heever et al. (2014) stated 

that the rocks that have been overworked by faults and dykes are characterized by prominent 
foliation. High grade deformation events are categorized by coarse-grained granoblastic 

mineral textures and a coarse gneissic layering in which the fold axis are parallel to mineral 
lineation. Fold structures which occurred at a later stage covering the dominant mineral 
lineation are folded. These typical deformation events are witnessed in Selibe-Phikwe 

sulphide ore bodies that have been dismembered, isoclinically folded and sheared the original 
host of the sulphide body (McCourt et al., 2004). Mining activities provides evidence of the 

host and the sulphide ore bodies being complicatedly folded. The structural geology of the

31



Phikwe complex and location of ore bodies of the various mine shafts are illustrated in Figure
7.

Position of BCL mine ore bodies and geology of the area modified afterFigure 7: 
(Gallon, 1986).

Where P - Phikwe, SN - Selebi North, S - Selebi, D - Dikoloti

3.2.3 Ore body
The ore body is essentially a strata bound sulphide body occurring as amphibolites sill 
confined within the structurally complex biotite, quartz-biotite, and hornblende rich gneisses 

(Key, 1976, Gallon, 1986). The ore body is generally homogeneous and has a tabular 

geometry. Mineralization is hosted by amphibolites as massive, semi- massive and 

disseminated sulphides. The Selebi and South East Extension ore bodies strikes almost 
northeast-southwest, generally dips 32°- 58° towards the west/ north west with an average dip 

of 46° at Selebi and 37° at South East Extension as shown in Figure 8. The Phikwe Central 
ore body dips at 10°- 15° to the west, northwest with an average dip of 12°. The thickness of 

the ore-body varies from few meters to as much as 33 m, but the average thickness is around 5 

m hence, 77 % of the ore body is less than 6 m thick. The structural interpretation of the
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deposit and choice of appropriate mining method have been complicated by the three phases 

of folding that have occurred affecting the area. Mining challenges are created by variable ore 

body dips and geometry.
The generally competent hanging wall and footwall consists of homblende-quartz-biotite-rich 

gneisses. Micaceous partings parallel to the schistosity are at highly variable and 

unpredictable distances from the ore-body and have the potential for failure along planes of 

weakness formed by shearing forces. The hanging-wall failing along weakness planes 

corresponds to strong foliation suggesting it has a strong, huge influence on the mechanical 
behavior of the gneiss. The possibility of failure is expanded where the hanging-wall has been 

penetrated up to these planes or beyond them and where these partings are thick from a few 

tens of millimeters to 5 cm. From underground mapping and core logging, it has been 

observed that the frequency of banding increases near the ore-body contact and the hanging- 
wall gneiss, thus increasing risk of failure. Figure 8 shows schematic long sections of BCL 

mine ore bodies.

Schematic long section through BCL mine ore bodies.
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Figure 8: Schematic long section through BCL mines ore bodies (Maswebe, 2011).

3.3 The stress field around BCL mine and other mining districts
It is essential to have knowledge of the magnitude and orientation of in-situ stresses prior and 

after the rock mass has been disturbed by engineering activities to optimize rock engineering
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design. The stresses in the rock mass could be classified into two main categories: primary (or 
virgin) stresses and secondary (or induced) stresses. Primary stress refers to the stresses in the 

rock mass that occur prior to any engineering work taking place. In other words, this state of 

stress is referred to as in-situ stress. The other stress form is the secondary stresses that are 

induced by the engineering works in the rock mass. Stress vocabulary used currently was 

suggested by Amadei and Stephansson (1997) founded on propositions from several authors 

(Fairhurst, 1986, Brown and Windsor, 1990, Zoback and Healy, 1992).

Variation in the stress regime was demonstrated by (Stacey and Wesseloo, 1998) who 

compiled a database of stress measurements in the South African mining industry. An 

evaluation of previous in-situ stress measurements, indicate that the magnitude and 

orientation of in-situ stresses can vary significantly across different mining districts and also 

within different geotechnical areas on a mine (Sellers et al., 2002). Proximity to mining, faults, 
dykes and joints and variation in host rock can influence the virgin stress regime and cause 

local variations (Handley, 2013). Therefore design of stable mine excavation is based on the 

requirement of site specific stress knowledge.

3.3.1 Primary stress state
The rock mass is subjected to in situ stress before any underground activity takes place. 
Fieldwork was carried out on stress measurements at BCL Mine in 2014. A proven 

overcoring technique, Commonwealth Scientific and Industrial Research Organization 

(CSIRO) hollow inclusion strain cell, was utilized and measurements were taken in 

accordance with the procedures recommended by Commonwealth Scientific and Industrial 
Research Organization of Australia (1SRM, 1987). A comparison of in-situ stress 

measurements that were undertaken at three sites during 1992 by the CSIRO and the 2014 

measurement results demonstrates that results are acceptable. There is reasonable agreement 
between the 2014 measurements and the measurements that were conducted by the CSIRO in 

1992. These results are appropriate for use as input into numerical methods of mine design. 
BCL mine is characterized by the horizontal stress field, which has an influence on the mine 

planning. After compilation of the measured stress (Van der Heever et al., 2014), the results 

indicated large scatter of the stress levels at different depths and locations. According to 

Sellers et al. (2002) and Handley (2013) the factors that probably influenced variation in
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stress measurements outcome are due to the inconsistency of the pre-mining stress tensor in 

the upper crust, the geomechanical factors such as varying rock properties, the presence of 

unidentified geological structures such as sills, dykes, faults and the ubiquitous joint sets near 
the measurement site along with added mining induced stresses and human error from the 

input data and analysis process.
The orientation and magnitude of the principal stresses in BCL mine are summarized in Table 

5, which is the conclusion of the work conducted by (Van der Heever et al., 2014). These in- 
situ stress data has also been widely used in different geomechanical studies in BCL. The 

vertical stress can be estimated as the product of the depth and the unit weight of the 

overlying rock mass. Many computations of vertical stress worldwide at different Civil and 

Mining engineering grounds verify that this relationship is well founded. This stress is 

approximated from Equation 2 shown below:
Equation 2: The vertical stress estimation expression, 

cr. = yzg (2)

Where cv is the vertical stress (MPa) 

y is the unit weight of the overlying rock (MN/nT) 

z is the depth below surface (m) and 

g is the gravity acceleration (9.81 m/s2)

Measurements of horizontal stresses at varied mining and civil engineering areas 

internationally illustrates that the k ratio in Equation 3 tends to be high at shallow depth and 

that it decreases with depth (Brown and Hoek, 1978, Herget, 1988). The horizontal stress is 

estimated from the following relationship (Equation 3):
Equation 3: The horizontal stress approximation relationship. 

ah=kav (3)

Where 07, is the horizontal stress (MPa)
k is the ratio of the average horizontal stress to the vertical stress 

gv is the vertical stress (MPa)
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The in situ stress measurements carried out at BCL mine are shown in Table 6. The direction 

and magnitude of principal stress are also illustrated in Table 6.
Table 6: Summary of stress components at BCL mine (Van der Heever et al., 2014).

Principal stress Magnitude Plunge Direction
(MPa) (°)

Major principal stress
(Sigma 1)

40 13 South- Southwest

Intermediate principal 
stress (Sigma 2)

19 62 East

Minor principal stress 

(Sigma 3)
10 24 Northwest

Kmax 2.1

Km in 0.6

3.3.2 Mining method
The techniques applied for the ore extraction at BCL Mine is the down dip open stope mining, 
sublevel open stoping, bord and pillar, and cut and fill mining method. In Phikwe central 
number l and 3 shaft, the mining method employed is bord and pillar in shallow, near 
horizontal dipping orebody, and cut and fill is applied in steeply dipping orebody, with sand 

and waste rock employed as backfill. In the Selebi and Selebi North shafts, the mining 

method in application is called sublevel open stoping (SLOS). Down dip open stoping is the 

mining method in operation at South East Extension and in some sections of Selebi mine.
A significant amount of ore dilution from unstable waste rock, corresponding to the weak 

rock mass conditions found at this mine, is associated with this SLOS mining method where 

the hanging wall is left unsupported. It is necessary to foresee the ground behavior for 
controlling and averting ground falls and stope dilution. The evaluation of engineering 

behavior of the rock mass is determined by adequately characterizing the rock mass. 
Characterizing rock mass is a challenging task especially in BCL mine where the rock mass is 

tectonically disturbed, highly faulted and sheared complex rock mass which represents unique 

geo-engineering conditions. Due to the nature of this research, the focus of the case study has 

been on the mining operations in the South East Extension, Selebi shaft and Phikwe central
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shaft where most of the instability problems manifesting as FoG are experienced by the mine 

in various sections.

3.4 Characterization of FoG data 

3.4.1 Compiling a FoG database

In order to describe the characteristics of the FoG event, a database containing the FoG size 

along with some of its influencing parameters was established. The fall of ground directory at 
BCL mine from 14 1 February 1995 through 2016 covering a 21 year period of ground falls 

was used as the main source of information for this study. The study findings are limited to 

the information reported as well as data available from the BCL database. Furthermore, FoG 

observations from the field for the events that occurred during the mine visit were employed 

to supplement this FoG data analysis work. Although mine operators are not required to list 
contributory factors, these data are often reported in the narratives, which offer brief 
summaries that typically identify the location and size of the falls and may provide other 
information. The documented FoG has happened in different mine shafts.
For BCL mine case study, thirteen parameters were selected as they were considered to be 

important in contributing to the complex nonlinear characteristics of the ground behavior in 

different mine openings. The choice of these parameters was dictated by the available data 

and recent published works (Adoko et al., 2016). The 13 parameters were categorized into 

three groups, namely: the rock mass characteristics, excavation geometry and engineering 

methods. The rock mass characteristics group consisted of rock type (X|), rock structure (Xo), 
discontinuities (X3), uniaxial compressive strength (X4), cohesion (X5) and friction angle (X6). 
Excavation type (X7), excavation depth (Xg), excavation width (X9) and excavation height 
(X10) represented the excavation geometry group parameters. The engineering methods group 

was represented by the excavation method e.g. use of blasting (Xu), unsupported span (X12) 
and the implemented mining method (X13). The FoG mass (Xu) represented the ground 

behavior index output parameter. All the parameters accepted to be affecting the ground 

behavior associated with FoG at BCL mine for this investigation were included and properly 

considered. The parameter importance will vary with rock mass characteristics, excavation 

geometry and the engineering methods at specific investigation site. In the selection of those 

parameters it has been found beneficial to combine those parameters from various groups
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which have an effect on the ground behavior. Cai et al. (2004) stated that integration of 

various factors can be identified to be influencing ground behavior. Therefore the behavior of 

rock mass surrounding BCL mine openings is a function and result of the primary important 
parameters mentioned above. The most significant parameter on this research is the 

discontinuities. Geological discontinuities are a key factor in the failure mode and stability of 

rock around mine openings. The properties of discontinuities affect the engineering behavior 
of the surrounding rock masses causing wedges or blocks to fall from roof and sliding out of 

the walls.

In total, 129 datasets were compiled for the FoG database. Compilation of Fog data was based 

on field data collected and available data at BCL mine. The quality of BCL data sets was 

improved by removing the data which had missing parameters, reducing the number of FoG 

recorded from 590 to 98 data sets. The 95 data sets were incorporated in author’s 34 FoG 

field data sets to make a total of 129 data sets. The fall of ground data collected was organized 

using Microsoft Excel spread sheet and plotted on graphs and histograms to view the averages 

and distributions of fall of ground dimensions that were recorded in the FoG directory and 

reported. A sample of the raw data from the FoG database is shown in Table 7.
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Table 7: Ran data sample.
X,Data X2 X3 X4 X5 X6 X7 X8 X9 X,0 X„ Xl2 X,3 FoG
Biotite BlockyI Bedding/

Lamination
40 1.54 24.5 Ramp 450 4 3 False 0 N/A 12

Schist
Gneiss2 Blocky Joint 185 32.8 51 Drive/

Haulage
810 5 3 True 0 N/A 350

3 Gneiss Blocky Joint 185 32.8 51 Stope
face

750 8 3.1 False 0 Cut and 5

Fill
4 Amphibolite Bedded Bedding/

Lamination
155 8.40 33 Stope 810 1.7 2 False 3 Open

Stoping
1740

face
5 Massive Fractured Contact 130 8.50 32 Stope

face
810 12 3 False Cut and1.5 53

Sulphide Fill
6 Gneiss Blocky Joint 185 32.8 51 Ramp 810 3 3 True 0 N/A 25
7 Massive Massive Joint 130 8.50 32 Stope

face
750 11 3.5 False 3 Cut and 4.5

Sulphide Fill
S Hornblende Bedded Bedding/ 40 1.54 24.5 Ramp 750 4 3.5 False Other1 8.1

Schist Lamination
9 Gneiss Blocky Fault/ Shear 185 32.8 51 Stope

face
810 20 3 False 2.5 Cut and 12

Fill
10 Massive Massive Fault/ Shear 130 8.50 32 Stope

back
13767 4.9 True l Room and 20

Sulphide Pillar
area

11 Massive Massive Joint 130 8.50 32 Stope 810 15 3.5 False 0 Developm 1680
Sulphide entarea

12 Mineralised
Amphibolite

Blocky Joint 155 8.40 33 Stope
face

820 12 3.5 False 3 Cut and 24

Fill
13 Gneiss 32.8 Drive/

Haulage
810 5 3Blocky Joint 185 51 True 0 N/A 12

3.4.2 Analysis of FoG
The FoG data analyzed from different mine shafts that have experienced the events included 

examining the elements influencing FoG. An analysis of the excavation width is represented 

in Figure 9 and can be realized that excavation width of 14 m-16 m is the most popular FoG 

event in Phikwe Central shaft and excavation width of 6 m-10 m and 14 m-18 m in Selebi 

stopes.
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Figure 9: Various excavation width (X9) at Selebi mine (left) and Phikwe Central mine
(right).

From Figure 10 it is noticed that the multitude of mines have an excavation height from 2.1 m 

to 3 m which forms 39% of ground falls. At Selebi shaft, down dip open stoping mining 

technique is used with the usual excavation height of 3 m- 4 m, at South East Extension mine 

shaft several excavation height lie in the range of 1 m- 2 m and at Phikwe central shaft the 

frequent excavation height is 2.1 m-3m where cut and fdl is mainly utilized. The excavation 

heights documented in the FoG data varied mainly due to different mining methods employed 

as shown in Figure 11. It is noted in Figure 11 that multitude of mines have an excavation 

height from 2.1 m to 3 m which forms 39% of ground falls.
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Figure 10: Different excavation heights (Xio) in the mine.
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Figure 11: Mine wide excavation heights (Xm) distribution.

3.4.3 Unplanned fall of Ground Evaluation
Fascinating results were uncovered by surveying fall of ground data. According to the 

gathered data, it showed that numerous fall of ground thickness was less than 0.5 m; several

41

it



fall of ground have a length of 1 m to 5 m, common fall of ground width was 2 m to 4 m, the 

average FoG height was 1.5 m. Figure 12 illustrates the grouping of ground fall length and 

height that were revealed in the analysis. During the examination, some of the fall thickness 

was above the chief bolt length of 2 m and 2.4 m and thus lengthening the bolts may not be 

the solution. Secondary support was recorded also in the FoG directory. Observations of FoG 

events display protruding rebars from the roof hinting that ground support was inadequate and 

increasing rebar length would simply probably lead to ground falls also.

Mine FoG HeightMine FoG Length
120m 100 1-------- —s 80 M----------Ii lull

* I?® ; 
I 100 j- 
g so
K 40 1- ■ 1It

i " i “—r—* “ !;i- 0 —i—““
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Height (m)

■
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. \V o?* efr f
\

Length (m)

Figure 12: Unplanned fall of ground length (left) and fall of ground height (right).

The fall of ground width is represented in Figure 13. The fall of ground dimensions were 

analyzed and the results show that 45 % fall of ground weight frequently occurred between 15 

tonnes and 150 tonnes. The majority of fall of ground events that took place had weight 

ranging between 15 tonnes and 150 tonnes followed by mass less than 15 tonnes as shown in 

Figure 14. This illustrated that frequent fall of ground events will promote damage to ground 

support system in use and the rehabilitation cost would be high as illustrated in Table 4. It is 

rated R4 according to the rock damage scale to classify fall of ground damage to excavation 

(Mikula, 2013, Duan, 2016).
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Mine FoG width
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Figure 13: Shows fall of ground width.

Figure 14: Illustrates unplanned fall of ground weight (Xu) distribution in the mine.

Conversation with rock mechanic officers at BCL mine and data analysis indicate that 
numerous rock material dislodged tend to be mostly wedges and followed by blocks. The rock 

mass structure was evaluted as massive and blocky. This signals that the failure of the rock 

along geological discontinuities and falls are driven by gravity. The rock material 
displacement description classification is shown in Figure 15. The FoG occurrence is related 

to blasting, suggesting that controlled blasting practise is required to minimise the hazards. 
Blasting is one of the important elements affecting falls of ground. Careful consideration

mass
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needs to be put in ground control approaches to reduce FoG. Figure 16 shows fall of ground 

occurrence association distribution.

Rock mass structure description
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Figure 15: Rock material dislodged description classification.

Mine FoG occurrence association
250

>> 200 

5 150
3
§T 100
to 50 I0

Structure Barring Support Blasting Drilling 
installation

FoG occurence association.

Figure 16: Fall of ground occurrence relation grouping.

From the examination of the rock mass failure mode data in Figure 17, a large number of falls 

of ground are a result of structurally controlled failure. The observed ground falls commonly 

develops from shear failure along geological structures. These instabilities can happen due to 

unfavourable intersection of geological discontinuities near the excavation boundary. The 

data will be analyzed further using numerical modelling methods to verify the failure modes
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occuring in the mine. Figure 17 illustrates failure modes distribution in various BCL mine 

excavations.

Rock mass failure mode
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Failure Mode
Figure 17: Rock mass failure mode distribution.

3.4.4 FoG accident statistics
Over the past years, numerous FoG incidents or accidents have occurred in the mine affecting 

workers leading to various degrees of injuries. The types of rock related injury and fatality 

accidents that have been recorded at BCL mine are explained next:
■ Minor Injury (MI): Injuries requiring therapy by nurses and appear for work the 

following shift.
■ Lost-time injury (LTI): Accident, incident sustained by mine worker that resulted in 

disability or loss of productive work time, worker taking time off for recovery. It 
could be as little as one day from work.

■ Reportable injury (RI): Serious injury involving risk of death, significant degree of 

permanent disfigurement, worker unable to return to the job on working day 

succeeding to the day of injury for a longer time.
■ Fatality (FI): A death of mine worker resulting from rock related accident.

Table 8 represents the distribution of injuries in spans of 5 years. The statistics shown in the 

table were gathered from the mines FoG database which were registered by the rock 

mechanics section. The sums of the instances that are grouped from March 1995 to January 

2016 are represented by the total. From March 1995 through January 2016, falls of ground
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events have been responsible for 24 fatalities, 36 reportable injuries, 19 lost time injuries and 

10 minor injuries, according to BCL mine rock mechanics department FoG database. The 

grouped results in Table 8 indicated that accidents numbers were decreasing as a result of 

safety improvement. Also, throughout that period of 20 years and 590 recorded FoG events, 

reportable injuries was the most common type of mining injuries documented with a 

frequency of 36. Fatalities were the second most frequent injury among underground miners 

in BCL with a frequency of 24, followed by 19 lost time injuries (LTI). The least recorded 

injuries were the minor ones with a total of 10.

Table 8: Fall of ground accident statistics by mine location (BCL, 2016).
Mine Time Period Number of Number of Number of Number of Number of

FoG. fatalities. reportable

injuries.

lost timeName minor

injuries. injuries.

4South Oct 1995- Dec 1999 22

East
44 2Jan 2000-Dec 2004 52 2Extension

19Jan 2005- Jan 2009

Jan 2010-Dec 2013 2

2Mar 1995- May 1999 8 1Selebi

148May 2000- Jan 2004

Jan 2007- Nov 2009 4

4Mar 2010- Jan 2016 9

10 l11176Mar 1995- Dec 1999Phikwe

Central 1756139Jan 2000- Dec 2004

2290Feb 2005- Jan 2009

43 71Feb 2010- Sep 2015 61

10193624590Total (Mar 1995- 
Jan 2016)
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The results in Figure 18 indicate that over the years, the number of fatalities related to FoG 

has been decreasing. This could be connected to improvements in ground control procedures 

and technology, work environment and training of mine workers on ground control. Figure 18 

shows the number of fatalities recorded at BCL mine by 5 years period from 1999 to 2016.

Number of fatalities at BCL mine by 5 year 
period, 1995-2016.■

;
«« 14 
:! 12 
ii io
ce o o i6o
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1995-1999 2000- 2004 2005- 2009 2010-2016

Time period

Figure 18: Number of fatalities at BCL mine by 5 year period.

Figure 19 results denote that the mine shaft with the highest number of fatalities and injuries 

was Phikwe Central which employs cut and fill mining method, followed by South East 
Extension with the second highest frequency of fatalities and injury of any degree that 
originated from fall of ground, then Selebi mine shaft. The results illustrated several hazards 

and types of injuries that underground miners are exposed to in BCL mine. Fall of ground is a 

common unsafe hazard that they will be working under. Of all the injuries, the cut and fill 
mining method delineate the highest number of injuries reported, number of fall of ground 

events, followed by down dip open stoping technique and followed by bord and pillar mining 

method. Lack of investment in hazards prevention and not changing working culture must be 

one of the reasons of those injuries. LTIs and Fatalities cause economic loss to mine 

operations and production stops because of rigorous FoG investigations taking place in the 

mine.



Number of occupational fatalities and injuries by 
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Figure 19: Occupational fatalities and injuries by mine location.



Chapter 4: Constructing the Ground Behavior Index (GBI), (Data Analysis)

4.1 Quantifying Rock Mass Behavior around BCL excavations

4.1.1 The rock engineering systems (RES)
The rock engineering system (RES) is a forceful method which can be utilized for analysis of 

coupled mechanisms in rock engineering problems, introduced by (Hudson, 1992). In the 

RES approach all the related parameters and factors involved in a system are examined in the 

development of complicated rock mass behavior models. The techniques of estimating rock 

mass behavior of surrounding underground openings and prediction of hazards have been 

reviewed and examined by many researchers , (Rafiee et al., 2015, Adoko et al., 2016, Zhang 

et al., 2004, Adoko et al., 2017, Faramarzi et al., 2014, Fattahi, 2018, Kim et al., 2008). The 

implementation of RES method can be recognized from successful different geo-engineering 

problems across the world including forecasting rock fragmentation by blasting (Faramarzi et 
al., 2013), evaluation of coal combustion potential in mines (Saffari et al., 2013), ground 

behavior and stability analysis of underground excavation (Benardos and Kaliampako, 2004, 
Lu and Hudson, 1993), techniques of rock fall hazard assessment for tunnel collapse (Shin et 
al., 2009) and slope stability problems in open pit mines and highways (Naghadehi et al., 
2013, Tavoularis et al., 2015), and evaluation of rock mass cavability in block caving mines 

(Rafiee et al., 2016). Naghadehi et al. (2011) employed RES to survey the importance of 

factors impacting the rock slope stability. The ground collapse probability in tunneling based 

on rough set theory and rock engineering system was estimated by improving the Ground 

Index (Adoko et al., 2016). Kim et al. (2008) employed the RES to calculate the ground 

behavior index. The rock mass behavior surrounding underground space was evaluated 

utilizing RES and reviewed the approaches used to develop rock behavior index (Rafiee, 

2014).
In the RES method, a given rock engineering situation is treated as a system (whole) where all 
the involved factors and their influence are considered for the entire situation. The key 

element of the RES method is the interaction matrix (IM) (Hudson, 1992). The IM is a 

methodological concept which allows representing correlations among multiple components 

of a given engineering problem. The principle is illustrated in Figure 20 and uses a cause- 
effect mechanism that relates every factor of the engineering situation to every other factor
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with different weights according to their influence. The IM is constructed by positioning 

diagonally the subject components, X-, and Xj (engineering concepts, variables, factors etc...). 
Then, using a clockwise convention, their interactions are represented in the off-diagonal 
boxes.

Influence of 
* Xi on Xj

6Xj
Parameter

dXi
Xt

' f
dXi Influence of 
aXj Xj on Xi * Parameter

Figure 20: Principle of the interaction matrix (Hudson, 1992).

In Figure 20, the element situated at the right of Xj and above Xj represents the influence of Xj 
on Xj or the sensitivity of Xi toward Xj which can be represented by the first order partial

dxj (Yang and Zhang, 1998, Naghadehi et al., 2013). For a multiple-dimensionalderivative
dX.t

interaction matrix containing n input parameters Xn, a nxn matrix (i.e. n rows by n columns)

is obtained. The next task is usually referred to as the coding of the IM. Since the elements or 
components of a given Rock Engineering System are not necessarily numerical parameters, it 
is necessary to assign numerical values to the interactions (off-diagonal components 

lij,(/ * j)). A coding method is required to estimate the necessary interactions intensities. The 

expert semi-quantitative (ESQ) method was developed by (Hudson, 1992) as illustrated in 

Table 9.
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Tabic 9: ESQ method for interaction intensity coding (Hudson, 1992). 
Code value Description
0 No interaction
I Weak interaction
2 Medium interaction
3 Strong interaction
4 Critical interaction

The ESQ coding approach was adopted for this work. After the matrix has been coded, the 

cause-effect interactions can be quantified. The sum of the row values for each parameter is 

called cause value and denoted as C/, and the sum of the column values is the effect value £,• 
(Hudson, 1992).

4.1.2 Artificial Neural Network Background (ANN)

4,1.2.1 Basic concepts of ANN
Artificial Neural Networks (ANN) are sophisticated computer modeling approaches; a 

network of mathematical models prompted from biological neurons and is widely utilized in 

modeling geotechnical problems of nonlinear systems, general systems, complex functions 

and recognition of systems. Nowadays, ANN is regarded as one of the intelligent tools to 

forecast an output pattern when it identifies given input pattern. The ANN is built to model 
the neurons in the human brain (Gopalakrishnan et al., 2006). The ANN is a fast and forceful 
function of information processing that generally is determined by four factors namely: input- 
output properties of the system units, network topologies, connection weights and neuron 

thresholds. Basically, the input layer, hidden layer and an output layer form the ANN. Each 

layer comprises of one or more nodes and these layers are interrelated. Each layer consists of 

many neurons, regarding the magnitude of the issue to be solved. The user controls the 

number of neurons and layers in each later, and number of neuron can be used.
Over the years artificial neural network has proved to be a modem tool for analyzing 

geotechnical problems. Neural networks are mainly characterized by continuous nonlinearity, 
high parallel distributed processing and generalization capability (Jain et al., 1996). The 

transfer function, network architecture and learning law form the basic components of the
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ANN (Simpson, 1990). Artificial neural networks have been successfully implemented to 

solve geo-engineering challenges fitting nonlinear functions and recognizing patterns. Success 

in the mining and civil division is being established by studies including assessment of rock 

mass collapse potential in tunnels and prediction of rock mass deformation due to tunneling in 

different qualities of rock mass, prediction of ground fragmentation, prediction of 

underground excavation stability, tunnel convergence (Mahdevari and Torabi, 2012), rock 

failure criteria and prediction of blast induced ground vibrations. The implementation of ANN 

have gained popularity in studies for prediction of uniaxial compressive strength (UCS) of 

rock samples from hardness test based on input parameters porosity, hardness, density, grain 

size and rock type formation of the rock sample. The prediction results of the ANN were 

closer to the measured values of UCS (Meulenkamp and Grima, 1999).

4.1.2,2 Back-propagation neural network
Back-propagation neural network (BPNN) was introduced by (Werbos, 1974) and is the most 
frequently used ANN type in science and engineering applications. The concept of BPNN is 

based on searching an error surface utilizing gradient algorithm for points with minimum 

error. Trial and error techniques is used to assess the number of hidden layers and neurons in 

hidden layers (Poulton, 2002, Baheer, 2000). In pattern classification, the multi layer 
perceptron neural network (Rosenblatt, 1958) can only address simple problems and nonlinear 
functions can be estimated by BP network within a multilayer ANN. The back propagation 

neural network is widely accepted as the prediction approach used for tunneling works for its 

ability to map nonlinear systems, its robustness and easy realization which provides the most 
efficient learning technique for multilayer neural networks. The feed forward back 

propagation comprises of three layers connected to each other through weights: input layer, 
hidden layer and output layer which make back-propagation network a multilayer network 

(Rumelhart and McClelland, 1986). Each layer comprises of neurons, which are elementary 

processing units. The signals are received by the neurons in the output layer from the other 
neurons in the input layer and hidden layer in the ANN model. The problem being solved 

determines the changes in the number of hidden layer and number of neurons in the hidden 

layer. Many authors have described the structure and operation of ANNs (Ripley, 1996, 
Fausett, 1994, Demuth and Beale, 1994, Shanin et al., 2001, Sayadi et al., 2013). A neural 
network generally consists of a layered structure, and each layer contains neurons: Input layer,
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one or more hidden layers and an output layer. Figure 21 shows an artificial neural network 

structure (Fausett, 1994).
>

*

>

J

r—\

L™J
lopiit layer

Figure 21: Artificial neural network structure (Fausett, 1994).

i
Hidden layers Output layer

4.1.2.3 The first order partial derivatives of a trained Artificial Neural Network 

To obtain a quantitative description of cause-effect in a Rock Engineering System (RES), a 

first order partial derivative of a trained ANN model can be computed (Adoko et al., 2017, 
Yang and Zhang, 1998, Naghadehi et al., 2013). This allows representing the variations of the 

output (effect) for small changes of the input variable (cause). In order to achieve better 
performances, it is recommended normalizing the input data before presenting to the network 

since they have different dimensions and units (Shin et al., 2009). In this study, a standard 

feed-forward neural network known as back propagation neural network (BPNN), (the feed­
forward back propagation indicates that the network employs a forward activation flow of 

inputs and an error back-propagation algorithm for training of weight adjustments) is 

implemented. The back propagation was used to train the network as it is very fast. A 

schematic illustration of the multi layers BPNN in training phase is provided in Figure 22.
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Figure 22: Schematic diagram of a BPNN in training phase (Shin et al., 2009).

The network consists of input layer / fed by input variables (cause), n hidden layers Ji.....Jn
and network output layer K processing the target variables (effect). As it can be seen in Figure 

18, a neuron of an input layer transfers the input parameters without any processing to the 

hidden layers. The input signal S and output o for activation function^ at each neuron on the

layers /, Jn and K with Nf, NJn and NK the total number of neurons, respectively, and with 

connection weights w adjusted by the threshold 6 at all the connections between neurons, 
are calculated as follows:

0.=^.(5.); S.^o^+0-
i

(4)°j. =*1. (S,.); sj. =Z°y., WJ.,J.+9J.,
U\

Jn

In Equation 4 the indices Ay,,and k stand for input units to the input layer, hidden units on the 

nth hidden layer Jn and output units on the output layer /C, respectively (/=1 

jH=1,... ,/V./„; k=\, • • • AfK )• Wpq is the weight between the pth and the qth units on the layers. In 

Equation 4, the weights (iv) and the thresholds (0) are assumed as constants and only the 

components of the output vector ok from the units on the hidden layer J„ are variables. By

N, ,% • • • *
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using the chain rule, the first-order partial derivative of the output o* at output layer K over ot 
at input layer / can be computed as follows:

dok _( dok V dojn \ (doh Ydojy > 
dot \dojn )\dOj

= dok dSk f doj{ dSA ' 
dSA doi J

Using Equation 4, the components of Equation 5 can be written as:

dOjy > \ doj j0-1 /
(5)

\pSk doj" /

Replacing Equation 6 into Equation 5 leads to:

dSp (6)= Wp-\j>

=Z-Z & WM& Wjft

Equation 7 can be used in the general forward path procedure of a BPNN with multi hidden 

layers. However, if linear transfer function 0(Sk)=Sk and the sigmoid functions

(j); (Sj) = l/l+e'Sj;(j)) =Sj (l-Sj) are implemented in the BPNN model as in this study, for a

four-layer BPNN (with two hidden layer) the first-order partial derivative of the output over o,- 
at a given input layer I can be expressed as follows:

(7)
ji

~~~“X X ) WVI (^)
0°i j{ j.

Equation 8 is computed using the layer properties (input, weights and biases) which are 

obtained after training. The partial derivative defined by Equation 8 is an absolute input 
sensitivity and indicates the expected change in output variable o* (effects) per unit change of 

input parameter Xp (causes), holding the other inputs constant. However, in engineering 

problems, the input parameters usually have different range, dimension and unit; hence it is 

not advisable to directly use the absolute input sensitivity in comparing with the relative 

effects of different input parameters on the output variable. Therefore, relative input 
sensitivity must be defined. But if the normalized data are used, Equation 8 could be 

employed to express relative input sensitivity with no further operation.
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4.1.3 Defining the ground behavior index (GBI).

Using the same approach as in (Adoko et al., 2016), the cause C, and effect Ej associated 

with the ith parameter // for the ith row and the jth column can be computed as (Hudson, 

1992) using the following Equation 9:

' j^dP,' Ej fjdP (9)

Where dPj/dP represents the interactions of the IM; C, is calculated over jth column while 

Ej is obtained over ith row. Accordingly, the interaction matrix defines in a comprehensive 

way the highly nonlinear relationship among the selected factors controlling the overall 
stability of the underground excavations. Then, the influence weights assigned to each 

controlling parameter of the ground behavior can be expressed as the percentage of the sum of 

the system's cause and effect for such parameters according to Equation 10:

Ci+Ei ,, 100 ;cc
C+7 El Ngrade

Where Ngradc is the number of grades assigned to the parameter /? and c is a coefficient to 

scale Wi between 0 and 100. In this work, 5 grades were used for the parameters, except for 

rock structure (4 grades), discontinuities (3 grades) and the use of blasting (2 grades) (see 

Section 4.1.4.1).

The GBI describing the hazard level associated with the FoG is computed using Equation 11:

(10)

GB/^MxVi

In Equation 11 K denotes the rating values assigned to each parameter for the ground 

behavior evaluation. The values of the GBI can range from 0 to 100. A higher value of GBI 

implies a higher hazard level. More details on the methodology could be found in (Adoko et 
al., 2017, Naghadehi et al., 2013, Adoko et al., 2016).

(ID

4.2 Developing the GBI 

4.2.1 Dataset preparation
On the basis of the factors influencing the FoG, the parameters selected to compute the GBI 
include the rock mass characteristics, the excavations geometry, support, and the mining
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methods namely: the rock type (X,), rock structure (X2), discontinuities (X3), uniaxial 
compressive strength (X4), cohesion (X5), friction angle (X6), excavation type (X7), 
excavation depth (X8), excavation width (X9), excavation height (X|0), use of blasting (Xu), 
unsupported span (X|2), the implemented mining method (X13) and the GBI output 
represented by the quantity of FoG. Details of the methodology can be found in (Adoko et al., 
2017).

For the rating of these 13 parameters, intervals (classes) were used according to each attribute 

and each class is rated with values ranging from 0.0 to 1.0 (0.0; 0.3; 0.6; 0.8; and 1.0), except 
for rock structure (4 intervals), discontinuities (3 intervals) and the use of blasting (2 

intervals). Those with qualitative attributes were translated into numerical values using a 

semi-quantitative encoding (Adoko et al., 2013, Adoko et al., 2016). As a result, the 

parameters with numerical attributes had their variable spaces divided into 5, 4, 3 or 2 

intervals. The ratings were established in such a way that the higher the numerical value 

assigned to a given parameter, the higher the FoG hazard potential is likely to be. This 

parameter rating was based on well known rating systems and recommendations (Naghadehi 
et al., 2013). Table 10 shows the GBI parameter classification ratings.
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Table 10: GBI parameter classification rating.
Parameter Number of classes Rating
Xi (Rock type) 5 classes Gneiss & Amphibolites: 0.0- 0.3

Massive Sulphide & Mineralized: 
Pegmatite: 0.3-0.6
Orebody: 0.6
Schist: 0.8-1.0

X2 (Rock structure) 4 classes Massive: 0.1
Bedded: 0.4
Blocky: 0.8
Fracture: 1.0

X3 (Type of discontinuity) 3 classes Lamination: 0.1
Joint: 0.5
Fault/Shear: 1.0
Ramp/garage: 0.15 classesX7 (Excavation type)
Drive/haulage/pillar: 0.3

Stope back: 0.6
Stope ahead: 0.8
Stope roof: 1.0
Use of blasting: 1.0Xu (Use of blasting) 2 classes
No use of blasting: 0.0

5 classesX4- X^; Xs- X10; X12- X13

N/A: 0.05 classesX13 (Mining method)
Development: 0.3

Room and pillar: 0.6

Cut and fill: 0.8

Next, on the basis of field observation data FoG events that have occurred in BCL Mine 

between 1987 and 2015 were compiled. The amount of displaced material (mass) was used to 

quantify the level of severity of the FoG. It is assumed that the damage caused by a FoG event 

is directly proportional to its mass.
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A three level hazard classification was used namely, hazard level 1 (HL1), hazard level 2 

(HL2) and hazard level 3 (HL3) representing, good, fair and poor ground from FoG 

perspective, respectively. HLl corresponds to FoG less than 15 tons, HL2 between 15 and 

150 tons and HL3 more than 150 tons. By doing so, 108 datasets were selected. Table 11 

provides a statistical description of the data.
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Table 11: Statistical description of the data.
Physical Std.Parameters Unit Mean

deviationrange
Rock type (X|) Logic
Rock structure (X2) Logic
Discontinuities (X3) Logic
UCS (X4) MPa 41-185 117.2 39.15

1.54-Cohesion (X5) GPa 12.17 9.08
32.8

cp(X6) Degree (°) 24.5-51 38 7.5
Exca. type (X7) Logic
Exca. depth (X8) 350-930 793.5 42.16m
Exca. width (X9) 1.7-20 11.5 4.715m
Exca. height (Xjo) 2.0-20 3.67 1.53m
Blasting (Xu) Logic
Unsupported span 

(X,2)
0-42 3.35 4.55m

Mining method (X13) Logic

0.05- 490
FoG Tons 180

3640

4.2.2 Results
The steps that are involved in the calculations of the GBI are explained as follows:

1. Compose the encoding interaction matrix based on the trained BPNN that has been 

established (Section 4.1)

2. Calculate the causes C, and effects E. using Equation 9.

3. Calculate the interaction weights IV, of each parameters using Equation 10.

4. Compute the GBI based on Equation 11.
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4.2.2.1 Composing the interaction matrix of the RES
The ANN model was created by importing FoG data into MATLAB, generating a network 

using Neural Network tool function, training, validation and testing. The training datasets 

described in Section 4.1.4.1 were used to train the neural network in order to get the 

sensitivity of the GBI parameters on one another. The encoding of the parameters was 

conducted as suggested by recent research (Adoko et al., 2016) and the Neural Network 

toolbox of MATLAB, a popular numerical computation software was implemented to 

compute the interaction matrix of the GBI system. Neural network tool allows you to import, 
create, use and export neural networks and data.

A network with 2 hidden layers was configured with the feedforwardnet function. The 

network architecture consisted of an input layer (13 nodes), an output layer (13 nodes) and 

two hidden layers (26 neurons each) as suggested by recent works (Naghadehi et al., 2013). 
This allows calculating the partial first derivative of each parameter once the training is 

completed. The traditional Levenberg-Marquardt back propagation algorithm was used, since 

the training process converges quickly as the solution is approached (Suratgar et al., 2005). 
The trainlm function was selected as it updates weight and bias values as stated by 

Levenberg-Marquardt. The Learngdm learning function was utilized as it accepts several 
inputs. The datasets were randomly selected and divided into training, validation and testing 

datasets in the model developed in this study. In order to generate the network, the 

performance function such as mean square error (MSE), number of layers, number of 

neutrons and transfer function are chosen. Figure 23 shows the performance of the training 

given by the mean square error (MSE); the best validation performance was 6.0334e-07 at 
epoch 145. After a series of training, validation and testing datasets using different network 

architectures, the optimum network architecture was selected. The model is treated as 

excellent and optimum because it had the best performance, least Root Mean Square Error 

(RMSE).
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Figure 23: Training performance using the FoG datasets.

The computed components of the interaction matrix are summarized in Figure 23 and were 

calculated as per Equation 8. The components on the matrix diagonal in Table 12 represent 
classification categories. Each classification category determined by the trained ANN 

indicates the partial derivative of itself as 1.0 in Figure 23. Theoretically, a partial derivative 

of an identical component should always be 1.0. Since every value on the diagonal calculated 

by the trained ANN is close to 1.0 in Table 12, it can therefore be seen that ANN produced 

highly reliable partial derivative.
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Tabic 12: The interaction matrix derived from the trained BPNN using the FoG datasets

1.000 0.261 0.494 0.540 0.500 0.488 0.013 0.003 0.001 0.000 0.395 0.512 0.274
0.454 1.000 0.513 0.527 0.513 0.461 0.134 0.000 0.007 0.009 0.274 0.368 0.197
0.500 0.559 1.000 0.205 0.329 0.237 0.461 0.066 0.039 0.026 0.230 0.600 0.528
0.361 0.162 0.184 1.000 0.396 0.329 0.139 0.053 0.337 0.316 0.400 0.366 0.450
0.165 0.011 0.362 0.462 1.000 0.368 0.066 0.008 0.397 0.366 0.118 0.296 0.342
0.145 0.009 0.347 0.388 0.494 1.000 0.053 0.011 0.026 0.028 0.105 0.230 0.273
0.001 0.001 0.000 0.001 0.000 0.001 1.000 0.001 0.469 0.503 0.279 0.404 0.453
0.362 0.362 0.362 0.296 0.000 0.000 0.362 1.000 0.001 0.003 0.000 0.001 0.230
0.003 0.005 0.000 0.000 0.000 0.000 0.014 0.014 1.000 0.408 0.003 0.494 0.001
0.000 0.000 0.000 0.009 0.005 0.066 0.107 0.016 0.421 1.000 0.001 0.379 0.002
0.000 0.000 0.002 0.000 0.000 0.000 0.256 0.000 0.001 0.000 1.000 0.475 0.133
0.000 0.000 0.001 0.001 0.000 0.000 0.268 0.000 0.001 0.000 0.000 1.000 0.007
0.013 0.011 0.039 0.066 0.002 0.001 0.397 0.141 0.353 0.329 0.405 0.529 1.000

4.2.2.2 Calculating the cause and effect
The function of each parameter on the ground behavior is illustrated in the cause-effect 
diagram in Figure 24. In this diagram the dominant factors in the system are situated in the 

bottom right section and the subsidiary factors are located in the top left section of the 

diagram. The cause effect plot is handy in comprehending the interaction degree of each 

factors and the system as a whole. The points dispersed along the main diagonal line show 

high degree of interaction, whereas low level interactivity is demonstrated by points 

distributed perpendicular to cause-effect (C=E) diagonal line (Mazzoccola and Hudson, 
1996). From cause-effect diagram the parameters are mostly distributed in the right portion 

below the C=E diagonal line designating that Xj, X2, X3, X4 and X5 and are the most 
important, while X12 is the least important in that plot. Parameters X13.X7.X6, XQand X10 

spread along the main cause=effect diagonal line in Figure 24, indicates that parameters are 

interactive and make a good contribution to ground condition assessment.
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Figure 24: Cause-effect diagram for the GBI system.

Once the causes and the effects are calculated, the parameter intensities (C + E)/yfl can be 

calculated as well to identify the parameters interacting the most in the RES (Adoko et al., 
2016). As it can be seen in Figure 25, Xi, X2, X3, X4, X5, X12, and X13 are among the most 
important parameters of the GBI system. Xs show low level of interactivity between factors, 
therefore is the least important parameter in the interactive intensity histogram illustrated in 

Figure 25.
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Parameters

Figure 25: Interaction intensity for the parameters of the GBI.

4.2.2.3 The weights
The ANN is trained with the intention of determining weight values in order to accomplish 

the best network based on objective function. The network used random weights to compute 

some outputs using the transfer functions. The network error is acquired by comparing the 

computed outputs. The errors are minimized by modifying the linking weights using the 

learning rule. A pattern is presented to the network founded on the training process. The old 

weights, the node input values, errors and the learning rate are employed to calculate the new 

weights. Validation and testing are carried out to evaluate the correctness of the model. The 

calculated weights of parameters are summarized in Table 13 and were computed using 

Equation 10.

Table 13: Calculated parameter weights for ground behavior.

X10 X„ X,2 Xl3X7 X8 x9Parameter X6X4 X5X, x2 X3
4.4 5.1 5.1 12.9 7.1 7.36.5Weight 7.3 6.28.17.6 8.7 13.7

4.2.2.4 The GBI values
An additional 157 independent datasets randomly selected which had not been previously 

used in BPNN training were examined. The 13 parameters that were used to compute the
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GBI were assigned some ratings to each input parameters. Table 14 shows the encoded field 

datasets, encoded by GBI parameter ratings. The GBI was computed on the 157 datasets from 

the parameter ratings and parameter weights. The GBI results display that class 2 is the 

dominant hazard level of FoG followed by class 1. A range of 2 to 5 classes were used to rate 

different parameters. Table 10 showed the GBI parameter classification rating. This large 

datasets was utilized for validation purpose even though the 24 independent datasets used in 

Table 13 were adequate to quantify the ground behavior.
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Table 14: Calculated GBI with a sample of encoded datasets.
GBIXio X,i X12 X|3X8 X9X5 X6 x7X3 x4x2X,
14,893390,300,3 00,60 0 0,30 00,10,10,6
31,153570,3 0,60,6 10,6 0,300 00,1 00,10,3
31,350970,300,60,6 10,30,3 000,1 0,30,10,3
31,35821000,6 10,60 0,30,30,30,1 0,30,10,3
31,9608600,30,6 10,30,30,30,6 00,30,10,10
32,014030,60,80,8 00,3 100,6 00,60,10,10

0,3 32,3677600,8 10,60,300,300,1 0,30,10,3
32,367760,300,8 10,60 0,30,30,3 00,10,10,3
38,2621100,8010,30,6 0,30,60,30,60,1 0,50,3
39,2731700,80,8 10,6 0,30,300,300,10,10,8
40,3234900,80,8 l0,30,60,8000,1 00,8 0,1
42,306090,310,6 10,30,30,30,30,30,10 0,1
47,464310,6 00,8 10,80,30,80,30,60,60,10,3 0,1
47,83090,800,80,60,300,60,80,10,6 0,4
48,0292500,80,8 10,60,60,30,60,30,10,3 0,1
48,0406700,30,6 l0,60,600,300l0
48,12255000,6 10,60,600,30,300 11
48,12255000,6 10,60,600,30,3010
49,005290,30,810,80,30,60,80,30,30,30,10,10,8
50,055910,8110,6 10,60,300,60,60,10,10
50,395310,6l00,80,80,800,80,80,80,1 0,50,3
51,88620,80,610,8 10,30,80,30,60,30,10,3 0,1
52,1615900,80,8 l0,80,60,30,60,60,30,50 0,4
52,431460,30,3l0,60,60,600,30,300 11
69,065080,8 0,60,8 10,80,80,310,810,10,3

The final step is to compute the GBI values which define the hazard level associated with the 

identify these hazard levels, the GBI values are plotted against each correspondingFoG. To
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field observation hazard level to visualize the data trend and the results are provided in Figure 

26. Theoretically, the GBI can range between 0 and 100. As explained in Section 4.1.3, the 

higher the GBI value the higher the hazard level. In this study in particular, the GBI ranges 

between 14.42 and 72. Next adequate threshold values of the GBI capable of providing 

objectively a separation between hazard levels is defined through trial and error. The results 

indicate that three zones (with increasing hazard potential) can be identified with consistency 

in Figure 27: hazard level I (H.L.l), hazard level 2 (H.L.2) and hazard level 3 (H.L.3). H.L.2 

is in between H.L.l and H.L3 and is delimited by GBI values of about 30 and 50.

It was observed that the delimited zones overlapped each other. This is an avoidable situation 

since it is quasi impossible to calibrate the GBI system where the thresholds are constant. 
Besides, the GBI is empirical and based on some particular field data and therefore, cannot 
reproduce exactly the complex behavior of the rock masses surrounding the underground 

excavations. To tackle this issue, the lower boundaries of the overlapping zones are 

considered. However, by doing this, some computed GBI values would correspond to a FoG 

worse than actual observation, therefore more conservative than the other way around (i.e. 
considering upper limits of the overlapping zones) where the outcomes would appear better 

than reality.
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4.2.3 Validation of the results
In order to validate the newly proposed methodology and to evaluate its field applicability, 24 

independent datasets (validation data) which had not been used in training the BPNN, were 

considered. It will validate the BPNN in a more adaptable way. After computing the GBI 
values, the FoG hazard levels were obtained and compared to those of the field observation. 
The validation datasets consisting of 8 datasets corresponding to each of the 3 FoG classes 

(hazard level) were employed to predict the hazard level associated with the FoG). The results 

are presented in this section to demonstrate the performance of the networks. Even though a 

larger dataset could be conveniently used for the validation purpose, these datasets were 

enough as suggested by recent research (Naghadehi et al., 2013, Adoko et al., 2013, Rafiee, 
2014, Adoko et al., 2016). The calculated GBI for a sample data is provided in Table 15 while 

Figure 26 presents a comparison between the predicted FoG and the field observations.

Table 15: Calculated GBI for a sample of validation datasets.
Actual PredictedX,3 GBIXu X,2X, X8 X9 XioX2 X3 X4 X5 X6 x7

HL. HL.
22.20 10 0.3 l0.6 00.6 0.6 0.30.1 0.1 0.3 0.3 0.30

2 39.83 20.3 00.6 0.80.31 0.1 00.1 0.3 0.3 0.3

71.35 30.6 30.80.8 0.8 10.6 0.81 0.1 0.31 0.8 l
55.85 31 30 10.80.6 0.80.4 0.30.1 0.6 0.81
38.03 20.6 200.6 10.60.6 0.30.1 00.1 0.3 0.30.3
16.6700 0.30.60.60.3 0.300.4 00.1 0 0
26.28 l0.3 0.6 100.6 0.60 0.300.1 00.5 0.3 0.3
33.76 20.6 10.30.6 10.6 0.30.3 0.4 00 00.1 0
52.84 320.6 010.80.80.3 0.30.80.1 0.80.1 0.60.6

351.160.6 30.80.8 00.80.60 0.61 0.3l 0 0.3
237.8620.300.8 10.60.3 0.300.1 0.5 0 0.30.3
365.970.6 3110.60.80.60.6 0.60.4 0.1 0.8 0.8 1

The results show that, almost each of the hazard level associated with the FoG cases is 

correctly predicted. The GBI failed to calculate correctly one case each of hazard level 1 and 

hazard level 2. In terms of prediction accuracy of the hazard levels HL1, HL2 and HL3
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87.5%, 87.5% and 100% of correct prediction, respectively, were achieved. Of course these 

results depend on not only the size of the validation data but also the adopted thresholds for 
delimitating the GBI into zones. An improvement was noted in comparison to a recent work 

where similar methodology was implemented (Adoko et al., 2016). To sum up, these results 

indicate good consistence between the predictions and the site observations. One of the merits 

of the current approach is the construction of the interaction matrix which is accomplished via 

a trained ANN. Larger datasets and more input parameters could yield a more refined GBI 
system and therefore resulting in more reliable results.

4.3 Conclusions
A methodology for quantifying the rock mass behavior around underground excavations in 

BCL Mine, Selebi-Phikwe, Botswana was proposed. The interactions between the factors 

affecting the rock mass behaviors were quantified using the Rock Engineering System (RES) 
and Artificial Neural Network (ANN) approaches which served as framework to establish the 

ground behavior index (GBI). The RES was applied as a convenient device for accounting for 
the complex and highly nonlinear correlation among the input parameters via the interaction 

matrices while ANN was implemented to objectively assign weights to the input parameters. 
The output parameter of the GBI system was the fall of ground (FoG) characteristics which 

were classified in three hazard levels (HLl, HL2 and HL 3). The input parameters related to 

the GBI included the rock type (Xi), rock structure (X2), discontinuities (X3), uniaxial 
compressive strength (X4), cohesion (X5), friction angle (Xg), excavation type (X7), 
excavation depth (Xs), excavation width (X9), excavation height (X10), use of blasting (Xu), 
unsupported span (X12), implemented mining method (X13). The Bamangwato Concessions 

Limited (BCL), an underground mine located in Selibe-Phikwe, Botswana was used as case 

study to compute the proposed GBI. On the basis of 84 selected datasets, the GBI was then 

computed. For validation purpose, 24 independent datasets (validation data) consisting of 8 

datasets corresponding to each of the 3 FoG classes (hazard levels) were employed to predict 
the hazard level associated with the FoG and the results were compared to those ot the field 

observation.

Firstly, the results from the interaction matrix indicated that: the most important parameters in 

the GBI system were the rock mass parameters and the mining methods. This agrees well with 

the theoretical and practical knowledge of rock engineering. Secondly, the comparison results
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of proposed GBI showed good consistencies between the predictions and the site 

observations. It was concluded that the GBI could be used to translate a set of data into a 

single numerical attribute in form of index to represent the ground behaviors. Therefore, it 
could provide engineers with reliable quantitative information on the fall of ground as well as 

the corresponding hazard level. It is important to be noted that the GBI being empirical, the 

reliability of the predictions could be improved by implementing a larger validation data, and 

incorporating more influencing parameters. The GBI could be a complementary tool for 
ground control measures in underground mines.
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Chapter 5: Numerical Modeling

5.1 Introduction

In this chapter, numerical modeling techniques were used to investigate structure controlled 

lailure and stress controlled failures occurring around the underground mine openings in 

different selected sections of BCL mine. Rocscience software package (Rocscience, 2016b) 
and (Rocscience, 2016d) were employed to build model geometry of BCL mine for the 

different analysis. The stress characteristics around openings boundaries along with kinematic 

analysis of the structures were examined in order to corroborate the failure modes of the FoG 

events that had been observed in the mine. The model results are presented in the next 
sections.

Geological structures in the rock mass forming wedges and blocks were analyzed with Dips 

software (Rocscience, 2016a) determining how displacement of failed blocks is going to 

occur from the excavation boundaries and model a stable excavation by defining critical 
orientations that can cause instability. Stress analyses and combined structure/ stress analysis 

were undertaken using boundary element software package Examine2D (Rocscience, 2016b) 
and finite element software package rock and soil 2-dimensional (RS2) (Rocscience, 2016d) 
developed by Rocscience Inc. Examine2D and RS2 were selected to carry out stress and 

combined structure/stress analysis because the excavation geometry could be easily simulated, 
failure mode could be modeled using elasto- plastic brittle constitutive models, acceptable 

computation time of 1- 3 hours per analysis. Although GBI was established at BCL mine, it is 

limited as it does not capture the potential failure modes observed in the field. Numerical 
methods were used to model the structure and stress failure around a few selected BCL stopes. 
In order to fully characterize the FoG, this chapter comes as complement to Chapter 4 as the 

ground behavior index alone cannot be used to determine the failure mode.

5.2 Structure controlled failure mode analysis
Kinematic analysis is a method used to evaluate the potential failure modes that occur due to 

the presence of unfavorably oriented geological discontinuities in the excavated rock mass 

(Wyllie and Mah, 2004). Discontinuities are geological breaks in a rock such as joints, faults,
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shear zones, foliation, bedding planes that can serve as failure planes. In Addition, according 

to (Hoek and Bray, 1981, Kliche, 1999), a wedge failure may occur when two discontinuities 

intersect forming wedge shaped block and angular relationships between discontinuities and 

excavation surface are implemented to examine the potential mode of failure along the plane 

of failure. Dips software Rocscience (2016a) was applied to determine possible failure modes 

occurring along unfavorable geological discontinuities in the stopes, sill drive and give an 

indication of stability conditions. All the recorded and availed different geological 
discontinuity orientations data from FoG database were imported as input parameters in Dips 

computer program to apply kinematic analyses. The dip angles and dip direction angles 

selected were used as input parameters in Dips software. The orientation of key geological 
structure sets in terms of dip and dip direction were in each stope and sill drive kinematically 

examined using methods suggested by (Goodman and Shi, 1985) and Dips software 

(Rocscience, 2016a). In this study, zones of cluster concentrations greater than 6% were 

considered significant and critical.
The results of the kinematic analyses showed that wedge failure was possible on the stopes 

and sill drive as determined by Dips. The results of kinematic analysis indicate that wedge 

sliding and falling failures are possible in the sill drive, limited to sill drive scale illustrating 

good agreement with field observations of structural failure mode on several mine openings 

(Figure 28).
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Critical zone

Wedge sliding

Critical point of intersectioi

Figure 28: Stereonet projection with density contour and major geological structures 
forming sliding wedges in sill drive.

The wedges that meet the kinematic conditions for sliding to take place into the stope are 

delineated by zones of critical intersections which is pink colored zone in Figure 29.
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5.20 6.50
6.50 7.80
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Figure 29: Pole plot of geological structures forming vital sliding and falling wedges in 
Phikvve stopes.

In contour plots of joints density concentrations, the cluster with a concentration greater that 6% 

is very significant. The highly concentrated areas of poles with density concentration greater 
than 6% were identified representing the leading and key discontinuity sets. Figure 30 shows 

contour plot of joint density concentration of Phikwe stopes. Figure 31 shows the pole plot of 

geological structures forming sliding and falling wedges which is the main failure mode 

taking place in Phikwe stope.
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Figure 30: Contour plot of joint density concentrations in Pliikwc stopes.
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Figure 31: Pole plot of geological structures forming vital sliding and falling wedges in 
Phikwe 835 m/ 3420 stopes.

The models outline failure that was activated by shear strain concentration allowing 

geological structures to activate movement of blocks and wedges.
According to the results of the kinematic analyses, wedge failures along intersection of the 

joint sets are expected to occur on the 950 m/3675 stope in Figure 32.
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Figure 32: Kinematic analyses accounting for wedge sliding in Sclebi 950 m/ 3875 stope.

The dip angles and dip direction angles were determined by points with high density pole 

concentrations and critical intersections of geological structures in the critical zone forming 

blocks that may fall or slide in the excavation. When the dip angle ranges from 50°- 86° and 

49°-76° and dip direction angle ranges between 158°- 181° and 212°- 285°, FoG is likely to 

occur in Selebi excavations. Four distinct geological structures were found in the 

stereographic projection that has a tendency to cause fall of ground shown in Table 16 for 
Selebi mine openings.
Tabic 16: Major dip and dip direction measurements selected in Dips software 

(Rocsciencc, 2016a).
Dip direction (°)Geological structure set Dip (°)
1811 86
2852 49
0643 64
2124 76
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5.3 Stress controlled failure mode analysis 

5.3.1 Examine20 stress analysis
Two dimensional stress analyses have been carried out using Examine20 software (Rocscience, 

2016b) on the stopes in the mine. In Figure 33, cr, (major principal stress) is a depiction of 

stress redistribution around a stope in Phikwe central mine shaft. The highest stress 

concentration is on the corners of the stopes.
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Figure 33: The distribution of major principal stress around Phikwe 3420 stope (left) 
and Selebi 3875 stope (right).

The stress distribution of minor principal stress after stope excavation is shown in Figure 34. 
The Phikwe 810 m/ 3420 stope and Selebi 950 m/ 3875 stopes are illustrated in this figure.
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Figure 34; Stress distribution of minor principal stress after stope excavation in Phikwe 
3420 (left; and Sclebi 3875 (right).

5.3. 1.1 Strength factor
Elastic model analysis display that the stope roof and floor has a strength factor of 0.1 to 0.6. 
If the strength factor value is less than 1, it is an indicator of potential brittle failure causing 

excavation instability and fall of ground can occur. Figure 35 shows various strength factors 

around the stopes. Roof and floor are susceptible to stability problems.

Figure 35: Strength factor around Phikwe stope (left) and Selebi stopes (right) after 
excavation.

5.3.2 Rock and Soil 2-dimensional (RS2) analysis
Numerical modeling was carried out to analyze the stress and combined structure/ stress 

failure mode stopes with rock masses with various properties, external forces and dense
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discontinuities. The numerical modeling was executed using Rocscience computer program 

RS2 (Rocscience, 2016d). Modeling was conducted by applying both the elastic and plastic 

material properties. Stress redistribution around the excavations and strength factors 

analyzed using elastic material. Plastic material property was utilized to examine the yielded 

elements, rock mass failure and displacements around mine openings. Various rock mass 

parameters obtained from laboratory rock testing and RocData (Rocscience, 2016c) were used 

as input parameters.

were

5.3.3 Model setup
A grided mesh type with element type of 6 nodded triangles was used in modeling. Gradation 

factor of 0.1 was used with the default number of nodes on the excavations set to 110. The 

number of nodes was used to evaluate the discretization of the excavation boundary. 
Underground auto restrains were applied to pin the external boundaries. Constant field stress 

was selected for modeling stresses to account for stress measurements made by (Van der 
Heever et al., 2014) in Table 6. The major, intermediate and minor principal stresses from 

Table 6 were used as input parameters. The direction of major principal stress is normal to 

strike of orebody. Figure 36 shows the general model setup of RS2.

mmm: ...Hanglngwall Gneiss

jf jl Amphibolite orebody

-iLJr
h

Footwall Gneiss

Figure 36: A general model setup for the Selebi sill drive.

5.3.4 Stress distribution
Stress distribution surrounding the stope is illustrated in Figure 37 and Figure 38. The 

distributed stresses are concentrated in the corners ot the mine openings.
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Figure 37: Stress distribution of major principal stress in Selebi 850 m sill drive (clastic 
model).
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Figure 38: Stress distribution (major principal stress) around 835 m/ 3100 stope.

Figure 39 shows minor principal stress distribution around the sill drive. The negative stress 

will affect the surrounding rock mass causing stability problems. The stress failure that would 

cause fall of ground occurs when minor principal stress ranges between -4 MPa and -14 MPa 

and a strength factor of 0.95 to 0.10.

82



il
Sigsa 3
ain (stage): -13.23 MPa 

-14.CO 
-11.50 
-9.00 
-6.50 
-4.00 
-1.50 
1.00 
3.50 
6.00 
3.50 

11.00 
13. SO 
16.00
18.50 
21.00
23.50 
26.00
23.50
31.00
33.50
36.00

sax (stage): 35.27 MPa

■

Enammpsai
^ --m■

Figure 39: Stress distribution (minor principal stress) for the sill drive (elastic model).

5.3.5 Strength factor
Strength factor results in RS2 are handy in showing the failure because all the three principal 
stresses have an influence on the strength factor (major principal stress, intermediate principal 
stress and minor principal stress). Areas with a possibility of brittle failure are denoted by 

strength factor less than 1 with Hoek-Brown brittle parameters. The areas that are prone to 

instability are shown in Figure 40 by strength factor less than 1.

Strength Factor 
sin (stage): 0.00 

tension 
0.00 
0.32 
0.63 
0.95 
1.26 
1,53 
1.39

'

I

2.21
2.53
2.34
3.16I■ 3.47
3.79

L

------ 4.11
4.421 4.74
5.05
3.37I 5.68

I unbounded 
sax (stage): 6.00

Figure 40: Potential brittle failure areas with strength factor less than I in an 
unsupported cut and fill 835 m/3100 stope (elastic model).
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5.3.6 Yielded elements
The material yielded elements was employed to assess the level of damage. Figure 41 below 

illustrate the extent of yielded elements in stopes and sill drive. Figure 42 shows shear and 

tension failure at Phikwe 835 m/3100 stope.
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Figure 41: Yielded elements in a plastic model of Phikwe 835 m/ 3100 stope.
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Figure 42: Shear and tension failure along discontinuities at Phikwe 835 m/ 3100 stope.
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Chapter 6: Discussions

This chapter discusses results of the study and the implications for ground control at BCL 

mine. Statistical analysis, Rock Engineering system (RES) and Artificial Neural Network 

(ANN) were used to determine the factors that influence instability and assess BCL ground 

behavior. Rocscience software package namely: Dips, Examine2D and RS2 was used to 

analyze structurally controlled and stress failure mode in order to fully characterize fall of 

ground in BCL underground mine stopes and sill drive. The results of this research work were 

achieved by using the above mentioned methods and are discussed in depth in this section. In 

this study the FoG compilation results and field observations were integrated with RES, ANN 

as well as numerical simulations to analyze the observed ground behavior and failure mode at 
the mine causing fall of ground.

The study has established an empirical GBI chart to quantify the ground behavior of BCL 

mine and correlation between parameters influencing FoG. Qualitative methods, the rock 

engineering system and artificial neural network were used to quantify the behavior of the 

ground related to FoG. ANN and RES proved to be an effective tool for developing the 

ground behavior index. The key results can be identified in Figure 26 showing the calculated 

GBI values plotted on this chart. The GBI values were plotted on chart in order to calculate 

the associated hazard level.
The results of the interaction matrix of the rock engineering system indicate the most 
important parameters influencing ground behavior in BCL mine are geological discontinuities 

(X3), uniaxial compressive strength (X4), rock type (Xi), the implemented mining method 

(X|3), cohesion (X5), unsupported span (Xl2) and rock structure (X2) as shown in Figure 24. 
In Figure 24, the parameters with the highest interactivity intensities are the most important 
and influential in the GBI system. Parameters with low level of interactivity intensities, low 

cause and effect values plotted show that they are the least important in the GBI system. 
Parameter (Xg) is the least important. The excavation type (X7), friction angle (X6), use of 
blasting (Xu), excavation width (X9), and excavation height (Xi0) represent the intermediate 

important parameters of the GBI system.
The GBI range was selected to compare the predicted hazard level and actual hazard level 
because the most important element in the ground behavior index is the range not the value.
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The GBI range focuses on the region zonation and how to evaluate the class of the ground 

using the GBI value grouped. The hazard levels associated with ground behavior at BCL mine 

were classified. The ground was divided into 3 classes with increasing hazard potential 
namely: Hazard level 1, hazard level 2 and hazard level 3 as shown in Figure 27. Hazard level 
1 represents good ground, hazard level 2 represents fair ground and hazard level 3 represents 

poor ground. The use of GBI value may predict a value that is very close, accurate or bit 
different but still falls within the ground class. There is no need for particular accuracy as the 

ground conditions change affecting a large zone. The red dot in Figure 27 represents the GBI 
value. The data was calibrated into a system of values ranging 0-72. This was based on the 

collected data and compiled. These GBI values were grouped to constitute the hazard classes. 
Therefore the GBI range was adopted to assess the corresponding GBI value hazard class.
A connection between the most important parameters influencing ground behavior and the 

related fall of ground was established. If the rock mass characteristics, mining methods 

excavation geometry, blasting conditions and ground support conditions are known, the GBI 
value can be estimated and quantified. The identified most important parameters can be 

utilized in the ground control design stages after computing the GBI value to predict the 

hazard associated with that particular ground. The GBI values plotted on the GBI chart with 

associated hazard level range gives an idea on what hazard class would occur and whether is 

safe or not safe to continue mining.
As mining progresses to new ground, the GBI chart can be used for further hazard assessment 
related to that ground conditions. The new data could be used to update the GBI chart and 

recalibrate the GBI chart, recalibrate the range zone in order to improve and have more 

accurate GBI chart. BCL mine could collect more data and use this data to evaluate the 

corresponding ground behavior to see in which ground situations is FoG more likely to occur.

The GBI chart can be used to plot the GBI values to assess the hazard class related to new 

collected data. The input parameters need to be known and the proposed methodology can 

compute the GBI. The computed GBI can be used to plot the hazard level. With any dataset, 
the GBI can be computed and plotted on the GBI chart to see where the class falls using the 

engineering judgement to assess the GBI value. The ground behavior class was given by a 

certain GBI value and then it was grouped. Plot of the GBI values provided the range of GBI
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with associated hazard level. The compiled data used for quantifying the ground behavior was 

analyzed, calibrated and validated with some testing datasets. During data validation the GBI 
values were used not the GBI range. The GBI chart was obtained as the final product of BCL 

ground behavior.

The mining method is considered as one the important parameters related to FoG located at 
the top of the cause=effect diagonal in Figure 24 and high interactivity in Figure 25 based to 

the following reasons. The mining method (X13) is selected based on the characteristics of the 

rock mass and geomechanics properties of the ground not based on the fall of ground. In the 

cause effect diagram of Figure 24, the implemented mining method (X13) contributed more on 

the cause and less on the effect. That is the reason why the mining method is on top of the 

cause=effect diagonal of the diagram. The mining method comes first and affects the results. 
The mining method affects the FoG. If mining method does not commensurate with rock 

mass properties and characteristics it will affect fall of ground. Fall of ground cannot 
influence the choice of mining method. The mining method does not have balanced 

cause=effect, has only one direction. The mining method only has cause or effect depending 

on whether is at the top or bottom of cause=effect diagonal of the diagram. However other 
parameters such as rock mass characteristics have an average cause=effect and FoG can 

influence change in these parameters.

Statistical analysis in Figure 15 and Figure 16 show that fall of ground in BCL mine is 

commonly associated with blasting event and geological material displaced in the form of 

blocks and wedges. The failure mode analysis in Figure 17 indicated that the fall of ground 

mainly occurs as structurally controlled failures.
The connection between rock mass properties and type, geological discontinuities, ground 

support and mining methods were assessed in the developed numerical model and proposed 

ground behavior index methodology. There is a link between fall ot ground size, geological 
structures, hazard level, failure mode and ground behavior. The fall of ground mass and 

frequency is related to the stress failure, structurally controlled failure and hazard level. The 

increase in ground fall tonnage leads to escalated structurally controlled fall ot ground and 

danger levels. Deterioration of ground conditions increases the possibility ot high fall of 

ground size and structurally controlled failures.
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Kinematic analysis where instabilities are occurring revealed structurally controlled failures in 

the form of wedges indicating that geological structures are one of the most important 
parameters influencing FoG. This evidence is also provided by RES and ANN tools showing 

that geological discontinuities are important parameters used to quantify ground behavior 
index. This implies that ground support is one of the factors that influence fall of ground in 

underground mine opening. The simulation results correspond to the failures observed in the 

field, indicating that the laboratory parameters are representative of in-situ field parameters. 
The RES and ANN results showed a very good correlation with observed fall of ground 

occurring around the stopes and sill drives. The ANN predicted between 87.5 % - 100 % the 

fall of ground against the observed field FoG.
Examine 2D and RS2 modeling approaches were implemented for assessing the stress failure 

and combined stress and structurally controlled failure around the excavations. Performed 

analysis illustrated that the failure mode and the extent of failure zone depends on the in situ 

stress state orientation and geological discontinuities orientations. The stability of 

underground mine excavations and the rock mass behavior is influenced by the magnitude and 

direction of in situ stress field and dip angle/ dip direction angle of geological structures. The 

change in stress direction in the numerical model showed a wide variation in major principal 
stress, minor principal stress, yielding and strength factor. The modeling results in Figure 33 

and Figure 37 indicated that the stress failure would occur when major principal stress is 

within the range of 63 MPa to 95 MPa. The stress failure that would cause fall of ground 

occurs when minor principal stress ranges between -4 MPa and -14 MPa in Figure 39 and - 2 

MPa to - 8 MPa in Figure 34. In Figure 35 the strength factor of Phikwe and Selebi stopes in 

Figure 35 are 0.60 to 0.10 indicating that the stopes are susceptible to stability problems as the 

strength factor is less than 1. Phikwe stope has a strength factor of 0.95 to 0.10 in Figure 40 

revealing the potential of brittle failure in rock mass with strength factor less than 1. The 

damage index introduced by (Martin et al., 1999) was applied to compute the damage index 

around the mine openings in order to assess the ground behavior and failure mode in order to 

validate the numerical models. The numerical models result show that BCL mine stope 

alignments have a favorable to intennediate favorable orientation with respect to the major 
principal horizontal stress, minor principal effective stress and while avoiding critical 
geological discontinuity orientations that may cause instabilities. The failure zone that
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appears around the stopes is the outcome of strength of rock mass, far field stresses, 
geological structures and opening geometry (Kaiser et al., 2000) and (Martin et al., 1999). 
Thus, stress and combined structure/stress analysis show that the permanent BCL mine 

openings are aligned nearly parallel to major horizontal stress direction and the stopes are 

aligned near perpendicular to the major horizontal stress decreasing the stress impact on the 

rock mass around excavations. Therefore, the stopes are stabilized by high clamping pressures 

provided by high horizontal stresses minimizing block and wedge failures. The stress 

situation and mining induced stress has the potential to cause tensile failures, spalling and 

strain bursts when stress progressively builds up in the pillars and sidewalls.

6.1 Failure
All failures indicated from the developed models of the mine stopes indicate shear dominated 

failure and tension failure in stope roof, floor and minor in sidewall rock masses as shown in 

Figure 42. The tension stresses weaken the rock mass by opening the fractures and geological 
structures. Failure is initiated along geological discontinuities due to horizontal stresses in the 

immediate roof and floor accompanied by separation of weak parting planes, fractures 

propagating and coalescing with other structures, disconnection of roof rock units applying 

dead weight on the roof bolts and side bolts causing the fall of ground leaving the ground 

support damaged and protruding. 2- Dimensional simulation models showing failure around 

BCL mine stopes were produced at Phikwe central 835 m depth in Figure 40, Figure 41, 
Figure 42 and Selebi 950 m depth in Figure 35 using Examine 2D and RS2.
The mining induced stresses, intersection of geological structures and deterioration in ground 

conditions change the rock mass behavior results in potential of block fall, block sliding and 

shear failure modes that cause fall of ground if not adequately supported. Although, it is 

impossible to estimate exactly how this affects the stope stability, it can be assumed that a 

larger area of yielding is less favorable than a small zone extending into the rock mass. The 

study illustrates that fall of ground in stopes is mainly caused by discontinuities. Other means 

could be the change of stope shape to assist in relieving stress concentration in the stope 

corners and reducing excavation span. Also from field observations it can be noted that the 

fall of ground occurring in the mine openings is promoted by the deterioration in ground 

conditions influenced by changes in rock mass characteristics.
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The research shows that to reduce the impact of brittle failure and fall of ground in stopes it is 

suitable to change mining methods, the size of stopes, stope sequencing as mining advances 

encounters alteration in stress state, changes in rock mass parameters such as quality, type and 

strength. Thus is beneficial because changing the mining method and minimizing stope spans 

will decrease possibility of exposing geological structures that can form wedges.

6.2 Rock mass quality
The rock mass in Phikwe central stopes and Selebi stopes was generally classed as fair to 

good rock, in some areas poor rock mass based on the ground behavior index chart in Figure 

27. The computed GBI can be utilized in ground support design and evaluating stability 

problems resulting from block falls and blocks sliding, in low stress mining environments 

(Palmstrom and Stille, 2010).
The fall of ground severity differs from location to location due to many factors involved that 
affect the stability of underground mine openings. The tonnage of rock material dislodged 

was used to evaluate the fall of ground severity in various mine locations. Further, the total 
weight of rock material displaced was determined to be higher in poor quality and low 

strength rock mass, poor ground conditions and in stopes that experience higher degree of 

failure.
The observed FoG failure modes were predominantly structurally controlled followed by 

stress failure. This was noticed in the field where events took place, in Figure 17, Figure 28, 
Figure 32 and Figure 41. Dips models demonstrated that block falls and sliding of wedges 

along geological structures is the principal failure mode. The existence of geological 
discontinuities such as faults, shear zones, foliation and joints have been observed in stope 

and other mine openings boundaries which are believed to have an impact on fall of ground 

occurrences but their role is not fully understood. In some parts of the mine in Selebi and 

Phikwe central stopes the majority of failure was stress/structure induced. This was provided 

by evidence of failure in numerical modeling as shown in Figure 41 and Figure 42. 
Incorporation of field observations, ground behavior index, kinematic analysis and numerical 
modeling results imply that there is a relationship between fall of ground size, hazard level 
and failure mode. The evaluation of ground behavior index accounted for different hazard 

levels, the ground response is connected with gravity driven structurally controlled failure 

modes and stress failure mode. This leads to forecasting and prove that the gravity driven
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structurally controlled failure modes are the dominant type for the BCL rock mass structure as 

geological structures is one of the most important parameters influencing ground behavior 
index that lead to fall of ground. However, the results may help to understand the role of 

geological discontinuities, mining methods, stress and rock mass parameters on the rock mass 

behavior that can cause fall of ground in hard rock underground mines.
Fall of ground characterization results can be used further in assessing the hazard level of FoG, 
factors that influence fall of ground and as inputs to improve the ground control design 

decisions especially mining methods and ground support systems.

6.3 Summary
This research work has revealed that ground behavior index chart can be used to predict the 

hazard level associated with that particular ground. ANN and RES identified the most 
essential factors that influence observed fall of ground and predicted the ground fall 
occurrence. The most important parameters that affect the FoG in BCL stopes are geological 
discontinuities, rock type, rock mass structure, cohesion, mining methods and unsupported 

excavation span. It showed that RES and ANN are reliable tools that can be used to predict 
fall of ground in underground excavations. Statistical analysis using graphs showed that 
structurally controlled failure mode is main failure mode taking place in BCL mine opening. 
Kinematic analysis using Dips software indicated block fall and block sliding failure mode, 
signifying that structurally controlled gravity driven falls of ground is the fundamental failure 

mode. Numerical analysis using RS2 and Examine2D indicated shear and tension failure in 

stopes. This shows that stress state such as in situ stress orientation, mining induced stress and 

geological structures are one of the principal factors promoting excavation instability. 
Structurally controlled failure contributes the majority of the modeled failures occurring 

through the rock mass.
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Chapter 7: Conclusion
The main conclusions drawn from this study are given in the following paragraphs.
This study necessitated knowledge of BCL mine stopes rock structure, ground behavior, 
structurally controlled and stress failure modes. The Rock Engineering system (RES) and 

Artificial Neural Networks (ANN) were employed to establish ground behavior index (GBI) 
empirical chart used to quantify the behavior of the ground around BCL mine opening. The 

RES was applied to quantify the highly nonlinear most important parameters influencing the 

rock mass behavior leading to Fall of ground (FoG). The ANN method was implemented to 

evaluate and assign the weights of input parameters involved which served as a framework to 

form the GBI. The output parameter of the GBI system was the fall of ground characteristics 

which were classified in three hazard levels (Hazard level 1, hazard level 2 and hazard level 
3). In BCL mine stopes, hazard level 2 is the most frequently occurring followed by hazard 

level l then hazard level 3. This suggests that BCL mine stope grounds are good to fair from 

GBI perspective. The results from parameter interaction matrix indicated that the most 
important parameters in BCL mines GBI system were geological discontinuities (X3), uniaxial 
compressive strength (X4), rock type (Xi), mining method (X13), cohesion (X5), unsupported 

span (X|2) and rock structure (X2). The least important parameter is the excavation depth (X«) 
in the GBI system. The GBI chart can be used to evaluate the hazard level related to ground 

behavior.
A simple statistical analysis model was performed using graphs to quantify principal factors 

and most important elements of fall of ground. The statistical analysis results indicated 

wedges and block falls, structural failure, stress failure and combined structure/stress failure 

mode. Also, the statistical analysis results revealed that most FoG takes place in active stopes 

due to blasting. The ground falls were mainly caused by geological discontinuities, mining 

induced stresses and engineering methods.
The second aspect of this thesis focused on numerical modeling to analyze structurally 

controlled failure and stress failure mode. The results of the kinematic analysis on the stopes 

demonstrate that wedge type failure on the critical intersections and orientations of structures 

was possible on the stopes and sill drives. Fall of ground has a tendency of occurring when 

the dip angle / dip direction angle of geological structures varies between of 49°- 74°/2l2°- 
329° and 67°- 76°/64°- 104° forming critical intersections in Phikwe stopes. In Selibe stopes,
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fall of ground has a propensity for taking place when the dip angles of geological structures 

forming wedges ranges from 50°- 86° and 49°-76° and dip direction ranges between 158°- 
181° and 212°- 285°. The stress failure would take place when major principal stress is within 

the range of 63 MPa to 95 MPa. The stress failure that would cause fall of ground 

when minor principal stress ranges between -4 MPa and -14 MPa, -2 MPa to -8 MPa and at a 

strength factor of 0.95 to 0.10 which is in agreement with the field observations. Assessment 
of kinematic analyses and field observations suggest that geological discontinuities are one of 

the most essential parameters that lead to FoG events. The excavation geometry, excavation 

methods, rock mass characteristics and orientation of geological structures have significant 
influence on die failure mode and failure control occurring in the mine openings.
The rock and soil 2-dimensional (RS2) modeling results revealed shear and tension failure. 
Predominant structurally controlled gravity driven failure and in some areas accompanied by 

structurally controlled/ stress failure that occur are repeated in different stopes accompanied 

by various stress failure modes.
The conclusions are also founded on the field observation and ground investigations results. 

The structurally controlled and stress failure mode results are consistent with the field 

observations. The BCL mine stopes and sill drives rock mass structure was identified as 

mainly jointed/ blocky/ bedded and intact/massive. It can be said that the ground behavior was 

evaluated as stable with potential of discontinuity controlled, gravity induced block fall, 
sliding blocks and shallow stress induced shear failure in combination with structurally 

controlled block falls. Hence, the primary failure mode leading to fall of ground was assessed 

as discontinuity controlled induced falling and sliding of blocks, occasional stress and shear 
failure along pre-existing geological structures. The possible failure examined in BCL is 

block fall and shear failure. For structurally controlled failure such as block falls, sliding 

blocks and shear failure modes, it can be stated that empirical support design charts of good 

rock may be sufficient to stabilize possible rock wedges in the stope roof and walls.
The results of this research work presented in Chapter 4 and Chapter 5 of this thesis has 

illustrated that numerical modeling, RES and ANN can be a useful tool for providing an 

important insight of BCL mine structurally controlled failure and stress modes, quantify 

ground behavior and predict hazard level associated with the fall of ground. The results 

showed good correspondence between predictions and field observations.

occurs
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These results provide vital insights of fall of ground characteristics and aids engineers in 

designing mine ground control techniques which encompasses all the important factors 

influencing fall of ground hence advances workers safety and minimize production delays. 
The recommendations for ground control improvements and future research are made to 

tackle some of the questions that could not be managed, problems and solutions that this 

research answered.

7.1 Recommendations and future numerical modeling
Based on the results obtained in this study, in connection with managing FoG and improving 

the ground control at BCL mines the following are recommended:
Because the mining methods and unsupported span of the excavations were among the 

most important parameters controlling the FoG behavior, special attention should be 

put on the stope design and the mining methods.
The use of empirical method for stope design such as the Matthew’s stability graph 

(Mathews et al., 1981, Mawdesley et al., 2001) combined with numerical methods 

should be implemented in order to properly take into consideration the mining aspects 

(stope sequencing, mining layout, support requirement, backfilling, dynamic load, 
etc...) and the rock mass discontinuity conditions.
Inspections of ground support should be carried out to look for signs of blast damage, 

corrosion and assess performance.
Future ground control methods should integrate the parameters that influence the 

ground behavior and fall of ground to prevent and control instability in underground 

mines.
Use of the GBI chart for further ground conditions assessment and to predict FoG 

events.
Collection of structural data including dip angles and dip direction angles of 

geological discontinuities is necessary in all areas of the mine to allow ease of 

kinematic analysis and integrate structural data with other data in ground control 
designs such as mining direction and ground support systems.
Kinematic analysis should be performed systematically for non-temporal excavations 

if unfavorable structural conditions prevail so that critical discontinuity orientations 

could be avoided.

2.

3.

4.

5.

6.

7.
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8. Ground displacements and stress monitoring instruments around stopes should be 

placed in the mine to make it suitable for numerical models to be calibrated, improved 

back analysis data of fall of ground and advanced forecasting of fall of ground in 

various sections of the mine.

9. The numerical analysis input parameters are required to be updated when available to 

increase the level of precision in determining the failure modes such as stress 

measurements and rock mass parameters such as rock mechanical properties and rock 

mass characteristics.
10. The stress state that will be generated around the mine openings and its influence on 

the stability of stopes will need to be assessed in detail utilizing 3-dimensional stress 

analysis software as 3 dimensional models provide better accuracy.
11. Excavation damage zone should be minimized by use of smooth blasting.
12. Following this work it was recommended that longer than 2 m rock bolts must be 

utilized as ground support. Rock bolts, shotcrete and wire mesh be used in poor 
ground conditions.

7.2 Future Research
Investigate the influence of geological discontinuities and mining induced stresses in the 

occurrence of fall of ground in detail. Evaluate the function of ground support in minimizing, 
preventing fall of ground due to mining induced stress failures in underground mines.
Limited and missing field data were integrated to compile FoG database in order to 

accomplish this research work. It is proposed that in order to improve the analysis of collected 

data, more geological structural data such as dip angles and dip direction angles should be 

gathered, recording all the parameters to reduce the amount of missing data for the future.
It is also suggested that that other significant factors that influence instability and associated 

with fall of ground such as blasting, excavation geometry, mining method and rock type and 

geological structures be included in model development. This will make the proposed model 

more relevant to the field observed conditions.
Inspect further the significant factors that influence fall of ground and the methods ol 

predicting and controlling fall of ground.
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