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Abstract 

Rockbursts and gas outbursts are a longstanding hazard in underground coal mining due to 

their sudden occurrences and high consequences. These hazards are becoming prominent due 

to the increase in mining depth, difficult mining conditions, and adverse gas pressure 

conditions. Several researchers have proposed different theories, mechanisms, and indices to 

determine the rockbursts and gas outbursts liability but most of them focus on only some 

aspects of the complex engineering system for the ease to represent them using partial 

differential equations. They have often ignored the dynamics of changing mining environment, 

coal seam heterogeneity and stochastic variations in the rock properties. Most of the indices 

proposed were empirical and their suitability to different mining conditions is largely debated.  

To overcome the limitations of previous theories, mechanisms and indices, a probabilistic risk 

assessment framework was developed in this research to mathematically represent the complex 

engineering phenomena of rockbursts and gas outbursts for a heterogeneous coal seam. An 

innovative object-based non-conditional simulation approach was used to distribute 

lithological heterogeneity occurring in the coal seam to respect their geological origin. The 

dynamically changing mining conditions during a longwall top coal caving mining (LTCC) 

was extracted from a coupled numerical model to provide statistically sufficient data for 

probabilistic analysis. The complex interdependencies among several parameters, their 

stochastic variations and uncertainty were realistically implemented in the GoldSim software, 

and 100,000 equally likely scenarios were simulated using the Monte Carlo method to 

determine the probability of rockbursts and gas outbursts.  

The results obtained from the probabilistic risk assessment analysis incorporate the variations 

occurring due to lithological heterogeneity and give a probability for the occurrence of 

rockbursts, coal and gas outbursts, and safe mining conditions. The framework realistically 

represents the complex mining environment, is resilient and results are reliable. The framework 

is generic and can be suitably modified to be used in different underground mining scenarios, 

overcoming the limitations of earlier empirical indices used.  
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𝐺𝐸𝑂𝑛 Indicator value of factor 𝑛 -- 

ℎ𝑏𝑙𝑜𝑐𝑘 Height of the coal block m 

ℎ𝑐𝑜𝑎𝑙 Height of the coal seam m 

ℎ𝑟𝑜𝑜𝑓 Height of the immediate roof m 

𝐻 Mining depth m 

𝑖 Variation levels -- 

𝐼 The second moment of inertia m4 

𝑗 Parameters -- 

𝑘 Permeability coefficient m2 

𝑘ℎ Horizontal permeability m2 

𝑘𝑖 Average of parametric interaction in a level J/m3 

𝑘𝑛 Permeability at the 𝑛𝑡ℎ excavation step m2 

𝑘𝑣 Vertical permeability m2 
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𝐾𝑏𝑒𝑎𝑚 Flexural rigidity of the roof Pa-m4 
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𝑙𝑎, 𝑙𝑏, 𝑙𝑐 Length of the semi-major axes m 

𝑙𝑏𝑙𝑜𝑐𝑘 Length of the coal block m 

𝑙𝑠 Length of the cylindrical samples m 

𝐿 Length of the cantilevering roof m 

𝑚 Number of unique scenarios -- 

𝑚𝑓 Mass of the fragments in the bursting area Kg 

𝑀 Post-peak modulus between two incremental stress points GPa 

𝑀0 Initial bending moment N-m 

𝑀(𝑥) Bending moment of the cantilevered roof N-m 

𝑛 Mean of the stationary random function -- 

𝑛𝑉 Number of independent random Poisson points -- 

𝑝 Load acting on the cantilevered roof MPa 

𝑝𝑜 Force in the vertical direction N 

𝑝′ The difference in pressure inside the penny-shaped cracks MPa 

𝑝𝑔 The gas pressure inside the coal seam MPa 

𝑝𝑛 Pore pressure at 𝑛𝑡ℎ excavation step MPa 

𝑝𝑤 Fluid pressure MPa 

∆𝑃, ∆𝑃0−60, 

∆𝑃𝑒𝑥𝑝𝑟𝑒𝑠𝑠 
Gas desorption rate indices mmHg 

𝑃 In situ stress acting due to mining depth MPa 

𝑃1 
The absolute gas pressure inside the wellbore/Upstream 

pressure 
MPa 

𝑃2 Absolute gas pressure at the outlet/Downstream pressure MPa 

𝑃𝐼 Pressure in the reference cell Pa 

𝑃𝐼𝐼 Equilibrated pressure in an empty sample container Pa 

𝑃# 
Equilibrated pressure in the sample container filled with 

rock sample and solid discs 
Pa 

𝑃∗ 
Equilibrated pressure in the sample container filled with 

solid discs 
Pa 

𝑃𝑎𝑡𝑚 Atmospheric pressure Pa 

𝑃𝑓 Final/External pressure Pa 

𝑃𝑖 Initial/Internal pressure Pa 

𝑃𝑜 Peak abutment stress acting in the solid coal pillar MPa 

𝑃𝐿 Langmuir pressure MPa 

𝑃(𝑥) Load per unit length acting on different sections MPa 

𝑞 Reaction force acting against the abutment stress MPa 

𝑞𝑅𝐵 Deviatoric stress for rockburst MPa 

𝑄 Volumetric gas flow rate m3/sec 
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𝑟 Radius at which stress is measured m 

𝑅𝑖 Inner radius of the cylinder m 

𝑅𝑜 Outer radius of the cylinder m 

𝑅𝑗 Range of a parameter 𝑗 -- 

𝑅𝑛 The rank of factor 𝑛 -- 

𝑠 New surface area m2/g 

𝑆1 
Contact surface area of the unit volume subject to the 

blasting induced impact force 
m2 

𝑆2 
Contact surface area of the unit volume subjected to peak 

dynamic shock wave force 
m2 

𝑆3 Circular area of the in situ bursting pit m2 

𝑆𝑘 Throw energy of ejected coal pieces J 

𝑆0 Maximum elastic strain energy J 

𝑆𝑆𝑒 Sum of the square of experimental error J2/m6 

𝑆𝑆𝑗 Sum of the square of each parameter’s average deviation J2/m6 

𝑆(𝑥) Stationary random function -- 

𝑇𝑜/𝜎𝑡 Tensile strength of coal/rock MPa 

𝑡𝑛 Time at 𝑛𝑡ℎ  excavation step -- 

𝑈𝐸 Elastic stored strain energy J 

𝑈𝑅𝐸 Residual stored elastic strain energy J 

𝑉 The volume of roof rock m3 

𝑉𝑎 The volume of adsorbed gas m3 

𝑉𝑏𝑢𝑙𝑘 The bulk volume of the sample cm3 

𝑉𝑐 The volume of coal ejected m3 

𝑉𝑑 The volume of the disc placed on top of the sample cm3 

𝑉𝑒 The variance of the error term -- 

𝑉𝑒𝑗 Ejection velocity m/s 

𝑉𝑓 Final volume cm3 

𝑉𝑓𝑟𝑒𝑒 The volume of free gas m3 

𝑉𝑖 Initial volume cm3 

𝑉𝑗 The variance of each parameter -- 

𝑉𝐿 Langmuir volume m3/tonne 

𝑉𝑚 Volume of coal m3 

𝑉𝑚𝑜𝑑𝑒𝑙 Model domain -- 

𝑉0 Initial shear force MPa 

𝑉𝑟𝑐 The volume of the reference cell cm3 

𝑉𝑠 The grain volume of the sample cm3 

𝑉𝑠𝑐 The volume of the sample container cm3 
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𝑉𝑠𝑑 The volume of solid discs filled in the sample container cm3 

𝑉(𝑥) Shear force developed in the clamped end MPa 

𝑤 Specific energy of coal J/m2 

𝑤/ℎ Width-to-height ratio -- 

𝑤𝑏𝑙𝑜𝑐𝑘 Width of the coal block m 

𝑤𝑠 Weight of the sample Kg 

𝑤(𝑥) The square-integrable influence function -- 

𝑊𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 Adsorbed gas energy J/m3 

𝑊𝑐 Crushing energy J/m3 

𝑊𝑐𝑎𝑛𝑡 Strain energy density in the cantilever roof J/m3 

𝑊𝑐𝑜𝑎𝑙 Strain energy density in the coal seam J/m3 

𝑊𝐸 Linear strain energy J 

𝑊𝑒𝑡 Strain energy storage index -- 

𝑊𝑓𝑟𝑒𝑒 Free gas energy J/m3 

𝑊𝑔𝑎𝑠 Total gas expansion energy J/m3 

𝑊𝑖 Strain energy density J/m3 

𝑊𝑖2(𝑖𝑗) Orthogonal testing matrix -- 

𝑊𝑘 Transportation energy J/m3 

𝑊𝑚 The total strain energy of scenario 𝑚 J/m3 

𝑊𝑛 Weight of factor 𝑛 -- 

𝑊𝑟𝑜𝑜𝑓 Strain energy density in the supported roof J/m3 

𝑊𝑡𝑜𝑡𝑎𝑙 Total strain energy density accumulated in longwall mining J/m3 

�̈� Acceleration m/s2 

𝑥 Distance inside the solid coal pillar m 

𝑋𝑖 Independent random Poisson point -- 

𝑦0 Initial deflection of the roof m 

𝑦′
0
 The initial slope of the roof -- 

𝑦(𝑥) Deflection of the roof m 

𝑌1, 𝑌2 Width of the yield zones m 

𝑍(𝑥) Non-conditional simulation function -- 
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Greek Symbols 

Symbol Description Units 

𝛼, 𝜔, 𝜒, 𝜂 Intermediate calculation variables -- 

β Bursting efficiency ratio -- 

𝛾 Adiabatic coefficient -- 

𝛾𝑥𝑦, 𝛾𝑦𝑧 , 𝛾𝑥𝑧 Shear strain tensors -- 

𝛿 Confidence interval -- 

𝛿휀 Differential strain -- 

휀𝑐 
Maximum principal strain at the peak stress in the uniaxial 

compressive rockburst test 
-- 

휀𝑥, 휀𝑦, 휀𝑧 Normal strain tensors -- 

∆휀 Change in the axial strain -- 

𝜎/SD Standard deviation/stress -- 

∆𝜎 The change in the axial stress MPa 

𝛿𝜎 Differential stress MPa 

𝜎1𝑐 
Increased vertical stress with the horizontal sectional area 

after the excavation of rock pillars is reduced 
MPa 

𝜎1/𝜎ℎ In situ horizontal stress/Axial stress/Major principal stress MPa 

𝜎3/𝜎𝑣 In situ vertical stress/Confining stress MPa 

𝜎𝐴 Stress at the point of axial strain reversal MPa 

𝜎𝐵 Stress at the point of brittle failure intersection MPa 

𝜎𝐶  Residual stress MPa 
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Chapter 1  
Introduction  

1.1. BACKGROUND  

Coal mining with a projected contribution of ~22 % to the world’s electricity until 2040 is 

indispensable in the near future (World Coal Association, 2020). The future of coal mining lies 

deep underground as shallow depth deposits are fast depleting (Zuo et al., 2020). 

Advancements in mining technologies have facilitated extraction from deeper coal deposits 

which were earlier unsafe and uneconomical (Ghosh et al., 2020). This led to an increase in 

mining depth by ~20 m every year (Dou et al., 2009). The coal seam and roof strata experience 

a combined state of static and dynamic stresses and unfavourable gas pressure gradients at 

deeper levels (Campoli et al., 1987; Haramy and McDonnell, 1988; Li et al., 2008a; Zhu et al., 

2010; Agrawal et al., 2021). Such unfavourable mining conditions often increase the risk of 

dynamic hazards like rockbursts and gas outbursts (Heib, 2018a; Si et al., 2018; Agrawal et al., 

2019). 

Rockbursts is a generic term used to represent an energy phenomenon independent of the 

causes of damage and accompanied by the rock failure process (Singh, 1988). It is defined as 

a sudden and violent ejection of large, overstressed coal/rock blocks at a very high speed from 

a coal pillar into the adjacent mining workings, resulting in an instantaneous release of a large 

amount of accumulated energy (Haramy and McDonnell, 1988; Lenhardt, 1992; Maleki, 1995; 

Cai et al., 2016; Mark, 2016; Yin et al., 2016; Zhou et al., 2016c; Heib, 2018a; Zhou et al., 

2018; Agrawal et al., 2019). Spontaneous and violent release of a large volume of gases without 

solid projection from the coal face is referred to as gas outbursts (Chen, 1994; Maleki, 1995; 

Lama and Bodziony, 1998; Si et al., 2015a; Heib, 2018a). An ejection that comprises fine 

pulverised coal particles along with a lot of gas is termed coal and gas outbursts (Choi and 

Wold, 2001; Tu et al., 2019). 
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These dynamic hazards have been referred to by terms like bounce, breakout, coal bump, coal 

burst, crump, crush burst, dog ear, fault burst, flaking, mountain bump, mountain shot, notch, 

outburst, overbreak, pillar burst, pillow burst, pounce, popping, pressure burst, quake, 

rockburst, slabbing, spalling, splitting, strain burst, etc. by different researchers (Holland and 

Thomas, 1954; Maleki, 1995; Heib, 2018a; Rastegarmanesh et al., 2021). In this thesis, the 

terms “rockbursts” have been used to represent sudden and violent ejections occurring in coal 

mines explicitly due to strain energy, “gas outbursts” have been used for ejections occurring 

explicitly due to the gas expansion energy and “coal and gas outbursts” have been used for 

ejections occurring due to a combination of strain energy and gas expansion energy.  

Rockbursts and gas outbursts are common phenomena in deep coal mines that occur suddenly 

with little or no warning (Lama and Bodziony, 1998; Si et al., 2015a; Calleja and Nemcik, 

2016; Yin et al., 2016; Heib, 2018a; Agrawal et al., 2021). They can lead to fatality or 

accidental injury by collision with loose material from the burst, hurt by the force and shock, 

and suffocation by the release of noxious gases (Holland and Thomas, 1954; Vieira and 

Durrheim, 2002; Zhou et al., 2016c). They may destroy roadways, underground machinery, 

and support structures limiting safe and efficient access to the working areas (Ortlepp and 

Stacey, 1994; Dou et al., 2012; Cai, 2013; Heib, 2018a; Li et al., 2019). They may affect 

ventilation and trigger coal dust explosions further aggravating the severity of the hazard 

(Maleki, 1995; Vieira and Durrheim, 2002; Cai et al., 2016; Liu et al., 2016; Zhou et al., 2016c; 

Dou et al., 2018). They may impede production leading to economic losses (Miao et al., 2016; 

Agrawal et al., 2021). In extreme cases, premature closure of the mining panel results in 

permanent resource loss or reduction in the life of the mine (Vieira and Durrheim, 2002; Zhou 

et al., 2016c; Heib, 2018a; Agrawal et al., 2021).  

1.2. HISTORY OF ROCKBURSTS AND GAS OUTBURSTS  

Rockbursts and gas outbursts have been experienced in many countries around the world 

(Figure 1.1), including Australia (Calleja and Nemcik, 2016; Zhang et al., 2017), Bangladesh 

(Yang et al., 2018b; Li and Chai, 2019), Belgium (Chen, 1994), Bulgaria (Beamish and 

Crosdale, 1998), Canada (Cai and Kaiser, 2018), Chile (Veyrat et al., 2016), China (Zhang et 

al., 2017; Zuo et al., 2020), Czech Republic (Ortlepp, 2005; Heib, 2018b), France (Heib, 

2018b), Germany (Brauner, 1994; Heib, 2018b), Hungary (Beamish and Crosdale, 1998), India 

(Sabapathy et al., 2019), Japan (Beamish and Crosdale, 1998), Kazakhstan (Lama and Saghafi, 

2002), New Zealand (Fisne and Esen, 2014), Poland (Bukowska, 2006; Ptacek, 2017), 
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Romania (Lama and Saghafi, 2002), Russia (Petukhov and Linkov, 1983; Heib, 2018b), 

Slovenia (Markic and Sachsenhofer, 2010; Si et al., 2015a; Cao et al., 2020a), South Africa 

(Leger, 1991), Spain (Díaz Aguado and González Nicieza, 2007), Taiwan (Lama and Saghafi, 

2002), Turkey (Beamish and Crosdale, 1998), Ukraine (Lama and Saghafi, 2002; Guan et al., 

2009), the United Kingdom (Bukowska, 2006) and the United States (Iannacchione and 

DeMarco, 1992; Iannacchione and Zelanko, 1994; Iannacchione and Zelanko, 1995; Maleki, 

1995; Heal et al., 2006; Calleja and Nemcik, 2016; Mark, 2016; Sabapathy et al., 2019; Wang 

et al., 2021).  

 

Figure 1.1. Global occurrences of rockbursts and gas outbursts. 

In Australia, gas outbursts dated back to 1895 and since have witnessed several hundred events 

(Lama and Bodziony, 1998). However, a rockburst was first officially reported at Austar coal 

mine, New South Wales in 2014 that killed two miners (Hebblewhite and Galvin, 2017; Zhang 

et al., 2017). Belgium documented its first coal and gas outbursts event in 1879 at Agrappe 

Colliery that led to the release of 420 tons of coal and 100,000 m3 of gas that killed 121 miners. 

Another event in Besseges Colliery killed 131 miners (Lama and Bodziony, 1998; Fisne and 

Esen, 2014).  

In China, over 3,000 rockburst events killed over a few thousand miners (Tang et al., 2016; 

Wen et al., 2016; He et al., 2017; Jiang et al., 2017; Zhang et al., 2017; Zhou et al., 2018; 

Sabapathy et al., 2019; Zuo et al., 2020). Over 20,000 outbursts events have occurred in China 

since the first occurrence in 1950 (Cao et al., 2003). The largest coal and gas outburst event in 

China ejected 12,780 tons of coal and rock and 1.4 million m3 of gas (Cao et al., 2000). The 
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second-largest event ejected 10,500 tons of coal and rock and 1.23 million m3 of gas (Cheng et 

al., 2011). China continues to be affected by coal and gas outbursts due to deep mining and 

difficult geological conditions with events in 2004 that killed 148 miners, and in 2005 killed 

214 miners (Fisne and Esen, 2014). In 2019, two coal and gas outburst events killed 24 miners 

(Zhou et al., 2021).  

The Czech Republic recorded the first rockburst event in 1912 (Heib, 2018b), and since has 

reported over 470 rockburst events that killed 75 miners (Ortlepp, 2005; Zhang et al., 2017). 

France reported its first coal and gas outbursts in 1843 at Issac Colliery (Cao et al., 2001). The 

largest event was reported in Richard Colliery in 1938 leading to an ejection of 1,270 tons of 

coal and 400,000 m3 of methane (Chen, 1994). In Germany, over 50 rockburst events killed 30 

miners (Brauner, 1994; Zhang et al., 2017). Germany also reported over 400 gas outburst 

events since 1903. However, due to the improvement in technology toward hazard 

identification and prevention measures no fatalities were reported since 1990 (Imgrund and 

Thomas, 2013). In India, over 100 rockburst events killed 141 miners (Sabapathy et al., 2019).  

Japan encountered over 1,000 gas outburst events (Chen, 1994). Kazakhstan reported a massive 

outburst event in 1998 that ejected 640 tons of coal and rock and 550,000 m3 of methane killing 

13 miners (Baimukhametov et al., 2009; Imgrund and Thomas, 2013). In Poland, the Upper 

Silesia Coal Basin (USCB), reported the first rockburst in 1858 at Fanny coal mine (Bukowska, 

2006) and has recorded over 190 rockburst events since then killing over 122 miners 

(Bukowska, 2006; Mutke et al., 2015; He et al., 2017; Zhang et al., 2017). Gas outburst events 

have also plagued the Polish coal industry with over 1,000 events reported (Chen, 1994; Lama 

and Bodziony, 1998). Russia reported one of the largest outbursts at Gagarin Colliery that 

ejected 14,500 tons of coal and 60,000 m3 of methane (Lama and Saghafi, 2002). 

Slovenia documented its first rockburst in 1958, 15 events have occurred since then, that killed 

20 miners (Markic and Sachsenhofer, 2010; Si et al., 2015a; Cao et al., 2020a). Several gas 

outbursts events were also reported in Slovenia with the last major coal and gas outburst event 

in 2003 that killed two miners. Spain reported its last major outburst event in 2013 where six 

miners were killed (Si et al., 2015a). In 1992, coal and gas outburst events in Turkey led to the 

death of 263 miners and subsequent fire led to the complete inundation of mines (Fisne and 

Esen, 2014). The UK experienced its first rockburst in 1738 (Bukowska, 2006; Zhang et al., 
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2017; Heib, 2018a), as well as experienced some gas outbursts, but they were mostly small, 

thus, less important.  

In the US, gas outbursts dated back to 1915, but the menace of gas outbursts is not very 

prominent with few incidents reported in the literature (Ulery, 2008). However, over 500 

rockburst events have killed around 200 miners (Haramy and McDonnell, 1988; Iannacchione 

and DeMarco, 1992; Iannacchione and Zelanko, 1995; Bukowska, 2006; Iannacchione and 

Tadolini, 2016; Mark, 2016; He et al., 2017; Zhang et al., 2017; Canbulat et al., 2019; Pu et al., 

2019). Overall, more than 40,000 rockbursts and gas outbursts events have been recorded in 

all major coal-mining countries making them one of the most important hazards in underground 

coal mining (Xue et al., 2021). Rockbursts and gas outbursts prediction is one of the most 

important unsolved problems in underground coal mining as there is no universally accepted 

method (Zhou et al., 2018). 

1.3. MOTIVATION 

Frequent occurrences highlight rockbursts and gas outbursts as the most complex, difficult to 

predict, and longstanding hazards in underground coal mining which remain to be solved 

(Mark, 2016; Zhang et al., 2017; Sabapathy et al., 2019). Understanding the mechanism of 

rockbursts and gas outbursts has been the focus of many research studies that led to the 

development of several hypotheses over the last several decades (Holland and Thomas, 1954;  

Iannacchione and Zelanko, 1994; Maleki, 1995; Heib, 2018a). The experience of earlier 

researchers suggests that the rockbursts and gas outbursts mechanism is difficult to define due 

to its complex non-linear dependence on several intrinsic and extrinsic parameters 

(Iannacchione and DeMarco, 1992).  

Several researchers investigated the link between energy and rockburst and gas outburst 

liability by developing energy-based indices (Salamon, 1984; Hedley, 1992; Mitri et al., 1999; 

Brady and Brown, 2005). The main reason for the limited success of earlier developed indices 

was their empirical and site-specific nature. Traditional risk assessment approaches were used 

to forecast rockbursts and gas outbursts, but they were unable to realistically represent 

influences and non-linear dependence among parameters to forecast complex hazards. These 

approaches failed to seek responses from dynamically changing underground mining 

conditions. Most researchers considered coal seams to be homogeneous, however, coal seams 

formed over a long geological time are heterogeneous. The main challenge lies in the realistic 
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representation of multiple non-linear dependencies among parameters, real-time system 

feedback and uncertainty incorporation (Zhang et al., 2017; Canbulat et al., 2019; Agrawal et 

al., 2021). These non-linear dependencies, heterogeneity and dynamic nature of underground 

mining have not been researched in detail, thus, a global consensus on the use of any single 

energy-based criterion to forecast rockbursts and gas outbursts is not reached. 

1.4. RESEARCH OBJECTIVES 

To overcome the limitations of previous approaches and to provide a methodology to forecast 

rockbursts and gas outbursts, a generic probabilistic risk assessment (PRA) framework needs 

to be developed. The framework should be reliable and resilient, able to realistically represent 

complex non-linear dependence among different intrinsic parameters (like mining depth, 

geomechanical properties of rock, etc.) and extrinsic parameters (like mining method, panel 

dimension, nature of support, etc.), incorporate uncertainty and be versatile to suit different 

mining conditions. To develop such a framework, the research reported in this thesis was 

divided into the following sub-objectives: 

a. To develop an analytical model to understand the complex interactions among different 

parameters affecting strain energy accumulation in retreating longwall coal mining and 

to identify intrinsic and extrinsic parameters. 

b. Realistic incorporation of lithological heterogeneity prevalent in a coal seam into a 

coupled numerical model and detailed parametric analysis to investigate the influence 

of the identified parameters on rockburst and gas outburst liability.  

c. To develop a probabilistic risk assessment framework to realistically represent complex 

non-linear dependence of different parameters, incorporate stochastic variations to 

represent different mining conditions and forecast the probability of rockburst and gas 

outburst occurrence in retreating longwall mining.  

1.5. THESIS STRUCTURE 

In this research, laboratory experiments, theoretical analysis, numerical simulations, and 

probabilistic risk assessment were undertaken to forecast the occurrence of rockbursts and gas 

outbursts. Different chapters are interrelated as shown in the mind map (Figure 1.2). A review 

of the current state-of-the-art including the mechanism and occurrence of rockbursts and gas 

outbursts in coal mining, prediction indices and prevention measures along with the knowledge 
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gaps and how this research bridges some of those gaps is discussed in Chapter 2. Laboratory 

experiments on coal and coal measure rocks to determine their geomechanical and reservoir 

properties are presented in Chapter 3. The theoretical analysis presents updated strain energy 

equations suiting the state-of-the-art retreating longwall mining now practised by the industry 

(Chapter 4). The intrinsic and extrinsic parameters that have a strong influence on the 

occurrence of rockbursts and a hierarchy of their influence are identified in the chapter. 

 

Figure 1.2. Mind map of the thesis. 

The importance of lithological heterogeneity in a coal seam, its realistic incorporation and 

parametric analysis of different intrinsic and extrinsic parameters on rockburst and gas outburst 

occurrence in a heterogeneous coal seam using coupled numerical models are discussed in 

Chapter 5. The probabilistic risk assessment framework developed to overcome the limitations 

of existing traditional risk assessment and machine learning algorithms is presented in Chapter 

6. The dynamic nature of retreating mining was properly captured by providing feedback from 

the updated modelling state in the framework. The stochasticity in the parameters was also 

incorporated and propagated throughout the framework using the Monte Carlo simulation 

approach to calculate the probability of rockbursts and gas outbursts occurrence.  

Stress controlled mining methods like the use of yield pillars and gas pressure-controlled 

mining methods like protective seam mining are discussed and modelled in Chapter 7. Chapter 
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8 lists major conclusions from the research, provides recommendations for safe mining design 

and discusses future research works that can be undertaken in this area.   
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Chapter 2  
Literature Review 

2.1. INTRODUCTION 

Rockbursts and gas outbursts are common phenomena in deep coal mines with their 

probability, intensity, and damage potential increasing with depth (Chen, 1994; Dou et al., 

2018; Zuo et al., 2020). Rockbursts occurring when a thick and massive roof strata fails 

suddenly or when inelastic movement of rock mass across geological discontinuities releases 

shock waves that compresses the rock strata leading to dynamic instability is referred to as 

shear-type rockburst, fault-slip rockburst or type I rockburst (Haramy and McDonnell, 1988; 

Board et al., 1992; Brady and Brown, 2005; Calleja and Nemcik, 2016). Rockbursts occurring 

when a strong, stiff, and brittle rock that can accumulate a large amount of strain energy for 

some deformation is strained beyond its elastic limit and the brittle rock failure releases the 

accumulated energy instantaneously is referred to as strain burst, crush-type rockburst, or type 

II rockburst (Heib, 2018a; Cheng et al., 2021). Gas outburst is a quasi-static and dynamic 

phenomenon that occurs when the gas desorbs rapidly at the mining face generating excessive 

gas expansion energy (Chen, 1994; Lama and Bodziony, 1998).  

Rockbursts and gas outbursts are more liable in situations when a slight change in stress 

conditions can cause an instantaneous release of a large amount of strain energy leading to 

violent ejections (Zubelewicz and Mroz, 1983; Ortlepp and Stacey, 1994; Lama and Bodziony, 

1998; Wang and Park, 2001; Hanes, 2004; Yin et al., 2016; Xue et al., 2021). The magnitude 

of rockbursts and gas outbursts is influenced by geology, geomechanical and reservoir 

properties of the coal seam and the rock strata, and mining conditions (Haramy and McDonnell, 

1988; Chen, 1994; Iannacchione and Zelanko, 1994; Lama and Bodziony, 1998; Westman et 

al., 2001; Hanes, 2004; Zhao and Jiang, 2009; Calleja and Nemcik, 2016; Yin et al., 2016; Xue 

et al., 2021). 
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The presence of a massive, stiff, strong, difficult to cave strata, with high compressive strength 

and Young's modulus, allows the roof to act as a cantilever and store a large amount of strain 

energy (Haramy and McDonnell, 1988; Iannacchione and Zelanko, 1994; Maleki, 1995). The 

compressive strength of coal is inversely proportional to the outburst potential energy as 

outbursts occur in the failure zone (Cheng et al., 2021). Presence of geological anomalies like 

bedding planes, clay bands, cleavage, coal stringers, cross-beds, dykes, faults, folds, fracture 

zones, joints, paleochannels scours, pyrite veins, rolls, seam dips, shatter zones, sills, slips, 

sudden topographical changes, and trough beds affect the shear and tensile strength of the roof 

strata (Iannacchione and DeMarco, 1992; Osterwald et al., 1993; Iannacchione and Zelanko, 

1994; Iannacchione and Zelanko, 1995; Calleja and Porter, 2016). Farmer and Pooley (1967) 

and Shepherd et al. (1981) reported high outbursts proneness in geologically disturbed areas.  

Brittle coal with high compressive strength often fails violently as compared to a soft coal seam 

with large plastic deformation (Babcock and Bickel, 1984; Haramy and McDonnell, 1988; 

Maleki, 1995; Yin et al., 2016). Maleki (1995) has suggested that, for rockbursts to occur, the 

immediate roof strata should be around 10 times stiffer and stronger than the coal seam. Friction 

between the roof-coal and coal-floor intersection is instrumental in affecting horizontal stress 

relaxation. In case of high friction, this may lead to excessive stress build-up and a sudden loss 

of friction upon roof breakage can release a large amount of strain energy (Haramy and 

McDonnell, 1988). Reservoir properties like gas content, gas pressure gradient, gas 

composition, gas desorption rate, and coal permeability affect the gas accumulation in the coal 

seam and reduce the strength of coal leading to gas outbursts (Lama and Bodziony, 1998; 

Hanes, 2004; Yin et al., 2016).  

Extraction sequences, mining depth, mining method, multiple seam interactions, rate of retreat, 

seam thickness, shape and size of underground structures are crucial in determining the mining-

induced stresses and their distribution (Zhao and Jiang, 2009; Calleja and Nemcik, 2016). 

Unfavourable mining design may lead to high-stress accumulation, so it is always beneficial to 

design mining panels in a way that the extraction continues under uniform stress fields (Holland 

and Thomas, 1954; Iannacchione and Zelanko, 1994). This avoids the release of a large amount 

of strain energy in a single mining step (Maleki, 1995).  

With the advancement in research and technology, the frequency of rockbursts and gas 

outbursts has decreased, however, the intensity and damage potential have increased due to 
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complex mining conditions encountered in deep mining (Zuo et al., 2020). Continued global 

occurrence of rockbursts and gas outbursts makes them a universal and serious problem that 

presents significant safety and economic challenges for the coal mining industry and requires 

continued attention from the scientific community (Wang et al., 2021). Rockbursts and gas 

outbursts involving several parameters make it difficult to understand the mechanism of 

occurrence and triggering criteria, which has been a longstanding topic of research (Dou et al., 

2018). Over the past several decades, researchers have suggested different methods of 

investigation like laboratory experiments, theoretical analysis, and numerical simulations to 

better understand the rockburst and gas outburst mechanism (Zhao and Jiang, 2009), which 

have been reviewed in this chapter.  

2.2. LABORATORY EXPERIMENTS  

Different experimental designs and equipment were developed to physically simulate 

rockbursts and gas outbursts in the laboratory. Laboratory experiments started from simple 

one-dimensional to three-dimensional experiments to model instantaneous and delayed bursts 

(Cheng et al., 2021). Researchers have analysed the post-peak stress-strain curve for energy 

redistribution, associated energy evolution during deformation and failure behaviour to 

determine the rockburst liability of coal/rock (Hua and You, 2001; Huang et al., 2001; He et 

al., 2010; Ohta and Aydan, 2010; Manchao et al., 2012a; Meng et al., 2016; Bruning et al., 

2018; Akdag et al., 2021). Wang and Park (2001) used laboratory investigations to develop 

strain energy criteria to analyse the rockburst potential. Miao et al. (2016) predicted rockbursts 

using laboratory loading and unloading test results for gold mines in China.  

Li et al. (2017a) used triaxial testing along with microscopic analysis and found that the rock 

deformation process can be estimated by the ratio of dissipated strain energy to the total strain 

energy. Ning et al. (2017) used crack initiation and crack damage thresholds to calculate energy 

dissipation. Yang et al. (2018c) used the laboratory analysis of the uniaxial compression of coal 

to propose a new rockburst propensity index based on strain energy for Australian coal mines. 

Akdag et al. (2021) analysed post-peak energy analysis to determine strain burst propensity in 

brittle granite. Several indices were developed based on laboratory investigations to predict 

rockbursts and gas outbursts, some relevant indices are summarised in Table 2.1.  

Several researchers have performed triaxial compression experiments at different confining 

pressure and gas pressure conditions to improve the understanding of the influence of free gas, 



Chapter 2: Literature review 

12 

adsorbed gas, gas pressure and its gradient, gas adsorption, stress path, confining pressure, 

loading/unloading rate, and moisture content on mechanical properties of coal, propulsion 

velocity, the thickness of the fractured coal and subsequent gas outbursts liability (Ates and 

Barron, 1988; Valliappan and Zhang, 1999; Gray, 2006; Poulsen et al., 2014; Skoczylas et al., 

2014; Tu et al., 2016; Zhi and Elsworth, 2016; Cao et al., 2019a).  

Table 2.1. Laboratory based rockburst indices  

Authors Equation 

Manchao et al. (2012b) 

∆𝐸 = 𝐸(𝜎1𝑐) − 𝐸(𝜎𝑐) = 0.5(𝜎1𝑐휀𝑐 − 𝐸휀𝑐
2) 

Instantaneous rockburst criterion, 𝜎1𝑐 = 𝑝𝑜/(𝑎𝑐 − 2∆𝑎)𝑏𝑐  

Impact induced burst criterion by blasting, 𝜎1𝑐 = 𝐹𝑚𝑎𝑥/𝑆1  

Impact induced burst criterion by roof collapse, 𝜎1𝑐 = ∆𝐹𝑑/𝑆2  

Impact induced burst criterion by fault slip, 𝜎1𝑐 = 𝐹/𝑆3 = 𝑚𝑓�̈�/𝑆3 

Bruning et al. (2018) 

𝑞𝑅𝐵 = √0.5[(𝜎𝑧 − 𝜎𝜃)
2 + (𝜎𝜃 − 𝜎𝑟)

2  + (𝜎𝑟 − 𝜎𝑧)
2] 

𝜎𝑟 = [((𝑃𝑓𝑅𝑜
2 − 𝑃𝑖𝑅𝑖

2)/(𝑅𝑜
2 − 𝑅𝑖

2)) − ((𝑃𝑓 − 𝑃𝑖)𝑅𝑖
2𝑅𝑜

2/𝑟2(𝑅𝑜
2 − 𝑅𝑖

2))] 

𝜎𝜃 = [((𝑃𝑓𝑅𝑜
2 − 𝑃𝑖𝑅𝑖

2)/(𝑅𝑜
2 − 𝑅𝑖

2)) − ((𝑃𝑓 − 𝑃𝑖)𝑅𝑖
2𝑅𝑜

2/𝑟2(𝑅𝑜
2 − 𝑅𝑖

2))] 

𝜎𝑧 = [(𝐹𝑎𝑥/𝜋(𝑅𝑜
2 − 𝑅𝑖

2)) − (𝑃𝑖𝑅𝑖
2/(𝑅𝑜

2 − 𝑅𝑖
2))] 

Akdag et al. (2021) 

𝑑𝛷𝐸𝑋 = 𝑑𝑈𝐸 − 𝑑𝛷𝐶𝑊 − 𝑑𝛷𝐹𝑀 − 𝑑𝑈𝑅𝐸  

𝑑𝑈𝐸 = (𝜎𝐴)2/2𝐸 

𝑑𝛷𝐶𝑊 =∑((𝜎𝑖)2 − (𝜎𝑖+1)2(𝑀 − 𝐸))/2𝐸𝑀

𝐵

𝑖=𝐴

 

𝑑𝛷𝐹𝑀 =∑((𝜎𝑖)2 − (𝜎𝑖+1)2(𝑀 − 𝐸))/2𝐸𝑀

𝐶

𝑖=𝐵

 

𝑑𝑈𝑅𝐸 = (𝜎
𝐶)2/2𝐸 

∆𝐸 is the excess energy, 𝜎1𝑐 is the increased vertical stress with the horizontal sectional area after the excavation 

of rock pillars is reduced, 𝜎𝑐 is the unconfined compressive strength, 휀𝑐 is the maximum principal strain at the 

peak stress in the uniaxial compressive rockburst test, 𝐸 is the Youngs modulus, 𝑝𝑜 is the force in the vertical 

direction, 𝑎𝑐 is the cell length and 𝑏𝑐 is the cell width of a unit in a deep roadway, ∆𝑎 is the excavation length of 

coal pillar in the horizontal sectional area direction of unit volume, 𝐹𝑚𝑎𝑥 is the peak blasting impact force, 𝑆1 is 

the contact surface area of the unit volume subject to the blasting induced impact force, ∆𝐹𝑑 is the peak dynamic 

disturbance force induced by the shock waves, 𝑆2 is the contact surface area of the unit volume subjected to peak 

dynamic shock wave force, 𝐹 is the peak dynamic shock impact force simulated in the laboratory tests, 𝑚𝑓 is the 

mass of the fragments in the bursting area, �̈� is the acceleration, 𝑆3 is the circular area of the in situ bursting pit, 

𝑞𝑅𝐵 is the deviatoric stress for rockburst, 𝜎𝑟 is the radial stress, 𝜎𝜃 is the tangential stress, 𝜎𝑧 is the axial stress, 𝑅𝑖 
is the inner radius of the cylinder, 𝑅𝑜 is the outer radius of the cylinder, 𝑃𝑖  is the internal pressure, 𝑃𝑓  is the external 

pressure, 𝑟 is the radial distance at which stress is calculated, 𝐹𝑎𝑥 is the axial force, 𝛷𝐸𝑋 is the excess strain energy 

released during brittle failure (burst), 𝑈𝐸 is the elastic stored strain energy, 𝛷𝐶𝑊 is the energy consumption 

dominated by cohesion degradation during stable fracturing, 𝛷𝐹𝑀 is the energy dissipated during the mobilisation 

of frictional failure, 𝑈𝑅𝐸  is the residual stored elastic strain energy, 𝜎𝐴 is the stress at the point of axial strain 

reversal, 𝜎𝐵 is the stress at the point of brittle failure intersection, 𝜎𝐶 is the residual stress, 𝑀 (= 𝛿𝜎 𝛿휀⁄ ) is the 

post-peak modulus between two incremental stress points, 𝛿𝜎 is the differential stress, and 𝛿휀 is the differential 

strain. 
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Despite extensive laboratory experiments and equipment developed to simulate rockbursts and 

gas outbursts, there are still some shortcomings. It is difficult to maintain initial and boundary 

conditions, to resemble burst conditions and control many factors that affect these occurrences 

(Wang and Xue, 2018). Even if the experimental conditions are designed to represent field 

conditions, the behaviour of rock could be different owing to the difference in rock properties 

of intact rock and rock masses (Manouchehrian, 2016). Zhao and Jiang (2009) pointed out that 

macroscopic properties were analysed in most of these experiments, however, microscopic 

properties and the heterogeneity in micro-scale also play an important role in hazard 

occurrences, which has not been well understood.  

2.3. THEORETICAL ANALYSIS 

2.3.1. Rockburst theories 

Several rockburst theories have been put forward based on the elasticity, plasticity, and stability 

of the coal/rock. Rockburst theories based on the mechanical properties include the bifurcation 

theory, burst liability theory, catastrophe theory, chaos theory, energy theory, fractal theory, 

rockburst initiation theory, shear and slip theory, shock and vibration theory, stiffness/rigidity 

theory, strength theory, system modelling theory, etc. (Xie and Pariseau, 1993; Wang et al., 

2006; Zhao and Jiang, 2009; Cai et al., 2018b; Dou et al., 2018; Zhou et al., 2018; Li et al., 

2019; Shirani Faradonbeh et al., 2020). Rockburst theories based on the stability deformation 

system include the instability theory, mutation mechanism of dynamic instability of rock 

theory, unified instability theory of rockbursts and gas outbursts, etc. (Cook, 1965; Zubelewicz 

and Mroz, 1983; Dou et al., 2018; Li et al., 2019). The three-factor theory requires three factors 

to be simultaneously present for rockbursts to occur, including coal/rock impact tendency, 

stress factor and structure factor (a weak plane that can slip) (Dou et al., 2018).  

2.3.2. Rockburst mechanisms 

Two rockburst mechanisms were proposed by researchers—(a) pressure mechanism and (b) 

shock mechanism (Rice, 1935; Babcock and Bickel, 1984; Iannacchione and DeMarco, 1992). 

2.3.2.1. Pressure mechanism 

As Iannacchione and DeMarco (1992) report, this mechanism was proposed by Rice (1935) 

and extended by Holland and Thomas (1954). They made an analogy of coal pillar failure in 

excessive pressure mechanism to the uniaxial compressive test done in the laboratory. Babcock 

and Bickel (1984) further extended this concept by drawing an analogy from laboratory 
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experiments conducted on 15 different coal samples. They observed that when the confinement 

of coal was suddenly reduced while maintaining the vertical stress in a load frame, violent 

failure occurred. They postulated that if this process occurred very rapidly in a coal pillar, 

dynamic failure could happen. In case the local mine stiffness (representing loading platens of 

the testing machine) is less than the coal pillar stiffness (representing the coal sample), large 

pillars will bear a higher load as compared to surrounding rocks and may fail violently releasing 

strain energy when extraction starts around or within such pillars.  

The coal pillar comprises an elastic solid core surrounded by an inelastic yield zone providing 

confinement to the elastic core. Pillars adjacent to the goaf can experience high stresses in the 

pillar core due to rib-crushing and abutment loading. In cases where stress redistribution occurs 

rapidly due to the sudden removal of adjacent pillars, coal pillars may lose their confinement 

rapidly leading to an instantaneous increase in pillar load. This may cause the dynamic failure 

of the pillar resulting in strain bursts, buckling or pillar bursts (Board et al., 1992; Iannacchione 

and DeMarco, 1992; Iannacchione and Zelanko, 1994; Maleki, 1995). The load-bearing 

capacity of pillars may be exceeded suddenly, restricting the pillar to shed the load in a 

controlled manner, leading to rockbursts (Iannacchione and Zelanko, 1994). Rockbursts 

occurring due to the excessive pressure mechanism have been referred to as crush type 

rockbursts (Board et al., 1992), Type II rockbursts (Brady and Brown, 2005), and overstressed 

pillar bursts (Haramy and McDonnell, 1988; Calleja and Nemcik, 2016).  

2.3.2.2. Shock mechanism 

As Iannacchione and DeMarco (1992) report, Rice (1935) was the first researcher to propose 

this mechanism in the late 1920s. It is suggested that sudden failure of thick, massive, rigid 

strata above the coal seam, strata spanning a goaf area, or impact of a massive volume of 

hanging roof rock on the floor releases a large amount of energy that may induce a shock wave 

(Haramy and McDonnell, 1988; Maleki, 1995; Calleja and Nemcik, 2016; Heib, 2018a). These 

shock waves transmitting through the intervening strata layers may affect a wide area of the 

coal seam (Iannacchione and DeMarco, 1992). Shock waves may form due to the sudden 

inelastic movement of rock mass across geological discontinuities like faults and/or slips 

resulting in sharp and instantaneous acceleration within strata around mining structures (Calleja 

and Nemcik, 2016).  
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Shock waves propagate through compression and rarefaction, when the wave passes through a 

coal pillar, it first compresses the pillar causing an instantaneous increase in the dynamic load 

on the pillar and subsequently extends the pillar leading to a sudden decrease in the load 

resulting in potentially unstable stress state (Iannacchione and Zelanko, 1994). Researchers 

found that rockbursts triggered by the shock mechanism are often more destructive as 

compared to those occurring due to the pressure mechanism because the shock mechanism 

causes significant dynamic stresses in the coal (Ortlepp and Stacey, 1994). Rockbursts 

occurring due to shock mechanisms have been referred to as shear type rockbursts (Haramy 

and McDonnell, 1988; Board et al., 1992), Type I rockbursts (Brady and Brown, 2005), and 

fault-slip rockbursts (Calleja and Nemcik, 2016). This thesis focuses on the pressure 

mechanism of rockbursts occurrence while the shock mechanism has been kept outside the 

scope of the research. 

2.3.3. Gas outburst theories 

Several researchers studied gas outburst occurrences around the world and presented over 141 

outburst theories (Cyrul, 1992), however, the governing laws are still unclear (Cheng et al., 

2021). Researchers obtained outbursts excitation conditions, processes and mechanisms using 

statistical methods, theoretical analyses, and experimental investigations. Most outburst cases 

involve deformed coal having low strength, low permeability, and rapid desorption rate. Some 

of the most prominent gas outburst theories in practice include stress dominant theories, gas 

dominant theories and multifactor theories (Cheng et al., 2021).  

2.3.3.1. Stress dominant theories 

Stress dominant theories include deformation potential theory, stress concentration theory, 

stress superposition theory, uneven displacement of roof theory, etc. (Cheng et al., 2021). In 

these theories, mining-induced stresses acting ahead of the active face is the main reason for 

coal/rock failure. Failure releases the strain energy in the coal/rock as well as the gas energy to 

disintegrate coal and throws it violently into the mining workings (Chen, 1994).  

2.3.3.2. Gas dominant theories 

Several gas dominant theories were proposed by researchers since the 1850s (Shepherd et al., 

1981; Wang and Xue, 2018). In gas dominant theories, gas pressure and its gradient along with 

gas content are the main factors leading to gas outbursts (Litwiniszyn, 1985). Two prominent 

theories explaining the occurrence of outbursts are the gas pocket theory and dynamic theory 
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(Shepherd et al., 1981; Lu et al., 2011). In the gas pocket theory, a large volume of gas is 

adsorbed on the fractured surface of soft coal, often surrounded by a less fractured and low 

permeability zone. As the retreating mining approaches this gas pocket, the soft coal fails in 

tension due to the large pressure difference between the gas pocket and the mining face and the 

broken coal is ejected violently by the high-pressure gas (Cheng et al., 2021). In the dynamic 

theory, abundant fractures are generated in the coal seam ahead of the active face under mining-

induced stresses. This provides space for gases adsorbed on the coal surface to rapidly desorb 

and create a flow path to release the gas into the mine workings causing gas outbursts 

(Odintsev, 1997; Cheng et al., 2021). 

 

Figure 2.1. Coupled interaction and governing parameters leading to rockbursts and gas outbursts 

dynamic system (Modified after Fan et al., 2017; Zhang et al., 2017 and Canbulat et al., 

2019). 

2.3.3.3. Multifactor theories 

In 1951, Russian researchers were the first to identify that gas outbursts are caused by multiple 

factors and are not a single factor phenomenon (Wang and Xue, 2018). They proposed that 

stress, strength, and gas mutually interact to result in gas outbursts (Figure 2.1). The 

phenomenon was later agreed and supported by a number of researchers (Farmer and Pooley, 

1967; Shepherd et al., 1981; Hyman, 1987; Beamish and Crosdale, 1998; Lama and Bodziony, 

1998; Hanes, 2001; Hanes, 2004; Wang and Xue, 2018). The outburst behaviour was 

hypothesised to be a coupled process of rock deformation and gas emissions resulting from the 
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compressive and tensile failure of coal in penny-shaped cracks (Hiramatsu and Oka, 1968; 

Hiramatsu et al., 1983; Chen, 1994). Multifactor theories of gas outbursts are widely 

acknowledged due to their comprehensiveness by considering energy available in the coal/rock 

and the resistance to outbursts (Cheng et al., 2021).  

Hanes et al. (1983) proposed that even though both stress and gas pressure plays an important 

role in outbursts, sometimes one factor dominates. Hiramatsu et al. (1983) proposed necessary 

and sufficient conditions for gas outbursts to occur. Sato and Fujii (1989) suggested that large 

seismic events like earthquakes can initiate outbursts. Guan et al. (2009) presented an analogy 

between gas outbursts and volcanic eruptions by comparing the processes. They suggested that 

a large volume of gas under high pressure gushes out breaking the coal barrier and releasing 

the gas energy instantaneously leading to gas outbursts. Researchers also suggested that the 

strain energy of coal dissipates in crushing the coal. Free gas plays a decisive role in outburst 

initiation by overcoming the crushing energy of coal and providing space for gases to desorb. 

The desorbed gas provides additional gas expansion energy to violently throw the broken coal 

facilitating outbursts. Gas outbursts cannot occur without the presence of free gas (Chen, 1994; 

Cheng et al., 2021).  

2.3.4. Gas outburst mechanisms  

Gas outburst is a four-staged disintegration process that occurs under the combined effect of 

stress, gas content, and mechanical properties of the coal seam (Campoli et al., 1987; Haramy 

and McDonnell, 1988; Lama and Bodziony, 1998; Hanes, 2004; Yin et al., 2016; Heib, 2018a; 

An et al., 2019; Cheng et al., 2021). These four stages can be categorised as the preparation 

stage, trigger stage, development stage and termination stage (Figure 2.2) (Cao et al., 2019a; 

Lei et al., 2020; Cheng et al., 2021; Xue et al., 2021).  

2.3.4.1. Preparation stage 

Due to the mining-induced abutment stress acting ahead of the active mining face, microcracks 

develop, with some yielded coal left in the front (Figure 2.3a). The free gas present in the coal 

seam flows into these cracks. The free gas then exerts fluid pressure (𝑝′) on the inner surface 

of the yielded coal. In the case of high abutment stress conditions, the width of the cracks may 

be greatly reduced restricting gas flow, which may lead to gas pressure build-up inside the coal 

seam (Chen, 2011). The strain energy accumulated in the coal seam and the free gas expansion 

energy participate in outburst initiation. Energy is consumed in generating new cracks as failure 
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is a necessary condition for the gas outburst to occur. The total accumulated energy is less than 

the energy required for coal crushing and transportation of broken coal particles in the 

preparation stage (Cheng et al., 2021). 

 

Figure 2.2. Different stages of the dynamic gas outburst process (Modified after Cao et al., 2019a; Lei 

et al., 2020 and Xue et al., 2021). 

2.3.4.2. Trigger stage 

As stress rapidly drops to zero at the active face, the high gas pressure zone that exists ahead 

of the face in the coal seam creates a gas pressure differential. The gas pressure gradient 

governs the fluid pressure needed for tensile failure (Chen, 1994). The gas exerts fluid pressure 

to extend the tip of the penny-shaped cracks in the direction perpendicular to the gas pressure 

gradient to coalesce nearby cracks (Figure 2.3b). The fluid pressure acting in the crack results 

in quasi-static failure when it exceeds the tensile strength of coal (Paterson, 1986; Barron and 

Kullmann, 1990). This leads to a gradual increase in the crack space which decreases the gas 

pressure allowing the rapid flow of free gas and desorption of gases from the coal surface. This 

maintains a high gas pressure in the cracks, and it continues to extend (Cheng et al., 2021). The 

energy available in this stage is very close to the energy needed for an outburst, the addition of 

extra energy by mining activities may trigger an outburst. 

2.3.4.3. Development stage 

Subsequently, an arc-shaped fracture is formed dividing the coal forming a hemispherical plate 

of a certain thickness. The fracture separates from the exposed surface to form a hemispherical 

cavity (Figure 2.3c). The residual stress transfers gradually to the inner side deepening the 

damaged surface of the outburst. Free gas and adsorbed gas continue to exert high gas pressure 
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on the failed coal plate throwing it into the mine workings (Figure 2.3d). At this stage, the 

energy present in the system is higher than the energy required for an outburst, hence, violent 

coal ejection is observed (Cheng et al., 2021).  

 
(a)     (b) 

 
(c)       (d) 

Figure 2.3. A vertical cross-section of a retreating longwall face illustrating vertical stress and gas 

pressure distribution ahead of the active mining face (a) microcracks leading to gas flow, 

(b) penny shaped cracks formed due to gas pressure exerting fluid pressure (𝑝′) on the 

inner surface of the crack to extend it, (c) coalescence of several penny shaped cracks to 

create a fracture separating a volume of coal for spallation/outbursts, and (d) volume of 

coal being ejected into the working face due to high gas pressure, where 𝜎𝑎 is the abutment 

stress, 𝜎𝑣 is the in situ vertical stress, 𝜎𝑧𝑧 is the vertical stress acting on coal, 𝑝𝑔 is the gas 

pressure, 𝑃𝑎𝑡𝑚 is the atmospheric pressure, 𝑉𝑒𝑗 is the ejection velocity, and 𝜎𝑡 is the tensile 

strength  (Modified after Tang et al., 2016; Fan et al., 2017; Canbulat et al., 2019; Cheng 

et al., 2021 and Lei et al., 2021). 

2.3.4.4. Termination stage 

Due to the gradual desorption of adsorbed gas, the gas emission, gas pressure gradient and gas 

content decrease. The stress acting ahead of the active face gradually reduces to the initial value 

ceasing coal failure, and allowing the unaffected coal to return from an about to crush state to 
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remaining intact (Choi and Wold, 2004). A large amount of energy accumulated due to stress 

and gas expansion is dissipated during outbursts, the energy subsequently becomes insufficient 

for transportation of broken coal particles, ceasing outbursts and coal returns to a stable state. 

After the outburst ceases, a spherically shaped outburst cavity filled with a large volume of 

smaller coal particles remains (Cheng et al., 2021). 

Since gas outburst is a complex phenomenon, laboratory experiments, theories, and analytical 

equations developed over the last few decades often focus on some aspects or some phases of 

the process but do not provide a holistic approach. Often, these theories and equations are 

developed on simplified geometry, boundary conditions and several assumptions to represent 

the process using partial differential equations to provide a mathematical solution (Wang and 

Xue, 2018). These solutions could be very complex, unusable, and qualitative having a limited 

practical use. To overcome the limitations of theoretical analysis, researchers developed 

numerical simulation approaches where different factors can be switched on/off to study the 

effect of individual factors.  

2.4. NUMERICAL SIMULATIONS  

2.4.1. Numerical simulations for rockbursts 

In the early 1970s, researchers started to use different numerical simulation approaches to study 

rockbursts (Blake, 1972). Field and laboratory-scale numerical analyses have been performed 

to study rockbursts occurrences. In field analysis, stress state, damage or plastic zone and 

energy distribution were assessed for their contribution to rockbursts. In laboratory-scale 

analysis, rock was regarded as a heterogeneous medium and the failure process of rock mass 

was simulated. Cai et al. (2018a) used the plastic strain-based damage model to determine the 

failure behaviour and associated rockburst potential in a heterogeneous rock sample in FLAC3D 

using Weibull distribution. Rapid development in numerical simulation methods has made it 

possible to realistically model rock failure behaviour. Both continuum and dis-continuum 

based software have been used to simulate rock failure and analyse rockbursts (Pan and Feng, 

2018).  

Some common continuum methods include the boundary element method (BEM) (Karabin and 

Evanto, 1999; Jing, 2003; Akinkugbe, 2004), finite difference method (FDM)(Muller, 1991; 

Li et al., 2008b), finite element method (FEM)(Wang and Park, 2001; Qi-Hu et al., 2009), rock 

failure process analysis (RFPA) (Wang and Du, 2020). Common dis-continuum methods 



Chapter 2: Literature review 

21 

include discontinuous deformation analysis (DDA), discrete element method (DEM), discrete 

fracture network (DFN) (Pan and Feng, 2018), etc. Hybrid methods include BEM/DEM, 

BEM/FEM, DEM/FEM, and DEM/FDM (Wang et al., 2021). 

Blake (1972) pioneered the use of FEM based models to study pillar bursts and found that high-

stress concentration areas can be used to predict rockburst location. Brady (1979) developed a 

BEM based model in plane-strain to study pillar crush. Zubelewicz and Mroz (1983) combined 

FEM and dynamic modelling approach to propose an instability condition for rockbursts. 

Lemos et al. (1987) investigated dynamic loading of jointed rock mass for rockburst assessment 

using DEM based model. Bardet (1989) modelled rockbursts as surface instability problems 

using FEM models and suggested their suitability to detect such instability. Muller (1991) 

compared FEM based ANSYS with FDM based FLAC and reported that FLAC is a suitable 

numerical program to simulate rockbursts. Tajduś et al. (1997) measured the ratio of induced 

versus in situ stress in a 3D numerical stress field analysis model to estimate rockburst risk. 

Mitri et al. (1999) used FEM based model to analyse energy storage and proposed a burst 

potential index.  

More recently, Wiles (2002) used the Map3D model to propose a local energy release rate 

(𝐿𝐸𝑅𝑅) index for rockburst estimation. Wang et al. (2006) simulated fracture initiation and 

propagation using RFPA to represent the rock failure process to understand pillar rockbursts. 

Sharan (2007) used the perturbation technique to predict rockbursts using FEM based model 

and analysed rock mass instability. Sun et al. (2007) used RFPA and DDA to investigate 

rockbursts in circular tunnels. Zhu et al. (2010) predicted rockbursts occurring due to dynamic 

disturbances in a numerical model. Manouchehrian (2016) considered the effect of rock 

heterogeneity to model rock failure. Guo et al. (2019) analysed different ratios between 

principal stresses to study failure laws and calculate rockburst conditions in roadways. A 

detailed review of different numerical models developed for rockbursts analysis is presented 

in Wang et al. (2021). 

Nowadays, continuum method based approaches like FEM and FDM are most commonly used 

for rockburst modelling (Wang et al., 2021). Researchers have mostly analysed the maximum 

principal stress, strain energy and deformation after mining to reveal the rockburst mechanism 

using numerical simulations. Researchers believe that rockbursts can now be quantitatively 
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predicted using a combination of numerical simulations and on-site observations (Cai, 2016; 

Wang et al., 2021).  

2.4.2. Numerical simulations for gas outbursts 

Over the years, several researchers have proposed different gas outbursts models which are 

briefly discussed here. Litwiniszyn (1985) assumed gases to exist in a condensed state and a 

phase transformation to occur when a shock wave passes through the porous coal seam. He 

proposed the phase transformation from liquid to gaseous state to create a sudden gas pressure 

gradient destroying the coal structure leading to gas outbursts. However, with an improved 

understanding of the Langmuir adsorption/desorption process, phase transformation can be 

ruled out (Wang and Xue, 2018). Paterson (1986) studied the flow of gas in homogeneous 

isotropic coal. He developed a non-linear finite element code to model gas diffusion, gas 

desorption, gas flow and stress-strain behaviour of coal in an elastic medium. He considered 

gas outbursts to be a structural failure of coal occurring due to a high gas pressure gradient and 

observed a large gas pressure gradient in the early stages of gas outbursts resulting in the tensile 

failure of coal.  

Barron and Kullmann (1990) developed a boundary element model to treat gas outbursts as a 

series of instantaneous static events caused by the failure of rock due to gas pressure. They 

considered coal to fail when effective stress was higher than the tensile strength. In cases when 

shear strength was higher, coal was assumed to be fractured but remained in place. Gas was 

allowed to escape and lead to gas pressure gradient formation. However, they did not consider 

gas desorption and gas flow in the model as they assumed hydrostatic gas pressure. Otuonye 

and Sheng (1994) modelled Navier-Stokes’s equation in a finite difference scheme to simulate 

a fluid-dynamic process after an instantaneous gas outburst occurred in a roadway. They found 

that a shock wave propagates in a roadway and a rarefaction wave propagates in the outburst 

zone. They focused mostly on post-initiation simulation.  

Valliappan and Zhang (1996) developed a coupled model between gas flow, coal deformation 

and diffusion of adsorbed methane using a finite element method to monitor methane gas 

migration in the coal seams. They presented two phases of gas flow, i.e., free gas flow through 

void spaces and diffusion of adsorbed gas from the solid matrix into the free phase. They 

considered continuity in gas flow and conservation of transferred gas mass (Valliappan and 

Zhang, 1999). They found that gas expansion energy within the coal seam to be an important 
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source for gas outbursts. Odintsev (1997) proposed a conceptual model considering dissolved 

methane to be the main force that leads to coal failure. He considered gas outbursts to be a 

result of instability occurring due to mining activities.  

Choi and Wold (2001) developed a two-dimensional coupled model between geomechanical 

(SIMED) and gas flow (FLOMEC) software to simulate the whole process of gas outbursts. 

They modelled coal as a strain-softening material and considered coal fragmentation based on 

continuum damage mechanics (Choi and Wold, 2004). They considered the dense flow of coal 

and gas as two superimposing continua and represented interfacial exchange using momentum 

equations. They also considered the effect of particle size and geological factors (Wold et al., 

2008). Based on the analysis, they concluded that gas pressure and its gradient, which is a 

function of reservoir pressure, desorption isotherm, absolute and relative permeability, are key 

factors to determine outbursts.  

Esterhuizen and Karacan (2005) developed a one-way coupling approach between a 

geomechanical and reservoir simulator. They used a geomechanical simulator to calculate the 

stress profile which was in turn used to calculate dynamic permeability. The value was then 

used as an input into a reservoir simulator to estimate the pore pressure and gas emission rate 

during longwall mining. This approach lacks feedback from the reservoir simulator to the 

geomechanical simulator to update the pore pressure distribution which should be used to 

calculate the effective stress for the next excavation step. Xu et al. (2006) incorporated the 

variations due to heterogeneity in the gas flow and mechanical properties in a coupled model 

developed in FEM. They used an empirical relation instead of Langmuir adsorption isotherms 

to calculate gas stored in the coal seam. They modelled elastic modulus and permeability as 

damage parameters and found that outbursts occur as a combined effect of stress, gas pressure 

and mechanical properties of coal/rock.  

Chen (2011) combined fracture mechanics, rock mechanics and gas dynamics in his model. He 

incorporated three important elements, a highly fractured zone ahead of the coal face, high-

pressure gas flow through the fractured zone, and flow-induced failure of coal. His model 

explained the increased noise level and reduced gas temperature occurring as a precursor to gas 

outbursts. Xue et al. (2011) coupled FLAC3D and COMET3, two widely accepted and 

commercially used software to develop a model. The model incorporated stress-dependent 

permeability changes, coal deformation due to gas desorption, and gas flow in the coal seam. 
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They calculated pore pressure, stress, and used the coal failure zone to analyse the influence of 

mining depth, gas pressure and coal properties on gas outbursts (Xue et al., 2014). Their model 

was suitable to simulate the early stages of outbursts as no explicit fracture and fragmentation 

mechanism of coal was included. 

Si et al. (2015c) developed a two-way explicit coupled model between FLAC3D and ECLIPSE 

300 to consider the feedback from the reservoir simulator into the geomechanical simulator. 

They monitored gas emissions around a longwall top coal caving (LTCC) mining panel and 

realistically represented stress-dependent coal permeability. To represent the complex gas 

outburst behaviour where coal deforms under the combined action of mechanical stress and 

gas pressure, Wang and Xue (2018) developed a gas outburst model by coupling DEM and 

Lattice Boltzmann method (LBM). They used DEM to model deformation and fracturing in 

solids and used LBM for gas flow. They used Langmuir adsorption isotherms to analyse 

desorption at the solid and gaseous interface.  

Most of these models were developed assuming a homogeneous behaviour by the coal seam. 

However, coal seams formed over a long past geological time and under different depositional, 

tectonic environments is far from being homogeneous. More recently, Cao et al. (2019b) re-

visited the early work carried out by Si et al. (2015a) and implemented a heterogeneous zone 

in a FLAC3D model to represent the field conditions leading to excessive gas emissions at an 

LTCC face by assigning uniform rock and reservoir properties to the heterogeneous zone 

identified by Si et al. (2015a). Although an improvement towards representing real field 

conditions, this can still be considered as an oversimplified approach as no geospatial variations 

in rock and reservoir properties were considered, and the entire heterogeneous zone was 

assumed to behave the same.  

2.5. PREDICTION INDICES 

2.5.1. Rockburst prediction indices 

Over one hundred empirical indices were developed by researchers (Shirani Faradonbeh et al., 

2020) based on strength, strain and strain energy calculated in laboratory experiments or 

numerical simulations, utilising single parameters or multiple parameters (Qiu and Feng, 2018; 

Li et al., 2019). Popular empirical indices to forecast rockbursts include Bursting Efficiency 

Ratio, Bump Liability Index (Kidybinski, 1981), Brittleness Coefficient (Ahmed et al., 2017), 

Burst Energy Release Index (Singh, 1988), Burst Potential Index (Mitri et al., 1999), Coal 
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Stability Ratio (Kidybinski, 1981), Coal Pillar Stability Index, Disturbed Ratio (Zhao and 

Jiang, 2009), Drilling Yield Test (Kidybinski, 1981; Haramy and McDonnell, 1988), Energy 

Release Rate (𝐸𝑅𝑅) (Salamon, 1984; Maleki, 1995; Vieira and Durrheim, 2002; Song and 

Yang, 2018), Energy Release Ratio (Zhao and Jiang, 2009), Excavation Vulnerability Potential 

(𝐸𝑉𝑃) (Heal et al., 2006), Released energy to absorbed energy ratio in the coal-rock system 

(Cai et al., 2016; Wen et al., 2016; Zhou et al., 2016c; Zhu et al., 2018; Xu et al., 2020; 

Rastegarmanesh et al., 2021), Rheologic Ratio, Strain Energy Storage Index (𝑊𝑒𝑡) (Kidybinski, 

1981), Tao Discriminant Index (Ahmed et al., 2017), etc. A list of common indices developed 

in previous research is presented in Table 2.2, while a comprehensive list of empirical indices 

can be found in Zhou et al. (2012), Qiu and Feng (2018), Zhou et al. (2018), Li et al. (2019) 

and Bacha et al. (2020).  

Table 2.2. List of indices developed by previous researchers (Modified after Zhou et al., 2012; Zhou et 

al., 2018; and Bacha et al., 2020). 

Authors Equation 
Rockburst potential 

None Light Medium High 

Kidybinski (1981) 𝛽 = 𝑆𝑘/𝑆0 × 100 <3.5% 3.5-4.2% 4.2-4.7% >4/7% 

Kidybinski (1981) 𝑊𝑒𝑡 = 𝐸𝑠𝑝/𝐸𝑠𝑡 <2 2-5 5-8 >8 

Ryder (1988) 𝐸𝑆𝑆 = |𝜏| − 𝜎𝑛𝑡𝑎𝑛𝜑𝑑 <5 5-15 >15 -- 

Tao (1988) 𝐴𝐼 = 𝜎𝑐/𝜎1 >14.5 5.5-14.5 2.5-5.5 <2.5 

Mitri et al. (1999) 𝐵𝑃𝐼 =  (𝐸𝑆𝑅/𝑒𝑐) × 100 >25 25-50 50-75 75-100 

Cai et al. (2001) 𝐵 = 𝜎𝑐/𝜎𝑡 >40 26.7-40 14.5-26.7 <14.5 

Bukowska (2006) 𝐺𝐸𝑂𝑛 = 𝑅𝑛 ×𝑊𝑛 < 60 60-71 72-112 > 112 

Heal et al. (2006) 𝐸𝑉𝑃 = 𝐸1 × 𝐸3/𝐸2 × 𝐸4 <50 50-85 85-105 105-140 

Miao et al. (2019) 𝑊𝐸 = 𝜎𝑐
2/2𝐸 <40 40-100 100-200 >200 

𝛽 is the bursting efficiency ratio, 𝑆𝑘  is the throw energy of ejected rock pieces, 𝑆0 is the maximum elastic strain 

energy, 𝑊𝑒𝑡 is the strain energy storage index, 𝐸𝑠𝑝 is the elastic strain energy retained, 𝐸𝑠𝑡  is the dissipated strain 

energy, 𝐸𝑆𝑆 is the excess shear stress, 𝜏 is the shear stress, 𝜎𝑛 is the normal stress, 𝜑𝑑 is the angle of dynamic 

friction, 𝐴𝐼 is the activity index, 𝜎𝑐 is the uniaxial compressive strength, 𝜎1 is the major principal stress, 𝐵𝑃𝐼 is 

the burst potential index, 𝐸𝑆𝑅 is the strain energy storage rate, 𝑒𝑐 is the critical energy density value, 𝐵 is the rock 

brittleness coefficient, 𝜎𝑡 is the tensile strength, 𝐺𝐸𝑂𝑛 is the indicator value of factor 𝑛, 𝑅𝑛 is the rank of factor 𝑛, 

𝑊𝑛 is the weight of factor 𝑛, 𝐸𝑉𝑃 is the excavation vulnerability potential, 𝐸1 is the stress condition, 𝐸2 is the 

ground support, 𝐸3 is the excavation span, 𝐸4 is the influence of geological structure, 𝑊𝐸 is the linear elastic 

energy, and 𝐸 is the Youngs modulus.  

Most of these indices use geomechanical properties like unconfined compressive strength 

(UCS), maximum and minimum principal stress, tensile strength, peak strength, Young's 

modulus, elastic strain energy, and plastic strain energy to determine the rockbursts liability 

(Zhou et al., 2018; Bacha et al., 2020). UCS has been used as a direct indicator of rockburst 
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potential as stronger rocks allow larger strain energy build-up which is a necessary condition 

for rockbursts occurrence (Yang et al., 2018c; Zhou et al., 2018).  

Strain energy storage index and brittleness coefficient use mechanical properties of rock and 

do not reflect the influence of excavation, deviator stress or in situ stress conditions (Qiu and 

Feng, 2018). 𝐸𝑉𝑃 does not provide any information on the energy stored in the rock mass 

surrounding the excavation before failure initiation and the energy dissipated in fracturing and 

breaking of the rock mass. Heal et al. (2006) did not measure the ground motion but related the 

damage to the ground motion predicted by a scaling law which is not appropriate as it can 

deviate by an order of magnitude as compared to those from the scaling law (Kaiser and Cai, 

2012). Tao discriminant index uses maximum principal stresses in the in situ rock as input 

parameters and fails to show the influence of excavation shape and size and deviator stress in 

the initial stress field (Qiu and Feng, 2018). 

2.5.2. Gas outburst prediction indices  

Researchers have put forward different gas outbursts prediction indices using direct and 

indirect methods. The direct method includes the measurement of gas desorption rate within 

the first 30-60 seconds from the coal sample. Some of these indices include ∆𝑃, ∆𝑃0−60, and 

∆𝑃𝑒𝑥𝑝𝑟𝑒𝑠𝑠 methods, which measure the gas pressure in mm of Hg (Tang et al., 2016). These 

methods are preferred in field applications to identify working faces for gas outbursts liability 

depending on predefined limits. They are point prediction methods and fail to identify 

hazardous conditions beyond their range of application. They also have limitations in terms of 

the threshold values that vary for different mines and thus they can give a false sense of safety 

to mining workers (Tang et al., 2016).  

Indirect methods can be further segregated into physical and mathematical methods. In physical 

methods, monitoring of underground mining is performed regularly using acoustic emission, 

electromagnetic radiation, etc. (Dou et al., 2014; Liu et al., 2016; Tang et al., 2016; Yin et al., 

2016; Pu et al., 2019). Mathematical methods include catastrophe theory-based methods, 

extension clustering method, fuzzy analysis, neural networks, set pair theory-based method, 

support vector machine related methods, etc. (Ruilin and Lowndes, 2010; Zhou et al., 2011; 

Zhou et al., 2012; Adoko et al., 2013; Zhang et al., 2015b; Tang et al., 2016; Kislov and 

Gravirov, 2017; Pu et al., 2019; Dramsch, 2020; Zhao and Chen, 2020; Yin et al., 2021). They 

offer simple operation, low labour costs and rapid operation but can have prediction errors.  
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These indices and methods of rockburst and gas outburst prediction is mostly static and 

incorporate few parameters. These indices mostly ignore uncertainties and differences in 

operational conditions that prevail in different mine sites, thus, are not suitable to realistically 

forecast rockbursts and gas outbursts occurring in coal mines, where there are complex non-

linear interdependencies between different parameters. Moreover, stress distribution, energy, 

permeability, and gas pressure conditions keep changing dynamically as mining progresses. To 

realistically forecast rockbursts and gas outbursts, an advanced framework that can incorporate 

several parameters, as well as their non-linear interdependencies, is needed. The framework 

should also be capable of incorporating uncertainties and should take feedback from the 

dynamically changing mining environment to forecast rockbursts and gas outbursts. A 

probabilistic risk assessment framework, which has been developed in this research, provides 

a better indication of rockburst and gas outburst risk as compared to traditional methods. 

2.6. PREVENTION MEASURES 

Rockburst and/or gas outburst prevention measures mostly involve reducing the stress and gas 

pressure build-up ahead of the face, as rockbursts are closely associated with stress 

concentration, and gas outbursts are triggered due to the combined effect of these two 

parameters. Predictive, preventive and protective control measures are three broad classes to 

control rockbursts and gas outbursts occurrence (Calleja and Porter, 2016). The predictive 

control measures involve assessing the liability to an occurrence prior to mining using long-

term prediction indices. Suitable design changes can be incorporated to minimise such 

occurrences. Preventive control measures are based on destressing the stressed coal and 

degassing the coal at the active face. This is the most logical method to prevent bursts and has 

been tried for a few decades (Konicek et al., 2013). Protective control measures include 

modifying machine designs and installing dynamic support systems that can absorb a high level 

of kinetic energy while maintaining support loads and allowing large deformations (Calleja 

and Porter, 2016; Cai and Kaiser, 2018). This thesis discusses predictive control measures 

using probabilistic risk assessment in Chapter 6 and preventive control measures in Chapter 7, 

while protective control measures have been kept outside the scope of the research. 

Some of the most common and effective preventive control measures include auger drilling 

(Haramy et al., 1985; Haramy and McDonnell, 1988; Iannacchione and Zelanko, 1995; Yin et 

al., 2016), camouflet blasting (Kidybinski, 1981), chemical treatment (Lama and Bodziony, 

1998; Hanes, 2004), destress drilling (Brauner, 1994; Calleja and Porter, 2016), destress 
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blasting (Brauner, 1994; Tang, 2000; Wojtecki et al., 2020), gas drainage (Lu et al., 2009; Lin 

and Shen, 2015; Si et al., 2018), hydraulic flushing (Zhang et al., 2019), hydraulic fracturing 

(Haramy and McDonnell, 1988; Iannacchione and Zelanko, 1995; Yin et al., 2016), hydraulic 

slotting (Lin et al., 2015; Yan et al., 2015; Si et al., 2018; Qin et al., 2020; Zhao et al., 2020), 

provocative blasting (Calleja and Porter, 2016), protective mining (Sang et al., 2010; Li, 2013; 

Liu and Cheng, 2015; Si, 2015; Sun et al., 2016; Yin et al., 2016; Zhang et al., 2018; Yardimci 

and Karakus, 2020; Zhang et al., 2020; Cheng et al., 2021), sacrificial roadways, shock impulse 

(Hanes, 2004), shot firing (Iannacchione and Zelanko, 1995; Hanes, 2004; Yin et al., 2016), 

support design (Cai, 2013; Cai and Kaiser, 2018), thin pillar mining (Iannacchione and 

DeMarco, 1992), volley firing (Haramy et al., 1985; Haramy and McDonnell, 1988; Yin et al., 

2016), water infusion (Iannacchione and Zelanko, 1995; Hanes, 2004; Konicek et al., 2013) 

and waterjet slotting (Lu et al., 2009; Lu et al., 2010; Lu et al., 2011; Lin and Shen, 2015).  

In hydraulic fracturing, fluid at very high pressure is injected into the coal/rock to create a 

fracture network. This weakens the coal/rock and its capacity to store high strain energy 

(Stockhert, 2015; Yang et al., 2020). Roof fracturing ensures regular caving to prevent 

excessive stress build-up ahead of active faces. In porous rocks like coal and sandstone, the 

fracture network increases the permeability of the rock allowing passage for gas to flow, 

preventing excessive gas pressure build-up (Keshavarz et al., 2015; Roy et al., 2016; Yang et 

al., 2016; Yang et al., 2020). Hydraulic fracturing of coal has three-fold benefits, (a) reduced 

gas adsorption, (b) enhanced pore pressure differential and (c) interconnected pathway to 

improve gas flow.  

The direction of fracture propagation is dependent on the principal stress direction, coal seam 

fracture distribution and fracturing operational parameters making it difficult to ensure uniform 

fracturing (Pan and Wood, 2015; Yang et al., 2020). The impediment to its wide-scale use in 

longwall mining is that (a) it is time-consuming, (b) leads to irregular and uncontrolled 

fractures and (c) has difficulty in maintaining fracture network open under the increased 

abutment pressure (Haramy and McDonnell, 1988; Pan and Wood, 2015; Yang et al., 2020). 

However, hydraulic fracturing from the access roadways can be done effectively. Hydraulic 

fracturing was performed in the laboratory on a hollow cylindrical coal sample to observe 

permeability enhancement, the results are presented in Chapter 3.  
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Protective seam mining and sacrificial roadways are useful in multi-seam mining conditions to 

reduce stress and gas concentration (Cheng et al., 2021). The use of sacrificial roadways made 

of yield pillars has been widely used in multi-seam mining to control stress redistribution. A 

detailed account of protective mining methods is presented in Chapter 7. 

2.7. CONCLUSIONS 

Rockbursts and gas outbursts are major hazards in underground coal mining with their intensity 

increasing due to increased depth and difficult mining conditions. Despite extensive research 

into the occurrence of rockbursts and gas outbursts, gaps in knowledge still exist. Laboratory 

experiments fail to simulate complex field conditions; theoretical analysis mostly address 

simplified phenomena represented using partial differential equations; and numerical 

simulations are site specific. In terms of numerical simulations, most of the earlier research 

considered homogeneous cases, while heterogeneity was incorporated in a very simplistic way 

by considering the entire heterogeneous zone to have the same property, which may not honour 

the geological reality. A realistic representation is required of heterogeneity in the analysis to 

gain a better understanding of the hazards. Prediction techniques have been mostly static and 

cannot reliably predict complex phenomena like rockbursts and gas outbursts. The author 

believes that, with the use of advanced techniques like PRA some of the knowledge gaps due 

to consideration of partial system instead of the complete system, incorporating lithological 

heterogeneity in coupled numerical models and dynamic updating of vertical stress, pore 

pressure and gas emission values from numerical models, can be addressed. The work 

conducted in that regard is presented in the subsequent chapters of this thesis.  
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Chapter 3  
Laboratory Characterisation of Coal and Coal 

Measure Rocks  

3.1. INTRODUCTION 

The geomechanical and gas flow properties of rocks vary not only between different rock types 

but also between different specimens of the same rock collected from the same mine site 

(Jaeger et al., 2007; Hashiba and Fukui, 2014; Wang et al., 2017; Cai et al., 2018a). The 

variation in the rock properties is dependent on the mineral composition, microstructure, 

mineral grain arrangement, grain size, cracks induced during the geological history of the rock, 

temperature, etc. (Jaeger et al., 2007; Cai et al., 2018a). Laboratory investigations of coal and 

coal measure rocks to analyse the deformation behaviour, damage accumulation and macro-

failure mechanism are vital for safe and efficient mine design (Wang et al., 2017). Laboratory 

data like porosity, permeability and geomechanical properties are used as input for empirical 

calculations in mine design as well as for numerical simulations to model representative 

underground mining panels (Alsalman et al., 2015). 

Porosity is a measure of the space available in the rock for fluid storage. It is quantitatively 

defined as the percentage of interconnected pore volume to the bulk volume. For intergranular 

materials, total porosity is approximately equal to the effective porosity. There are several 

methods to determine the porosity of a sample, these are the direct method, mercury injection 

method, gas expansion method, imbibition method, optical method, statistical method, X-ray 

tomography method and magnetic resonance method. The gas expansion method using a non-

adsorbing inert gas is very accurate and insensitive to the mineralogy of the sample, thus most 

widely used (Glover, 2014).  

Permeability is the ability of a rock to transmit fluid through the medium under a pressure 

differential. It is a directional property and reduces with an increase in overburden pressure 

(Durucan, 1981; Durucan and Edwards, 1986; Wold et al., 2008; Connell, 2009). It is mostly 
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measured for cylindrical samples. Absolute, effective, and relative permeability are the three 

types of permeability commonly measured. Absolute permeability is the measure of a single-

phase fluid flow through the rock, as reported in this chapter. A permeability experiment can 

be arranged to have a horizontal or a vertical flow through the sample. Cores drilled parallel to 

the bedding planes, and hence parallel to the direction of flow, determine horizontal (𝑘ℎ) 

permeability. Cores drilled perpendicular to the bedding planes determine vertical (𝑘𝑣) 

permeability.  

Uniaxial and triaxial compression tests are generally performed on rocks to obtain a complete 

stress-strain response of rock by controlling the axial load (Bieniawski and Bernede, 1979), 

axial displacement (Gowd and Rummel, 1980; Wang and Park, 2001) or axial strain rate 

(Okubo et al., 1990). To analyse the complete failure behaviour of the rocks in a Mohr-

Coulomb plot, strength data at several confining pressures are required. The strength of the 

sample varies due to inherent heterogeneity in the sample, which necessitates the need to test 

several samples at the same confining pressure to construct a reliable failure envelope (Kim 

and Ko, 1979; Kramadibrata et al., 2008). This could be time-consuming and costly. Multistage 

triaxial testing enables the use of a single sample to determine most of the geomechanical 

properties, considerably reducing the effects of rock heterogeneity, testing time and the number 

of samples needed, without compromising on the quality of data (Kovari and Tisa, 1975; Kim 

and Ko, 1979; Kovari et al, 1983; Crawford and Wylie, 1987; Kramadibrata et al., 2008).  

An effective way to enhance the permeability of a coal seam can be by hydraulic fracturing 

(Zang et al., 2014; Ibrahim and Nasr-El-Din, 2015; Si et al., 2015a; Azarov et al., 2019; Cao et 

al., 2020c; Cao et al., 2021). Hydraulic fracturing is a tensile failure process in three dimensions 

where water permeates into the fractures that develop around the wellbore (Zhao et al., 2013). 

The hydrodynamic stresses create fractures along the maximum principal stress direction in the 

wellbore (Huang et al., 2013; Yang et al., 2020).  

Hydraulic fracturing in the field can range to hundreds of metres depending on its application, 

drilled from a wellbore of some 100 cm in diameter. However, laboratory samples have an 

outer diameter in the range of 10-100 cm and a wellbore diameter in the range of ~10-36 mm 

to maintain a large outer to inner diameter ratio to represent the infinite thickness found in the 

field. A large number of hydraulic fracturing experiments have been conducted on a variety of 
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rock specimens, with the outer to inner diameter ratio varying between 1:4 to 1:6. A 

comprehensive list is present in Stockhert (2015).  

With a view to obtaining input data in numerical modelling in this research, 14 coal and coal 

measure rock samples were tested for geomechanical and reservoir properties in the 

Geomechanical and Rock Physics Laboratory at Imperial College London. The porosity of 

samples was measured using Helium Pycnometer, permeability was measured using a 

Hassler’s cell and the geomechanical properties and stress-strain-permeability relationships 

were measured following the multistage triaxial testing procedure (Kovari et al., 1983). 

Laboratory-scale hydraulic fracturing experiments were performed to analyse its suitability in 

the field as a preventive control measure for application in coal mining. 

3.2. METHODOLOGY 

3.2.1. Sample preparation 

A number of coal and coal measure rock blocks (2 coal blocks, 1 shale block and 1 sandstone 

block) were received from a Polish coal mine during the research. The blocks were drilled 

using a 38 mm drill bit fitted to a hydraulic drilling machine using water as the drilling fluid to 

obtain core samples (Figure 3.1a). The samples were cut to a length of ~76 mm to maintain a 

length to diameter ratio of 2:1 to allow a greater proportion of the sample to be subjected to a 

uniform state of stress (Jaeger et al., 2007). Hollow cylinder samples with an outer diameter 

𝐷=100 mm and a wellbore of diameter 𝑑=30 mm drilled at the centre were prepared for 

hydraulic fracturing experiments. The samples were cut to a length of ~200 mm to maintain a 

length to diameter ratio between 1.5 to 2.2. 

Two different types of hollow cylinder samples were used to mimic different situations in the 

field. Sample type A consists of a full-length wellbore while sample type B had a half-length 

wellbore. Sample type A represents the situation in which hydraulic fractures are created at a 

specific section in a long wellbore by use of packers for in situ stress measurements or 

directional fracturing using notches. Sample type B represents the situation where wellbores 

are drilled for the sole purpose of hydraulic fracturing to enhance permeability. This replicates 

the hydraulic fracturing done by making a small hole on the side of the roadway which will 

have solid coal at the bottom, hence, half-length wellbore.  
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Figure 3.1. Sample preparation (a) hydraulic drilling machine, (b) coal block secured with wedges (c) 

drilled cores, (d) cut and polished coal samples, (e) shale samples, (f) sandstone samples 

and (g) large-diameter hollow cylinder samples for hydraulic fracturing. 

Both ends of the samples were polished to be parallel within ±0.02 mm to one another and 

orthogonal to the longitudinal axis as per ISRM standards to avoid sample bending due to end 

effects and to ensure uniform stress distribution (Kovari et al., 1983; Stockhert, 2015; Akdag 

et al., 2021). Cored, cut, and polished samples were oven-dried at 40 oC overnight to remove 

water from the pores and then wrapped in a protective film for testing. The samples were stored 
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in a room with consistent temperature to eliminate the impact of humidity, temperature, and 

other factors (Yang et al., 2018c). 

3.2.2. Porosity 

A modified Helium pycnometer was used to determine the porosity of the samples using non-

adsorbing helium gas (Keng, 1971). The pycnometer comprises a reference cell, a sample 

container, and a pressure responsive bellow calibrated to a multi-meter to detect gas pressure 

changes (Figure 3.2). A pneumatically operated removable lid with an ‘O’ ring was used to 

seal the annular space of the sample container to maintain a fixed volume. A three-way valve 

was used to effectively control the gas movement. The first nozzle of the valve was connected 

to the gas flowing into the reference cell, the second nozzle was connected to the sample cell 

through a gas conduit to transfer helium gas to the sample container, and the third nozzle was 

used to depressurise the system by opening it to the atmosphere.  

 

Figure 3.2. Experimental set up of Helium pycnometer to measure the porosity of the sample. 

The Helium pycnometer was calibrated before each experiment to avoid variations occurring 

due to the change in the atmospheric pressure and temperature. Under constant atmospheric 

pressure and temperature conditions, a pressure between 400-500 mm Hg was established in 

the reference cell (Keng, 1969). The lid of the sample container was closed, and the gas was 

allowed to equilibrate under isothermal conditions, giving the final pressure. Low permeability 
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samples needed to be equilibrated for a longer duration to allow diffusion of helium into the 

narrow pore structures, failing which will result in high grain volume and low porosity.  

A series of helium expansion calculations were performed to calculate the volume of gas 

occupied in the pores of the sample against the dead volume of the system using Boyle’s law, 

𝑃𝑖𝑉𝑖 = 𝑃𝑓𝑉𝑓     (3.1) 

where 𝑃𝑖 is the initial pressure (Pa), 𝑃𝑓 is the final pressure (Pa), 𝑉𝑖 is the initial volume (cm3), 

and 𝑉𝑓 is the final volume (cm3). 

The pressure in the sample container was measured with the container being, (a) empty 

(Equation (3.2)), (b) filled with solid discs of known volume (Equation (3.3)) and (c) sample 

placed under ambient conditions (no axial or radial stress) firmly sealed by placing solid discs 

of known volume on top of the sample (Equation (3.4)),  

i. Empty cylinder 𝑃𝐼𝑉𝑟𝑐 + 𝑃𝑎𝑡𝑚𝑉𝑠𝑐 = 𝑃𝐼𝐼(𝑉𝑟𝑐 + 𝑉𝑠𝑐) (3.2) 

ii. With solid discs 𝑃𝐼𝑉𝑟𝑐 + 𝑃𝑎𝑡𝑚(𝑉𝑠𝑐 − 𝑉𝑠𝑑) = 𝑃∗(𝑉𝑟𝑐 + 𝑉𝑠𝑐 − 𝑉𝑠𝑑) (3.3) 

iii. With sample 𝑃𝐼𝑉𝑟𝑐 + 𝑃𝑎𝑡𝑚(𝑉𝑠𝑐−𝑉𝑠 − 𝑉𝑑) = 𝑃#(𝑉𝑟𝑐 + 𝑉𝑠𝑐 − 𝑉𝑠 − 𝑉𝑑) (3.4) 

iv. Porosity 𝜑 = 𝑉𝑏𝑢𝑙𝑘 − 𝑉𝑠 𝑉𝑏𝑢𝑙𝑘⁄  (3.5) 

where 𝑉𝑟𝑐 is the volume of the reference cell (cm3), 𝑉𝑠𝑐 is the volume of the sample container 

(cm3), 𝑉𝑠𝑑 is the volume of solid discs filled in the sample container (cm3), 𝑉𝑑 is the volume of 

the solid disc placed on top of the sample (cm3), 𝑉𝑠 is the grain volume of the sample 

(cm3), 𝑉𝑏𝑢𝑙𝑘 is the bulk volume of the sample (cm3), 𝑃𝑎𝑡𝑚 is the atmospheric pressure (Pa), 𝑃𝐼 

is the pressure in the reference cell (Pa), 𝑃𝐼𝐼 is the equilibrated pressure with an empty sample 

container (Pa), 𝑃∗ is the equilibrated pressure with a sample container filled with solid discs 

(Pa), 𝑃# is the equilibrated pressure with a sample container filled with rock sample and solid 

discs (Pa), and 𝜑 is the porosity of the sample (%).  
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Table 3.1. Laboratory determined geomechanical and reservoir properties of coal and coal measure rocks. 

Sample 𝑙𝑠 𝐷 𝑤𝑠 𝐺𝐷 𝜑 𝑘 𝐸 𝜐 𝑐 𝜙 𝜎𝑚𝑎𝑥 𝜎𝑐 

Coal 1 75.82 38.10 114.25 1.24 0.07 8×10-17 3.26 0.21 10.00 21.50 67.08 29.37 

Coal 2 76.03 38.09 113.58 1.23 0.07 2.7×10-15 2.89 0.22 7.50 23.00 62.42 22.66 

Coal 3 75.94 38.07 113.61 1.24 0.06 1×10-16 3.32 0.23 8.00 20.00 59.02 22.85 

Coal 4 75.96 38.07 112.34 1.22 0.07 5×10-17 3.74 0.26 9.00 20.50 62.71 25.95 

Coal 5 75.94 38.08 112.98 1.22 0.07 6×10-17 2.89 0.29 8.00 17.50 55.38 24.55 

Mean 75.94 38.08 113.35 1.23 0.07 7×10-17 3.22 0.24 8.50 20.50 61.32 25.08 

𝑆𝐷 0.08 0.01 0.72 0.01 0.01 2×10-17 0.35 0.03 1.00 2.03 4.39 2.75 

Shale 1 75.91 38.07 230.14 2.47 0.08 8×10-17 20.68 0.25 9.50 30.00 84.29 32.91 

Shale 2 75.98 38.04 228.35 2.48 0.06 3×10-17 13.57 0.22 14.20 31.00 76.74 50.20 

Shale 3 76.01 38.08 230.80 2.48 0.08 4×10-17 19.93 0.24 11.00 26.00 76.92 35.21 

Shale 4 76.07 38.07 230.28 2.47 0.08 5×10-17 20.66 0.26 11.00 23.50 77.06 33.56 

Mean 75.99 38.07 229.89 2.48 0.08 5×10-17 18.71 0.24 11.43 27.63 78.75 37.97 

𝑆𝐷 0.07 0.02 1.07 0.01 0.01 2×10-17 3.44 0.02 1.98 3.50 3.69 8.21 

SST 1 75.93 38.02 209.69 2.45 0.01 2.1×10-14 20.74 0.27 28.50 35.00 165.16 109.50 

SST 2 76.33 38.05 209.37 2.45 0.01 4.2×10-14 25.33 0.22 29.00 40.00 158.08 124.38 

SST 3 76.11 38.03 210.74 2.45 0.01 1.1×10-14 24.96 0.21 32.50 38.00 182.50 133.27 

SST 4 75.93 38.03 208.31 2.42 0.01 6.1×10-14 24.30 0.26 22.00 46.00 216.39 108.90 

SST 5 76.01 38.04 207.92 2.33 0.03 1.1×10-13 24.36 0.21 30.00 40.00 172.64 128.67 

Mean 76.06 38.03 209.21 2.42 0.01 4.9×10-14 23.94 0.23 28.40 39.80 178.96 120.94 

𝑆𝐷 0.17 0.01 1.13 0.05 0.01 3.9×10-14 1.84 0.03 3.90 4.02 22.80 11.77 

 𝑙𝑠  is the length of the sample (m), 𝐷 is the diameter (mm), 𝑤𝑠 is the weight (Kg), 𝐺𝐷 is the grain density (g/cc), 𝜑 is the porosity (%), 𝑘 is the permeability (m2), 𝐸 is Young's 

modulus (GPa), 𝜐 is the Poisson’s ratio, 𝑐 is the cohesion (MPa), 𝜙 is the angle of internal friction (o), 𝜎𝑚𝑎𝑥  is the peak strength of the rock (MPa), 𝜎𝑐 is the unconfined 

compressive strength of the rock (MPa) and 𝑆𝐷 is the standard deviation.
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The gas was allowed to equilibrate for 15 mins to allow for proper diffusion. The dimensions 

of the sample, its weight and pressure readings measured in the multi-meter were used to 

calculate the porosity (Equation (3.5)) and grain density (g/cc) of the sample. The system was 

kept open to the atmosphere for 30 seconds to allow it to release gas pressure before the next 

experiment, and the nozzle was closed again. The process was repeated three times and the 

average value was reported. The porosity of samples is listed in Table 3.1. 

3.2.3. Permeability 

A single-phase gas (Helium) was used to calculate the steady-state permeability of the samples 

placed in a rubber sleeve tightly fitting in a modified Hassler cell (Hassler, 1944) by 

maintaining a pressure differential across the sample (Figure 3.3). The upstream end was 

connected to the gas supply through a pressure regulator valve. The downstream end was 

connected to an Agilent Flow Tracker digital flow meter that was pre-calibrated to helium gas 

and was open to the atmosphere to maintain a pressure differential enabling the gas flow.  

 

Figure 3.3. Experimental set up of Hassler cell to measure the permeability of the sample. 

The sample was placed in the Hassler cell and the upstream and downstream platens were 

tightened to apply a small axial load to seal the sample. A confining pressure of ~2.4 MPa (350 

psi) was applied by Nitrogen to seal the rubber sleeve against the sample and a pressure ratio 

of 2:1 was maintained between confining pressure and upstream pressure to prevent any 
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leakage. A steady-state gas flow was maintained along the length of the sample by increasing 

the upstream pressure in stages and allowing the gas to stabilise. Upstream and downstream 

pressures along with the gas flow rate were recorded once the flow became steady.  

Darcy’s equation for compressed gases was used to calculate the permeability coefficient of 

the samples assuming that the gas flow in coal and rock under isothermal conditions. In hollow 

cylindrical samples, the fluid flows radially outwards from the wellbore of the hollow cylinder 

to the solid part of the cylinder. The axial and radial permeability can be calculated as 

(Koederitz et al., 1989; Zhang et al., 2015a; Zhang et al., 2021), 

i. Axial permeability 
𝑘 =

2𝜉𝑄𝑃2𝑙𝑠

𝐴(𝑃1
2 − 𝑃2

2)
 

(3.6) 

ii. Radial permeability 
𝑘 =

𝑄𝜉𝑙𝑛(𝑏/𝑎)𝑃2 

𝜋𝑙𝑠(𝑃1
2 − 𝑃2

2)
 

(3.7) 

where 𝑘 is the permeability coefficient (m²), 𝑄 is the volumetric flow rate (m³/s), 𝜉 is the 

dynamic viscosity (Pa-s), 𝑙𝑠 is the length of the cylindrical sample (m), 𝐴 is the area of cross-

section of the cylindrical sample (m2), 𝑏 is the outer diameter of the sample (m), 𝑎 is the 

diameter of the wellbore (m), 𝑃1 is the upstream pressure/pressure in the wellbore (MPa), 𝑃2 is 

the downstream pressure/pressure at the outlet (MPa). 

The Hassler cell permeability of the coal and coal measure rocks are shown in Figure 3.4. The 

permeability of Coal 2 is much higher than other coal samples (Figure 3.4a). This is due to a 

fracture plane running from the top to the bottom of the coal sample. The mean and standard 

deviation was reported without considering Coal 2 in Table 3.1. The permeability for shale is 

consistently low (Figure 3.4b) while the sandstone samples are highly permeable (Figure 3.4c), 

with permeability two orders of magnitude higher than that for coal and shale samples.  

3.2.4. Multistage triaxial testing 

Multistage triaxial tests are performed on ductile rocks to obtain several successive peak 

strengths from one sample. Each stage in the multistage triaxial testing corresponds to a 

different confining pressure and thus eliminates the need to repeat the test on different samples. 

The shape of the peak stress and the post-failure strength depends on the confining pressure 

applied to the sample in a stiff-testing machine (Kim and Ko, 1979). The shape is more abrupt 
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at lower confining pressure and becomes smoother at higher confining pressures. A continuous 

curve (not pointwise) of the strength envelope develops by continuously changing the state of 

equilibrium at failure by varying the confining pressure, facilitating better analysis of the 

failure behaviour. The second and subsequent peak strengths obtained are slightly lower than 

the value for intact rock, but there are overriding benefits.  

 
(a)      (b) 

 
(c) 

Figure 3.4. Hassler cell permeability values for (a) coal, (b) shale and (c) sandstone samples. 

According to the Mohr-Coulomb failure criterion (Figure 3.5), the sample will fail when the 

shear stress acting on its failure plane reaches its shear strength which is dependent on the 

normal stress (Parry, 2004),  

𝜏 =  𝑐 + 𝜎𝑧𝑧𝑡𝑎𝑛𝜙     (3.8) 

where 𝜏 is the shear stress (MPa), 𝑐 is the cohesion (MPa), 𝜎𝑧𝑧 is the normal stress (MPa) and 

𝜙 is the angle of internal friction (o). 
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Figure 3.5. Representative Mohr-Coulomb plot for normal and effective stress scenarios due to 

accumulated gas pressure, where 𝜏 is the shear stress, 𝑐 is the cohesion, 𝜎𝑧𝑧 is the normal 

stress, 𝜙 is the angle of internal friction, 𝜎1 is the axial stress, 𝜎3 is the confining stress and 

𝑝𝑔 is the gas pressure. 

Theoretically, failure will take place when the shear stress and normal stress plots above the 

Mohr-Coulomb failure envelope. The criterion can be mathematically represented in terms of 

maximum and minimum principal stress (Jaeger et al., 2007; Zhang et al., 2021),  

𝜎1 = 2𝑐 (𝑐𝑜𝑠𝜙 (1 − 𝑠𝑖𝑛𝜙))⁄ + 𝜎3((1 + 𝑠𝑖𝑛𝜙) (1 − 𝑠𝑖𝑛𝜙)⁄ ) (3.9) 

where 𝜎1 is the axial stress (MPa), and 𝜎3 is the confining stress (MPa). 

The theoretical UCS of rock samples can be calculated from the Mohr-Coulomb failure 

envelope (Jaeger et al., 2007), 

𝜎𝑐 = 2𝑐 𝑐𝑜𝑠𝜙 (1 − 𝑠𝑖𝑛𝜙)⁄     (3.10)  

where 𝜎𝑐 is the theoretical unconfined compressive strength (MPa). 

The elastic properties of the sample were calculated from the slope of the stress-strain graph 

referred to as the secant modulus, 

𝐸 = ∆𝜎 ∆휀⁄      (3.11) 



Chapter 3: Laboratory characterisation of coal and coal measure rocks 

41 

where 𝐸 is Young’s modulus of the sample (GPa), ∆𝜎 is the change in the axial stress (MPa), 

and ∆휀 is the change in the axial strain.  

Multistage triaxial testing of the solid core samples (38 mm diameter) was performed in a four-

column 2,000 kN capacity, servo-controlled, stiff rock testing system of ESH Testing Limited, 

Brierley, UK. Four screws, connected to the strain gauges through a steel pillar (Figure 3.6), 

were placed midway and attached diametrically opposite on the outer face of a tight-fitting, 

impermeable silicone rubber sleeve to accurately measure the lateral deformation by avoiding 

end effects. The sleeve with screws was placed in the triaxial testing cell, strain gauges were 

connected to the output ports, the annular space between the sleeve and the cell was filled with 

hydraulic oil connected to a pump and the cell was closed. The upper and lower platens had 

the same diameter as that of the sample to minimise the fluctuation in the confining pressure 

when the sample is compressed as per the ISRM standards (Kovari et al., 1983).  

Integrated with the triaxial testing set up, small holes in the platens were used to introduce fluid 

into the sample for stress-dependent permeability measurements. Distribution rings were 

present in the platens to apply uniform fluid pressure throughout the cross-section area of the 

sample (Jaeger et al., 2007). A spherical seat was used to ensure uniform axial loading in case 

the loading platen of the stiff testing machine and the upper platen of the cell are not parallel. 

Linear variable differential transformers (LVDTs) were used to monitor axial displacement of 

the upper platen. The gas flow rate was measured using an Agilent Flow Tracker digital flow 

meter that was pre-calibrated to Helium, connected to the lower platen and open to the 

atmosphere. This completed the experimental set-up for multistage triaxial testing (Figure 3.6). 

  
(a)    (b)    (c)   (d) 

Figure 3.6. Experimental setup for stress-strain-permeability measurements for a 38 mm diameter 

solid sample (a) four screws connected to strain gauge, (b) sample placed in the Hoek cell, 

(c) completed cell set up, and (d) Hoek cell placed under the stiff testing machine. 
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The Hoek cell was placed on the lower platen, the sample was placed inside the tight-fitting 

rubber sleeve and the upper platen was placed on top of the sample. The cell was mounted on 

a load cell and placed under the stiff testing machine. The LVDTs were connected to the servo-

controlled system. The multistage triaxial testing was carried out by manually controlling the 

confining pressure using a pressure regulator fitted to the hydraulic pump. The confining 

pressure was monitored using an electronic pressure transducer with a display. At each stage, 

a confining pressure was first applied and kept constant. Firstly, the stress-dependent 

permeability of the sample was measured by maintaining a gas pressure differential between 

the upper and lower platens of the triaxial cell using a manually controlled gas pressure 

regulator. 

At least five readings were taken with Helium gas at different upstream gas pressure. The 

complete failure behaviour was determined by operating the servo-controlled system in strain-

controlled mode. The confining pressure was kept constant, and the axial load was increased 

at a constant strain rate of 1.5 mm/hr until the sample started to yield. During loading, the gas 

flow rate was continuously measured to analyse the dependence of permeability on axial and 

radial stress. The axial stress, axial strain, and lateral strain were continuously recorded at a 

time interval of 0.1 sec during the experiment. At each confining pressure, the stress-strain 

curve showing a smooth peak (flat top) rather than a sharp peak was considered as the peak 

strength, loading was stopped, and the confining pressure was increased to the next stage.  

This process was repeated, and the sample was subsequently brought to failure at the final 

confining pressure stage to measure the ultimate compressive strength (peak strength, 𝜎𝑚𝑎𝑥) 

of the sample. After the sample passed the peak strength, loading continued until a residual 

strength was reached and then the confining pressure and axial load were gradually reduced. 

The value obtained in the first stage of the experiment represents the intact sample behaviour 

while the remaining values are for the failed state. Several stages of confining stress and 

corresponding maximum axial stress were used to plot the Mohr-Coulomb failure envelope to 

determine the geomechanical properties (cohesion and the angle of internal friction) of the 

sample.  

The representative samples after multistage triaxial testing are shown in Figure 3.7. The multi-

stage stress-strain curve for different coal and coal measure rocks are shown in Figure 3.8. The 

failure behaviour of coal follows a similar trend, suggesting a relatively homogeneous coal 
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formation (Figure 3.8a). The UCS of the coal samples varies as 25.08 ± 2.75 MPa. Shale shows 

brittle failure after the first stage of loading and follows a similar trend at different confinement 

stages for all samples (Figure 3.8b). 

 
(a)   (b)   (c) 

Figure 3.7. Representative failed samples (a) coal, (b) shale, and (c) sandstone. 

 
(a)       (b) 

 
(c)       (d) 

Figure 3.8. Multistage triaxial stress-strain curve for (a) coal, (b) shale, (c) sandstone samples, and (d) 

unconfined compressive strength for samples.  
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The UCS of shale samples varies as 37.97 ± 8.21 MPa. Sandstone also follows a similar failure 

trend at different confinement stages for all samples (Figure 3.8c). The UCS of sandstone varies 

as 120.94 ±11.77 MPa.  

 

(a)      (b) 

 
 (c) 

Figure 3.9. Mohr-Coulomb failure envelope for representative (a) coal, (b) shale and (c) sandstone 

samples. 

The Mohr-Coulomb (MC) failure envelope was developed for the multi-stage triaxial testing 

for all coal and coal measure rock samples. Figure 3.9 shows a representative MC plot used to 

determine the cohesion and the angle of internal friction of the samples. Coal (Figure 3.9a) and 

shale (Figure 3.9b) has low cohesion, while sandstone (Figure 3.9c) has a relatively high 
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cohesion value and the failure envelope representing the angle of internal friction increases 

from ~20.5 ± 2.03o for coal, to ~27.63 ± 3.50o for shale and ~39.80 ± 4.02o for sandstone.  

One of the major limitations of multi-stage triaxial testing is the maintenance of successive 

peaks but not failure of the rock samples. Samples may exhibit brittle failure reducing the axial 

stress considerably that cannot be reached in the subsequent confining stages, which may lead 

to Mohr circle intersections. Since, six different stages of confinement are considered, any three 

(minimum) non-intersecting Mohr circles can be used to determine the cohesion and the angle 

of internal friction for the sample.  

 
(a)      (b) 

 
(c)       (d) 

Figure 3.10. Stress dependent permeability values for representative (a) coal, (b) shale (c) sandstone 

samples and (d) a graph comparing permeabilities of representative coal, shale, and 

sandstone samples.  

The permeability of coal and shale decreases with an increase in confining pressure (CP) while 

the permeability of sandstone is not appreciably affected by an increase in CP (Figure 3.10). 

This can be attributed to the fact that sandstone has a different pore and fracture structure as 
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compared to that of coal, which is not affected by the change in confining pressure before 

failure. However, the permeability of sandstone increases sharply due to the formation of 

macroscopic fracture surfaces forming a flow channel during the failure stage. Subsequent 

increase in confining pressure decreases the permeability as the increased effective stress closes 

the flow paths (Zhang et al., 2021). The permeability of shale is lower than that of coal while 

sandstone has an order of magnitude higher permeability than that of coal and shale samples in 

multistage triaxial testing (Figure 3.10d). Comparing the Hassler cell permeability of different 

coal and coal measure rocks with the stress-dependent permeability values, the sandstone 

maintains an order of increased permeability as compared to other rock samples.  

This is an important observation as at an increased mining depth, coal and shale will tend to 

accumulate higher gas pressure due to reduced permeability, while sandstone can provide an 

easy pathway for gas expansion and release, which may increase the intensity of rockbursts 

and gas outbursts.  

3.2.5. Hydraulic fracturing 

A vertical cross-section of a wellbore drilled from a roadway into the longwall panel along 

with the in situ stress state is shown in Figure 3.11a. Figure 3.11b shows the stress state in the 

region A − A′, for a pressurised hollow cylinder with pressure acting at the inner boundary to 

simulate hydraulic fracturing, and the outer boundary to simulate the in situ stress in the 

laboratory. The vertical stress acting on the coal seam (𝜎𝑣) serves as the confining pressure, 

while the horizontal stress (𝜎ℎ) serves as the axial stress acting on the cylindrical sample. To 

hydraulically fracture a hollow cylinder, it was subjected to a fluid pressure (𝑝𝑤) acting along 

the internal surface of the wellbore. The top view of the wellbore with the stress state is shown 

in Figure 3.11c.  

The principal stresses occurring in the hollow cylinder with the boundary conditions at the 

inner (𝜏𝑟𝑟(𝑎) = 𝑝𝑤) and outer (𝜏𝑟𝑟(𝑏) =  𝜎𝑣) boundaries can be obtained by solving the 

complex potential equations for a radially symmetric scenario with no shear and rotation 

(Jaeger et al., 2007),  

𝜏𝑟𝑟(𝑟) = (𝑏
2𝜎𝑣 − 𝑎

2𝑝𝑤)/(𝑏
2 − 𝑎2) + (𝑎2𝑏2(𝑝𝑤 − 𝜎𝑣))/((𝑏

2 − 𝑎2)𝑟2)  (3.12) 

𝜏𝜃𝜃(𝑟) = (𝑏2𝜎𝑣 − 𝑎
2𝑝𝑤)/(𝑏

2 − 𝑎2) − ((𝑎2𝑏2(𝑝𝑤 − 𝜎𝑣))/((𝑏
2 − 𝑎2)𝑟2)) (3.13) 
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where, 𝜏𝑟𝑟 is the principal stress in the radial direction (MPa), 𝜏𝜃𝜃 is the principal stress in the 

tangential direction (MPa), 𝑎 is the radius of the wellbore (m), 𝑏 is the radius of the outer 

boundary (m), 𝑝𝑤 is the fluid pressure (MPa), 𝜎𝑣 is the confining pressure (MPa), and 𝑟 is the 

radius (m) at which the stress value is being calculated.  

 
(a)     (b)     (c) 

Figure 3.11. (a) Vertical cross-section of a borehole drilled from the roadway in longwall mining, (b) 

vertical cross-section along 𝐴 − 𝐴′ of the in situ stress state along the wellbore when 

hydraulic fracturing is initiated and (c) top view of in situ stress state during hydraulic 

fracturing, where 𝜎𝑣 is the in situ vertical stress, 𝜎ℎ is the in situ horizontal stress, 𝑝𝑤 is 

the fluid pressure, 𝑟 is the radius at which stress is measured, 𝜃 is the direction at which 

stress is measured, 𝑑 is the inner diameter, and 𝐷 is the outer diameter. 

The difference between the two principal stresses is maximum at 𝑟 = 𝑎 and decreases 

monotonically to a minimum value at 𝑟 = 𝑏. Jaeger et al. (2007) used Equations (3.12) and 

(3.13) to identify the stress state for a circular hole in an infinite rock mass by 𝑏→∞, the 

equations in the plane strain conditions change to, 

𝜏𝑟𝑟(𝑟) = 𝜎𝑣 − (𝜎𝑣 − 𝑝𝑤)(𝑎 𝑟⁄ )2    (3.14) 

𝜏𝜃𝜃(𝑟) = 𝜎𝑣 + (𝜎𝑣 − 𝑝𝑤)(𝑎 𝑟⁄ )2    (3.15) 

The change in the in situ stress state due to the presence of a circular hole is localised within a 

few radii of the wellbore. At a distance 10𝑎 away from the wellbore, the magnitude of the 

second term (Equations (3.14)-(3.15)) decreases to 1 % of the stress value at the inner surface 

of the wellbore (𝑟 = 𝑎). Thus, it is recommended in laboratory testing to maintain a large ratio 

between the outer to the inner diameter. For a tensile fracture to occur, the principal stress 

acting at the inner surface of the wellbore should be more than the tensile strength 𝑇𝑜 of coal. 

The fracturing condition becomes, 
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𝜏𝜃𝜃 = −𝑇𝑜      (3.16) 

For failure to occur, the fluid pressure at the inner surface of the wellbore (𝑟 = 𝑎), can be found 

by equating Equations (3.13) and (3.16),  

𝑝𝑤 = (2𝑏
2𝜎𝑣 + 𝑇𝑜(𝑏

2 − 𝑎2))/(𝑎2 + 𝑏2)   (3.17) 

   
(a)    (b)     (c) 

     
(d)    (e)     (f) 

Figure 3.12. (a) Hollow cylinder sample with a central wellbore, (b) cylindrical sample placed in a tight-

fitting sleeve with Polytetrafluoroethylene (PTFE) used to fill broken edge and sand 

proppant filled in the wellbore, (c) filter paper placed on top of the wellbore to prevent 

sand migration outside the wellbore, (d) loading platen placed on top of the cylindrical 

sample, firmly secured with jubilee clip on top and bottom, (e) annular space filled with 

hydraulic oil to provide confining pressure, and (f) hydraulic fracturing set up with syringe 

pump and cell mounted under the stiff testing machine. 

Hollow cylinder coal samples (Figure 3.12a) were placed inside a tight-fitting, impermeable 

silicon rubber sleeve with four radial pore pressure inlets distributed symmetrically and 
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connected via flexible steel tubes among each other and to the radial outlet of the modified 

Hoek cell (designed to accommodate large diameter cylindrical samples) to measure radial 

permeability. 30-50 mesh sand proppant was filled in the wellbore (Figure 3.12b) and a filter 

paper was placed at the top of the wellbore to prevent proppant migration into the pumping 

system (Figure 3.12c). The sleeve was secured with a jubilee clip on the lower platen. The 

loading platen was placed at the top of the cylindrical sample and secured with a jubilee clip to 

ensure contact during fluid injection (Figure 3.12d).  

A small hole in the top-loading platen was used to introduce fluid into the sample for stress-

dependent permeability measurements and hydraulic fracturing. The Hoek cell was assembled 

and the annular space between the sleeve and the cell was filled with hydraulic oil and the cell 

was closed (Figure 3.12e). The cell was mounted on a load cell and placed under the servo-

controlled, stiff rock testing machine. A Teledyne ISCO 260D syringe pump was connected to 

the top-loading platen to introduce pressurised fluid into the wellbore of the sample (Figure 

3.12f). The setup enables the application of axial and radial load, radial pore pressure 

measurement, hydraulic fracturing of the coal under in situ stress conditions, fracturing fluid 

and proppant injection through the wellbore while measuring stress-strain and permeability. 

The strain gauges and LVDTs were connected, and readings were taken as explained in Section 

3.2.4 above.  

The experiment can be subdivided into several stages. In the first stage, a small confining 

pressure and axial load were applied to seal the system. The sample was tested under multi-

stage triaxial testing mode to obtain the elastic and mechanical properties of the coal based on 

the stress-strain curve and to measure the baseline permeability of coal to helium gas at 

different confining pressures and axial loads. A leak test was performed by injecting the fluid 

in a constant pressure mode at a low injection pressure of ~1 MPa and it was ensured that the 

injected volume stayed constant before the hydraulic fracturing started. Then, water was 

injected into the hollow wellbore of the cylindrical coal sample through the fluid inlet valve in 

constant pressure or constant flow mode to fracture the coal while the confining pressure (𝜎𝑣) 

was kept constant.  

Initially, the cell was kept open to allow water to develop a flow channel. After the water was 

produced at the outlet port, the port was closed. Since the flow rate was very low, sudden 

pressure shocks were given to the sample by moving the loading platen. After the hydraulic 
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fracturing experiment, nitrogen was flushed through the sample for a long duration to purge 

water out of the system. A vacuum pump was used to dry the sample before the sample was 

recovered. The recovered sample was visually examined for induced fractures. The sample was 

air-dried for 2 days and then oven-dried at 40 oC for 24 hours to remove water present in 

micropores. Finally, the dried sample was placed again in the cell and radial permeability of 

the fractured coal sample to helium gas was measured.  

 
(a)     (b)  

 
(c)      (d) 

Figure 3.13. Results for hollow cylinder sample A (a) stress-strain plot for multistage triaxial testing, 

(b) baseline stress-dependent permeability, (c) the variation in axial stress and axial 

displacement during hydraulic fracturing, and (d) sample failed in hydraulic fracturing 

with proppant covering the fracture surface. 

Sample A was filled with the 30-50 mesh sand proppant. After the baseline values were 

obtained, the sample was subjected to hydraulic fracturing in constant pressure mode. The stiff 

testing machine was operated partly under displacement control mode and partly under load 

control mode. The Young’s modulus of the sample was calculated to be 2.24 GPa from multi-

stage triaxial testing (Figure 3.13a). The corresponding stress-dependent baseline permeability 
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to helium gas is shown in Figure 3.13b. Low axial stress ~1.5 MPa was maintained at the start 

to seal the coal sample. The hydraulic pump injected water at a constant pressure of ~3.5 MPa 

while maintaining a confining pressure of ~18 MPa. Water injection led to a monotonic 

increase in axial stress by ~4 MPa. The axial stress was maintained for ~5 mins and then the 

loading platen of the stiff testing machine was gradually moved up to allow space for water to 

flow through the coal, this led to a gradual drop in the axial stress. The stress and displacement 

graph during the hydraulic fracturing experiment is shown in Figure 3.13c.  

The control mode of the stiff testing machine was changed to load control mode and stress of 

~4 MPa was maintained for ~10 mins. To accommodate the injection fluid and maintain the 

constant axial stress, the ramp started to move up. A hydraulic fracture was induced at around 

19 mins, which led to the abrupt upward movement of the loading platen to maintain the axial 

load and fractured the sample. The sample was recovered after the test and it was observed that 

the sample was fractured, the sand proppants entered the fracture, covering the fractured 

surface (Figure 3.13d). It was also noticed that the silicone sleeve was punctured, and the oil 

leaked into the annulus contaminating the sample making it unsuitable for post-hydraulic 

fracturing permeability measurements.  

Sample B was 2/3rd filled with 30-50 mesh sand proppant. The Young’s modulus of the sample 

was calculated to be 1.11 GPa in multistage triaxial testing (Figure 3.14a). The baseline 

permeability of coal to helium gas at different confining pressures and axial loads were 

measured (Figure 3.14b). The sample was initially compressed by operating the stiff testing 

machine in displacement control mode before the pumping started to develop initial axial 

stress. Sample B was subjected to hydraulic fracturing in the constant flow mode of the syringe 

pump. The axial stress increased linearly with the start of pumping at a constant flow rate of 5 

mL/min. The stress and displacement graph during the hydraulic fracturing experiment is 

shown in Figure 3.14c.  

The axial stress maintained a linear increase to ~21 MPa. The flow rate kept increasing until 

the water was produced at the outlet port and then decreased suddenly as the outlet port was 

closed (Figure 3.14d). The volume of injected water and flow rate kept increasing as a flow 

channel was gradually established in the sample and the gradient became relatively gentler 

once the outlet port was closed. The upward movement of the loading platen led to an 
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instantaneous decrease in the axial stress that allowed water to flow through the sample and 

induce microfracture (Figure 3.14e).  

 
(a)      (b) 

 
(c)     (d) 

 
(e) 

Figure 3.14. Results for hollow cylinder sample B (a) stress-strain plot for multistage triaxial testing, 

(b) stress-dependent permeability before and after hydraulic fracturing, (c) the variation in 

axial stress and axial displacement during hydraulic fracturing, (d) the variation in flow 

rate and volume of water injected during hydraulic fracturing and (e) fracture induced due 

to hydraulic fracturing. 
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Table 3.2. Physical characteristics of samples considered in the experiments. 

Sample 𝐷 𝑑 𝑙𝑠 𝑤𝑠 E 𝑐 𝜙 𝜎𝑣  𝑇𝑜 𝑝𝑤 

Type A 0.101 0.025 0.175 1.682 2.24 3 33 18.0 0.35 34.23 

Type B 0.101 0.031 0.168 1.724 1.11 3 33 18.0 0.35 33.19 

𝐷 is the outer diameter (m), 𝑑 is the inner diameter (m), 𝑙𝑠 is the length of the sample (mm), 𝑤𝑠 is the weight of 

the sample (kg), E is the Young’s modulus (GPa), 𝑐 is the cohesion (MPa), 𝜙 is the angle of internal friction (o), 
𝜎𝑣 is the confining pressure (MPa), 𝑇𝑜 is the tensile strength considered as 1/10 of the UCS (MPa) and 𝑝𝑤 is the 

fluid pressure (MPa). 

Dense microfractures were seen at the inner surface of the wellbore. Slight fractures were seen 

on the outer side, but the fractures were not deep enough to fail the sample completely as in 

the previous case. The weight of the sand proppant present in the wellbore was measured to 

find a reduction of ~7 gm that entered the internal fracture network. The sample was air-dried 

and subsequently, oven-dried to remove moisture from the micropores. The permeability of 

coal to helium was then measured (Figure 3.14b). The baseline and post-hydraulic fracturing 

permeability were compared to find an increase of ~229 % (2.29 times). Other geomechanical 

properties of the coal samples are listed in Table 3.2. 

3.3. DISCUSSION  

The laboratory characterisation of coal and coal measure rocks suggests that the sandstone 

present in the stratigraphic sequence of most coal mines is very hard and highly permeable. 

Shale, on the other hand, is moderately hard and has low permeability. The coal is also 

relatively hard and has low permeability providing an ideal condition for the accumulation of 

a large volume of gases within the coal seam and in the immediate neighbourhood that may 

lead to rockburst and gas outburst hazards. The reservoir properties, porosity, and permeability 

show little variation in the rock samples (Table 3.1). The porosity of coal is directly 

proportional to the volume of gas that can be stored in the pore spaces. Coal and shale have 6-

8 % porosity while sandstone is very dense and has a low porosity of 1 %. The porosity of coal 

in the USCB was measured in the range of 3-12 %. Hermetic coals were found to have low 

porosity averaging around 2-3 % with gas flow possible only in cleats (Kedzior and Jelonek, 

2013). In a recent study by Bukowska et al. (2016), porosity of hard coals in different coal 

seams were determined and found to be in the range of 0.68-12.48 % depending on burial 

depth.  

The porosity of sandstone series was determined in the range of 3-15 % in the USCB measured 

using Mercury Intrusion Porosimetry (Labus and Bujok, 2011). The slight difference in the 
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porosity of sandstone reported in Table 3.1 could be attributed to the difference in the method 

used in this research (Helium Pycnometry). Hayes (1991) reported that the porosity of 

sandstones undergoes a complex, multistage evolution or diagenesis during burial and 

decreases with increase in burial depth. He conducted a detailed study of sandstones in the US 

and reported porosity values ranging from 1.5-17.8 % in the Arkoma basin and 0.8-8.3 % in 

the Appalachian basin. Coal/rock will be in the post-failure state when the mining-induced 

abutment stress acting on it is higher than the UCS (Zhou et al., 2018). The coal and shale being 

more porous and less permeable as compared to sandstone will store a large volume of gases 

as the mining progresses and will develop cracks/fractures due to the mining-induced stresses. 

The sandstone, having high permeability, can easily permeate gases through the newly formed 

cracks/fractures in the coal and shale to increase the gas pressure (𝑝𝑔). The Mohr-Coulomb 

failure envelope for the coal/shale sample will shift to the left due to the effective stress (𝜎3 −

𝑝𝑔 and 𝜎1 − 𝑝𝑔) (Figure 3.5). The Mohr circle of the sample initially in the stable zone will 

shift partly into the failure zone that may provide a gas flow path. Gas available at 𝑝𝑔 pressure 

can release suddenly following adiabatic expansion and develop sufficient gas expansion 

energy to result in rockbursts and gas outbursts. 

Table 3.3. List of relevant laboratory-based indices to determine rockburst potential (after Zhou 

et al., 2018). 

Author Equation 
Rockburst potential 

None Light Medium High 

Barton et al. (1974) 𝜎𝑐 𝜎1⁄   >10 5-10 2.5-5 <2.5 

Wang and Park (2001) 𝑃𝐸𝑆 = 𝜎𝑐
2 2𝐸𝑐𝑜𝑎𝑙⁄   ≤50 50-100 100-150 150-200 

Lee et al. (2004) 𝜎𝑐  <78 78-112 112-138 >138 

Castro et al. (2012) 𝐵𝑆𝑅 = (𝜎1 − 𝜎3) 𝜎𝑐⁄   0.35-0.45 0.45-0.60 0.60-0.70 >0.70 

GB50487-2008 (Zhou et al., 2018) 𝜎𝑐 𝜎𝑚𝑎𝑥⁄   >7 4-7 2-4 <2 

𝜎𝑐 is the uniaxial compressive strength, 𝜎1 is the major principal stress, 𝑃𝐸𝑆 is the criterion of potential energy of 

elastic strain, 𝐸𝑐𝑜𝑎𝑙  is Young’s modulus of the coal seam, 𝐵𝑆𝑅 is the brittle shear ratio, 𝜎3 is the minor principal 

stress, and 𝜎𝑚𝑎𝑥  is the maximum tangential stress acting on the boundary of a circular opening.  

Researchers in the past have developed several indices based on laboratory characterised coal 

and surrounding coal measure rocks to analyse the potential for rockbursts occurrence. Some 

relevant indices analysing laboratory values of coal and coal measure rocks for rockburst 

liability are listed in Table 3.3. The laboratory characterisation of coal and coal measure rocks 

were assessed against these criteria to determine the rockburst liability of the samples (Table 

3.4). As per Lee et al. (2004)’s criterion, coal and shale correspond to no-bursting, while 
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sandstone has a light to medium bursting tendency. As per Wang and Park (2001)’s criterion, 

coal has a light to medium bursting tendency, shale has a none to light bursting tendency while 

sandstone has a high bursting tendency. However, Barton et al. (1974), Castro et al. (2012) and 

GB50487-2008 (Zhou et al., 2018) suggest that coal, shale, and sandstone all have a high 

bursting tendency. This highlights the limitations of empirical criteria, for the same rock 

samples, different criteria give different bursting tendencies.  

Table 3.4. Laboratory determined values for different burst liability indices 

   𝜎𝑐
𝜎𝑚𝑎𝑥

 
𝜎𝑐 𝜎1⁄  𝐵𝑆𝑅 = (𝜎1 − 𝜎3) 𝜎𝑐⁄  

Sample 𝜎𝑐 𝑃𝐸𝑆 2.5 5.0 8.0 12.0 18.0 2.5 5.0 8.0 12.0 18.0 

Coal 1 29.37 132.34 0.44 0.84 0.64 0.63 0.55 0.43 1.11 1.39 1.31 1.42 1.69 

Coal 2 22.66 88.86 0.36 0.86 0.61 0.55 0.46 0.36 1.05 1.41 1.47 1.66 1.99 

Coal 3 22.85 78.64 0.39 0.58 0.52 0.58 0.49 0.38 1.62 1.70 1.38 1.51 1.83 

Coal 4 25.95 90.01 0.41 0.84 0.87 0.67 0.49 0.41 1.09 0.96 1.18 1.57 1.76 

Coal 5 21.82 82.38 0.39 0.83 0.83 0.66 0.50 0.39 1.09 0.98 1.15 1.46 1.71 

Shale 1 32.91 26.18 0.39 0.83 0.68 0.58 0.48 0.39 1.13 1.32 1.49 1.73 2.04 

Shale 2 50.20 92.84 0.65 0.88 0.76 0.67 0.76 0.67 1.09 1.21 1.33 1.07 1.13 

Shale 3 35.21 31.10 0.46 0.62 0.73 0.65 0.53 0.46 1.55 1.23 1.32 1.53 1.68 

Shale 4 33.56 27.25 0.44 0.96 0.76 0.64 0.55 0.45 0.97 1.16 1.33 1.47 1.69 

SST 1 109.50 289.04 0.66 1.04 0.89 0.80 0.71 0.67 0.94 1.08 1.17 1.30 1.32 

SST 2 124.38 305.38 0.79 0.98 0.86 0.79 0.98 0.79 1.00 1.13 1.21 0.93 1.13 

SST 3 133.27 355.79 0.73 1.08 0.89 0.80 0.74 0.74 0.91 1.09 1.19 1.26 1.22 

SST 4 108.90 244.03 0.50 0.92 0.83 0.69 0.60 0.51 1.07 1.17 1.38 1.55 1.81 

SST 5 128.67 339.82 0.75 0.98 0.86 0.79 0.91 0.75 1.01 1.12 1.20 1.00 1.19 

𝜎𝑐 is the uniaxial compressive strength, 𝑃𝐸𝑆 is the criterion of potential energy of elastic strain, 𝜎𝑚𝑎𝑥  is the 

maximum tangential stress acting on the boundary of a circular opening, 𝜎1 is the major principal stress, 𝐵𝑆𝑅 is 

the brittle shear ratio, and 𝜎3 is the minor principal stress.  

The geomechanical properties strongly indicate that the presence of hard coal and massive 

strata are conducive to rockbursts and gas outbursts. High strength brittle rocks, high-stress 

environments (occurring due to deep mining) and increasing peak strength with confinement 

allows more strain energy accumulation to meet the necessary conditions for rockbursts and 

gas outbursts to occur (Miao et al., 2016). A strong positive correlation was obtained between 

UCS and rockburst liability. It can be seen that high UCS rocks are more prone to rockbursts 

which matches the observations of Yang et al. (2018c). The laboratory results match well with 

the field observations in the Upper Silesian Coal Basin which have suffered from rockbursts 

and gas outbursts for a very long time (Rudajev et al., 1986; Gornictwa, 2000; Bukowska, 

2006; Sobczyk, 2011; Bukowska, 2012; Skoczylas, 2012; Wasilewski, 2020). As the mining 
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depth keeps increasing, the risk of these hazards has increased manyfold which necessitates the 

use of preventive control measures like hydraulic fracturing. 

It can be seen from the baseline permeability values (Figure 3.13b and Figure 3.14b) for the 

two coal samples that the permeability decreased by two orders of magnitude with an increase 

in confining pressure. This suggests that the need for permeability enhancement increases as 

the mining depth increases. The hydraulic fracturing experiment conducted revealed that the 

permeability of the coal sample increased ~2.29 times as compared to the baseline value, which 

signifies the importance of hydraulic fracturing in improving the fracture network in the coal 

seam and subsequent permeability. Huang et al. (2012) investigated hydraulic fracturing 

behaviour in coal seams in an underground mine and found that wellbores, where hydraulic 

fracturing was performed, had 15 times increase in the amount of gas drained and a 10-20 m 

stress relieved zone around wellbores. 

Equation (3.17) can be used to back-calculate the fluid pressure needed for hydraulic fracturing 

in laboratory experiments by varying the outer radius, inner radius, and confining pressure 

since the tensile strength of the coal sample cannot be changed. The fluid pressures (𝑝𝑤) 

required to fracture the cylindrical sample were found to be 34.23 MPa and 33.19 MPa for 

Sample A and Sample B, respectively. The syringe pump used in the experiment has a 

maximum capacity of 13.79 MPa (2,000 psi), hence, microfractures were observed in Sample 

B, as the fluid pressure was not sufficient to completely fracture the coal sample.  

3.4. CONCLUSIONS 

Coal and coal measure rocks sourced from a Polish coal mine were characterised for their 

geomechanical and reservoir properties. The results obtained from laboratory characterisation 

were analysed with the empirical equations, developed by earlier researchers, and it was found 

that the risk of rockburst and gas outburst potential is high. Laboratory characterisation is thus 

necessary to analyse the rock behaviour to optimise the mine design and use suitable preventive 

control measures to minimise hazardous occurrences. Hydraulic fracturing conducted on the 

hollow cylinder samples in the laboratory showed an increased permeability by 2.29 times. 

Equation (3.17) can be used to successfully design laboratory scale hydraulic fracturing 

experiments by considering the outer radius, inner radius, the confining stress, and the tensile 

strength of the coal, which were earlier designed using hit and trial method with limited success 

in laboratory experiments.  
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Chapter 4  
Strain Energy Accumulation in a Retreating 

Longwall Mining Panel 

4.1. INTRODUCTION 

Mining-induced stresses acting ahead of the longwall face leads to strain energy being stored 

in the coal and the surrounding rock mass. The stored energy may be released suddenly due to 

the cantilevering roof breakage or coal failure in retreating longwall mining, triggering 

rockbursts (Cai et al., 2016; Mark, 2016; Fedotova et al., 2017; Zhou et al., 2018; Agrawal et 

al., 2019; Cai et al., 2019; Canbulat et al., 2019; Huang et al., 2020). Several hypotheses leading 

to different empirical prediction indices were developed to understand rockburst occurrences 

over the last few decades. Most of these indices were developed based on laboratory scale 

analysis of coal/rock, however, very few researchers have investigated the strain energy 

accumulation in a retreating longwall coal mining panel.  

Hetenyi (1946) pioneered the differential equation analysis of the roof to evaluate the effect of 

elastic abutments on beam deflection resting on elastic supports. Holland (1955) analysed the 

strain energy stored in the cantilevering roof and coal seam using cantilever beam models but 

ignored the energy stored in the supported roof. Cook (1965) presented a theoretical analysis 

of energy accumulation and release during mining leading to rockbursts. Stephansson (1971) 

developed mathematical solutions assuming roof beds as horizontal beams to emphasise the 

effect of abutment stresses on the deflection of the roof. He estimated deflection, stress and 

bending moment for different roof configurations occurring in underground coal mining on 

elastic supports.  

Haramy and McDonnell (1988) used Holland (1955)’s equations to analyse the performance 

of strong roof beds as a cantilever beam in response to longwall coal mining on an elastic 

foundation and evaluated strain energy accumulation under uniformly distributed overburden 

load. They assumed constant applied load and thus ignored the mining-induced stresses that 



Chapter 4: Strain energy accumulation in a retreating longwall mining panel 

58 

 

concentrated ahead of the active face. This limits the applicability of the equations to accurately 

evaluate the total amount of strain energy stored in the roof and coal (Wu, 1995).  

Xu (2009) extended the analysis by considering the longwall roof as a cantilever beam during 

different weighting stages of longwall coal mining, modelling the mining-induced abutment 

stress as an exponentially decreasing function ahead of the active face. He considered 

overburden weight to be acting on the cantilever roof, which will lead to an error in the 

deflection calculation as the Euler-Bernoulli theory assumes the cantilever beam to be loaded 

under its weight. He also allowed significant roof deflection at the active face to represent time-

intensive manual installation of chock shield supports at the goaf edge. The state-of-the-art 

mining technology now available for longwall coal mining, using hydraulic-powered supports, 

advances as soon as the longwall shearer cuts the coal face to support the immediate roof and 

prevents excessive deflection (Rezaei et al., 2015; Agrawal et al., 2019). The loading 

conditions considered in the coal seam are too simplistic with only the reaction force 

considered to be acting in the coal seam. In practice, the mining-induced stresses also affect 

the coal seam. This limits the application of previously developed energy equations to evaluate 

strain energy accumulation in state-of-the-art longwall mining panels.  

To overcome the limitations of earlier energy equations and to suit the state-of-the-art support 

systems now available in longwall mining, a new set of equations were developed, as presented 

in this chapter, to calculate strain energy accumulation. The analytical model was developed 

considering (a) new boundary conditions, (b) appropriate loading conditions to incorporate the 

effect of abutment stress and (c) the presence of hydraulic-powered supports to prevent 

excessive roof deflection. The model was calibrated against a numerical model to evaluate its 

suitability. The identified parameters were tested using an orthogonal testing matrix to 

determine the dominance of each parameter in strain energy accumulation.  

4.2. THE ANALYTICAL MODEL 

A vertical cross-section of a retreating longwall coal mining panel assuming complete 

extraction of the coal seam is shown in Figure 4.1. The coal seam is sandwiched between a 

roof and floor layer with three different loading sections: 
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Figure 4.1. Schematic vertical cross-section layout of a retreating longwall coal mining panel, where 

𝐿 is the length of the cantilever roof,  𝑙 is the length of abutment zone, 𝑃𝑜 is the abutment 

stress,  𝑝 is the weight of the cantilever roof, 𝑃𝑜𝑒
−𝛼𝑥 is the exponentially decreasing 

abutment load function, 𝑃 is the in situ stress, ℎ𝑟𝑜𝑜𝑓 is the height of the roof, ℎ𝑐𝑜𝑎𝑙 is the 

height of the coal seam, 𝐶 is the foundation modulus, 𝑞 is the reaction force, 𝑀 is the 

bending moment, 𝑉 is the shear force, 𝐻𝑃𝑆 is the hydraulic powered support, 𝑊𝑐𝑎𝑛𝑡 is the 

energy stored in the cantilever roof, 𝑊𝑟𝑜𝑜𝑓 is the energy stored in the supported roof, and 

𝑊𝑐𝑜𝑎𝑙 is the energy stored in the coal seam (Modified after Haramy and McDonnell, 1988). 

(a) Cantilever beam section (−𝐿 < 𝑥 ≤ 0) 

In this section, the lower portion of the immediate roof in the coal extracted area 

gradually separates along the bedding plane to form a gravity loaded rock layer. 

The rock layer is clamped at the excavation boundary (𝑥 = 0) by the overburden 

pressure and hydraulic powered support (HPS) to form a cantilever beam. A 

uniformly distributed load 𝑝 = 𝜌𝑔ℎ𝑟𝑜𝑜𝑓 (𝜌 is the density of rock (kg/m3), 𝑔 is the 

acceleration due to gravity (m/s2), ℎ𝑟𝑜𝑜𝑓 is the height of the immediate roof (m)) 

acts on the cantilever beam (Galvin, 2016). The beam hangs freely in the goaf (𝑥 =

−𝐿) to represent the periodic and main weighting cycle (Huang et al., 2020). 𝐿 is a 

direct manifestation of the weighting cycles which has not been incorporated in any 

previous research.  
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(b) Abutment load section (0 ≤ 𝑥 < 𝑙) 

In this section, an exponentially decreasing abutment load function, 𝑃𝑜𝑒
−𝛼𝑥 is 

considered with its peak at 𝑥 = 0 (𝑃𝑜 = ~2𝑃) to act on the roof and the coal seam. 

The load decreases to 𝑃 = 𝜌𝑔𝐻, at  𝑥 = 𝑙 (𝑙 = 0.12𝐻), inside the solid coal seam 

(Sheorey, 1993). Using the abutment load value at 𝑥 = 𝑙, one gets, 

𝑃 = 𝑃𝑜𝑒
−𝛼𝑙
→  𝛼 = − 𝑙𝑛(𝑃 𝑃𝑜⁄ ) 𝑙⁄     (4.1) 

The elastic coal foundation exerts a reaction force (𝑞 = 𝐶𝑦) to the abutment load 

inside the solid coal seam having a foundation modulus (Stephansson, 1971), 

𝐶 = 𝐸𝑐𝑜𝑎𝑙/(ℎ𝑐𝑜𝑎𝑙(1 − 𝜐𝑐𝑜𝑎𝑙
2 ))    (4.2) 

where 𝐶 is the foundation modulus (GPa/m), 𝐸𝑐𝑜𝑎𝑙 is Young’s modulus of the coal 

seam (GPa), ℎ𝑐𝑜𝑎𝑙 is the height of the coal seam (m) and 𝜐𝑐𝑜𝑎𝑙 is the Poisson’s ratio 

of the coal seam. 

(c) Normal load section (𝑥 ≥ 𝑙) 

In this section, the position is far inside the solid coal seam, so the effect of mining-

induced stresses is negligible, and the coal seam exhibits in situ stress conditions. 

The deflection, stress and strain energy accumulated in this region will not affect 

the rockburst occurrence at the excavation boundary (Agrawal et al., 2019).  

Horizontally bedded mining roofs separated by bedding planes are often considered as simply 

supported rock beams (Caudle and Clark, 1955; Obert et al., 1960; Wu, 1995). Stephansson 

(1971) emphasised the applicability of the Euler-Bernoulli beam theory to analyse horizontally 

bedded roofs with no slip along the boundaries of the rock layers in a long underground 

opening. He observed that either uniformly loading on the top surface of the layer or loading 

under its weight does not induce any measurable error in the normal stress distribution. The 

critical stress values remain the same irrespective of the two loading conditions. Thus, the 

weight of the cantilevered roof beam was approximated by applying a uniformly distributed 

load per unit width to its top surface (Galvin, 2016). In this chapter, the deflection, stress, and 
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strain energy were calculated using the Euler-Bernoulli beam theory for the cantilevered rock 

beam.  

Several assumptions were made to apply the Euler-Bernoulli beam theory to determine the 

effect of overburden and abutment load on the deflection of the roof. It is assumed that the 

beam is isotropic, homogeneous, free of any defects/discontinuities, linearly elastic, perfectly 

straight along its axes, initially stress-free, loaded only normal to its faces, of uniform flexural 

rigidity and symmetric about an axis in the plane of bending (Galvin, 2016). The thickness of 

the roof is assumed to be less than one-fifth of the length of the roof so the influence of shear 

stresses can be neglected (Wu, 1995). The deflection of the immediate roof during the period 

of hydraulic-powered support advancement compared to the height of the immediate roof is 

assumed to be negligible for calculation purposes. 

4.2.1. Deflection of the roof 

The roof will deflect due to its weight or due to the mining-induced stresses acting on them. 

As per the Euler-Bernoulli beam theory, the bending moment for a deflection is given as 

(Young et al., 2012; Galvin, 2016), 

𝑀(𝑥) = 𝐾𝑏𝑒𝑎𝑚 (
𝑑2𝑦

𝑑𝑥2
)     (4.3) 

where 𝑀(𝑥) is the bending moment of the cantilevered roof (N-m), 𝑦(𝑥) is the deflection of 

the roof (m), 𝐾𝑏𝑒𝑎𝑚=𝐸𝑟𝑜𝑜𝑓𝐼 is the flexural rigidity of the roof (Pa-m4), 𝐸𝑟𝑜𝑜𝑓 is Young’s 

modulus of the cantilevered roof (GPa), and 𝐼 = 𝑏𝑟ℎ𝑟𝑜𝑜𝑓
3 /12 is the second moment of inertia 

of the roof (m4).  

The shear force developed across the clamped end is given as, 𝑀′(𝑥) = 𝑉(𝑥), and the load per 

unit length 𝑃(𝑥) = M′′(𝑥). It is apparent that,  

𝑃(𝑥) = 𝑀′′(𝑥) = 𝐾𝑏𝑒𝑎𝑚 (
𝑑4𝑦

𝑑𝑥4
)    (4.4) 

The bending moment (Equation (4.3)) and roof deflection (Equation (4.4)) for different loading 

conditions were calculated by applying suitable loading and boundary conditions and 

integrating the equation in the appropriate range (Table 4.1). 
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Table 4.1. Different scenarios in longwall mining and corresponding load, boundary conditions, deflection and bending moment. 

Scenario Cantilever beam (−𝐿 < 𝑥 ≤ 0) Abutment load (0 ≤ 𝑥 < 𝑙) 

 Xu (2009) This thesis Xu (2009) This thesis 

Applied load 𝑃 𝑝 𝑃𝑜𝑒
−𝛼𝑥 𝑃𝑜𝑒

−𝛼𝑥 − 𝐶𝑦 

Boundary conditions 

𝑦(𝑥)𝑥=0 = 𝑦0 

𝑦′(𝑥)𝑥=0 = 𝑦′
0
 

𝑀(𝑥)𝑥=0 = −𝑃𝐿2/2 

𝑉(𝑥)𝑥=0 = −𝑃𝐿 

𝑦(𝑥)𝑥=0 = 0 

𝑦′(𝑥)𝑥=0 = 0 

𝑀(𝑥)𝑥=−𝐿 = 0 

𝑉(𝑥)𝑥=−𝐿 = 0 

𝑦(𝑥)𝑥=0 = 𝑦0 

𝑦′(𝑥)𝑥=0 = 𝑦′
0
 

 

𝑦(𝑥)𝑥=0 = 0 

𝑦′(𝑥)𝑥=0 = 0 

 

y(x) 
(
𝑃𝑥2(𝑥2 −  4𝐿𝑥 − 6𝐿2)

+24(𝑦′
0
𝑥 + 𝑦0)

)

24 𝐾𝑏𝑒𝑎𝑚
 

𝑝𝑥2(𝑥2 +  4𝐿𝑥 + 6𝐿2)

24 𝐾𝑏𝑒𝑎𝑚
 𝜒𝑒𝛼𝑥 + 𝑒−𝜔𝑥 (

𝐴1 sin𝜔𝑥
+𝐴2 cos𝜔𝑥

) 𝜒 [
𝑒−𝛼𝑥 +

𝑒−𝜔𝑥  {
𝛼

𝜔
𝑠𝑖𝑛(𝜔𝑥) − 𝑐𝑜𝑠(𝜔𝑥) − 𝑠𝑖𝑛(𝜔𝑥)}

] 

M(x) 
𝑃𝑥2

2
 

𝑝(𝑥2 +  2𝐿𝑥 + 𝐿2)

2
 2𝜔2𝑒−𝜔𝑥 (

𝐴1
−𝐴2 sin𝜔𝑥

) − 𝜒𝛼2𝑒𝛼𝑥 𝜒 [
𝛼2𝑒−𝛼𝑥 −

2𝜔𝑒−𝜔𝑥{(𝛼 − 𝜔) 𝑐𝑜𝑠(𝜔𝑥) +𝜔 𝑠𝑖𝑛(𝜔𝑥)}
] 

where,  

i. 𝐴1 =
𝑦′0−𝜒𝛼

𝜔
+ 𝑦0 − 𝜒 

ii. 𝐴2 = 𝑦0 − 𝜒  

iii. 𝜔 = √
𝐶

4𝐾𝑏𝑒𝑎𝑚

4
 

iv. 𝜒 =
𝑃𝑜

(𝐾𝑏𝑒𝑎𝑚𝛼
4+𝐶)

 

 

v. 𝑦′
0
= 𝜒𝛼 +

𝑉0+2𝜔𝑀0+𝜒𝐾𝑏𝑒𝑎𝑚𝛼
2(𝛼+2𝜔)

2𝐾𝑏𝑒𝑎𝑚𝜔
2  

vi. 𝑦0 = 𝜒 −
𝑉0+𝜔𝑀0+𝜒𝐾𝑏𝑒𝑎𝑚𝛼

2(𝛼+𝜔)

2𝐾𝑏𝑒𝑎𝑚𝜔
3  

vii. 𝑉0 = −𝑃𝐿 

viii. 𝑀0 = −
𝑃𝐿2

2
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The loading conditions considered in different sections of the roof by Xu (2009) are high in the 

cantilever section and oversimplistic in the abutment load section. Correspondingly, the roof 

deflection values are significantly different from those previously developed due to the change 

in the boundary conditions as Xu (2009) allowed excessive roof deflection at the excavation 

boundary. The bending moment developed by Xu (2009) does not consider the influence of 𝐿, 

which has been incorporated in the new equations.  

4.2.2. Strain energy 

The external work done on the rock by overburden stress is stored in the elastically stressed 

rock as strain energy (Young et al., 2012; Agrawal et al., 2019). The strain energy stored in the 

roof and the coal seam can be calculated assuming that the stress-strain relationship from 

Hooke’s law follows (Wu, 1995; Young et al., 2012; Fedotova et al., 2017; Dong et al., 2018; 

Xue et al., 2021), 

𝑊𝑖 =
1

2
(𝜎𝑥휀𝑥 + 𝜎𝑦휀𝑦 + 𝜎𝑧휀𝑧 + 𝜏𝑥𝑦𝛾𝑥𝑦 + 𝜏𝑦𝑧𝛾𝑦𝑧 + 𝜏𝑥𝑧𝛾𝑥𝑧)  (4.5) 

where 𝑊𝑖 is the strain energy density, 𝜎𝑥 , 𝜎𝑦, 𝜎𝑧 , 𝜏𝑥𝑦, 𝜏𝑦𝑧 , 𝜏𝑥𝑧 are stress tensors and 휀𝑥, 휀𝑦, 휀𝑧 ,

𝛾𝑥𝑦, 𝛾𝑦𝑧 , 𝛾𝑥𝑧 are strain tensors. 

For a bending beam, the non-zero stress components are flexural stress and shear stress. The 

flexural stress and strain can be calculated as (Young et al., 2012), 

𝜎𝑥 = 
𝑀𝑦

𝐼
, 휀𝑥 =

𝜎𝑥

𝐸𝑟𝑜𝑜𝑓
, 𝐼 = ∫ 𝑦2 𝑑𝐴

𝐴
    (4.6) 

where 𝐴 is the area of cross-section (m2). 

The strain energy occurring in the cantilevering and supporting roof due to bending can be 

calculated as, 

𝑊𝑖 =
1

2
∫ 𝜎𝑥휀𝑥𝑑𝑉 =𝑉

1

2
∫

𝑀2𝑦2

𝐸𝑟𝑜𝑜𝑓𝐼
2 𝑑𝑉𝑉

 → 
1

2
∫ ∫

𝑀2𝑦2

𝐸𝑟𝑜𝑜𝑓𝐼
2 𝑑𝐴𝑑𝑥 =𝐴

𝑥2
𝑥1

1

2
∫

𝑀2

𝐸𝑟𝑜𝑜𝑓𝐼
 𝑑𝑥

𝑥2
𝑥1

 (4.7) 

where 𝑉 is the volume of the roof rock (m3). 
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For the coal seam, following Hooke’s law, neglecting shear stresses and strains, the stress-

strain components are related as,  

휀𝑥 =
1

𝐸𝑐𝑜𝑎𝑙
[𝜎𝑥 − 𝜐𝑐𝑜𝑎𝑙 (𝜎𝑦 + 𝜎𝑧)]   (4.8)  

휀𝑦 =
1

𝐸𝑐𝑜𝑎𝑙
[𝜎𝑦 − 𝜐𝑐𝑜𝑎𝑙 (𝜎𝑥 + 𝜎𝑧)]   (4.9) 

  휀𝑧 =
1

𝐸𝑐𝑜𝑎𝑙
[𝜎𝑧 − 𝜐𝑐𝑜𝑎𝑙 (𝜎𝑥 + 𝜎𝑦)]   (4.10) 

Putting these values in Equation (4.5), and solving, one gets,  

𝑊𝑐𝑜𝑎𝑙 =
1

2𝐸𝑐𝑜𝑎𝑙
(𝜎𝑥

2 + 𝜎𝑦
2 + 𝜎𝑧

2) −
𝜐𝑐𝑜𝑎𝑙 

𝐸𝑐𝑜𝑎𝑙
(𝜎𝑥𝜎𝑦 + 𝜎𝑦𝜎𝑧 + 𝜎𝑥𝜎𝑧)  (4.11) 

As the reaction force 𝑞 = 𝐶𝑦(𝑥) acts on the coal seam, the stresses due to the Poisson’s effect 

makes the stress in the coal seam biaxial, 

𝜎𝑧 = (𝑃𝑜𝑒
−𝛼𝑥 − 𝐶𝑦),   𝜎𝑥 = 𝜎𝑦 =

𝜐𝑐𝑜𝑎𝑙

(1−𝜐𝑐𝑜𝑎𝑙)
𝜎𝑧 =

𝜐𝑐𝑜𝑎𝑙

(1−𝜐𝑐𝑜𝑎𝑙)
(𝑃𝑜𝑒

−𝛼𝑥 − 𝐶𝑦) (4.12) 

Substituting the values of stress tensors in the coal seam (Equation (4.12)) into Equation (4.11), 

one gets,  

𝑊𝑐𝑜𝑎𝑙 = [
(1+𝜐𝑐𝑜𝑎𝑙)(1−2𝜐𝑐𝑜𝑎𝑙)

2𝐸𝑐𝑜𝑎𝑙(1−𝜐𝑐𝑜𝑎𝑙)
] ∫ (𝑃𝑜𝑒

−𝛼𝑥 − 𝐶𝑦)2 𝑑𝑥
𝑥2
𝑥1

   (4.13) 

The total strain energy (𝑊𝑡𝑜𝑡𝑎𝑙) stored in the system comprises of energy stored in the 

cantilevered roof (𝑊𝑐𝑎𝑛𝑡), supported roof (𝑊𝑟𝑜𝑜𝑓), and in the coal seam (𝑊𝑐𝑜𝑎𝑙), 

𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑊𝑐𝑎𝑛𝑡 +𝑊𝑟𝑜𝑜𝑓 +𝑊𝑐𝑜𝑎𝑙    (4.14) 

The strain energy accumulated in the cantilevering roof and the supported roof was calculated 

using Equation (4.7) and for the coal seam using Equation (4.13) by integrating the bending 

moment and roof deflection in the suitable range (Table 4.2). The strain energy accumulated 

in the cantilever roof is the same for the two approaches except for the fact that Xu (2009) 

considered abutment load 𝑃 while the correct load acting should be 𝑝. 
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Table 4.2. Strain energy accumulation in different sections of the longwall mining 

Energy Xu (2009) This thesis 

𝑊𝑐𝑎𝑛𝑡  
𝑃2𝐿5

40𝐾𝑏𝑒𝑎𝑚
 

𝑝2𝐿5

40𝐾𝑏𝑒𝑎𝑚
 

𝑊𝑟𝑜𝑜𝑓  
𝐾𝑏𝑒𝑎𝑚

[
 
 
 
 
 
 
 
 
 

𝜒2𝛼3𝑒2𝛼𝑥

4
−
𝜔3

2
𝑒−2𝜔𝑥(𝐴1

2 + 𝐴2
2) +

𝜔3𝑒−2𝜔𝑥

4
(
𝑐𝑜𝑠(2𝜔𝑥) (𝐴2

2 − 𝐴1
2 + 2𝐴1𝐴2) +

𝑠𝑖𝑛(2𝜔𝑥) (𝐴1
2 − 𝐴2

2 + 2𝐴1𝐴2)
)

+
2𝜒𝛼2𝜔2𝑒(𝛼−𝜔)𝑥

(𝛼 − 𝜔)2 + 𝜔2
{
(𝐴2𝛼 − 𝐴2𝜔 − 𝐴1𝜔)𝑠𝑖𝑛𝜔𝑥 +
(𝐴1𝜔 − 𝐴2𝜔 − 𝐴1𝛼)𝑐𝑜𝑠𝜔𝑥

}

−(
𝜒2𝛼3

4
+

2𝜒𝛼2𝜔2

(𝛼 − 𝜔)2 + 𝜔2
+
𝜔3(−𝐴2

2 − 3𝐴1
2 + 2𝐴1𝐴2)

4
)
]
 
 
 
 
 
 
 
 
 

 

 

𝐾𝑏𝑒𝑎𝑚𝜒
2

2

[
 
 
 
 
 
 
 
 
 
 
 
𝛼3(1 − 𝑒−2𝛼𝑥)

2
−

𝑒−(𝜔+𝛼)𝑥 {
8𝛼2𝜔3 𝑠𝑖𝑛(𝜔𝑥) +

4𝛼4𝜔 𝑐𝑜𝑠(𝜔𝑥)
}

{(𝜔 + 𝛼)2 + 𝜔2}

+ 𝑒−2𝜔𝑥

{
 
 

 
 

(2𝛼𝜔2 − 𝛼2𝜔 − 2𝜔3) −

(
𝛼2𝜔

2
− 𝜔3) 𝑐𝑜𝑠(2𝜔𝑥) +

(
𝛼2𝜔

2
− 2𝛼𝜔2 + 𝜔3) 𝑠𝑖𝑛(2𝜔𝑥)

}
 
 

 
 

+

(
4𝛼4𝜔

{(𝜔 + 𝛼)2 + 𝜔2}
+
3𝛼2𝜔

2
− 2𝛼𝜔2 +𝜔3)

]
 
 
 
 
 
 
 
 
 
 
 

 

𝑊𝑐𝑜𝑎𝑙  ℎ𝑐𝑜𝑎𝑙𝐶
2𝜂

[
 
 
 
 
 
 
 
 
 
 

𝜒2

2𝛼
𝑒2𝛼𝑥 −

𝐴1
2 + 𝐴2

2

4𝜔
𝑒−2𝜔𝑥 +

𝐴1
2 − 𝐴2

2

8𝜔
𝑒−2𝜔𝑥(𝑐𝑜𝑠2𝜔𝑥 − 𝑠𝑖𝑛2𝜔𝑥)

+
2𝜒

(𝛼 − 𝜔)2 + 𝜔2
𝑒(𝛼−𝜔)𝑥 {

(𝐴2𝛼 − 𝐴2𝜔 − 𝐴1𝜔)𝑐𝑜𝑠𝜔𝑥

+(𝐴2𝜔 + 𝐴1𝛼 − 𝐴1𝜔)𝑠𝑖𝑛𝜔𝑥
}

−
𝐴1𝐴2
4𝜔

𝑒−2𝜔𝑥(𝑐𝑜𝑠2𝜔𝑥 + 𝑠𝑖𝑛2𝜔𝑥)

+(
𝜒2

2𝛼
−
2𝜒(𝐴2𝛼 − 𝐴2𝜔 − 𝐴1𝜔)

(𝛼 − 𝜔)2 +𝜔2
−
𝐴1
2 + 3𝐴2

2 + 2𝐴1𝐴2
8𝜔

)
]
 
 
 
 
 
 
 
 
 
 

 𝜂

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (

𝑃𝑜
2(1 − 𝑒−2𝛼𝑥)

2𝛼
) +

𝜒2𝐶2

{
 
 
 

 
 
 (

1 − 𝑒−2𝛼𝑥

2𝛼
) − (

4𝜔

(𝜔 + 𝛼)2 + 𝜔2
−
(4𝜔 − 𝛼)

8𝜔2
)

+ 
𝑒−2𝜔𝑥

8𝜔2
(𝛼𝑠𝑖𝑛(2𝜔𝑥) − 2𝛼 + (3𝛼 − 4𝜔)𝑐𝑜𝑠(2𝜔𝑥))

+(
𝑒−(𝜔+𝛼)𝑥

(𝜔 + 𝛼)2 + 𝜔2
)(4𝜔𝑐𝑜𝑠(𝜔𝑥) −

2𝛼2

𝜔
𝑠𝑖𝑛(𝜔𝑥))

}
 
 
 

 
 
 

−2𝜒𝑃𝑜𝐶

{
 
 

 
 (

1 − 𝑒−2𝛼𝑥

2𝛼
) − (

2𝜔

(𝜔 + 𝛼)2 + 𝜔2
) +

(
𝑒−(𝜔+𝛼)𝑥

(𝜔 + 𝛼)2 + 𝜔2
)(2𝜔𝑐𝑜𝑠(𝜔𝑥) −

𝛼2

𝜔
𝑠𝑖𝑛(𝜔𝑥))

}
 
 

 
 

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

where 𝜂 =
(1+𝜐𝑐𝑜𝑎𝑙)(1−2𝜐𝑐𝑜𝑎𝑙)

2𝐸𝑐𝑜𝑎𝑙(1−𝜐𝑐𝑜𝑎𝑙)
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This suggests that the modified boundary conditions considered in this chapter are correct. The 

strain energy accumulated in the supported roof and the coal seam varies due to the changed 

boundary conditions. The main parameters involved in the strain energy equation are mining 

depth (𝐻), length of the cantilever roof (𝐿), coal seam thickness (ℎ𝑐𝑜𝑎𝑙), roof thickness (ℎ𝑟𝑜𝑜𝑓), 

Young’s modulus of coal (𝐸𝑐𝑜𝑎𝑙), Young’s modulus of roof (𝐸𝑟𝑜𝑜𝑓), and Poisson’s ratio of the 

coal seam (𝜐𝑐𝑜𝑎𝑙). 

4.3. METHODOLOGY 

4.3.1. Numerical simulation 

A 3-dimensional numerical model was developed in FLAC3D with the dimensions 300 m  50 

m  120 m having a grid size of 1 m  1 m  1 m along X-, Y-, and Z- directions respectively. 

A coal seam of 2 m thickness was simulated with a modelled roof of 70 m and a floor of 48 m 

in the numerical model. The model was constrained with stress boundaries on both sides (X- 

and Y- axes) and the bottom (Z-axis) was fixed. A uniform density of 2,360 kg/m3 was 

initialised in the model and the model was loaded under gravity. The top surface of the model 

was free to deform. A vertical load was applied at the top surface to simulate the overburden 

load. The roof, coal and floor were assigned elastic constitutive material properties (Table 4.3).  

Table 4.3. Rock properties used in numerical simulation. 

Rock layer Roof Coal Floor 

Bulk modulus, GPa 6.67 2.45 6.67 

Shear modulus, GPa 3.07 0.94 3.07 

After the basic model was developed, boundary conditions were applied to the model (Figure 

4.2a) and the model was loaded to initialise in situ stress conditions (Figure 4.2b). The main 

gate and return gate of 5 m width was developed to form a longwall panel (180 m wide) and 

rib pillars (55 m wide) (Figure 4.2c). The coal was extracted sequentially from the longwall 

panel of dimensions 180 m  1 m  2 m along X-, Y- and Z- directions, respectively, in each 

excavation step by using the null constitutive model in FLAC3D. The hydraulic-powered 

supports were installed along the longwall face and were advanced sequentially after each 

excavation step (Figure 4.2d). A flow chart of the numerical simulation procedure is presented 

in Figure 4.3. 
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4.3.2. Sensitivity analysis 

Analysis of a full factorial combination of parameters affecting strain energy accumulation will 

be time-consuming and computationally expensive. To identify the influence of each parameter 

in the multi-parameter equations, an orthogonal testing method developed on the probability 

theory and mathematical statistics was used (Wu and Leung, 2011; Yuan et al., 2018; Wang et 

al., 2019b). The orthogonal testing method is designed based on the work of Taguchi where 

each parameter is listed in a different column and has the same variation level (Yuan et al., 

2018). Several random unique scenarios can be obtained by juxtaposing any two columns (Bai 

et al., 2010; Wu and Leung, 2011). These scenarios are free of experimental or personal bias 

(Bai et al., 2010).  

 
(a)      (b) 

 . 
(c)      (d) 

Figure 4.2. (a) Vertical cross-section of a representative FLAC3D model grid with applied boundary 

conditions, (b) the model with initialised stresses, (c) development of the main gate and 

return gate in the equilibrated model, and (d) hydraulic-powered supports installed along 

the longwall face. 
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Figure 4.3. A flow chart for the numerical simulation procedure. 

4.3.2.1. Identification of variation levels 

i. Mining depth (𝐻)  

The severity and frequency of rockbursts increase with mining depth as the in situ stresses 

acting on the coal seam increases (Zhang et al., 2017). Iannacchione and Zelanko (1995) and 

Mark (2016) observed that no rockbursts occurred up to 300 m mining depth and most were 

deeper than 400 m depth in the US. Therefore, 𝐻 was varied from 400 m to 1,200 m to 

encompass shallow depth to deep-seated coal deposits. 

ii. Length of the cantilever roof/periodic or main weighting (𝐿) 

𝐿 and ℎ𝑟𝑜𝑜𝑓 is correlated to obey the elastic theory (𝐿 > 2ℎ𝑟𝑜𝑜𝑓). 𝐿 was used in the orthogonal 

testing method, which is an important parameter representing roof weighting that influences 

the roof rock breakage while ℎ𝑟𝑜𝑜𝑓 was not considered for statistical analysis. The length of 

the cantilevering roof is dependent on the mining height and the thickness of the immediate 

roof strata (Huang et al., 2020). Changing 𝐿 represents different weighting stages before the 

roof fall. Lower values of 𝐿 represent easy to cave strata while higher values of 𝐿 represents 
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massive, strong, and competent strata that are generally difficult to cave. 𝐿 was varied from 5 

m to 30 m.  

iii. Coal seam thickness (ℎ𝑐𝑜𝑎𝑙) 

The coal seam thickness can influence the magnitude of rockburst damage (Brauner, 1994). 

Undulation in the coal seam thickness may lead to an area of high-stress concentration that may 

be burst prone (Agapito and Goodrich, 1999; Petros and Premysl, 2000; Furniss, 2009). ℎ𝑐𝑜𝑎𝑙 

was varied from 2 m to 6 m to incorporate a regular thickness coal seam to thicker coal seams. 

iv. Young’s modulus of the coal seam (𝐸𝑐𝑜𝑎𝑙) 

The ability of the coal seam to store strain energy has a significant effect on the rockburst 

liability of the coal seam (Zhang et al., 2017). As coal is a compressible material, a large 

amount of strain energy can be stored in the coal seam at low-stress levels (Holland and 

Thomas, 1954). 𝐸𝑐𝑜𝑎𝑙 was varied from 1.50 GPa to 3.50 GPa to represent soft coal to relatively 

stiff coal. 

v. Young’s modulus of the roof (𝐸𝑟𝑜𝑜𝑓) 

The stiffness of the roof and strength of the roof rock plays a major role in the strain energy 

accumulation in the cantilever and supported roof. A massive, strong, and competent roof will 

cause more mining-induced stress in the solid coal pillar ahead of the excavation boundary due 

to a long hanging cantilever roof. It has been observed in several mines that the rockbursts are 

violent in the case of stiff strata (Brauner, 1994; Huang et al., 2020). 𝐸𝑟𝑜𝑜𝑓 was varied from 4 

GPa to 20 GPa to encompass easily caving to massive roof strata. 

vi.  Poisson’s ratio of the coal seam (𝜐𝑐𝑜𝑎𝑙) 

Coal at the excavation boundary will experience lower confining pressure as compared to that 

present deep inside the solid coal pillar, which will affect the Poisson’s ratio of the coal seam. 

𝜐𝑐𝑜𝑎𝑙 was varied from 0.20 to 0.50 to represent different confining pressure scenarios that the 

coal seam may experience.  
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4.3.2.2. Orthogonal testing matrix 

An orthogonal testing matrix was designed to accommodate the identified parameters and their 

variation levels. The matrix is defined as 𝑊𝑖2(𝑖𝑗), where 𝑊 indicates the name of the matrix, 

𝑖2 in subscript indicates the number of random unique scenarios generated for the analysis, 𝑖 

indicates the number of variation levels of each parameter and 𝑗 indicates the number of 

parameters plus an error term (𝑒) in the matrix (He et al., 2018; Yuan et al., 2018). An error 

term is introduced to obtain the influence of missing parametric interactions that were not 

considered in the scenarios generated. 𝑒 also varies in the same level as the identified 

parameters and are denoted by arbitrary letters or numbers to distinguish different error term 

levels. Each 𝑒 identifies the error associated in that level and indicates the health of the 

experimental design (Wu and Leung, 2011; Yuan et al., 2018).  

4.3.2.3. Range analysis 

Range analysis is a popular two-step method that is concise, simple and easy to understand (He 

et al., 2018). In the first step, interactions at every level (𝑖) for each parameter (𝑗) is grouped 

together to calculate the sum and mean value. 𝐾𝑖 presents the sum of all interactions for a 

particular level (𝑖) (Wu and Leung, 2011; He et al., 2018; Yuan et al., 2018; Wang et al., 

2019b). 𝑘𝑖 provides the mean of 𝐾𝑖. 𝑅𝑗 provides the range. These parameters can be calculated 

as (Yuan et al., 2018), 

𝑘𝑖 =
1

𝑖
∑ 𝐾𝑖
𝑖
𝑖=1       (4.15) 

𝑅𝑗 = 𝑚𝑎𝑥(𝑘𝑖) − 𝑚𝑖𝑛(𝑘𝑖)     (4.16) 

In the second step, the calculated data is used to judge the importance of parameter (𝑗) (Wu 

and Leung, 2011; He et al., 2018). Larger 𝑅𝑗 means a greater weightage to the parameter (Wu 

and Leung, 2011; Wang et al., 2019b). Range analysis is limited to distinguishing data 

fluctuations occurring due to the influence of 𝑒 at each variation level (Wu and Leung, 2011; 

He et al., 2018; Wang et al., 2019b). The experimental error cannot be determined in range 

analysis (Wu and Leung, 2011). It cannot evaluate the differences among the mean values and 

fails to indicate the dominance of the parameters in the system (Wu and Leung, 2011; Wang et 
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al., 2019b). To overcome the limitations, analysis of variance (ANOVA) is proposed (He et al., 

2018). 

4.3.2.4. Analysis of variance (ANOVA) 

Analysis of variance is a standard statistical technique to determine parametric dominance, 

estimate the confidence interval of each parameter and evaluate experimental errors (Wu and 

Leung, 2011; He et al., 2018; Yuan et al., 2018; Wang et al., 2019b). The dominance of each 

parameter is evaluated using 𝐹-value which is the ratio of the sum of the square of each 

parameter’s average deviation (𝑆𝑆𝑗) to that of the experimental error (𝑆𝑆𝑒). It is used to indicate 

the magnitude of each parameter and the data are analysed using a 𝐹-test. The sum of square 

deviation for each parameter can be calculated as (Wu and Leung, 2011; Yuan et al., 2018),  

𝑆𝑆𝑗 =
1

𝑖
∑ 𝐾𝑖

2𝑖
𝑖=1 −

1

𝑖2
(∑ 𝑊𝑖

𝑖2

𝑖=1 )
2
    (4.17) 

𝑆𝑆𝑒 =
1

𝑖
∑ 𝐾𝑒𝑖

2𝑖
𝑖=1 −

1

𝑖2
(∑ 𝑊𝑖

𝑖2

𝑖=1 )
2
    (4.18) 

The degree of freedom of each parameter 𝑑𝑓𝑗 = 𝑖 − 1, similarly the degree of freedom of the 

error term for 𝑚 unique scenarios 𝑑𝑓𝑒 = 𝑚 − 1 (Yuan et al., 2018; Wang et al., 2019b). The 

variance of each parameter (𝑉𝑗) and experimental error (𝑉𝑒) can be calculated as, 

𝑉𝑗 =
𝑆𝑆𝑗

𝑑𝑓𝑗
   𝑉𝑒 =

𝑆𝑆𝑒

𝑑𝑓𝑒
    (4.19) 

Thus, the 𝐹-value for each parameter can be calculated as, 

𝐹𝑗 =
𝑉𝑗

𝑉𝑒
      (4.20) 

Depending on the inspection level for the 𝐹𝑗 value, different critical values (𝐹𝛿) can be 

determined from the 𝐹-test distribution table, where 𝛿 is the confidence interval (Wu and 

Leung, 2011). The effect of any parameter is prominent when 𝐹𝑗 > 𝐹𝛿  (Wang et al., 2019b). 

The effect of a parameter is very small when 𝑉𝑗 ≤ 2𝑉𝑒 (Wu and Leung, 2011; Yuan et al., 2018; 

Wang et al., 2019b).  
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4.4. RESULTS  

4.4.1. Comparison of analytical and numerical model findings 

A numerical model was run to compare the deflection, stress and total strain energy developed 

in the numerical model with the analytical model results for a mining depth of 800 m. Other 

parameters were set as follows: ℎ𝑐𝑜𝑎𝑙 = 2 m, ℎ𝑟𝑜𝑜𝑓 = 4 m, 𝐸𝑐𝑜𝑎𝑙 = 2.5 GPa, 𝐸 = 8 GPa, and 

𝜐𝑐𝑜𝑎𝑙 = 0.3. Hydraulic powered supports applied a vertical reaction force of 10 MPa in the roof 

and the floor at the working face. The vertical stress acting ahead of the longwall face shows a 

significant variation within ~20 m distance ahead of the active longwall face (Figure 4.4a). The 

stress has a maximum value at 1 m inside the coal face and decreases exponentially as the 

distance inside the coal seam increases. This can be attributed to the fact that elastic model has 

been considered in numerical modelling and thus the plastic zones are not formed, else the 

maximum stress will occur at a farther distance ahead of the active longwall face.  

 
(a)       (b) 

Figure 4.4. (a) Vertical stress redistribution ahead of the coal face and (b) strain energy comparison 

between the analytical and numerical model. 

The total strain energy accumulated in the numerical model was compared with that of the 

analytical model in Section 4.2.2. The peak strain energy accumulated in the numerical model 

is ~20 % lower than that calculated from the analytical model at 1 m distance inside the solid 

coal seam (Figure 4.4b). The total strain energy decreases with the increase in the distance 

ahead of the longwall face. The trend of the strain energy accumulating inside the solid coal 

seam obtained from the numerical model agrees well with that calculated using the analytical 

model. The equations proposed by Xu (2009) also had a similar trend but the magnitude of 
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strain energy was high by an order of magnitude due to the incorrect load initialisation and 

excessive deflection at the active longwall face.  

The strain energy accumulation calculated from the analytical model shows a low value at the 

excavation boundary accumulated mostly due to the cantilevering roof. The energy gradually 

peaks at ~1 m inside the solid coal pillar where the maximum stress abutment acts and then 

decreases gradually as the distance ahead of the longwall face increases, which is similar to the 

field observations. The equations proposed in this chapter provide a more realistic estimate of 

the strain energy accumulation in the coal seam overcoming the limitations of previous 

analytical models. Detailed parametric analysis was conducted on the analytical model to 

identify the dominance of each parameter in the strain energy accumulation.  

4.4.2. Range analysis 

Table 4.4 lists different parameters and their variation levels. To accommodate six parameters 

from equations and an error term (𝑗 = 7) and five variation levels (𝑖 = 5), a 𝑊25(57) orthogonal 

testing matrix was constructed by juxtaposing columns to generate 𝑚 = 25 random unique 

scenarios (Table 4.5). The total strain energy (𝑊𝑡𝑜𝑡𝑎𝑙) accumulated in the retreating longwall 

face was calculated for each unique scenario (Table 4.6).  

Table 4.4. Different parameters and their variation levels considered for analysis.  

Level (𝑖) 
Parameters (𝑗) 

𝐻 𝐿  ℎ𝑐𝑜𝑎𝑙   𝐸𝑐𝑜𝑎𝑙   𝐸𝑟𝑜𝑜𝑓   𝜐𝑐𝑜𝑎𝑙  𝑒 

1 400 5 2 1.5 4 0.20 1 

2 600 10 3 2.0 8 0.25 2 

3 800 15 4 2.5 12 0.30 3 

4 1,000 20 5 3.0 16 0.40 4 

5 1,200 30 6 3.5 20 0.50 5 

𝐻 is the mining depth (m), 𝐿 is the length of the cantilever roof (m), ℎ𝑐𝑜𝑎𝑙  is the coal seam thickness (m), 𝐸𝑐𝑜𝑎𝑙  is 

the Young’s modulus of coal (GPa), 𝐸𝑟𝑜𝑜𝑓  is the Young’s modulus of the roof (GPa), 𝜐𝑐𝑜𝑎𝑙  is the Poisson’s ratio 

of the coal seam and 𝑒 is the error term. 

Range analysis was then performed on the completed orthogonal testing matrix. In the range 

analysis, 𝐾1 for 𝐻 represents the sum of all strain energy variations corresponding to 𝐻 =400 

m (Table 4.7). Similarly, 𝐾1 for 𝐿 represents the sum of all strain energy variations 

corresponding to 𝐿= 5 m and so on and so forth for all parameters. Table 4.7 lists the sum of 



Chapter 4: Strain energy accumulation in a retreating longwall mining panel 

74 

 

all level-wise parametric interactions 𝐾𝑖, the corresponding average value 𝑘𝑖 and the variation 

𝑅𝑗. 

Table 4.5. The 57orthogonal testing matrix listing 25 random scenarios (Modified after He et al., 2018 

and Yuan et al., 2018). 

Test no. 

(𝑚) 

Parameters (𝑗) 

𝐻 𝐿 ℎ𝑐𝑜𝑎𝑙  𝐸𝑐𝑜𝑎𝑙  𝐸𝑟𝑜𝑜𝑓  𝜐𝑐𝑜𝑎𝑙  𝑒 

1 1 1 1 1 1 1 1 

2 1 2 2 2 2 2 2 

3 1 3 3 3 3 3 3 

4 1 4 4 4 4 4 4 

5 1 5 5 5 5 5 5 

6 2 1 2 3 4 5 5 

7 2 2 3 4 5 1 4 

8 2 3 4 5 1 2 3 

9 2 4 5 1 2 3 2 

10 2 5 1 2 3 4 1 

11 3 1 3 5 2 4 4 

12 3 2 4 1 3 5 3 

13 3 3 5 2 4 1 2 

14 3 4 1 3 5 2 1 

15 3 5 2 4 1 3 5 

16 4 1 4 2 5 3 3 

17 4 2 5 3 1 4 2 

18 4 3 1 4 2 5 1 

19 4 4 2 5 3 1 5 

20 4 5 3 1 4 2 4 

21 5 1 5 4 3 2 2 

22 5 2 1 5 4 3 1 

23 5 3 2 1 5 4 5 

24 5 4 3 2 1 5 4 

25 5 5 4 3 2 1 3 

𝐻 is the mining depth (m), 𝐿 is the length of the cantilever roof (m), ℎ𝑐𝑜𝑎𝑙  is the coal seam thickness (m), 𝐸𝑐𝑜𝑎𝑙  is 

the Young’s modulus of coal (GPa), 𝐸𝑟𝑜𝑜𝑓  is the Young’s modulus of the roof (GPa), 𝜐𝑐𝑜𝑎𝑙  is the Poisson’s ratio 

of the coal seam and 𝑒 is the error term. 

The effect of each parameter on strain energy accumulation for selected levels of variation is 

shown in Figure 4.5. The variation in the strain energy accumulation due to 𝐻 is directly 

correlated and shows a continuously rising trend (Figure 4.5a). The variation in the strain 
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energy accumulation due to 𝐿 follows a non-linear dependence (Figure 4.5b). The variation in 

the strain energy accumulation due to ℎ𝑐𝑜𝑎𝑙 is directly correlated (Figure 4.5c), which suggests 

that thicker coal seams will accumulate more strain energy. 

Table 4.6. 𝑊25(57) orthogonal testing matrix with corresponding total strain energy values. 

Test No.  
(𝑚) 

Parameters (𝑗)  

𝐻 𝐿 ℎ𝑐𝑜𝑎𝑙  𝐸𝑐𝑜𝑎𝑙  𝐸𝑟𝑜𝑜𝑓  𝜐𝑐𝑜𝑎𝑙  𝑒 𝑊𝑚 

1 400 5 2 1.50 4 0.20 1 2.08E+05 

2 400 10 3 2.00 8 0.25 2 2.03E+05 

3 400 15 4 2.50 12 0.30 3 1.96E+05 

4 400 20 5 3.00 16 0.40 4 1.75E+05 

5 400 30 6 3.50 20 0.50 5 1.81E+05 

6 600 5 3 2.50 16 0.50 2 2.06E+05 

7 600 10 4 3.00 20 0.20 3 4.21E+05 

8 600 15 5 3.50 4 0.25 4 3.68E+05 

9 600 20 6 1.50 8 0.30 5 1.09E+06 

10 600 30 2 2.00 12 0.40 1 3.56E+05 

11 800 5 4 3.50 8 0.40 3 4.59E+05 

12 800 10 5 1.50 12 0.50 4 1.11E+06 

13 800 15 6 2.00 16 0.20 5 1.63E+06 

14 800 20 2 2.50 20 0.25 1 5.42E+05 

15 800 30 3 3.00 4 0.30 2 7.30E+05 

16 1,000 5 5 2.00 20 0.30 5 2.05E+06 

17 1,000 10 6 2.50 4 0.40 4 1.43E+06 

18 1,000 15 2 3.00 8 0.50 3 2.85E+05 

19 1,000 20 3 3.50 12 0.20 2 7.96E+05 

20 1,000 30 4 1.50 16 0.25 1 2.46E+06 

21 1,200 5 6 3.00 12 0.25 1 2.30E+06 

22 1,200 10 2 3.50 16 0.30 2 7.81E+05 

23 1,200 15 3 1.50 20 0.40 3 2.22E+06 

24 1,200 20 4 2.00 4 0.50 4 1.33E+06 

25 1,200 30 5 2.50 8 0.20 5 2.52E+06 

𝐻 is the mining depth (m), 𝐿 is the length of the cantilever roof (m), ℎ𝑐𝑜𝑎𝑙  is the coal seam thickness (m), 𝐸𝑐𝑜𝑎𝑙  is 

the Young’s modulus of coal (GPa), 𝐸𝑟𝑜𝑜𝑓  is the Young’s modulus of the roof (GPa), 𝜐𝑐𝑜𝑎𝑙  is the Poisson’s ratio 

of the coal seam, 𝑒 is the error term, and 𝑊𝑚 is the strain energy accumulated for scenario 𝑚 (J). 

The variation in the strain energy accumulated due to 𝐸𝑐𝑜𝑎𝑙 is inversely correlated, which 

suggests that stiff coal will tend to absorb less energy (Figure 4.5d). The variation in the strain 

energy accumulation due to 𝐸𝑟𝑜𝑜𝑓 has a direct correlation and follows a rising trend with a 
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gentle slope (Figure 4.5e). This suggests that as the roof stiffness increases more strain energy 

will be accumulated. The variation in the strain energy due to υcoal is inversely correlated 

(Figure 4.5f). 

 
(a)      (b) 

 
(c)       (d) 

 
(e)      (f) 

Figure 4.5. Variation in total strain energy accumulation due to different influencing parameters (a) 

mining depth, (b) length of the cantilever roof, (c) height of the coal seam, (d) Young's 

modulus of the coal seam, (e) Young’s modulus of the roof, and (f) Poisson’s ratio. 
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Based on the 𝑅𝑗 value, the hierarchy of dominance of parameters can be listed as 𝐻 > 𝐸𝑐𝑜𝑎𝑙 >

ℎ𝑐𝑜𝑎𝑙 > 𝜐𝑐𝑜𝑎𝑙 > 𝐿 > 𝐸𝑟𝑜𝑜𝑓 (Figure 4.6). 𝐻 has maximum dominance in the strain energy 

accumulation which explains why the risk of rockburst increases with depth. The coal seam 

foundation 𝐶 depends on 𝐸𝑐𝑜𝑎𝑙, ℎ𝑐𝑜𝑎𝑙 and 𝜐𝑐𝑜𝑎𝑙 that reflects the ability of coal to accumulate 

strain energy which is necessary for violent ejection and thus have an influence on the strain 

energy accumulation. 𝐿 and 𝐸𝑟𝑜𝑜𝑓 also influence the strain energy accumulation but in terms 

of its relative magnitude, the influence is less pronounced.  

Table 4.7. Range analysis of the parameters affecting elastic strain energy accumulation. 

 𝐻 𝐿 ℎ𝑐𝑜𝑎𝑙 𝐸𝑐𝑜𝑎𝑙  𝐸𝑟𝑜𝑜𝑓  𝜐𝑐𝑜𝑎𝑙  

𝐾1 9.62E+05 5.22E+06 2.17E+06 7.08E+06 4.07E+06 5.57E+06 

𝐾2 2.44E+06 3.95E+06 4.15E+06 5.56E+06 4.55E+06 5.87E+06 

𝐾3 4.47E+06 4.69E+06 4.86E+06 4.89E+06 4.75E+06 4.85E+06 

𝐾4 7.02E+06 3.93E+06 6.22E+06 3.91E+06 5.25E+06 4.64E+06 

𝐾5 9.13E+06 6.24E+06 6.63E+06 2.59E+06 5.41E+06 3.11E+06 

𝑘1 1.92E+05 1.04E+06 4.34E+05 1.42E+06 8.13E+05 1.11E+06 

𝑘2 4.88E+05 7.90E+05 8.30E+05 1.11E+06 9.10E+05 1.17E+06 

𝑘3 8.94E+05 9.39E+05 9.72E+05 9.79E+05 9.50E+05 9.69E+05 

𝑘4 1.40E+06 7.85E+05 1.24E+06 7.81E+05 1.05E+06 9.28E+05 

𝑘5 1.83E+06 1.25E+06 1.33E+06 5.17E+05 1.08E+06 6.21E+05 

𝑅𝑗 1.63E+06 4.63E+05 8.91E+05 8.99E+05 2.69E+05 5.52E+05 

𝐻 is the mining depth (m), 𝐿 is the length of the cantilever roof (m), ℎ𝑐𝑜𝑎𝑙  is the coal seam thickness (m), 𝐸𝑐𝑜𝑎𝑙  is 

the Young’s modulus of coal (GPa), 𝐸𝑟𝑜𝑜𝑓  is the Young’s modulus of the roof (GPa), 𝜐𝑐𝑜𝑎𝑙  is the Poisson’s ratio 

of the coal seam, 𝐾𝑖 is the sum of all parametric interaction in the level 𝑖 , 𝑘𝑖 is the average of parametric interaction 

in the level 𝑖, and 𝑅𝑗 is the range of a parameter 𝑗. 

4.4.3. Analysis of variance (ANOVA) 

Analysis of variance conducted for the parameters considered in the orthogonal testing matrix 

for strain energy accumulation shows that the 𝑉𝐻, 𝑉ℎ𝑐𝑜𝑎𝑙, and 𝑉𝐸𝑐𝑜𝑎𝑙values are more than twice 

 𝑉𝑒 thus dominant, while 𝑉𝜐𝑐𝑜𝑎𝑙, 𝑉𝐿, and 𝑉𝐸𝑟𝑜𝑜𝑓 are less than twice  𝑉𝑒 (Table 4.8). The 𝐹-value 

for a confidence interval of 99 %, i.e., 𝐹𝛿=0.01(4,24) = 4.22 was determined from the 𝐹-test 

table (Dinov, 2020). The hierarchy obtained from F-value is 𝐹𝐻 > 𝐹ℎ𝑐𝑜𝑎𝑙 > 𝐹𝐸𝑐𝑜𝑎𝑙 > 𝐹𝛿=0.01 >

𝐹𝜐𝑐𝑜𝑎𝑙 > 𝐹𝐿 > 𝐹𝐸𝑟𝑜𝑜𝑓. This suggests that 𝐻, ℎ𝑐𝑜𝑎𝑙 and 𝐸𝑐𝑜𝑎𝑙 will significantly affect the strain 

energy accumulation in a retreating longwall mining panel within a 99 % confidence interval.  
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Figure 4.6. Range analysis showing the relative dominance of different parameters affecting strain 

energy accumulation in a retreating longwall panel where 𝐻 is the mining depth, 𝐿 is the 

length of the cantilever roof, ℎ𝑐𝑜𝑎𝑙 is the coal seam thickness, 𝐸𝑐𝑜𝑎𝑙 is the Young’s modulus 

of coal, 𝐸𝑟𝑜𝑜𝑓 is the Young’s modulus of the roof, and 𝜐𝑐𝑜𝑎𝑙 is the Poisson’s ratio of the 

coal seam. 

Table 4.8. The analysis of variance of the strain energy accumulation in a retreating longwall panel. 

Parameter 𝑗 𝑆𝑆𝑗 𝑑𝑓𝑗 𝑉𝑗 𝑉𝑗 ≤ 2𝑉𝑒 𝐹𝑗 

𝐻 (m) 1 8.83E+12 4 2.21E+12 No 18.64 

𝐿 (m) 2 7.50E+11 4 1.88E+11 Yes 1.58 

ℎ𝑐𝑜𝑎𝑙  (m) 3 2.54E+12 4 6.34E+11 No 5.36 

𝐸𝑐𝑜𝑎𝑙  (GPa) 4 2.30E+12 4 5.74E+11 No 4.85 

𝐸𝑟𝑜𝑜𝑓  (GPa) 5 2.36E+11 4 5.89E+10 Yes 0.50 

𝜐𝑐𝑜𝑎𝑙  6 9.25E+11 4 2.31E+11 Yes 1.95 

𝑒  2.84E+12 24 1.18E+11   

𝐻 is the mining depth (m), 𝐿 is the length of the cantilever roof (m), ℎ𝑐𝑜𝑎𝑙  is the coal seam thickness (m), 𝐸𝑐𝑜𝑎𝑙  is 

the Young’s modulus of coal (GPa), 𝐸𝑟𝑜𝑜𝑓  is the Young’s modulus of the roof (GPa), 𝜐𝑐𝑜𝑎𝑙  is the Poisson’s ratio 

of the coal seam, 𝑒 is the error term, 𝑗 is the parameter, 𝑆𝑆𝑗 is the sum of square of each parameters average 

deviation, 𝑑𝑓𝑗 is the degree of freedom of parameter 𝑗, 𝑉𝑗 is the variance of parameter 𝑗, 𝑉𝑒 is the variance of the 

error term, and 𝐹𝑗 is the 𝐹 −value of parameter 𝑗. 

4.5. DISCUSSION 

Several parameters are related in a complex manner to determine the strain energy 

accumulation in a retreating longwall mining panel explaining the complex nature of rockburst 
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hazards that have been reported by several researchers (Mark, 2016; Zhang et al., 2017; 

Sabapathy et al., 2019). The strain energy accumulated in the cantilevered section of the roof 

in the equation proposed in this thesis is the same as that reported by earlier researchers 

(Stephansson, 1971; Xu, 2009; Young et al., 2012; Galvin, 2016), which suggests that the 

modified boundary conditions considered are in agreement. However, the strain energy 

accumulated in the supported roof and the coal seam is significantly large as compared to those 

proposed in this thesis. The strain energy variation calculated from the analytical model 

matches well with the numerical model with maximum variations occurring within ~40 m 

ahead of the coal face in the solid coal seam. A similar observation was made by Cao et al. 

(2018) who observed from field monitoring microseismicity that the maximum events lie 

within ~40 - 70 m of the excavation boundary inside the solid coal seam ahead of the coal face.  

The parametric analysis of strain energy using the orthogonal testing method provides a logical 

hierarchy. It is obvious that with an increase in 𝐻 the in situ stress increases, which in turn 

leads to an increased strain energy accumulation. Hence, it is the most important parameter. 

This observation matches the findings of previous researchers who have suggested that 

rockbursts are likely to occur only at a mining depth of more than 400 m (Brauner, 1994; 

Iannacchione and Zelanko, 1995; Mark, 2016; Zhang et al., 2017; Canbulat et al., 2019). The 

ability of coal to store strain energy is dependent on the foundation modulus of coal 𝐶 (Wu, 

1995; Xu, 2009), thus, the next three parameters in the hierarchy 𝐸𝑐𝑜𝑎𝑙 , ℎ𝑐𝑜𝑎𝑙, and 𝜐𝑐𝑜𝑎𝑙 are 

obvious candidates to have dominance.  

Wu (1995) observed that increasing the foundation modulus of coal leads to a decrease in the 

total stored energy. The strain energy increases monotonically with an increase in ℎ𝑐𝑜𝑎𝑙 that 

matches the observation of previous researchers (Campoli et al., 1987; Brauner, 1994; 

Iannacchione and Zelanko, 1995; Wu, 1995; Iannacchione and Tadolini, 2008; Mark and 

Gauna, 2016; Zhang et al., 2017; Agrawal et al., 2019). The strain energy accumulated in the 

roof is directly proportional to the length of cantilevering rock (𝐿) which manifests the effect 

of periodic/main roof weighting before caving which has serious implications in terms of 

mining-induced stress and corresponding strain energy accumulation. In the case of a strong, 

stiff roof with high 𝐸𝑟𝑜𝑜𝑓, the roof overhangs for a large distance in the goaf before cracks 

develop (Huang et al., 2020) and thus increases the periodic/main roof weighting distance.  
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Due to the complex interactions between different parameters of strain energy equations, it is 

difficult to forecast rockbursts using a single index (Zhou et al., 2018). The strain energy 

accumulated in the coal seam and surrounding strata is the main source of energy leading to 

rockbursts (Wu, 1995; Zhou et al., 2018). Previous researchers used field microseismic 

monitoring data to back-calculate the strain energy threshold beyond which rockbursts may be 

expected (Bukowska, 2006; Mark, 2016). These field monitored threshold values can be used 

as a trigger to forecast the risk of rockbursts in different underground mining scenarios. 

4.6. CONCLUSIONS  

The equations proposed in this chapter overcome the limitations of previous approaches by 

presenting a realistic representation of the field conditions that exist around the current state-

of-the-art longwall faces with hydraulic-powered supports. The orthogonal testing method 

revealed the hierarchy of parametric dominance as 𝐻 > 𝐸𝑐𝑜𝑎𝑙 > ℎ𝑐𝑜𝑎𝑙 > 𝜐𝑐𝑜𝑎𝑙 > 𝐿 > 𝐸𝑟𝑜𝑜𝑓 

which is free from any sampling, personal or experimental bias. 𝐻, 𝐸𝑐𝑜𝑎𝑙, and ℎ𝑐𝑜𝑎𝑙 affect the 

strain energy accumulation within a 99 % confidence interval. The parameters considered in 

the equations are readily available and can be suitably used to facilitate safe and efficient 

longwall mining panel design at the planning and designing stage. These equations are easy to 

use and do not require specific software knowledge which makes them suitable to be widely 

used in the mining industry.  
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Chapter 5  
Influence of Lithological Heterogeneity on 

Rockburst and Gas Outburst Potential in Longwall 

Top Coal Caving Mining 

5.1. INTRODUCTION 

Several researchers have identified parameters influencing the occurrence of rockbursts and 

gas outbursts in longwall coal mining (Holland and Thomas, 1954; Haramy and McDonnell, 

1988; Iannacchione and DeMarco, 1992; Iannacchione and Zelanko, 1994; Maleki, 1995; Si et 

al., 2015a; Heib, 2018a; Cao et al., 2020c). These parameters can be broadly categorised into 

design parameters, geomechanical parameters and reservoir parameters. Design parameters 

include longwall panel geometry, mining depth, and the thickness of the coal seam and the 

immediate roof. Geomechanical parameters include the angle of internal friction, cohesion, 

Poisson’s ratio, tensile strength, unconfined compressive strength and Young’s modulus of the 

coal, the roof and floor rocks. Reservoir parameters include gas sorption isotherm, gas 

composition, gas content, gas pressure, porosity, and permeability of the coal seam (Wold et 

al., 2008; Žula et al., 2011). Most of these researchers considered coal seams to be 

homogeneous, however, coal seams formed during different depositional environments over a 

long period of geological time are inherently heterogeneous (Peng and Zhang, 2007).  

The heterogeneity that occurs at the micro and mesoscale strongly affects the macroscopic 

geomechanical and reservoir properties of the coal seam (Cai et al., 2018a; Wang et al., 2019a). 

The variation in pore size, grain density, coal lithotypes, and maceral structure impacts the 

macroscopic failure characteristics and induces complex mechanical behaviour in the coal 

seam (Cai et al., 2018a). The variation in strain energy accumulation, failure mode, and fracture 

pattern in two adjacent lithological units, under the same loading conditions, can be attributed 

to heterogeneity (Wang et al., 2006; Tan et al., 2016; Keneti and Sainsbury, 2018).  

To evaluate the effect of heterogeneity, researchers used the spatial distribution of mineral 



Chapter 5: Influence of lithological heterogeneity on rockburst and gas outburst potential in LTCC mining 

82 

 

grains from X-ray diffraction and digital image analysis and found a strong influence of mineral 

distribution on the mechanical response, tensile strength, fracture pattern and failure behaviour 

of rock (Chen et al., 2004; Liu et al., 2004; Chen and Konietzky, 2014; Mahabadi et al., 2014; 

Wang, 2015; Tan et al., 2016; Yang et al., 2018a; Wang et al., 2019a). The spatial distribution 

approach to heterogeneity analysis has some limitations in terms of their dependence on 

detailed micro-observations and digital image processing, restricted reconstruction of 

heterogeneous three-dimensional objects, duplication of specific configurations and restricted 

model size due to limited computational power to analyse crystal dimension (Wang et al., 

2019a). To overcome these limitations, statistical methods based on probabilistic distributions 

such as the Weibull distribution (Weibull, 1951) were used to randomly distribute different 

lithological properties in cylindrical samples to characterise heterogeneity (Wang et al., 2006; 

Cai et al., 2018a; Wang et al., 2019a).  

Wang et al. (2006) observed that the Weibull distribution fits well with the experimental data 

to characterise heterogeneities in the rock samples. They found that, due to heterogeneity, a 

relatively flat nucleation zone was formed in pillars and localised seismic activity centres 

developed due to the heterogeneous strength of the pillar. Wang et al. (2017) used modified 

Weibull distribution to define a hardening/softening law for heterogeneous coal and observed 

that the uniaxial compressive strength of coal decreases with increasing heterogeneity. They 

also found that coal samples exhibited nonlinear plastic behaviour at an early stage in case of 

extreme heterogeneity. Most of these studies focused on laboratory scale coal and rock 

samples, neglecting the influence of large-scale lithological heterogeneity present in the mines. 

Limited research has been conducted on the influence of heterogeneity in the actual mining 

scenarios.  

Gas pressure plays an important role in the occurrence of rockbursts and gas outbursts (Zhang 

et al., 2017). The influence of gas pressure is threefold: (a) it weakens the coal by inducing 

micro-cracks for gas seepage, (b) it adds to internal pore pressure, thereby reducing the 

effective coal strength (Fan et al., 2017) and (c) it contributes to the accumulation of gas 

expansion energy (Zhang et al., 2017). Fan et al. (2017) found that high gas pressure and 

extensive gas accumulation is often caused by the varying geological structure. Zhang et al. 

(2017) found that flowing gas contributes more towards burst proneness as compared to 
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immobile gas.  

Coal Mine Velenje, which mines a highly heterogeneous lignite seam in Slovenia, provides a 

unique opportunity to investigate the effects of lithological heterogeneity on gas outburst and 

rockburst potential in longwall mining. Using time-lapse active seismic tomography, Si et al. 

(2015a) identified a heterogeneous zone, which they hypothesised to be responsible for 

excessive gas emissions occurring due to different properties of xylite and detrite which make 

up the coal seam at Coal Mine Velenje. They presented a detailed analysis of the field 

observations on the evolution of microseismic events and correlated it with the time-lapse 

observations. They also attributed the variation in the spatial distribution of microseismic 

events in the longwall panel to coal heterogeneity.  

Cao et al. (2019b) extended this research by simulating the effect of the heterogeneous zone on 

heightened microseismicity during LTCC mining, where the heterogeneous zone was 

considered in terms of geomechanical properties and attributes of underlying fractures. They 

digitised the identified heterogeneous zone and implemented them into a FLAC3D model, with 

full penetration in the coal seam. They assigned the same properties to the entire heterogeneous 

zone (considered to be xylite) to differentiate it from detrite. This was over-simplistic, as in 

engineering practice, the lithological distribution is more intricate and assigning the same 

properties to the entire zone may not honour the heterogeneous nature of the coal seam 

associated with its geological origin.  

This chapter presents a new approach to investigate the effect of lithological heterogeneity on 

the burst proneness of coal seams due to the change in geomechanical and reservoir properties. 

To realistically attribute a coal seam comprising of a varying abundance of different coal 

lithotypes and mineral matters, an innovative approach using object-based non-conditional 

simulation was used to assign two lithotypes representing either detrite or xylite, to a fork-

shaped heterogeneous zone ahead of the longwall face. A two-way sequentially coupled 

geomechanical and gas flow model, developed between the advanced geomechanics software 

FLAC3D and the industry-standard reservoir simulator ECLIPSE 300, was used to simulate the 

LTCC mining process and the geomechanical and reservoir behaviour around the longwall face 

in the coal seam. Parametric investigations were further carried out by varying the spatial 

distribution and geomechanical properties of xylite within the coal seam and reservoir 
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properties of detrite.  

5.2. COAL MINE VELENJE 

The Velenje coal basin lies in a synclinal valley bounded by two major faults, the Sostanj and 

Smrekovec faults (Figure 5.1). The lithological sequence was controlled by the movement of 

the Periadriatic fault system causing a high subsidence rate. The simultaneous deposition of 

paleo-forests, bush swamps, dwarf plants and vegetation by open water formed the 

heterogeneous clastic sediments more than 1,000 m thick in the basin. Forests compacted to a 

lesser degree as compared to dwarf plants in the same time under different depositional 

environments leading to the formation of different coal lithotypes with a varying abundance of 

xylites, detrites, and mineral matters (mostly composed of alumino-silicates and carbonate 

minerals) throughout the deposit (Markic and Sachsenhofer, 2010). 

 

Figure 5.1. Geology of the Velenje coal basin and surrounding area (after Brezigar, 1986). 

Differential compaction led to the bowl shape of the coal seam as illustrated in Figure 5.2a. 

The seam extends along WNW – ESE direction and is approximately 8.3 km long and 1.5 – 

2.5 km wide, having a thickness of up to 165 m at the centre and pinches out towards the 

margins (Markic and Sachsenhofer, 1997; Kanduc and Pezdic, 2005; Likar et al., 2012; Si et 
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al., 2015b; Durucan et al., 2019). Coal Mine Velenje produces 3.4 Mt/y coal to meet the 

demand in the nearby 755 MW thermal power plant that caters to one-third of the domestic 

electricity requirements of Slovenia.  

 
(a) 

 
(c)  

 
(b)  

Figure 5.2. (a) Velenje coal deposit, (b) schematic of multi-level and LTCC mining (after Si et al., 

2015b) and (c) LTCC mining method at Coal Mine Velenje (after Jeromel et al., 2010).  

To efficiently extract the ultra-thick coal seam with varying thickness and mining depth (200-

500 m), a combination of multi-level mining and LTCC mining, known as the Velenje Mining 

Method was adopted in 1952 (Jeromel et al., 2010; Likar et al., 2012). The entire deposit is 

divided into 10 – 20 m mining levels depending on the thickness of the coal seam (Figure 5.2b). 

The bottom 3 – 4 m is cut by a shearer under hydraulic power supports. After each cut by the 

shearer (web thickness = ~0.8 m), the 7 – 17 m thick top coal is caved and recovered in front 

of the hydraulic power supports to allow steady face advance (Figure 5.2c) (Si et al., 2015b; 

Cao et al., 2018; Durucan et al., 2019). A time sequence of a minimum of six months is 

maintained to allow sufficient compaction of the caved material before mining the underlying 

longwall panels (Likar et al., 2007; Durucan et al., 2019).  

Coal Mine Velenje has a long history of mining hazards arising due to instantaneous rockbursts 

and gas outbursts. The first instantaneous rockburst and gas outburst incidence was 
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documented in 1958. This incidence was observed to expel around 30 – 130 tonnes of coal and 

2,000 – 3,000 m3 of gases into the surroundings in the mine. The next two decades observed 

seven accidents leading to four deaths. In 1994, a rockburst event claimed the life of one miner 

while two others were injured. In 2003, a coal and gas outburst event claimed two miners’ life 

and stopped the mining face for one month (Markic and Sachsenhofer, 2010; Si et al., 2015a). 

Rockburst and gas outburst events in 2013 injured seven miners.  

Recently, two rockburst events were recorded in March and April 2018, which affected 

longwall panel development and delayed the production schedule. Besides major accidents, at 

least one excessive gas emission was observed each year, resulting in five days of production 

loss at Coal Mine Velenje (Si et al., 2015a). The increased occurrence of rockbursts and gas 

outbursts in recent years emphasised the need for a thorough investigation into the role of 

lithological heterogeneity in terms of geomechanical and reservoir properties in contributing 

to such occurrences. 

5.2.1. Geomechanical properties of Velenje coal seam and the lithotypes 

The petrographic analysis of core samples taken from exploration boreholes revealed different 

orientations, shapes, sizes, and zonation of coal lithotypes. The percentage of xylite and detrite 

varied a lot even within a single borehole. Depending on the volumetric ratio of xylite to detrite 

and the shape and spatial distribution of xylitic components, the geomechanical and reservoir 

properties with respect to the gas content, sorption characteristics, and permeability of Velenje 

lignite varies significantly, suggesting a highly heterogeneous coal deposit (Likar et al., 2007; 

Si et al., 2015b; Agrawal et al., 2020).  

Detrites, formed by dwarf plants, fracture easily once the moisture is lost. Xylites, formed by 

trees, exhibit a strong wooden structure and are very tough and hard to break (Markic and 

Sachsenhofer, 2010). The unconfined compressive strength (UCS) of detrite ranges from 6 – 9 

MPa while the UCS of xylite can be as much as twice that of detrite (Si et al., 2015b; Cao et 

al., 2019b). Fractures mostly initiate in detrites as compared to the xylite (Si et al., 2015b). 

Lazar et al. (2014) suggested that detrites are more critical to rockbursts and gas outbursts as 

compared to xylites, as detrites store most gas volume.  

Contrasting geomechanical behaviour in coal seams can be attributed to the corresponding 
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change in geomechanical properties. Referring to the Velenje coal seam, Jeremic (1985) stated 

that, when mining workings pass through soft, porous, and permeable detrites, it is called soft 

conditions, otherwise, it is called hard conditions. Under soft conditions, a large volume of 

gases can be stored surrounded by low permeable material acting as a barrier to gas flow. Once 

the low permeability barriers are fractured by mining-induced stresses, excessive gas stored 

under pressure may be released suddenly, increasing the outburst risk (Lazar et al., 2014). 

Zavšek (2004) observed that the contact between detrite and xylite are critical areas where 

excessive gas emission occurs due to the difference in the volume of gas present in the two 

different lithotypes.  

5.2.2. Reservoir properties of Velenje coal seam and the lithotypes 

Coal, being a dual-porous medium, exhibits macro-porosity (associated with cleats) and micro-

porosity (associated with the matrix). It contains free gases present in the pores and gases 

adsorbed on the internal surface area depending on its porosity, gas pressure, and temperature 

(Wold et al., 2008; Fan et al., 2017; Liu et al., 2017; Yang et al., 2020). The porosity, 

permeability, and Langmuir properties in a coal seam are interrelated. Macro-porosity 

influences permeability which governs the gas flow and further influences the gas pressure, 

while the permeability associated with micro-porosity governs the gas storage through 

adsorption (Connell, 2009). Laboratory experiments confirmed different adsorption and 

desorption properties of coal lithotypes dependent on porosity (Jamnikar et al., 2012; Likar and 

Tajnik, 2013).  

Gas desorption behaviour varies due to different microporous structures (pores, cleats and 

capillaries) of various coal lithotypes where the gas occurs in a compressed state (Žula et al., 

2011). The gas content in the coal seam, gas pressure and the risk of rockbursts and gas 

outbursts are directly related (Wold et al., 2008; Fan et al., 2017). Permeability affects the 

pressure gradient formation in the coal seam that can lead to failure, while coal strength resists 

the failure (Wold et al., 2008). An increase in effective stress reduces macro-porosity (cleat 

porosity) and corresponding permeability (Durucan and Edwards, 1986; Wold et al., 2008; 

Connell, 2009). Cleats provide high permeability to fine-detrital coal while intact xylites-rich 

coal has very low permeability (Markic and Sachsenhofer, 2010). Lower permeability results 

in a higher gas pressure gradient that can initiate outbursts (Wold et al., 2008). Permeability is 
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also affected by the heterogeneity present in the coal seam (Connell, 2009). The variation in 

porosity and permeability of different lithotypes present in the coal seam at Coal Mine Velenje 

introduces further heterogeneity.  

The pore surface area of detrite at Coal Mine Velenje (>180 m2/g) is five times higher as 

compared to that of xylite (<35 m2/g) (Si et al., 2015a). Thus, detrite stores most of the seam 

gas, while xylite is not capable of storing a large volume of gas (Si et al., 2015b). The gas 

content present in the coal seam was measured to be 2 – 8 m3/tonne at Coal Mine Velenje 

(Jamnikar, 2016). The seam gases are a mixture of carbon dioxide (CO2) and methane (CH4) 

with their proportion varying throughout the deposit (Žula et al., 2011; Likar and Tajnik, 2013; 

Lazar et al., 2014). The mass spectrometric measured ratio of CO2:CH4 varies from 98:02 % 

by volume to 0:100 % by volume in the coal seam, further complicating the seam’s gas content 

heterogeneity (Kanduc et al., 2003; Kanduč et al., 2011; Si et al., 2015b). Lazar et al. (2014) 

extensively studied the distribution, composition, and origin of mine gases at the Velenje basin, 

however, the CH4 and/or CO2 sorption characteristics, in situ gas pressure and content, and 

permeability of the Velenje coals have not been well established.  

CO2 is preferentially adsorbed on the surfaces of coal under pressure (up to 90 %) due to its 

small molecular size (Litwiniszyn, 1990; Mazumder et al., 2006). In the presence of CO2, CH4 

mostly remains freely present in coal fractures (Clayton, 1998; Lazar et al., 2014). These gases 

follow different migration paths affecting the dynamic behaviour of gas release during mining 

(Žula et al., 2011). For instance, CO2 is heavier than air and less mobile upon stress relief 

(Lazar et al., 2014). Due to the high desorption capacity of CO2, gas outbursts occurring due 

to CO2 can be more dangerous, severe, violent, and difficult to control as compared to that for 

CH4 (Litwiniszyn, 1990; Lama and Saghafi, 2002). 

5.3. MODELLING COAL SEAM HETEROGENEITY 

To represent lithological heterogeneity in the coal seam, a three-dimensional fork-shaped solid 

was created with varying extent along the X-, Y- and Z- axis and lateral offset along the Z-axis 

to represent the deposition by river streams over a long time to form a xylite-dominated area 

(Figure 5.3). To randomly distribute coal lithotypes in the fork-shaped solid, continuous, 

categorical and object variables can be used. Continuous and categorical variables are pixel-

based simulations and are generated point-by-point, while object variables are simulated in one 
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shot in the entire model domain (Chiles and Delfiner, 2012). The geological setting dictates the 

use of an object variable to represent the lithological heterogeneity occurring in the coal seam 

at Coal Mine Velenje.  

 

Figure 5.3. The fork-shaped solid considered as a heterogeneous zone in the model. 

Object-based simulation allows random dropping of objects in the model domain (𝑉𝑚𝑜𝑑𝑒𝑙) 

facilitating non-conditional simulation of different lithotypes. There are different objects with 

fixed geometry (like ellipsoids, parabola, and parallelepipeds) or random geometry that can be 

suitably selected to best represent the physical variable. To distribute different shapes, sizes, 

and orientations of coal lithotypes, ellipsoids were selected. The shape of the ellipsoids was 

governed by (Geovariances, 2018),  

𝑙𝑎𝑥
2 + 𝑙𝑏𝑦

2 + 𝑙𝑐𝑧
2 = 1     (5.1) 

where the length of semi-major axes was represented as 1 √𝑙𝑎⁄ , 1 √𝑙𝑏⁄ , 1 √𝑙𝑐⁄ , along the X-, 

Y- and Z- axes respectively.  

The length of ellipsoids followed a Gaussian distribution, whose probability density function 

𝑓(𝑥) was characterised by a mean (µ) and a standard deviation (𝜎) (Geovariances, 2018),  

𝑓(𝑥) =
1

𝜎√2𝜋
𝑒−

1

2
(
𝑥−µ

𝜎
)
2

     (5.2) 

A non-conditional simulation 𝑍(𝑥) of the stationary random function 𝑆(𝑥), is a realisation 
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randomly selected from infinite realisations of 𝑆(𝑥) in 𝑉𝑚𝑜𝑑𝑒𝑙 having the same covariance. To 

independently and randomly distribute heterogeneity in 𝑉𝑚𝑜𝑑𝑒𝑙, a well-established Poisson 

point process was used (Chiles and Delfiner, 2012). To simulate the Poisson point process in 

𝑉𝑚𝑜𝑑𝑒𝑙, firstly, the number of points 𝑁(𝑉𝑚𝑜𝑑𝑒𝑙) = 𝑛𝑉 was drawn from a Poisson distribution 

with a mean λ |𝑉𝑚𝑜𝑑𝑒𝑙| (where λ is the Poisson intensity). Then, the 𝑛𝑉 independent random 

Poisson points (𝑋𝑖) were drawn following a uniform distribution within 𝑉𝑚𝑜𝑑𝑒𝑙 (Cressie, 1991; 

Chiles and Delfiner, 2012). These two steps add randomness to the model (Cressie, 1991). 

Several ellipsoids were simulated in 𝑉𝑚𝑜𝑑𝑒𝑙 centred on 𝑋𝑖 to best represent the occurrence of 

xylite in the coal seam. 

An independent random dose (𝑎𝑖) was assigned to each 𝑋𝑖 having a Poisson intensity (λ), such 

that the sum of the contribution of all 𝑋𝑖 defines the stationary random function 𝑍(𝑥) (Chiles 

and Delfiner, 2012), 

𝑍(𝑥) = ∑ 𝑎𝑖 ∗ 𝑤(𝑥 −𝑖 𝑋𝑖)     (5.3) 

where 𝑤(𝑥) is a square-integrable influence function. 

𝑤(𝑥) in 𝑉𝑚𝑜𝑑𝑒𝑙 with a covariogram 𝑔(ℎ) for ℎ ∈ 𝑉𝑚𝑜𝑑𝑒𝑙, was used to dilute the Poisson point 

process, where (Chiles and Delfiner, 2012),  

𝑔(ℎ) = (𝑤 ∗ ẃ)(ℎ) = ∫𝑤(𝑥) ∗ 𝑤(𝑥 + ℎ)𝑑𝑥   (5.4) 

ẃ(𝑥) = 𝑤(−𝑥)      (5.5) 

Thus, 𝑍(𝑥) is a second-order stationary random function with mean 𝑛 and covariance 𝐶(ℎ) 

given in both cases by (Chiles and Delfiner, 2012), 

𝑛 =  λµ ∫𝑤(𝑥)𝑑𝑥      (5.6) 

𝐶(ℎ) =  λ(µ2 + 𝜎2)𝑔(ℎ)         (5.7) 

The summation rule was applied to combine the dose (𝑎𝑖) of overlapping ellipsoids at the same 

𝑋𝑖 in 𝑉𝑚𝑜𝑑𝑒𝑙 for the dilution model to calculate valuation at each 𝑋𝑖. The random distribution 

facilitates mimicking different orientations, shapes and sizes of xylite occurring due to different 
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depositional environments that were found by petrographic analysis by Markic and 

Sachsenhofer (2010).  

The random lithological distribution of ellipsoids with the ratio of the length of semi-major 

axes as 4:2:1 (Equation (5.1)) was used in 𝑉𝑚𝑜𝑑𝑒𝑙 to randomly distribute xylite. The ellipsoids 

were oriented at an angle of 40° to the longwall face in the direction of mining and inclined at 

an angle of 20° to the horizontal plane of the coal seam. Gaussian distribution (Equation (5.2)) 

was used to generate ellipsoids of different lengths with a mean (µ =10 m) and a standard 

deviation (𝜎 =5 m). 

 
(a)    (b)   (c) 

Figure 5.4. Variation in xylite percentages in the heterogeneous zone (a) 30 %, (b) 60 %, and (c) 90 

%.  

The xylite percentage may vary throughout the deposit. To accommodate this variability due 

to different depositional environments, 𝑛𝑉 and λ were varied to generate random 𝑋𝑖 

corresponding to different heterogeneity proportions of detrite and xylite in 𝑉𝑚𝑜𝑑𝑒𝑙. The 

valuation of each zone was calculated by summing up the dose (𝑎𝑖) of the overlapping 

ellipsoids. All zones with a valuation above ‘0’ (xylite ellipsoid assignment) were grouped as 

xylite while zones with a ‘0’ value were regrouped as detrite. Three different lithological 

distributions representing 30 %, 60 % and 90 % xylite blocks in the 𝑉𝑚𝑜𝑑𝑒𝑙 were developed 

(Figure 5.4). The randomly distributed coal lithotypes with the corresponding valuation were 

then imported into a coupled geomechanical and gas flow model for further analysis as 

explained in the following sections. 
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5.4. MODEL DEVELOPMENT 

A retreating LTCC mining model of 500 m × 500 m × 150 m dimension with a grid size of 5 

m × 5 m × 3 m along the X-, Y-, and Z- axes respectively was constructed in FLAC3D. The X-

axis was set along the length of the longwall panel, Y-axis was set across the width of the 

longwall panel, and Z-axis was set along the vertical direction passing through the origin at the 

bottom of the model. Different rock layers were simulated to represent the lithology at Coal 

Mine Velenje. The lithology considered for modelling had a 15 m mining level, overlain by 60 

m goaf of previous mining levels and 15 m clay, and underlain by 60 m coal in the floor (Figure 

5.5).  

 

Figure 5.5. Lithology and gas pressure gradient implemented in the Coal Mine Velenje model. 

The fork-shaped solid representing the heterogeneous zone was inserted in the FLAC3D model 

of the coal seam, assuming full penetration to generate 10,703 heterogeneous zone elements 

spanning the mining level and underlying coal seam (Figure 5.6a). Detrite and xylite zones 

were assigned depending on the heterogeneity distribution (Figure 5.6b). The longwall face 

modelled cuts through the heterogeneous zone having different xylite blocks at each excavation 

step. A representative cross-section along XX (Figure 5.6c) and YY (Figure 5.6d) shows the 

interaction of heterogeneous zones with the longwall face. 
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(a)       (b) 

 
(c)       (d) 

Figure 5.6. A mining model developed with (a) full penetration of the heterogeneous zone in FLAC3D, 

(b) 90 % distribution of xylite in the heterogeneous zone, (c) a cross-section across XX 

along which the vertical stress and pore pressure distribution were analysed, and (d) a 

cross-section across YY showing longwall face crossing the heterogeneous zone. 

The baseline geomechanical properties of different formations at Coal Mine Velenje, taken 

from published literature, were assigned to the model (Table 5.1). Mohr-Coulomb strain-

softening model was implemented in FLAC3D to represent the mechanical behaviour of coal 

and coal measure rocks (Itasca, 2017). The model was constrained with stress boundaries on 

both sides (X- and Y- axes), and the bottom (Z-axis) was fixed. The model was placed below 

-305 m, with an overburden density of 2,360 kg/m3 initialised in the model. The load 

corresponding to 305 m (7.19 MPa) thick overburden was applied on the top surface. The 

model was gravity loaded and reached initial equilibrium before excavation started.  
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Table 5.1. The baseline mechanical properties of different layers/lithotypes considered for numerical 

simulation (after Zavšek, 1993; Si et al., 2015c and Cao et al., 2019b). 

Layer/lithotype 𝐾 𝐺 𝑐 𝜙 𝜎𝑡 𝑐𝑟 𝜎𝑡𝑟 

Clay 1.10 0.24 1.90 30 0.92 0.63 0.52 

Xylite 0.90 0.19 3.25 30 1.80 0.52 1.02 

Detrite 0.90 0.19 2.10 23 0.92 0.35 0.52 

Goaf 0.77 0.17 0.63 30 0.52 0.63 0.52 

𝐾 is the bulk modulus (GPa), 𝐺 is the shear modulus (GPa), 𝑐 is the cohesion (MPa), 𝜙 is the angle of internal 

friction (o), 𝜎𝑡 is the tensile strength (MPa), 𝑐𝑟 is the residual cohesion (MPa), and 𝜎𝑡𝑟 is the residual tensile 

strength (MPa).  

In the coupled model, the coalbed methane module of ECLIPSE 300 with two different coal 

regions was used to represent different gas adsorption behaviour for detrite and xylite 

(Schlumberger, 2017). Several sub-routines were written in FLAC3D to facilitate the exact 

assignment of reservoir properties, gas pressure gradient, and Langmuir values to each 

lithotype present in the model (Table 5.2). Si et al. (2015b) monitored the gas pressure 

dynamics at different mining levels and found that the gas pressure was maximum in the first 

mining level but due to subsequent over-mining, the seam gas pressure dropped to around 0.8 

MPa in the modelled mining level. They also determined the underlying seam gas pressure 

referring to borehole data and found it to be stable at around 1.6 MPa before extraction 

commenced. 

Table 5.2. The baseline reservoir properties of different layers/lithotypes considered for numerical 

simulation (after Si et al., 2015c). 

 

 

 

𝜑𝑚 is the matrix porosity (%), 𝜑𝑐 is the cleat porosity (%), 𝑘ℎ is the horizontal permeability (m2), 𝑘𝑣 is the vertical 

permeability (m2), 𝑃𝐿(𝐶𝐻4) is the Langmuir pressure for CH4 (MPa), 𝑃𝐿(𝐶𝑂2) is the Langmuir pressure for CO2 

(MPa), 𝑉𝐿(𝐶𝐻4) is the Langmuir volume for CH4 (m3/tonne), and 𝑉𝐿(𝐶𝑂2) is the Langmuir volume for CO2 

(m3/tonne). 

To represent the increase in gas pressure with mining depth a linearly increasing gas pressure 

gradient was considered in the coal seam section of the model (Figure 5.5). The baseline 

Langmuir pressure and Langmuir volume for the carbon dioxide and methane were calculated 

Layer/lithotype 𝜑𝑚 𝜑𝑐 𝑘ℎ 𝑘𝑣 𝑃𝐿(𝐶𝐻4) 𝑃𝐿(𝐶𝑂2) 𝑉𝐿(𝐶𝐻4) 𝑉𝐿(𝐶𝑂2) 

Clay 0.30 0.05 2×10-16 1×10-16 -- -- -- -- 

Xylite 0.30 0.03 2×10-17 1×10-17 4.0 2.5 15 25 

Detrite 0.90 0.10 2×10-16 1×10-16 7.5 4.7 25 50 

Goaf 0.01 0.30 3×10-14 3×10-14 -- -- -- -- 
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from the pure gas adsorption isotherms at 35oC (Figure 5.7). The gas pressure in the model was 

equilibrated for one month with gas emission allowed at the stationary longwall face before 

coupling started. After the model was equilibrated, the main and return gates (both 5m wide) 

were developed in FLAC3D to define the longwall panel (140 m wide). Sufficient distance was 

maintained on all sides to minimise boundary effects.  

 

Figure 5.7. Pure CO2 and CH4 isotherms for Velenje lignite used in the heterogeneous coupled model. 

 

Figure 5.8. Coupled numerical simulation approach, where 𝜎𝑛−1 is the stress state and 𝑝𝑛−1 is the 

pore pressure at excavation step (𝑛 − 1), 𝜎𝑛
′
 is the provisional stress state, 𝑘𝑛 is the 

permeability, 𝑝𝑛 is the updated pore pressure, 𝜎𝑛 is the actual stress state at excavation 

step (𝑛), and 𝑡𝑛−1, 𝑡𝑛 is the simulated fluid time (after Si et al., 2015c). 
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A two-way sequentially coupled numerical model developed between FLAC3D and ECLIPSE 

300 to model a retreating LTCC mining by Si et al., (2015c) was modified and implemented to 

investigate the effect of heterogeneities on coal seam behaviour as coal is extracted. The two-

way coupling was facilitated using a MATLAB routine (Matlab, 2019), to achieve a real-time 

exchange of pore pressure and permeability used as the coupling parameters between the two 

software at every excavation step (Figure 5.8).  

In the coupled numerical simulation workflow, the pore pressure (𝑝𝑛−1) calculated at 

excavation step (𝑛 − 1) by ECLIPSE 300 was passed to FLAC3D to calculate a provisional 

stress state (𝜎𝑛
′
) at excavation step (𝑛). The provisional stress state (𝜎𝑛

′
) and pore pressure 

(𝑝𝑛−1) was used to calculate the permeability (𝑘𝑛) at excavation step (𝑛) in FLAC3D. The 

permeability (𝑘𝑛) was passed to ECLIPSE 300 to calculate the updated pore pressure (𝑝𝑛). The 

simulated fluid time, 𝑡𝑛−1 to 𝑡𝑛, represent coal extraction time at the excavation step (𝑛). The 

updated pore pressure (𝑝𝑛) was fed back to FLAC3D to re-equilibrate and calculate the actual 

stress state (𝜎𝑛) at excavation step (𝑛). The actual stress state (𝜎𝑛) and pore pressure (𝑝𝑛) was 

used as an input for the next excavation step (𝑛 + 1).  

To represent LTCC mining with a face advance rate of 5 m in each excavation step, first, the 

lower 3 m thickness of the coal was extracted (nulled) to represent cutting by the longwall 

shearer and equilibrated to create the initial face; next, the top coal (12 m) left during the 

previous step was instantaneously removed; and finally, the complete 15 m mining level was 

reinstated with an elastic goaf material property and solved to equilibrium to represent one 

excavation step in LTCC (Figure 5.6b). The process was repeated for several excavation steps, 

advancing the longwall face through the heterogeneous zone with a varying abundance of 

xylite, to represent soft conditions and hard conditions of retreating longwall mining (Figure 

5.9).  

5.5. MODEL RESULTS  

Analysis of the 90 % xylite distribution in the heterogeneous zone was first conducted to 

simulate near complete xylite conditions considered by the previous researchers. The vertical 

stress and pore pressure were analysed along cross-section XX (Figure 5.6c). The volume of 

the failed zones and the gas emission rate were calculated for the entire LTCC face at each 
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excavation step. When the face retreats through the heterogeneous zone the vertical stress 

(~18.21 MPa) acting ahead of the face is ~25 % higher than that acting in the non-

heterogeneous zone due to the presence of strong xylite (25th excavation step) (Figure 5.10a). 

The pore pressure acting in the heterogeneous zone is less as compared to the values outside 

the zone as xylite has low porosity and permeability, thus pore pressure build-up is lower 

(Figure 5.10b). Nevertheless, the variation is ~± 0.1 MPa, which is negligible. The volume of 

failed zones varies in the heterogeneous zone due to differences in the proportion of xylite 

present at different excavation steps (Figure 5.10c). The volume decreases as stronger xylite 

blocks are crossed at the face and increases with the reduction in face heterogeneity. 

 
(a)       (b)                 (c)  

 
(d)    (e)     (f)  

Figure 5.9. Top view of the failure zones ahead of the active longwall face corresponding to different 

excavation steps in a retreating LTCC face (a) step 5, (b) step 10, (c) step 15, (d) step 20, 

(e) step 25 and (f) step 30. 

The rate of gas emission at the active longwall face is strongly correlated with the face 

heterogeneity (Figure 5.10d). The rate of gas emission decreases as the face heterogeneity 

increases and increases sharply as the face heterogeneity decreases. The gas emission rate 
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becomes stable after 28 – 30 excavation steps since the face heterogeneity plateaus and 

gradually increases to reach the initial values as the longwall retreats away from the 

heterogeneous zone. The rate of methane emission is low as compared to that of carbon dioxide. 

The total gas emission rate presents the sum of methane and carbon dioxide emissions. The 

total gas emission rate obtained from the model matches the field monitoring data by Si et al. 

(2015b), who observed a baseline emission rate of 50 m3/min, with the rate varying in the range 

of 50 – 110 m3/min.   

 
(a)       (b) 

 
(c)              (d) 

Figure 5.10. (a) Vertical stress, (b) pore pressure, (c) volume of the failed zone and (d) rate of gas 

emissions for 90 % xylite distribution for steps indicated in Figure 5.9. 

Three different xylitic distributions were considered to represent 30 %, 60 % and 90 % xylite 

in the heterogeneous zone (Figure 5.4). These distributions exhibit different face heterogeneity 

levels at the longwall face as they retreat through the heterogeneous zone (Figure 5.11). The 

peak vertical stress acting ahead of the longwall face was compared at the 25th excavation step 
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where the variability was maximum. The abutment stress increased from ~15.62 MPa for 30 

% and 60 % xylite to ~18.21 MPa for the 90 % xylite scenario (Figure 5.12a). The pore pressure 

accumulated ahead of the longwall face at the 25th excavation step increased from ~0.88 MPa 

for 30 % and 90 % xylite to ~0.92 MPa for 60 % xylite (Figure 5.12b). However, the pore 

pressure variation is only ~0.04 MPa, thus, the change is insignificant. A large volume of coal 

failed initially due to the vertical stress redistribution at the start of LTCC mining. After the 

fifth excavation step (Figure 5.9a and Figure 5.11), the longwall face entered the heterogeneous 

zone with the volume of the failed zone depending on the geomechanical properties of different 

lithotypes. 

 

Figure 5.11. Variation in face heterogeneity at the active longwall face as it retreats through the fork-

shaped heterogeneous zone for steps indicated in Figure 5.9. 

The variation in the volume of the failed zone is less for 30 % xylite distribution because a 

relatively small volume of strong xylite is present in the model. The variation increases with 

the increase in xylite percentage which can be attributed to the increased volume of strong 

xylite blocks as longwall retreats through the heterogeneous zone (Figure 5.12c). The emission 

rate of methane (Figure 5.12d) and carbon dioxide (Figure 5.12e) across the longwall face 

varies inversely with the face heterogeneity and with the xylite percentage.  
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(a)       (b)  

  
(c)     (d) 

 
(e)      (f)  

Figure 5.12. The influence of xylite percentages on (a) vertical stress distribution at 25th excavation 

step, (b) pore pressure distribution at 25th excavation step, (c) volume of failed zones, (d) 

methane emission rate, (e) carbon dioxide emission rate, and (f) total gas emission rate, at 

different excavation steps indicated in Figure 5.9. 

The minimum gas emission rate occurs at the 18th excavation step for 30 % xylite distribution 

and at 15th excavation step for 60 % and 90 % xylite distributions which corresponds to the 
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high face heterogeneity at the active longwall face. A large volume of gas is released as the 

longwall retreats past the hard conditions to soft conditions as the face heterogeneity decreases.  

It can also be seen that the volume of gas released decreases sharply with the increase in xylite 

percentage in the heterogeneous zone (Figure 5.12d–f) which is natural as xylite has lower 

porosity and significantly lower gas content (Figure 5.7) and has low permeability. The initial 

simulations have shown that 60 % and 90 % xylite scenarios had a very similar response to 

face advance and change in reservoir conditions due to coal production, which is quite different 

from the 30 % xylite scenario. As 90 % xylite distribution represents an extreme scenario that 

is unlikely to occur in any coal seam, 30 % and 60 % xylite scenarios were considered for 

further parametric analysis. Since no appreciable change in pore pressure was observed, the 

effect of changes in lithology on pore pressure is not analysed further. Furthermore, as methane 

and carbon dioxide follow the same emission trend, the total gas emission rate can realistically 

represent the response of gas emission behaviour to parametric changes. To optimise the 

memory and time requirements, an analysis of total gas emissions for only 30 excavation steps 

was considered during which the effect of the heterogeneous zone was prominent.  

5.6. PARAMETRIC ANALYSIS OF THE EFFECTS OF LITHOLOGICAL HETEROGENEITY 

5.6.1. The role of geomechanical properties of xylite on emissions 

To investigate the influence of geomechanical properties of xylite, stiffer xylite blocks were 

implemented by increasing the cohesion, the angle of internal friction, tensile strength, residual 

cohesion, and residual tensile strength while the reservoir properties of xylite were kept 

unchanged (Table 5.3). The properties of other layers in the model were also kept fixed as in 

the base case (Table 5.1 and Table 5.2).  

The peak vertical stress acting ahead of the longwall face varied in the range ~15.64 – 16.89 

MPa for 30 % xylite (Figure 5.13a) and in the range ~15.86 – 17.47 MPa for 60 % xylite (Figure 

5.13b) for the increase in stiffness of xylite. For 30 % xylite, the peak vertical stress occurs 

slightly inside the longwall face on solid coal, showing fractured coal. For 60 % xylite, the 

peak vertical stress occurs ahead of the face in solid coal for the base case (UCS= 11.26 MPa) 

and Case 1 (UCS= 16.32 MPa), and some fractures are induced at the face. As the stiffness of 

xylite is increased to a very high value in Case 2 (UCS= 24.13 MPa), the vertical stress peaks 
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further towards the face, nearer the coal. This can be attributed to the fact that the UCS of xylite 

is higher than the maximum stress acting on the face (~16.17 MPa), thus no appreciable 

fractures are induced in coal, and it can withstand the stress abutment acting at the face.  

Table 5.3. Coal heterogeneity scenarios with varied geomechanical properties for xylite while other 

layer properties are kept fixed. 

 Geomechanical properties Reservoir properties 

Case 𝑐 𝜙 𝜎𝑡 𝑐𝑟 𝜎𝑡𝑟 𝜑𝑚 𝜑𝑐 𝑘ℎ 𝑘𝑣 𝑃𝐿(𝐶𝐻4) 𝑃𝐿(𝐶𝑂2) 𝑉𝐿(𝐶𝐻4) 𝑉𝐿(𝐶𝑂2) 

1 5.20 25 2.72 0.86 1.60 0.30 0.03 2×10-17 1×10-17 4.0 2.5 15 25 

2 7.25 28 4.02 1.21 2.36 0.30 0.03 2×10-17 1×10-17 4.0 2.5 15 25 

Base 3.25 30 1.80 0.52 1.02 0.30 0.03 2×10-17 1×10-17 4.0 2.5 15 25 

Fixed values 

Clay 1.90 30 0.92 0.63 0.52 0.30 0.05 2×10-16 1×10-16 -- -- -- -- 

Detrite 2.10 23 0.92 0.35 0.52 0.90 0.10 2×10-16 1×10-16 7.5 4.7 25 50 

Goaf 0.63 30 0.52 0.63 0.52 0.01 0.30 3×10-14 3×10-14 -- -- -- -- 

𝑐 is the cohesion (MPa), 𝜙 is the angle of internal friction (o), 𝜎𝑡 is the tensile strength (MPa), 𝑐𝑟 is the residual 

cohesion (MPa), 𝜎𝑡𝑟 is the residual tensile strength (MPa), 𝜑𝑚 is the matrix porosity (%), 𝜑𝑐 is the cleat porosity 

(%), 𝑘ℎ is the horizontal permeability (m2), 𝑘𝑣 is the vertical permeability (m2), 𝑃𝐿(𝐶𝐻4) is the Langmuir pressure 

for CH4 (MPa), 𝑃𝐿(𝐶𝑂2) is the Langmuir pressure for CO2 (MPa), 𝑉𝐿(𝐶𝐻4) is the Langmuir volume for CH4 

(m3/tonne), and 𝑉𝐿(𝐶𝑂2) is the Langmuir volume for CO2 (m3/tonne). 

As Figure 5.13c-d, illustrates, the volume of failed zones is inversely proportional to the 

stiffness of xylite. As the stiffness of xylite increases from the base case, the volume of failed 

zone decreases. The volume of the failed zone is also sensitive to the face heterogeneity as 

longwall retreats through the heterogeneous zone. It decreases as the face heterogeneity 

increases. For 30 % xylite, as the longwall retreats past the hard condition (high face 

heterogeneity), the volume of failed zone increases to a higher value than that at the start of 

extraction, suggesting more fractures are induced due to mining induced stress abutment 

(Figure 5.13c). For 60 % xylite, the effect of stiffer xylite is more prominent as the volume of 

failed zone decreases significantly in the case of very stiff xylite (Case 2). Even after crossing 

the hard conditions, the volume of failed zone remains low as compared to the value at the start 

of extraction for Case 2 (Figure 5.13d). These observations suggest that a relatively high 

distribution of stronger xylite can control the volume of the failed zone, thereby preventing 

high permeability pathways from being formed, blocking gas movement towards the face and 

reducing emissions at the active face. The results exemplify that the volume of the failed zone 

depends strongly on the spatial distribution, geomechanical properties and the relative 
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abundance of xylite in the heterogeneous zone.  

 
(a) 30% xylite    (b) 60% xylite 

   
(c) 30% xylite       (d) 60% xylite 

 
(e) 30% xylite    (f) 60% xylite 

Figure 5.13. The influence of geomechanical properties of xylite on (a) vertical stress distribution at 

25th excavation step for 30 % xylite, (b) vertical stress distribution at 25th excavation step 

for 60 % xylite, (c) the volume of failed zones for 30 % xylite, (d) the volume of failed 

zones for 60 % xylite, (e) total gas emission rate for 30 % xylite, and (f) total gas emission 

rate for 60 % xylite, at different excavation steps. 
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The rate of total gas emission obeys the face heterogeneity while retreating through the 

heterogeneous zone (Figure 5.13e-f). In general, with the increase in stiffness of xylite, the rate 

of gas emission decreases sharply, which can be attributed to the lesser volume of failed zones. 

As the longwall passes through the hard conditions, a sudden spike in the rate of total gas 

emission occurs. This spike is steeper and higher for Case 2 as compared to that for Case 1 or 

the base case for 30 % xylite (Figure 5.13e).  

For 60 % xylite, the rate of total gas emission decreases sharply from around 120 m3/min to 

around 10 m3/min as the stiffness of xylite is increased, demonstrating the barrier effect of a 

large spatial distribution of stiff xylite to gas flow. This is followed by a sudden increase in gas 

emission rate once the face heterogeneity reduces (Figure 5.13f), which matches the 

observation of previous researchers who have suggested that strong, low permeability xylite 

acts as a barrier to gas flow.  

It can be concluded that high strength and low permeability xylite in the heterogeneous zone 

significantly affects the peak stress, the volume of the failed zone, and the rate of total gas 

emissions. The effect is more pronounced for 60 % xylite case as compared to that for 30 % 

xylite. An even sharper spike observed in gas emission rate for Case 2 suggests that, when 

retreating past the hard condition to soft conditions, it is highly likely that excessive gas 

emissions may occur, which has been observed at Coal Mine Velenje on several occasions. In 

the case of very stiff xylite (Case 2), it is also likely that a rapid transition from 1,500 m3 of 

failed coal volume to 4,500 m3 may result in simultaneous coal and gas outburst conditions.  

5.6.2. The role of gas storage capacity of detrite on emissions 

It was seen above that the stiffness of xylite strongly influences the vertical stress, failure 

behaviour (volume of failed zones) and the rate of total gas emissions. Further analysis of 

lithotype heterogeneity was carried out by creating scenarios where the gas storage capacity of 

detrite, therefore its Langmuir parameters, were changed. The geomechanical properties of 

xylite were maintained as they were for Case 2 (Table 5.3). The geomechanical properties of 

detrite and other layers were kept the same as in the base case scenario (Table 5.3). The 

reservoir properties of all layers were kept the same as in the base case scenario except for the 

change in Langmuir properties of detrite. Two new Langmuir isotherms were constructed with 

higher CO2 sorption/ desorption rates for detrite (Table 5.4 and Figure 5.14).  
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Figure 5.14. New Langmuir isotherms considered for detrite. 

Table 5.4. Coal heterogeneity scenarios with varied Langmuir properties of detrite while most other 

layer properties are kept fixed. 

 Geomechanical properties Reservoir properties 

Case 𝑐 𝜙 𝜎𝑡 𝑐𝑟 𝜎𝑡𝑟 𝜑𝑚 𝜑𝑐 𝑘ℎ 𝑘𝑣 𝑃𝐿(𝐶𝐻4) 𝑃𝐿(𝐶𝑂2) 𝑉𝐿(𝐶𝐻4) 𝑉𝐿(𝐶𝑂2) 

1 2.10 23 0.92 0.35 0.52 0.90 0.10 2×10-16 1×10-16 3.8 2.0 15 50 

2 2.10 23 0.92 0.35 0.52 0.90 0.10 2×10-16 1×10-16 2.5 1.2 15 50 

Base 2.10 23 0.92 0.35 0.52 0.90 0.10 2×10-16 1×10-16 7.5 4.7 25 50 

Fixed values 

Clay 1.90 30 0.92 0.63 0.52 0.30 0.05 2×10-16 1×10-16 -- -- -- -- 

Xylite 7.25 28 4.02 1.21 2.36 0.30 0.03 2×10-17 1×10-17 4.0 2.5 15 25 

Goaf 0.63 30 0.52 0.63 0.52 0.01 0.30 3×10-14 3×10-14 -- -- -- -- 

𝑐 is the cohesion (MPa), 𝜙 is the angle of internal friction (o), 𝜎𝑡 is the tensile strength (MPa), 𝑐𝑟 is the residual 

cohesion (MPa), 𝜎𝑡𝑟 is the residual tensile strength (MPa), 𝜑𝑚 is the matrix porosity (%), 𝜑𝑐 is the cleat porosity 

(%), 𝑘ℎ is the horizontal permeability (m2), 𝑘𝑣 is the vertical permeability (m2), 𝑃𝐿(𝐶𝐻4) is the Langmuir pressure 

for CH4 (MPa), 𝑃𝐿(𝐶𝑂2) is the Langmuir pressure for CO2 (MPa), 𝑉𝐿(𝐶𝐻4) is the Langmuir volume for CH4 

(m3/tonne), and 𝑉𝐿(𝐶𝑂2) is the Langmuir volume for CO2 (m3/tonne). 

It can be seen from Figure 5.15a that, for the scenarios with increased gas storage capacity 

(therefore desorption rate) for detrite, the rate of total gas emission increases further as 

compared to the cases in Figure 5.13e and Figure 5.13f for both 30 % and 60% xylite scenarios. 

The impact is more prominent for 60 % xylite where the rate of total gas emission decreases 

sharply to around 10 m3/min following the increase in face heterogeneity and increases rapidly 
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to around 150 m3/min once the hard conditions are crossed by the retreating longwall face 

(Figure 5.15b). Increased gas holding capacity for detrite in a high lithological heterogeneity 

scenario further suggests that, if potential coal and gas outburst conditions are created by much 

stronger xylite layers dominating the seam, the risk for coal and gas outbursts will be increased 

further.  

 
(a) 30% xylite    (b) 60% xylite 

Figure 5.15. The influence of reservoir properties of detrite on total gas emission rates at different 

excavation steps for the change in Langmuir properties (a) 30% xylite, and (b) 60% xylite. 

5.7. DISCUSSION 

Previous research by Si et al. (2015a) and Cao et al. (2019b) referred to mine-scale lithological 

heterogeneity having an influence on the occurrence of rockbursts and gas outbursts 

interpreting time-lapse seismic tomography and heightened microseismicity associated with 

LTCC mining. However, their representation of heterogeneity in the coal seam was over-

simplistic. In this research, the lithological heterogeneity present in the coal seam was 

realistically distributed obeying the geological settings at Coal Mine Velenje. The fork-shaped 

solid representing the heterogeneous zone had a varying spatial distribution of xylite and detrite 

to represent different proportions of these lithotypes in the coal seam, which provides a more 

realistic distribution as compared to considering the entire solid to be of uniform property as 

analysed by Cao et al. (2019b).  

Results of the present model have demonstrated that the xylite distributions in the coal seam 

and corresponding face heterogeneity has a strong influence on the vertical stress (Figure 

5.12a), volume of failed coal (Figure 5.12c) and gas emission rate (Figure 5.12d-f), however, 
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its influence on pore pressure was inconclusive (Figure 5.12b). The longwall face retreating 

through the heterogeneous zone presents several realistic scenarios prevalent in the mine. The 

variation in the volume of the failed zone at different xylite percentages agrees with the 

observations made by Si et al. (2015a), who identified the lowest P-wave velocities within 40 

m to 70 m ahead of the longwall face, suggesting a highly fractured zone in the coal seam. 

They also found that most microseismic activities occurred within 40 m of the active longwall 

face, which can be attributed to the increased volume of the failed coal zone.  

The influence of geomechanical properties of xylite on the volume of the failed zone (Figure 

5.13c-d) and associated gas emission rate (Figure 5.13e-f) was also observed by Si et al. (2018). 

They reported that the failure behaviour and the extent of the stress relief zone are sensitive to 

the geomechanical properties of coal. Cao et al. (2019b) also observed similar behaviour in 

their model while assessing the influence of heterogeneity on microseismic characteristics in 

retreating longwall coal mining. The gas emission rate dependence on face heterogeneity 

(Figure 5.13e-f) matches with the observations of An et al. (2013), Si et al. (2015a) and Cao et 

al. (2019b) who found that a strong xylite zone significantly suppresses gas emissions when 

the retreating longwall mining face approaches, followed by a rapid increase in gas emissions 

after the mining face has passed. The abrupt increase in gas emission rate for the change in the 

geomechanical properties of xylite was also observed by Likar (1995), who found that the gas 

desorption can be sudden and momentary, depending on the geomechanical conditions. Wold 

et al. (2008) also observed the sensitiveness of gas release to the strength of the coal. They 

argued that sensitivity to geomechanical properties could be because rockbursts and gas 

outbursts tend to occur in regions that have already yielded. The failure behaviour of strong 

coal and the corresponding stress redistribution may influence the strength reduction prior to 

rockbursts and gas outbursts. The change in the gas emission rate during retreating of a 

longwall face from a homogeneous zone to a heterogeneous zone with a varying abundance of 

xylite suggests strong sensitivity of gases to the spatial variation of permeability due to 

progressive fracturing of coal under changing stress conditions. 

The trend for the rate of total gas emission seen in this study explains the field observations 

made by Si et al. (2015a) (Figure 5.16). The abrupt increase in total gas emission in the field 

and the corresponding increase in microseismic energy can be attributed to the longwall face 
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passing from hard conditions to soft conditions. This might have resulted from the combined 

effect of the change in lithological heterogeneity, the geomechanical properties and the 

Langmuir parameters associated with the coal lithotypes as observed in Figure 5.13f and Figure 

5.15b.  

 
(a)       (b) 

Figure 5.16. Field monitoring analysis at Coal Mine Velenje (a) the rate of total gas emission, and (b) 

microseismic activities and gas flow rate (after Si et al., 2015a). 

This work extends the knowledge in gas outbursts and rockbursts analysis through lithological 

heterogeneity modelling by providing a realistic geological setting as compared to the over-

simplistic scenarios considered by many researchers previously. The observations made from 

the parametric analysis presented in this study matches well with the field analysis reported by 

Si et al. (2015a). Thus, the innovative approach adopted to realistically represent the complex 

geological settings present in coal seams can be used to model the complex lithological 

heterogeneity prevalent in coal mines and give realistic results.  

5.8. CONCLUSIONS 

An innovative object-based non-conditional simulation approach was adopted to realistically 

represent lithological heterogeneity in the coal seam at Coal Mine Velenje. The parametric 

analysis conducted in this study showed a strong influence of coal seam lithological 

heterogeneity on the front abutment stresses developed, the volume of the failed zone in the 

zone around the longwall face and gas emission rates. However, the effect of lithological 

heterogeneity and how this reflects on the pore pressure of gases in different parts of the coal 
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seam and therefore the emission rates was relatively less pronounced. Research carried out has 

explained and indicates that the field observed excessive gas emission events at Coal Mine 

Velenje is likely to be driven by the combined effects of changes in geomechanical properties 

and Langmuir parameters of the coal lithotypes dominating the heterogeneous zone present in 

the coal seam. The innovative approach presented in this chapter can be used to simulate 

complex field conditions in underground coal mines, which can be crucial in identifying 

situations that can lead to rockbursts and gas outbursts and improve safety.
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Chapter 6  
Rockburst and Gas Outburst Forecasting using a 

Probabilistic Risk Assessment Framework 

6.1. INTRODUCTION 

According to several multi-factor theories proposed and widely acknowledged by researchers 

due to their comprehensiveness, rockbursts and gas outbursts result from the combined effects 

of stress, gas pressure, and mechanical properties of coal (Wang and Xue, 2018; Cheng et al., 

2021). Rockbursts and gas outbursts present complex engineering phenomena having non-

linear dependence on several parameters. They are special hazards in terms of their suddenness, 

frequent occurrences, and high consequences (Liu et al., 2016; Zhou et al., 2016c; Agrawal et 

al., 2021). As per the most widely accepted energy hypothesis for rockbursts and gas outbursts 

occurrence, the strain energy combined with the gas expansion energy causes violent failure 

(Cao et al., 2019a; Dai et al., 2019; Tu et al., 2019; Lei et al., 2020; Cheng et al., 2021; Lei et 

al., 2021; Tu et al., 2021; Xue et al., 2021). Despite several years of research, the rockburst and 

gas outburst mechanisms remain very complex, making them difficult to precisely forecast 

(Zhou et al., 2020).  

Hazard forecasting can be classified into long-term and short term (Pu et al., 2019). Long-term 

forecasts are useful during the planning stage and early stages of development when limited 

data are available, to assess the feasibility of the project, make suitable design changes as well 

as guide future mining operations (Li et al., 2019). These methods include the development of 

empirical indices, traditional risk assessment approaches, and predictive models to ascertain 

the likelihood of hazards at the excavation sites. Short-term forecasting predicts the time, 

location, and intensity of damage as the mining progresses using continuous and reliable field 

monitoring data (Dou et al., 2014; Liu et al., 2016; Tang et al., 2016; Yin et al., 2016; Pu et al., 

2019). Short-term forecasting is data-intensive and needs continuously updated values to 

reliably monitor the dynamically changing mining conditions.  
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Empirical indices were mostly developed based on the analysis of coal/rock behaviour to 

different confinement, gas pressure, and stress conditions during loading/unloading in a 

laboratory environment. These indices have several limitations in terms of practical application 

in the field and cannot be used in complex and dynamically changing environments to 

realistically forecast hazard occurrences (Li et al., 2019). Different indices may have different 

critical values that depend on the mining conditions and vary from one mine to another. Similar 

observations were seen in Section 3.3 where different empirical indices suggested different 

bursting liabilities for the same rock sample. These indices may identify a working face to be 

safe but accidents have occurred at such safe faces, suggesting that they may provide a false 

sense of safety (Tang et al., 2016).  

Traditional risk assessment approaches include analytical hierarchical process, bowtie 

diagrams, cause-consequence analysis, decision analysis, event-tree analysis, fault-tree 

analysis, interval analysis, multi-risk analysis, etc. (Cosgrove and Hudson, 2016). These 

approaches are based on the analysis of event initiation and sequences leading to system failure 

and calculate the probability of different failure outcomes using logic gates. They are not 

suitable for dynamic systems, nor for those that have complex non-linear interdependencies 

among failure processes as they may need significant pre-processing and still may not represent 

a realistic scenario (Goldsim, 2017). They also suffer from a lack of response or feedback from 

the system, which can be detrimental in the case of rapidly evolving systems (Mattenberger et 

al., 2015; Goldsim, 2017). In addition, traditional risk assessment approaches do not provide 

an immediate actionable result (Mattenberger et al., 2015) and suffer from having statistically 

insufficient data (Maleki, 1995).  

The development of predictive coupled numerical models, realistically representing the 

rockburst and gas outburst occurrences in coal mining, provides statistically sufficient data 

overcoming the limitations of traditional risk assessment approaches. Researchers have 

proposed several forecasting indices based on numerical simulation analysis (Pan and Feng, 

2018). Using the energy analysis, Salamon (1984) proposed an energy release rate (𝐸𝑅𝑅). Mitri 

et al. (1999) used mining-induced strain energy density and energy storage index to calculate 

a burst potential index. Vieira and Durrheim (2002) advanced the concept of 𝐸𝑅𝑅 to put 

forward incremental energy release rate (𝐸𝑅𝑅𝑖) during mining. Beck and Brady (2002) and 
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Wiles (2006) proposed the concept of local energy release density (𝐿𝐸𝑅𝐷) to reflect total 

energy change during the pillar failure process. Wiles (2002) proposed the local energy release 

rate (𝐿𝐸𝑅𝑅) and Heal et al. (2006) proposed rockburst vulnerability index (𝑅𝑉𝐼) to forecast 

rockbursts occurrences.  

The numerical modelling-based indices should be used with caution as these were mostly 

developed for a site-specific scenario and do not incorporate the spatial variability and 

complexity occurring in rockbursts and gas outbursts. Furthermore, most of the indices were 

developed based on static simulation results and cannot reasonably reflect the dynamic process 

of actual events. The geological conditions, rock properties, and mining design vary in different 

parts of the world, so the threshold values for these indices should be suitably modified to suit 

the geological conditions of the mining area (Wang et al., 2021). Mitri et al. (1999) found that 

the 𝐸𝑅𝑅 values in Canadian mines were lower than that for South African mines experiencing 

rockburst problems. Most of these indices have ignored the heterogeneity occurring in 

geological formations or have over-simplified its incorporation using normal or Weibull 

distribution (Wang et al., 2017; Wang et al., 2019a).  

The time, location, intensity, and type of rock failure can be analysed by continuous monitoring 

of the high-frequency seismic waveform generated due to the sudden release of accumulated 

strain energy (Cook, 1976; Sato and Fujii, 1988; Archibald et al., 1990; Tang, 1997; Liu et al., 

2016). Several advanced methods like active seismic tomography (Cao et al., 2015; Cao et al., 

2016), electromagnetic radiation (Dou et al., 2014; Tang et al., 2016), and microseismic 

monitoring (Shepherd et al., 1981; Fujii et al., 1997; Flores, 1998; Kabiesz and Makówka, 

2009; Lu et al., 2013; Cai et al., 2014; Calleja and Porter, 2016; Li et al., 2016; Liu et al., 2016; 

Tang et al., 2016; Yin et al., 2016; Li et al., 2019; Cao et al., 2020b) are extensively used for 

rockburst and gas outburst monitoring. 

Several researchers have used these monitoring data to predict rockburst and gas outburst 

occurrences (Zhou et al., 2012; Zhang et al., 2013; Zhang et al., 2014; Mutke et al., 2015; Tang 

et al., 2016). Jia et al. (2015) combined acoustic emission, electromagnetic, and microseismic 

data to propose a multi-agent approach for rockbursts prediction. Li et al. (2016) integrated 

electromagnetic radiation and microseismic data to predict rockbursts. Si et al. (2015a) 

combined microseismic and seismic tomography monitoring to identify excessive gas 
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emissions occurring due to geological anomalies. These methods are characterised by their 

simple operation, low labour costs and rapid operation. However, they suffer from large 

prediction errors due to heterogeneity, the anti-interference performance of the signals and the 

precision of data identification (Tang et al., 2016; Pu et al., 2019). Short-term forecasting was 

kept out of the scope of the current research. 

Intelligent methods using machine learning approaches have been developed by researchers to 

establish evaluation systems of multiple indices (Zhou et al., 2011; Tang et al., 2016). Feng 

and Wang (1994) pioneered the application of artificial intelligence to assess rockbursts and 

established a pattern recognition system to evaluate rockbursts risk. Since then, artificial neural 

networks (ANN) have been widely used to predict rockbursts and gas outbursts in underground 

mining (Ruilin and Lowndes, 2010; Zhang et al., 2015b; Tang et al., 2016; Kislov and 

Gravirov, 2017; Pu et al., 2019; Dramsch, 2020; Zhao and Chen, 2020; Yin et al., 2021). Other 

methods include Bayesian networks (Li et al., 2017b), classification trees, cloud models (Liu 

et al., 2013), decision trees (Liang et al., 2020; Wang, 2021; Zhao et al., 2021), distance 

discriminant analysis (Zhou et al., 2016a), ensemble models (Yin et al., 2021), fisher 

discriminant analysis (Zhou et al., 2011), fuzzy models (Adoko et al., 2013), general regression 

neural networks (GRNN), k-nearest neighbour (KNN), logistic regression (Li et al., 2015b; Cai 

et al., 2018b; Pu et al., 2019), principal component analysis (PCA) (Cai et al., 2016), swarm 

optimisation (Pu et al., 2019), random forests (Dong et al., 2013; Zhou et al., 2016b; Liang et 

al., 2020), support vector machines (SVM) (Zhou et al., 2012), etc. A comprehensive list of 

these intelligent methods is available in Zhou et al. (2020). 

These intelligent methods establish models using existing data (training datasets) to analyse 

the weight ratio of several factors for their quantitative calculations. With the change in 

excavation areas having different mining conditions, the weight ratio of various factors used to 

forecast rockbursts and gas outbursts may change (testing datasets). The lack of original data 

to represent the changed mining conditions make determining the new weight ratios difficult. 

In the case of a lack of updated information, prediction using such algorithms and mathematical 

formulations may fail (Tang et al., 2016). Intelligent methods present difficulties in terms that 

they are time-consuming, difficult to interpret, computationally extensive, suffer from 



Chapter 6: Rockburst & gas outburst forecasting using a PRA framework  

114 

 

overfitting and lack of transparency. These models are highly dependent on the training dataset 

quality and their outputs may be mutative (Zhou et al., 2020). 

To overcome the limitations of earlier developed approaches, methods, and indices, this 

research developed coupled numerical models of an LTCC face by distributing different coal 

lithotypes using an object-based non-conditional simulation approach to respect the geological 

origin of heterogeneity occurring in the coal seam (as discussed in Chapter 5). The data 

representing the stochastic behaviour of abutment stress, the volume of total gas emission and 

incremental energy release rate were extracted from the coupled numerical model and fed into 

a probabilistic risk assessment framework to accommodate the uncertainty and variability 

occurring at each excavation step in the dynamically changing mining environment. This 

chapter describes a PRA framework developed in GoldSim that incorporates Monte Carlo 

simulation to forecast the occurrence of rockbursts and gas outbursts in a retreating LTCC 

mining panel representing conditions prevalent at Coal Mine Velenje.  

6.2. METHODOLOGY 

The energy hypothesis based on the strain energy, free gas energy, gas expansion energy, 

crushing energy and transportation energy was used to determine triggering conditions to 

forecast rockbursts and gas outbursts in the PRA framework.  

6.2.1. Strain energy 

The energy release rate (𝐸𝑅𝑅) proposed by Salamon (1984) has been used by several 

researchers to evaluate rockburst potential in deep underground mining (Zhang et al., 2017). 

Originally developed for hard rock mines, the index has been widely used in coal mining in the 

US (Sears and Heasley, 2009). Salamon (1984) noted a good correlation between 𝐸𝑅𝑅 and 

rockburst occurrences. 𝐸𝑅𝑅 can be calculated as (Vieira and Durrheim, 2002), 

𝐸𝑅𝑅 =
1

2
× 𝜎𝑧𝑧 × 𝑑𝑧     (6.1) 

where 𝐸𝑅𝑅 is the energy release rate (J/m3), 𝜎𝑧𝑧 is the vertical stress acting on the solid face 

before it is mined (MPa), and 𝑑𝑧 is the face convergence due to mining (mm). 

Vieira and Durrheim (2002) proposed a probabilistic methodology to calculate rockburst risk 

by applying a simple technique to remove multiple counts of 𝐸𝑅𝑅 at the same position by 
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introducing incremental 𝐸𝑅𝑅 (𝐸𝑅𝑅𝑖). 𝐸𝑅𝑅𝑖  is defined as the energy released between 

excavation step 𝑛 − 1 (𝐸𝑅𝑅𝑛−1) and excavation step 𝑛 (𝐸𝑅𝑅𝑛). It is given as,  

𝐸𝑅𝑅𝑖 = 𝐸𝑅𝑅𝑛 − 𝐸𝑅𝑅𝑛−1     (6.2) 

The 𝐸𝑅𝑅𝑖 index does not consider initial convergence and in situ energy that can be stored in 

the rock before extraction starts. Vieira and Durrheim (2002) considered rock to be elastic 

except at the mining face and simulated a hypothetical case. In the research presented in this 

chapter, a strain-softening model was used to represent coal failure, the model was equilibrated 

before excavation to account for in situ energy, and a retreating LTCC mining was modelled 

as practised at Coal Mine Velenje (as discussed in Chapter 5).  

6.2.2. Gas energy 

The gas expansion energy present in coal is related to the free gas and adiabatic expansion of 

gas desorbed from the coal structure. The volume of free gas present in the coal seam can be 

calculated as (Tu et al., 2019; Tu et al., 2021), 

𝑉𝑓𝑟𝑒𝑒 = 𝜑𝑉𝑚 (
𝑝𝑔

𝑃𝑎𝑡𝑚
)

1

𝛾
     (6.3) 

where 𝑉𝑓𝑟𝑒𝑒 is the volume of free gas present in the cracks and fractures (m3), 𝑉𝑚 (=

𝑙𝑏𝑙𝑜𝑐𝑘 ×𝑤𝑏𝑙𝑜𝑐𝑘 × ℎ𝑏𝑙𝑜𝑐𝑘) is the volume of coal (𝑙𝑏𝑙𝑜𝑐𝑘 is the length of the coal block, 𝑤𝑏𝑙𝑜𝑐𝑘 is 

the width of the coal block, ℎ𝑏𝑙𝑜𝑐𝑘 is the height of the coal block) (m3), 𝜑 is the coal porosity 

(%), 𝑝𝑔 is the gas pressure in the coal matrix (MPa), 𝑃𝑎𝑡𝑚 is the atmospheric pressure (MPa) 

and 𝛾 is the ratio of specific heats at constant pressure over constant volume for methane and 

carbon dioxide (𝛾 = 1.31). 

The volume of adsorbed gas can then be calculated as, 

𝑉𝑎 = 𝑉𝑚 − 𝑉𝑓𝑟𝑒𝑒     (6.4) 

where 𝑉𝑎 is the volume of gas adsorbed from the coal (m3). 

Free and adsorbed gas energy can be calculated as (Tu et al., 2019; Lei et al., 2020; Xue et al., 

2021; Tu et al., 2022), 
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𝑊𝑓𝑟𝑒𝑒 =
𝑃𝑎𝑡𝑚𝑉𝑓𝑟𝑒𝑒

𝑉𝑐(𝛾−1)
[(

𝑝𝑛

𝑃𝑎𝑡𝑚
)

𝛾−1

𝛾
− 1]    (6.5) 

𝑊𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 =
𝑃𝑎𝑡𝑚𝑉𝑎

𝑉𝑐(𝛾−1)
[(

𝑝𝑛

𝑃𝑎𝑡𝑚
)

𝛾−1

𝛾
− 1]    (6.6) 

𝑊𝑔𝑎𝑠 = 𝑊𝑓𝑟𝑒𝑒 +𝑊𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑    (6.7) 

where 𝑊𝑓𝑟𝑒𝑒 is the free gas energy (J/m3), 𝑊𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 is the adsorbed gas energy (J/m3), 𝑊𝑔𝑎𝑠 

is the total gas expansion energy (J/m3), 𝑉𝑎 is the total volume of gas adsorbed at 𝑛th excavation 

step (m3), 𝑉𝑐 is the volume of coal ejected (m3), and 𝑝𝑛 is the gas pressure in the coal seam at 

𝑛th excavation step (MPa). 

6.2.3. Crushing energy 

Several physical processes like abrasion, crack propagation, crushing, fracture, friction, and 

vibration require energy. The energy dissipation during coal crushing includes heat energy and 

sound energy losses (Lei et al., 2020). The major energy dissipation occurs in crushing the coal 

which is directly proportional to the new surface area of the pulverised coal (Dai et al., 2019; 

Cheng et al., 2021). Due to the presence of several cracks, fissures, and fractures in the coal 

before an outburst, it is difficult to identify an exact increase in the surface area. The crushing 

energy required can be calculated as (Cheng et al., 2021), 

𝑊𝑐 = 𝑠 × 𝑤 × 𝜌     (6.8) 

where 𝑊𝑐 is the crushing energy required per unit volume of coal (J/m3), 𝑠 is the new surface 

area (m2/g), 𝑤 is the specific energy of coal (J/m2), and 𝜌 is the density of coal (kg/m3).  

6.2.4. Transportation energy 

As a rockburst or gas outburst propagates, broken coal particles move from their original 

positions into the mine openings (Xue et al., 2021). Researchers proposed a horizontal 

projectile (Lei et al., 2020) or parabolic motion (Cao et al., 2019a) of the broken coal particles. 

Previous researchers suggested an ejection velocity in the range of 8-50 m/s for a violent failure 

to occur (Hosseini et al., 2015; Zhou et al., 2016c; Gale, 2018). Using the kinetic energy 
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equivalent, the minimum energy required for violent ejection of coal/rock into the mine 

workings can be calculated as,   

𝑊𝑘 = 𝑚𝑓𝑉𝑒𝑗
2 /2𝑉𝑐      (6.9) 

where 𝑊𝑘 is the transportation energy required for violent ejection (J/m3), 𝑚𝑓 (=𝑉𝑚 × 𝜌) is the 

mass of the coal/rock block being ejected (kg), and 𝑉𝑒𝑗 is the ejection velocity of the coal/rock 

mass (m/s). 

6.2.5. Conditions for rockbursts and gas outbursts 

Unconfined compressive strength, tensile strength and total energy stored per unit volume of 

coal/rock are good indicators to forecast rockbursts and gas outbursts (Nussbaumer, 2000). For 

rockbursts and gas outbursts to occur, several conditions need to be simultaneously satisfied, 

these are—strength conditions, energy conditions and rockburst/gas outburst tendency (Dou et 

al., 2018; Cai et al., 2019).  

(i) Strength conditions 

The essential strength condition implies that rockbursts may occur when the stress acting on 

the coal at 𝑛th excavation step exceeds the uniaxial compressive strength (𝜎𝑛 > 𝜎𝑐) such that 

the coal has failed (Wang and Park, 2001; Cai et al., 2016; Dou et al., 2018). Similarly, for gas 

outbursts to occur, the difference between the gas pressure at the exposed face to the 

atmospheric gas pressure should be more than the tensile strength of coal (𝑝𝑔 − 𝑃𝑎𝑡𝑚 > 𝜎𝑡) 

(Figure 2.3b) (Lei et al., 2021; Tu et al., 2021). 

(ii) Energy conditions  

The minimum energy accumulated in the coal seam should overcome the required crushing 

energy and additional energy losses to cause rock failure (Wen et al., 2016; Dou et al., 2018; 

Canbulat et al., 2019). The accumulated energy should be sufficiently higher than the required 

transportation energy to cause the violent ejection of broken coal particles (Cai et al., 2016; 

Fedotova et al., 2017; Canbulat et al., 2019).  
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(iii) Bursting tendency 

The ability of a coal/rock to store strain energy and release them instantaneously when a failure 

occurs is determined by the brittleness index of coal (𝜎𝑐/𝜎𝑡) (Peng et al., 1996; Xu et al., 2020). 

The energy accumulated in the coal due to retreat longwall mining at 𝑛th excavation step 

(𝐸𝑅𝑅𝑖) and free gas energy (𝑊𝑓𝑟𝑒𝑒) should be more than the minimum crushing energy (𝑊𝑐) 

and the transportation energy (𝑊𝑘) (Wen et al., 2016). Based on the energy hypothesis, 

different triggering criteria were proposed, 

i. Rockbursts 𝐸𝑅𝑅𝑖 −𝑊𝑐 −𝑊𝑘 > 0 (6.10) 

ii. Gas outbursts: 𝑊𝑓𝑟𝑒𝑒 −𝑊𝑐 > 0 (6.11) 

iii. Coal and gas outbursts: 𝐸𝑅𝑅𝑖 +𝑊𝑓𝑟𝑒𝑒 −𝑊𝑐 −𝑊𝑘 > 0 (6.12) 

If the above triggering criteria are not met, the energy stored is insufficient to eject the broken 

coal violently, then rockbursts and coal and gas outbursts are unlikely. For gas outbursts, the 

free gas energy should be more than the crushing energy required as adsorbed gas takes time 

to desorb from the coal surface to flow into the cracks. If the free gas energy does not overcome 

the crushing energy required, it inhibits rapid desorption, and thus gas outbursts may not occur. 

In such a scenario, if the strength conditions are met, it may lead to quasi-static coal failure and 

excessive gas emissions. 

6.3. MODELLING APPROACH 

In probabilistic risk assessment, any complex engineering system that can be described 

quantitatively using mathematical equations can be modelled (Mattenberger et al., 2015; Song 

and Yang, 2018). Fixed as well as stochastic parameters can be implemented in the framework 

to represent uncertainty. The Monte Carlo simulation approach is used to propagate the 

uncertainty in input throughout the system and the output (Mattenberger et al., 2015; Goldsim, 

2017; Song and Yang, 2018). Multiple triggering criteria can be defined and monitored to 

analyse the system’s response to the stochastic variations. PRA calculates the probability of 

the occurrence of unlikely but high consequence outcomes as the proportion of realisations 
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where the triggering criteria were met (Goldsim, 2017). The results obtained from PRA 

analysis are quantitative, reliable and provide a meaningful alternative to traditional risk 

assessment approaches (Song and Yang, 2018).  

  

Figure 6.1. A schematic PRA framework showing different parametric calculations and triggering 

criteria to forecast rockbursts, gas outbursts and coal and gas outbursts in retreating LTCC 

mining, where 𝑙𝑏𝑙𝑜𝑐𝑘  is the length of the coal block, 𝑤𝑏𝑙𝑜𝑐𝑘 is the width of the coal block, 

ℎ𝑏𝑙𝑜𝑐𝑘 is the height of the coal block, 𝜑 is the coal porosity, 𝑐 is the cohesion, 𝜙 is the 

angle of internal friction, 𝜌 is the density, 𝑠 is the new surface area, 𝑤 is the specific 
energy of coal, 𝑃𝑖 is the initial pressure, 𝑃𝑎𝑡𝑚 is the atmospheric pressure, 𝛾 is the 
adiabatic constant, 𝑉𝑒𝑗 is the ejection velocity of the coal/rock mass, 𝜎𝑛 is the vertical 

stress and 𝑝𝑛 is the pore pressure in the coal seam at 𝑛th excavation step, 𝑉𝑔𝑎𝑠 is the volume 

of gas in coal, 𝐸𝑅𝑅𝑖 is the incremental energy release rate, 𝑉𝑚 is the volume of coal, 𝜎𝑐 is 

the uniaxial compressive strength, 𝑊𝑐 is the crushing energy required per unit volume of 

coal,  𝑉𝑓𝑟𝑒𝑒 is the volume of free gas present in the cracks and fractures, 𝑚𝑓 is the mass of 

the coal/rock block being ejected, 𝑉𝑎 is the volume of gas adsorbed from the coal, 𝑊𝑓𝑟𝑒𝑒 

is the free gas energy, 𝑊𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 is the adsorbed gas energy, 𝑝𝑔 is the gas pressure in the 

coal  matrix, 𝜎𝑡 is the tensile strength, and 𝑊𝑘 is the transportation energy required for 

violent ejection.   

In this research, a PRA framework was developed to estimate the probability of rockbursts and 

gas outbursts in retreating LTCC mining (Figure 6.1). To incorporate the dynamic changes and 

system feedback during mining, the vertical stress acting on coal, incremental energy release 

rate, and total volume of gas emission at the face for each excavation step were fed into the 

model as stochastic variables. Fixed and stochastic parameter values were used to estimate 

several secondary parameters that were needed to calculate energy and stress states using 
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Equations (6.1)-(6.9). Several triggering criteria that control the occurrence of rockbursts and 

gas outbursts (Equations (6.10)-(6.12)) were assigned in the framework. The probability of a 

rockburst occurrence was calculated without taking gas expansion energy contribution into 

account (Equation (6.10)). The probability of a gas outburst occurrence was calculated without 

considering the strain energy contribution (Equation (6.11)) and the probability of coal and gas 

outbursts occurrence was calculated using both strain energy and gas expansion energy 

contributions (Equation (6.12)). It was considered risk-free when none of the triggering criteria 

was true. 

 

Figure 6.2. Probabilistic risk assessment framework modelled in GoldSim. 

The PRA framework was modelled in GoldSim, a dynamic and probabilistic risk assessment 

software, by linking influences and non-linear dependencies to represent the complex 

engineering system (Figure 6.2). Depending on the nature of input values (fixed or stochastic), 

suitable data elements were selected, and distributions were assigned. Expression elements 

were used to graphically link relevant data elements, represent their interdependencies, and 

calculate values. The influences and dependencies were verified in the model, as incorrect 

dependencies may result in inappropriate system responses which can be difficult to debug in 

complex systems, increase computational times and give erroneous results (Mattenberger et 
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al., 2015). Status elements were used to define several triggering criteria. The influences 

between different elements were represented using black arrows while conditions were 

represented using green arrows. Monte Carlo simulations using Latin Hypercube sampling was 

used to generate independent and equally likely realisations of the model uniformly spanning 

the values of stochastic parameters to represent uncertainty. The model was then simulated 

through time at appropriate timesteps to monitor the future state of the model. Result elements 

were used to monitor the probability. 

The coupled geomechanical and gas flow model developed in Chapter 5 was used to provide 

system feedback by generating statistically sufficient data to represent dynamically changing 

mining conditions in an LTCC face at Coal Mine Velenje. Fixed parameters taken from the 

coupled models are 𝐿 =5 m, 𝑊 =5 m, 𝐻 =3 m, 𝑃𝑚 =0.7 MPa, 𝑃𝑜 =0.085 MPa, and 𝜌 =2,360 

kg/m3. The crushing energy of coal was calculated using values 𝑠 = 0.015 m2/g and 𝑤 = 10 

J/m2 taken from the literature (Cheng et al., 2021). The velocity of ejection was implemented 

as a stochastic parameter having a Poisson distribution with a mean value of 10 m/s.  

Several researchers have confirmed, based on the field monitoring data, that most microseismic 

activities were observed within 100 m ahead of the longwall face (e.g., Cao et al. (2020b)). 

Therefore, the vertical stress acting on the coal, the displacement of the roof due to mining, 

pore pressure, and the incremental energy release rate were calculated within 100 m ahead of 

the active longwall face. Histogram of the vertical stress, pore pressure and strain energy were 

plotted, and a suitable distribution was fitted to calculate the stochastic variation in these 

parameters as the mining retreats. The volume of total gas emission was calculated for each 

excavation step and fed into the model as stochastic parameters with the Poisson distribution. 

The values of these parameters vary at each excavation step and are also sensitive to the change 

in values of geomechanical and reservoir properties. These uncertainties were fed into the 

GoldSim model as stochastic parameters. To realistically incorporate the uncertainty in the 

stochastic parameters throughout the model and in the output, the model was simulated through 

time at a timestep of 1 day for 100 days using Monte Carlo simulation and the entire model 

was run for 100,000 independent and equally likely realisations. 
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6.4. RESULTS 

6.4.1. Change in xylite distribution 

Three different distributions were considered to represent 30 %, 60 % and 90 % xylite content 

in the heterogeneous zone. Vertical stress acting ahead of the longwall face (within 100 m) 

roughly followed a normal distribution with a mean value of 9.45 ± 0.5 MPa (Figure 6.3a). 

The pore pressure acting ahead of the longwall face does not show any appreciable change due 

to mining and mostly has a value of ~0.86 MPa, thus a fixed value was selected, and it was not 

stochastically varied in the model (Figure 6.3b). The variation in 𝐸𝑅𝑅𝑖 is large and roughly 

follows a log-normal distribution.  

 
(a)       (b) 

 
(c)       (d) 

Figure 6.3. Plots for the change in xylite percentage (a) normal distribution of vertical stress acting 

within 100 m ahead of the longwall face, (b) pore pressure variation acting within 100 m 

ahead of the longwall face, (c) log-normal distribution of 𝐸𝑅𝑅𝑖 for a representative 

excavation step and (d) variation in the total gas emissions at the longwall face normalised 

by the volume of coal extraction (per m3) at different excavation steps. 
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Figure 6.3c shows a representative plot of the 𝐸𝑅𝑅𝑖 distribution for the change in xylite 

percentage. The volume of total gas emissions at the active longwall face keeps changing at 

every excavation step depending on the face heterogeneity (Figure 6.3d).  

Table 6.1. Stochastic input for the change in the energy release rate (log scale) and gas emission due 

to variation in xylite percentage. 

Xylite 30 %  60 %  90 %  

step µ σ Gas µ σ Gas µ σ Gas 

1 0.30 0.17 206.28 0.30 0.17 206.28 0.30 0.17 206.28 

2 1.00 0.98 2479.59 1.00 0.98 2468.83 1.00 0.98 2485.69 

3 2.00 0.60 1631.07 2.00 0.60 1643.82 2.00 0.60 1633.05 

4 2.20 0.55 1062.64 2.20 0.55 1085.26 2.20 0.55 1087.06 

5 2.20 0.55 941.73 2.20 0.58 1053.02 2.20 0.55 934.05 

6 2.20 0.60 1017.20 2.20 0.60 1133.09 2.20 0.60 961.90 

7 2.20 0.60 1089.26 2.25 0.60 1119.62 2.25 0.60 922.04 

8 2.50 0.45 986.94 2.50 0.55 960.56 2.50 0.53 889.81 

9 2.50 0.45 961.07 2.50 0.68 824.27 2.55 0.53 800.69 

10 2.50 0.45 929.59 2.50 0.58 792.22 2.50 0.40 768.46 

11 2.70 0.28 967.84 2.70 0.26 820.22 2.25 0.54 688.23 

12 2.65 0.24 976.91 2.65 0.40 731.24 2.65 0.25 625.60 

13 1.60 0.50 999.24 2.65 0.23 613.46 2.65 0.25 537.89 

14 2.20 0.60 929.25 2.00 0.58 579.97 1.85 0.85 383.67 

15 2.70 0.22 851.78 2.65 0.23 377.97 2.25 0.70 285.83 

16 2.10 0.45 830.29 2.65 0.23 554.33 1.85 0.60 427.07 

17 2.00 0.60 766.99 2.35 0.60 567.10 1.85 0.60 450.27 

18 2.80 0.21 712.75 2.70 0.25 688.71 1.85 0.70 584.48 

19 1.75 0.70 838.90 1.95 0.55 866.97 2.75 0.21 747.32 

20 2.70 0.44 978.61 2.45 0.50 874.39 2.05 0.60 870.49 

21 2.80 0.28 1010.08 2.05 0.60 858.76 2.25 0.65 889.94 

22 2.40 0.45 940.52 2.75 0.20 893.90 2.70 0.40 824.13 

23 2.00 0.60 965.70 1.65 0.60 926.14 2.25 0.50 849.14 

24 2.10 0.65 997.91 1.85 0.60 879.03 2.15 0.60 788.92 

25 2.40 0.72 961.95 2.35 0.75 871.24 2.25 0.59 798.64 

26 2.60 0.45 949.32 2.45 0.45 875.60 2.80 0.21 815.99 

27 1.60 0.60 918.08 2.00 0.55 922.41 1.45 0.60 836.61 

28 2.10 0.65 923.90 2.05 0.62 866.44 1.70 0.60 768.65 

29 2.30 0.62 923.11 2.25 0.50 921.38 2.45 0.48 795.16 

30 2.30 0.48 877.34 2.75 0.30 788.02 2.75 0.23 733.82 
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The mean and standard deviation of 𝐸𝑅𝑅𝑖 and the volume of total gas emission at each 

excavation step for xylite percentage is listed in Table 6.1. These values were used as input to 

the models to calculate the probability of rockbursts, gas outbursts and coal and gas outbursts. 

Figure 6.4a shows the probability of rockburst occurrence at different excavation steps for the 

change in xylite percentages. The variation in the probability is pronounced in the 

heterogeneous zone. For 30 % xylite distribution, the heterogeneous zone has fewer xylite 

blocks and thus the influence of heterogeneity is less pronounced with rockburst probability 

peaking at the 25th excavation step only which corresponds to the situation when mining has 

retreated past the hard conditions and the face heterogeneity decreased to a very low value. 

 
(a)     (b) 

Figure 6.4. The probability of (a) rockbursts and (b) coal and gas outbursts at different xylite 

percentages. 

For 60 % xylite distribution, the number of xylite blocks in the heterogeneous zone is more and 

affects the stress and gas accumulation. As the mining retreats through the heterogeneous zone, 

the probability of rockbursts peak can be seen at the 10th excavation step which corresponds to 

the sudden increase in face heterogeneity (Figure 5.11) and at the 25th excavation step, when 

the mining retreats past the heterogeneous zone. For 90 % xylite distribution, a single peak is 

seen around the 15th excavation step that corresponds to maximum face heterogeneity (Figure 

5.11). 

Similarly, the probability of coal and gas outburst occurrence due to the change in the xylite 

percentage follows a similar trend as that for rockbursts (Figure 6.4b). However, the probability 

of occurrence is relatively less than that for rockbursts. This can be attributed to the fact that 
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only realisations where 𝐸𝑅𝑅𝑖 and free gas energy are more than the crushing energy was 

considered. For 30 % xylite distribution, the probability is very low with a single peak at the 

25th excavation step, as mining retreats past the hard conditions and face heterogeneity drops. 

For 60 % and 90 % xylite distribution, a similar trend was observed as for rockbursts, which is 

dependent on the face heterogeneity. The low probability can be related to the fact that the pore 

pressure (~0.86 MPa) developed in the coal seam was not sufficient to overcome the tensile 

strength of coal (0.92 MPa) and thus tensile failure was not observed in the model.  

The probability of gas outbursts is nil in all excavation steps, which can be attributed to the fact 

that the gas content in the coal seam is not very high, thus the crushing energy required for gas 

outbursts is not met. The probability of occurrence of rockbursts and coal and gas outbursts 

hazard are very low (in the order of 10-3). It can be suggested that it is mostly safe to continue 

retreat mining, but the operators should be more vigilant when the face heterogeneity vary 

significantly. In terms of relative probability, 60 % xylite distribution is more hazardous. 

6.4.2. The effect of geomechanical properties of xylite 

Further analyses were conducted by increasing the stiffness of xylite. The cohesion, angle of 

internal friction, tensile strength, residual cohesion, and residual tensile strength of xylite 

blocks were increased. This resulted in an increase in the UCS of xylite from 11.26 MPa for 

the base case to 16.32 MPa for Case 1 and 24.13 MPa for Case 2. Vertical stress acting ahead 

of the longwall face (within 100 m) roughly followed a normal distribution with a mean value 

of 9.45 ± 0.5 MPa for both 30 % and 60 % xylite distributions (Figure 6.5a-b). A small peak 

is found around 15 MPa that corresponds to the maximum stress abutment acting at the active 

face, which increases in magnitude when the stiffness of xylite is increased. The effect is more 

pronounced for 60 % xylite distribution (Case 2).  

The pore pressure acting ahead of the longwall face does not show any appreciable change due 

to mining and mostly has a value of ~0.86 MPa (Figure 6.5c-d). The variation in 𝐸𝑅𝑅𝑖 follows 

a log-normal distribution. A representative plot of the 𝐸𝑅𝑅𝑖 distribution for 30 % xylite 

distribution is shown in Figure 6.5e and for 60 % xylite distribution is shown in Figure 6.5f. 

The mean and standard deviation of 𝐸𝑅𝑅𝑖 and the volume of total gas emission at each 

excavation step for the change in geomechanical properties of xylite are listed in Table 6.2. 
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These values were used as an input to the models to calculate the probability of rockbursts, gas 

outbursts and coal and gas outbursts. 

 
(a) 30% xylite    (b) 60% xylite 

 
(c) 30% xylite       (d) 60% xylite 

 
(e) 30% xylite    (f) 60% xylite 

Figure 6.5. Variation in the (a) vertical stress for 30 % xylite distribution, (b) vertical stress for 60 % 

xylite distribution, (c) pore pressure for 30 % xylite distribution, (d) pore pressure for 60 

% xylite distribution, (e) energy release rate at a representative excavation step for 30 % 

xylite distribution, and (f) energy release rate at a representative excavation step for 60 % 

xylite distribution. 
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Table 6.2. Stochastic input for the change in the energy release rate (log scale) and gas emission due 

to variation in geomechanical properties. 

Case   1   2  

Xylite 30 %  60 %  30 %  60 %  

Ex. step µ σ Gas µ σ Gas µ σ Gas µ σ Gas 

1 0.30 0.17 206.28 0.30 0.17 206.28 0.30 0.17 206.28 0.30 0.17 206.28 

2 1.00 0.98 2479.59 1.00 0.98 2468.83 1.00 0.98 2479.59 1.00 0.98 2468.83 

3 2.00 0.60 1644.21 2.20 0.58 1646.45 2.00 0.60 1642.30 2.20 0.58 1646.45 

4 2.20 0.51 1064.84 2.20 0.50 1081.37 2.20 0.50 1107.77 2.20 0.70 1092.97 

5 2.20 0.58 923.12 2.20 0.58 1069.96 2.20 0.55 949.18 2.20 0.55 1069.41 

6 2.20 0.60 980.16 2.20 0.56 1137.82 2.20 0.68 921.27 2.20 0.58 1151.16 

7 2.25 0.58 1039.60 2.25 0.62 1107.44 2.25 0.62 1081.86 2.25 0.58 1197.63 

8 2.45 0.50 975.99 2.50 0.48 925.71 2.45 0.52 1061.33 2.50 0.50 983.32 

9 2.45 0.52 903.03 2.50 0.53 802.79 2.45 0.51 891.62 2.55 0.50 898.00 

10 2.25 0.55 864.82 2.50 0.42 770.87 2.00 0.65 848.21 2.50 0.48 729.90 

11 2.60 0.30 864.01 2.70 0.28 763.77 2.60 0.32 827.66 1.85 0.75 764.75 

12 2.70 0.22 960.63 2.50 0.30 628.85 2.70 0.26 947.91 2.00 0.75 659.93 

13 1.50 0.60 951.29 2.70 0.24 620.53 2.65 0.23 1041.41 2.20 0.40 568.18 

14 2.00 0.63 898.68 2.40 0.55 452.33 2.25 0.56 921.48 2.65 0.28 567.63 

15 2.70 0.25 824.53 1.60 0.55 253.17 2.75 0.23 888.32 2.70 0.28 211.73 

16 2.35 0.40 659.88 2.15 0.65 290.78 2.20 0.50 763.06 1.95 0.65 144.54 

17 2.75 0.19 655.20 1.75 0.64 397.02 2.70 0.27 677.82 2.10 0.62 133.02 

18 1.50 0.48 665.10 1.60 0.65 582.31 1.55 0.45 639.52 2.30 0.43 464.81 

19 2.45 0.53 728.31 2.25 0.50 810.24 2.25 0.65 610.08 2.65 0.23 705.43 

20 2.20 0.50 936.01 2.10 0.55 829.91 2.20 0.48 920.11 1.65 0.52 1119.78 

21 2.75 0.24 1072.14 2.75 0.33 894.39 2.75 0.20 1199.19 2.65 0.22 717.71 

22 2.05 0.48 944.28 2.50 0.45 884.26 1.85 0.50 978.89 1.50 0.65 931.40 

23 2.75 0.20 952.80 2.75 0.22 843.17 1.70 0.40 911.74 1.85 0.59 925.15 

24 2.05 0.60 973.74 2.75 0.25 851.98 2.15 0.60 936.85 2.15 0.60 780.40 

25 2.25 0.70 934.91 2.75 0.23 875.02 2.25 0.80 969.44 2.50 0.74 833.32 

26 2.50 0.42 911.12 1.90 0.54 851.00 2.60 0.40 947.79 1.15 0.72 887.28 

27 1.70 0.53 882.59 1.30 0.54 796.92 2.20 0.50 853.66 1.50 0.60 899.15 

28 2.50 0.50 883.56 1.90 0.62 818.22 2.50 0.55 865.15 1.85 0.58 761.91 

29 2.75 0.22 861.74 2.30 0.45 872.99 2.70 0.30 899.95 1.80 0.60 934.23 

30 2.00 0.45 816.00 2.65 0.36 800.56 2.05 0.45 829.01 1.95 0.60 799.06 

Figure 6.6 shows the probability for rockbursts and coal and gas outbursts with the change in 

geomechanical properties of xylite. It can be seen that for 30 % xylite distribution (Figure 6.6a-

b), the probability of the occurrence of rockbursts and coal and gas outbursts are very low at 

all excavation steps except for the 25th step which corresponds to the soft mining conditions 
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when the longwall face has retreated past the zone of high face heterogeneity. It can also be 

seen that for very stiff xylite (Case 2), the probability is higher for both rockbursts and coal 

and gas outbursts as compared to that for Case 1 and the base case. Similarly, for 60 % xylite 

distributions (Figure 6.6c-d), the probability of rockbursts and coal and gas outbursts peaks at 

the 25th excavation step with stiff xylite (Case 2) having the maximum probability.  

 
(a)     (b)  

 
(c)      (d)  

Figure 6.6. Probability for (a) rockbursts, (b) coal and gas outbursts for 30 % xylite distribution, (c) 

rockbursts and (d) coal and gas outbursts for 60 % xylite distribution with the change in 

geomechanical properties of xylite. 

The probability for rockbursts and coal and gas outbursts increase as the stiffness of xylite is 

increased. The small fluctuations observed in the heterogeneous zone confirms the dependence 

of rockbursts and coal and gas outbursts on face heterogeneity. The probability is relatively 

higher for the 60 % xylite scenario, however, the value is in the order of 10-3, suggesting it is 

mostly safe to continue mining in the representative scenarios.  
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6.4.3. The effect of reservoir properties of detrite 

The influence of the change in gas content of detrite on the probability of rockbursts and coal 

and gas outbursts were also analysed by assigning different Langmuir parameters for detrite. 

As discussed in Chapter 5, two new Langmuir isotherms were constructed with higher CO2 

sorption/desorption rates for detrite (Table 5.4 and Figure 5.14). The Langmuir pressure was 

decreased from the base case (CH4/CO2- 7.5/4.7) to Case 1 (CH4/CO2- 3.8/2.0) to Case 2 

(CH4/CO2- 2.5/1.2). The Langmuir volume was reduced slightly from the base case for 

methane but not reduced for carbon dioxide. The values read as the base case (CH4/CO2- 

25/50), Case 1 (CH4/CO2- 15/50), and Case 2 (CH4/CO2- 15/50) representing higher desorption 

rates.  

 
(a) 30% xylite   (b) 60% xylite 

 
(c) 30% xylite    (d) 60% xylite 

Figure 6.7. Variation in the pore pressure for (a) 30 % xylite distribution, (b) 60 % xylite distribution 

and energy release rate at a representative excavation step for (c) 30 % xylite distribution, 

and (d) 60 % xylite distribution for the change in Langmuir parameters. 
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Table 6.3. Stochastic input for the change in the energy release rate (log scale) and gas emission due 

to variation in Langmuir properties.  

Case   1   2  

Xylite 30 %  60 %  30 %  60 %  

step µ σ Gas µ σ Gas µ σ Gas µ σ Gas 

1 0.30 0.17 357.09 0.30 0.17 357.15 0.30 0.17 478.40 0.30 0.17 478.42 

2 1.00 0.98 2949.28 1.00 0.98 2962.49 1.00 0.98 3138.05 1.00 0.98 3122.69 

3 2.00 0.58 2205.16 2.20 0.58 2172.44 2.00 0.58 2545.21 2.20 0.58 2490.19 

4 2.10 0.50 1561.38 2.20 0.60 1552.49 2.10 0.50 1776.49 2.20 0.60 1772.63 

5 2.20 0.54 1299.90 2.20 0.54 1449.84 2.20 0.55 1444.53 2.20 0.55 1610.66 

6 2.20 0.65 1195.11 2.20 0.65 1483.99 2.20 0.61 1368.17 2.20 0.61 1682.85 

7 2.50 0.50 1350.41 2.50 0.60 1500.75 2.50 0.55 1411.95 2.50 0.65 1691.86 

8 2.50 0.48 1354.52 2.50 0.52 1297.18 2.50 0.50 1500.77 2.50 0.54 1455.15 

9 2.45 0.51 1130.48 2.45 0.50 1141.85 2.25 0.55 1167.69 2.55 0.57 1297.16 

10 2.35 0.60 1109.22 2.25 0.60 924.58 2.50 0.35 1211.39 2.25 0.75 968.99 

11 2.40 0.40 1021.06 2.20 0.70 953.54 2.60 0.30 1178.39 2.50 0.46 1057.79 

12 2.70 0.24 1155.77 2.60 0.43 853.00 2.70 0.24 1319.92 2.65 0.40 988.93 

13 2.70 0.35 1472.66 2.50 0.28 718.74 2.70 0.25 1511.97 2.50 0.30 789.89 

14 2.20 0.56 1179.11 2.50 0.32 678.96 2.50 0.45 1323.21 2.55 0.40 766.64 

15 2.65 0.20 1110.09 2.65 0.24 265.75 2.65 0.21 1241.41 2.65 0.26 306.27 

16 2.35 0.40 947.36 2.25 0.60 170.75 2.10 0.40 1052.19 2.25 0.58 171.38 

17 2.70 0.21 918.05 1.85 0.60 163.31 2.70 0.32 950.45 1.90 0.58 169.21 

18 1.50 0.85 816.78 1.95 0.50 582.60 1.35 0.55 908.61 1.70 0.60 595.98 

19 2.25 0.66 762.34 1.85 0.50 877.15 2.05 0.68 920.63 2.35 0.40 969.29 

20 2.05 0.65 1151.42 1.30 0.53 1422.64 2.25 0.60 1223.44 1.35 0.55 1558.61 

21 2.75 0.19 1551.23 2.60 0.24 936.58 2.75 0.20 1670.80 2.65 0.36 1033.78 

22 1.75 0.55 1220.28 2.15 0.45 1196.60 2.05 0.45 1375.46 2.25 0.42 1400.91 

23 2.00 0.60 1173.79 1.70 0.60 1167.77 2.00 0.50 1285.64 2.05 0.59 1263.52 

24 2.25 0.60 1194.53 2.05 0.60 1035.53 1.95 0.62 1322.14 1.85 0.62 1135.73 

25 2.00 0.55 1290.20 2.70 0.25 1074.48 2.20 0.65 1373.10 2.75 0.35 1187.37 

26 2.65 0.40 1202.15 2.75 0.24 1132.53 2.75 0.25 1357.89 2.75 0.21 1240.44 

27 2.20 0.55 1125.81 1.60 0.65 1116.20 2.25 0.50 1224.56 1.45 0.60 1247.46 

28 2.35 0.65 1089.67 1.75 0.50 995.23 2.25 0.65 1194.98 1.95 0.50 1074.25 

29 2.50 0.40 1135.65 1.50 0.60 1175.81 2.30 0.70 1256.79 1.55 0.60 1285.31 

30 1.50 0.50 1050.33 1.80 0.55 1057.29 2.30 0.40 1156.25 1.90 0.55 1195.50 

The geomechanical properties were not changed, thus, the stress distribution obtained for this 

case remains the same at 9.45 ± 0.5 MPa for both 30 % and 60 % xylite distributions (Figure 

6.5a-b). The pore pressure acting ahead of the longwall face showed some change due to the 

change in Langmuir parameters. A slight increase in pore pressure can be seen but it mostly 
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has a value around ~0.86 MPa (Figure 6.7a-b). A representative plot of the 𝐸𝑅𝑅𝑖 showing log-

normal distribution for 30 % xylite is shown in Figure 6.7c and for 60 % xylite distribution is 

shown in Figure 6.7d. The mean and standard deviation of 𝐸𝑅𝑅𝑖 and the volume of total gas 

emission at each excavation step for the change in Langmuir properties are listed in Table 6.3. 

These values were used as an input to the models to calculate the probability of rockbursts, gas 

outbursts and coal and gas outbursts. 

 
(a)       (b) 

 
(c)      (d) 

Figure 6.8. Probability for (a) rockbursts, (b) coal and gas outbursts for 30% xylite distribution, (c) 

rockbursts and (d) coal and gas outbursts for 60% xylite distribution with the change in 

Langmuir parameters. 

Figure 6.8 shows the probability for rockbursts and coal and gas outbursts with the change in 

Langmuir properties at different xylite percentages. The probability of rockbursts and coal and 

gas outbursts are very low for 30 % xylite distributions (Figure 6.8a-b). The change in 

Langmuir properties does not affect the probability of rockbursts and gas outbursts for a very 

stiff xylite. For the 60 % xylite distribution (Figure 6.8c-d), the probability of rockbursts and 
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coal and gas outbursts shows some variation. It peaks just after entering the heterogeneous zone 

as the face heterogeneity starts to increase. For the hard conditions (when face heterogeneity is 

high), the probability remains low mostly because the change in Langmuir properties does not 

have a significant effect and the gas emission rate is low.   

The research described in this Chapter suggests that, in retreating longwall mining, the 

probability of rockbursts is generally higher as compared to the probability of coal and gas 

outbursts. This can mostly be attributed to the low pore pressure developed in the coal seam, 

which is less than the tensile strength of coal, thus, tensile failure is restricted in most cases. 

However, high-stress abutment acting ahead of the longwall face does not rule out the chance 

of excessive gas emission at the longwall face. The triggering criteria considered in the PRA 

model suggests that the longwall mining is safe to conduct, however, this needs to be tested in 

the field by correlating it with other field monitoring data. The PRA model can be further 

improved to provide short-term/real-time analysis of the probability of rockbursts, gas 

outbursts and coal and gas outbursts by incorporating the field monitoring data into the model.  

6.5. CONCLUSIONS 

This chapter presented a new probabilistic risk assessment methodology to realistically assess 

the complex rockbursts and gas outbursts occurrences using stress conditions, energy 

conditions and the bursting tendency of coal. The limitations of earlier developed approaches 

were overcome by accommodating feedback from a coupled geomechanics and gas flow model 

and implementing uncertainty in the mining parameters. The PRA model developed is easy to 

adapt to other underground mining scenarios and offers the flexibility to modify the triggering 

criteria to suit the mining conditions. The results obtained from the PRA model are 

representative of the actual field observations which give the confidence for it to be used as a 

versatile tool to forecast the probability of hazards in underground mining by suitably 

incorporating the mining conditions.  

The observations made from the work described in this Chapter suggest that the vertical stress 

acting ahead of the longwall face roughly follows a normal distribution (µ = 9.45 MPa, σ = 

0.5), but a small distribution is also found around 14 MPa (Figure 6.3a) which represents the 

abutment stress acting ahead of the coal face. Since the abutment stress decreases exponentially 
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as the distance inside the coal seam increases, the number of blocks affected by high levels of 

stress are very small.  

The total volume of gas emission is highly sensitive to face heterogeneity. The emitted gas 

includes free gas as well as adsorbed gas. The volume of free gas is significantly low as 

compared to the volume of adsorbed gas per unit volume of coal extraction calculated using 

Equations (6.5) - (6.6). The free gas energy was calculated to be between 2 - 4 % of the 

adsorbed gas energy. This matches the observations of Cheng et al. (2021), who also found 

adsorbed gas energy to be the main reason behind gas outbursts and concluded that gas 

desorption energy is the major contributor to gas expansion energy. As the free gas energy was 

found to be less than the crushing energy (0.354 MJ/m3), the probability of gas outburst 

occurrence is unlikely. In the case of coal and gas outbursts, 𝐸𝑅𝑅𝑖 may combine with the free 

gas energy to cumulatively exceed the crushing energy and thus a low probability for coal and 

gas outbursts was observed, which suggests the model is reliable.  

It is also evident from the analysis that since a large volume of adsorbed gas is present and in 

most situations the strength criteria were met, excessive gas emissions are highly likely. This 

observation made from the PRA model supports the field conditions reported by Si et al. 

(2015a), who found that excessive gas emissions are a regular phenomenon at Coal Mine 

Velenje. They also observed that every year at least one excessive gas emission event occurs 

in the mine leading to a loss of 5 days of production. To mitigate the risk of high gas emissions, 

the ventilation network is strained to provide a high rate of ventilation at the production face 

which is energy intensive. Using the PRA model in the mine will help forecast the probability 

of risk in excavation areas where rockbursts, coal and gas outbursts or excessive gas emissions 

may occur, giving mine management ample time to make suitable operational changes to 

ensure safe mining conditions.  

The probability of risk suggested by the model is reliable and can accommodate the changes in 

different geomechanical and reservoir properties. This PRA model is generic and can be used 

to evaluate rockbursts and gas outbursts in different coal mining environments by suitably 

selecting the input parameters, stochastic variable distributions and triggering criteria 

overcoming the limitations of empirical indices. Moreover, since the PRA model is based on 

basic mathematical equations and the input parameters can be fed from the data available in 
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the mines, any mining staff without the knowledge of numerical modelling or risk assessment 

can forecast the probability of rockbursts and coal and gas outbursts in the mine and plan 

suitable corrective actions to mitigate such occurrences and ensure a safe mining environment. 

This overcomes the limitations of numerical modelling-based indices which were unable to 

accommodate uncertainties and randomness occurring in mines. 

The PRA model presented in this research can be further developed to provide real-time 

analysis of the probability of rockbursts and coal and gas outbursts in mines and have a great 

potential to improve the safety in underground mining.  
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Chapter 7  
Stress and Gas Pressure Control Mining Methods 

used as Preventive Measures 

7.1. INTRODUCTION 

Rockbursts and gas outbursts have been a major hazard prevalent in deep mines mostly due to 

the high in situ stress state and high gas pressure conditions. Several preventive control 

measures, listed in Section 2.6, have been practised in coal mines to destress areas of high stress 

concentration, which may also reduce the gas pressure in coal seams. One of the most widely 

used stress-control mining methods is the use of sacrificial roadways (Mark, 1990). Sacrificial 

roadways use yield pillars, suitably designed to sustain the development stress but yield 

gradually when the mining-induced stresses act on them. On the other hand, protective seam 

mining is a commonly used gas pressure control method to degasify a protected seam by 

extracting an overlying (and sometimes but rarely an underlying) protective seam in advance, 

in multi-seam mining conditions (Cheng et al., 2021).   

Yield pillars have been used for a long time as a successful means to address the ground control 

problems in longwall mining (Campoli et al., 1987). Maleki et al. (1987) and Maleki (1995) 

used in situ and mining-induced stress, panel geometry and roof rock properties to design a 

safe mining layout in burst prone seams. Coal pillars are used for a number of different 

purposes around longwall panels, such as those referred to as abutment pillars, barrier pillars, 

control pillars, protective pillars, rib pillars, yield pillars, etc. (Ünlü, 2001). The stability of 

these pillars depends on their geometry (𝑤/ℎ ratio), and based on their stability characteristics, 

they are classified as abutment pillars, critical pillars, and yield pillars (Figure 7.1) (Ünlü, 2001; 

Yavuz, 2001; Iannacchione and Tadolini, 2008; Li et al., 2015a), 

a. Abutment pillars - Abutment pillars are stable in the long-term, stiff in nature, capable 

of supporting the development and mining-induced stresses without yielding during 

their service life (Yavuz, 2001). Abutment pillars are characterised by a sufficient width 
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of the unyielded elastic core at the centre of the pillar which prevents adverse 

geomechanical conditions to form (Tadolini and Zhang, 2007). The vertical stress 

profile of an abutment pillar is shown in Figure 7.2a. 

 

Figure 7.1. Classification of pillars in longwall mining (Modified after Yavuz, 2001 and Iannacchione 

and Tadolini, 2008). 

 
(a)        (b) 

Figure 7.2. Vertical stress profile on (a) an abutment pillar and (b) yield pillar, where 𝜎𝑎 is the 

abutment stress, 𝜎𝑣 is the in situ vertical stress, 𝑌1, 𝑌2 are the width of the yield zones and 

𝐸𝐶 is the width of the elastic core formed in the pillar (Modified after Tadolini and Zhang, 

2007). 
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b. Critical pillars - A critical pillar has an insufficient width of the unyielded elastic 

core. The stress acting on the pillar is higher than the bearing capacity of the pillar. 

These pillars are too stiff to yield and too small to redistribute mining-induced 

stresses (Mark, 1990). The excess stress leads to a further reduction in the width of 

the elastic core due to fracture development (Ünlü, 2001). These fractures may lead 

to the formation of small coal blocks on the outer surface of the pillar. Due to high 

stresses, the strain energy stored in these pillars are enormous, which can violently 

eject the small coal blocks leading to rockbursts. The excess stress is transferred to 

the surrounding floor strata causing them to yield, resulting in floor heave.  

c. Yield pillars - Yield pillars are designed to be capable of sustaining development 

stresses and some part of the mining-induced stresses and transfer excess stress to 

the surrounding strata without losing their overall integrity and residual load-

bearing capacity (Tadolini and Zhang, 2007; Li et al., 2015a). No elastic core forms 

at the centre (Chen, 1989), the pillar gradually yields as the mining-induced stresses 

increase upon extraction in the longwall mining panel. The vertical stress profile 

for a yield pillar is shown in Figure 7.2b. 

 

Figure 7.3. Illustration of protective seam mining method (after Si, 2015). 
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In protective mining, a less gassy ‘protective’ seam located above the gassy ‘protected’ seam 

is extracted in advance (Figure 7.3) (Sang et al., 2010; Li, 2013; Liu and Cheng, 2015; Si, 2015; 

Sun et al., 2016; Zhang et al., 2018; Yardimci and Karakus, 2020; Zhang et al., 2020). The 

mining-induced stress redistributions create new fractures, improve the permeability of the 

strata between the two seams and allow the release of trapped gases from the protected seam 

(Sang et al., 2010; Chen et al., 2014). Several researchers have used the protective mining 

concept to improve permeability during coal extraction in gassy coal seams (An and Cheng, 

2014; Chen et al., 2014; Cheng et al., 2021). This method is considered as one of the safest and 

most economical ways to prevent rockbursts and gas outbursts (Cheng et al., 2021).  

Different mining layouts incorporating sacrificial roadways or protective mining applications 

were designed to analyse the performance of yield pillars and protective seam mining methods 

in preventing rockburst and gas outbursts. This Chapter presents the findings of numerical 

modelling work carried out for this purpose.  

7.2. STRESS CONTROL MINING WITH SACRIFICIAL ROADWAYS 

7.2.1. Sacrificial roadway layouts 

Four different longwall mining layouts incorporating sacrificial roadways were designed to 

analyse 2-entry, abutment-yield (Figure 7.4a), and 4-entry, yield-abutment-yield panels (Figure 

7.4b-d). The 2-entry layout (Figure 7.4a) shows a symmetric arrangement of a central longwall 

panel, flanked by yield pillars and a longwall panel on either side. Such a layout offers an 

increased coal recovery as very little coal is locked in the yield pillars. This layout is commonly 

used in the Chinese coal mining industry (Li et al., 2015a). The 4-entry layouts show a different 

symmetric combination of chain pillars and yield pillars on either side of the longwall panel. 

Figure 7.4b shows a yield-yield-abutment layout with the central longwall panel flanked by a 

row of chain pillars and two rows of yield pillars on either side. Figure 7.4c shows an abutment-

yield-yield layout with the central longwall panel flanked by two rows of yield pillars and a 

chain pillar on either side. Figure 7.4d shows the yield-abutment-yield layout, with the central 

longwall panel flanked by a row of yield pillars, a row of chain pillars and another row of yield 

pillars on either side. 
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(a)                     (b) 

       
(c)       (d) 

Figure 7.4. Schematic mining layouts of (a) 2-entry (abutment-yield), (b) 4-entry (yield-yield-

abutment), (c) 4-entry (abutment-yield-yield), and (d) 4-entry (yield-abutment-yield) 

longwall layouts. 

7.2.2. Model development 

A 3-dimensional numerical model of 300 m  300 m  150 m, with a grid size of 5 m  5 m  

2 m along X-, Y-, and Z- directions respectively was developed in FLAC3D. The model was 

developed as per the lithology presented in Figure 7.5. The model was constrained with stress-

boundaries on both sides (X- and Y- axes) and the bottom (Z-axis) was fixed. A density of 

2,360 kg/m3 was initialised in the model and the model was loaded under gravity. The model 

was set at 800 m mining depth and the corresponding overburden load was initialised at the top 
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surface. The model developed along with the boundary conditions applied to the model is 

shown in Figure 7.6a. 

 

Figure 7.5. The lithology of the strata considered for numerical modelling. 

 
(a)      (b) 

Figure 7.6. (a) Base model developed in FLAC3D with boundary conditions and (b) representative 

model with initialised in situ stress. 

Strain-softening constitutive material properties of FLAC3D was assigned to the model as coal 

demonstrates strain-softening behaviour (Table 7.1). After the basic model was developed, the 
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model was equilibrated to initialise the in situ stress conditions (Figure 7.6b). The longwall 

panel dimension was fixed to have a length of 300 m and a width of 150 m.  

Table 7.1. The geomechanical properties of coal, roof, and floor rocks considered in the model. 

Rock type 𝐾 𝐺 𝑐 𝜙 𝜎𝑡 

Sandstone 6.67 3.08 15 32 8.08 

Mudstone 7.46 3.44 12 27 7.75 

Coal 1 2.08 0.96 4 22 2.32 

Coal 2 2.57 1.18 7 24 4.91 

Roof goaf 0.77 0.17 0.63 30 0.52 

𝐾 is the bulk modulus GPa), 𝐺 is the shear modulus (GPa), 𝑐 is the cohesion (MPa), 𝜙 is the angle of internal 

friction (o), and 𝜎𝑡  is the tensile strength (MPa). 

Table 7.2. Parametric variations considered in the analysis. 

Parameters Variations 

Yield pillar width (m) 5, 10 

Mining depth (m) 600; 1,000; 1,200 

Mining height (m) 2, 4 

Table 7.3. Variation in the geomechanical properties of coal, roof, and floor rocks with variation in 

depth considered for parametric analysis. 

Mining depth Rock type 𝐾 𝐺 𝑐 𝜙 𝜎𝑡 

600 Sandstone 3.33 1.54 12.00 30 3.82 

 Mudstone 10.23 4.72 10.00 26 2.84 

 Coal 1 0.83 0.38 2.00 21 3.02 

 Coal 2 2.57 1.18 7.00 24 4.91 

 Roof goaf 0.77 0.17 0.63 30 0.52 

1,000 Sandstone 10.00 4.62 8.00 38 3.50 

 Mudstone 2.92 1.35 4.00 26 2.00 

 Coal 1 1.25 0.58 2.00 25 0.50 

 Coal 2 2.57 1.18 7.00 24 4.91 

 Roof goaf 0.77 0.17 0.63 30 0.52 

1,200 Sandstone 13.33 6.15 20.00 35 8.97 

 Mudstone 13.00 6.00 15.00 29 7.05 

 Coal 1 2.83 1.31 8.00 24 2.04 

 Coal 2 2.57 1.18 7.00 24 4.91 

 Roof goaf 0.77 0.17 0.63 30 0.52 

𝐾 is the bulk modulus GPa), 𝐺 is the shear modulus (GPa), 𝑐 is the cohesion (MPa), 𝜙 is the angle of internal 

friction (o), 𝜎𝑡 is the tensile strength (MPa). 
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The dimension of chain pillars was fixed to have a length of 70 m and a width of 50 m. The 

width of the yield pillars was set as 5 m and the width of the roadways were fixed as 5 m. To 

analyse the influence of different parameters on the vertical stress and strain energy acting on 

the yield pillar, the thickness of the coal seam, the width of the yield pillar (Table 7.2) and 

mining depth (Table 7.3) were varied. 

       
(a)       (b) 

       
(c)       (d) 

Figure 7.7. Top view of the vertical stress contour for different mining layouts (a) 2-entry (abutment-

yield), (b) 4-entry (yield-yield-abutment), (c) 4-entry (abutment-yield-yield) and (d) 4-

entry (yield-abutment-yield). 
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7.2.3. Results and Discussion 

Different mining layouts were analysed for coal seam thicknesses of 2 m and 4 m at a mining 

depth of 800 m to analyse the vertical stress and strain energy acting on the yield pillars. Figure 

7.7 shows the vertical stress contours developed in different mining layouts due to the 

formation of sacrificial roadways for a 5 m wide yield pillar and 2 m thick coal seam. The 

mining-induced stress accumulated in the yield pillar is more as compared to that accumulated 

in the longwall panel and chain pillars. The stress peaks near the excavation roadways and 

reduces gradually as the distance inside the longwall panel increases.  

 
(a)       (b) 

 
(c)       (d) 

Figure 7.8. Vertical stress profile acting along cross-section XX (as indicated in Figure 7.4) for 

different mining layouts (a) 2-entry (abutment-yield), (b) 4-entry (yield-yield-abutment), 

(c) 4-entry (abutment-yield-yield), and (d) 4-entry (yield-abutment-yield). 

The vertical stress acting on the yield pillars, longwall panel and chain pillars for different 

mining layouts were analysed across the cross-section XX (Figure 7.4) for coal seam 
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thicknesses of 2 m and 4 m (Figure 7.8). The vertical stress acting on a 5 m wide yield pillar 

corresponding to a 2 m thick coal seam is ~1.80 times higher as compared to those acting on 

the 5 m wide yield pillar corresponding to a 4 m thick coal seam for all mining layouts. This 

can be attributed to the fact that for a 2 m thick coal seam, insufficient elastic core forms in the 

pillar where high stress acts, while for a 4 m thick coal seam, no elastic core is formed, thus, 

the vertical stress acting on the yield pillar is low.  

       
(a)       (b) 

       
(c)       (d) 

Figure 7.9. Top view of strain energy contour for different mining layouts (a) 2-entry (abutment-

yield), (b) 4-entry (yield-yield-abutment), (c) 4-entry (abutment-yield-yield), and (d) 4-

entry (yield-abutment-yield). 
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Figure 7.9 shows the strain energy contour accumulated in different mining layouts for 800 m 

mining depth and 2 m coal seam thickness for a 5 m wide yield pillar. The strain energy acting 

on the yield pillars is more than that acting on the longwall panel and the chain pillars. This 

suggests that yield pillars with an insufficient elastic core accumulate a large amount of strain 

energy for all mining layouts. The strain energy above 1×105 J is considered critical for 

rockbursts occurrence (Wen et al., 2016; Szewiola and Palarski, 2020). Strain energy 

accumulation also peaks at the excavation boundary and gradually decreases inside the 

longwall panel as well as the chain pillar due to the presence of an elastic core.  

 
(a)       (b) 

 
(c)       (d) 

Figure 7.10. Strain energy profile acting along cross-section XX (as indicated in Figure 7.4) for 

different mining layouts (a) 2-entry (abutment-yield), (b) 4-entry (yield-yield-abutment), 

(c) 4-entry (abutment-yield-yield), and (d) 4-entry (yield-abutment-yield). 

The corresponding strain energy acting across cross-section XX (Figure 7.10) shows that the 

strain energy accumulated in the yield pillar for a 2 m thick coal seam is ~16 times higher than 
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that acting on the yield pillar for a 4 m thick coal seam. This enormous accumulation of strain 

energy suggests that the yield pillar for a 2 m thick coal seam may lead to developmental 

rockbursts due to the presence of low confinement, high stress, and high strain energy. 

However, the condition for a 4 m thick coal seam is much safer as the vertical stress and strain 

energy accumulated on the yield pillar is significantly low suggesting the yield pillar will serve 

its purpose and transfer the excess stress on the chain pillar or longwall panel evident from 

vertical stress (Figure 7.8b-d) and strain energy variation (Figure 7.10b-d). 

 
(a)       (b) 

 
(c)       (d) 

Figure 7.11. Variation in the vertical stress profile acting along cross-section XX (as indicated in Figure 

7.4) for different mining layouts due to the change in yield pillar width to 10 m (a) 2-entry 

(abutment-yield), (b) 4-entry (yield-yield-abutment), (c) 4-entry (abutment-yield-yield), 

and (d) 4-entry (yield-abutment-yield). 

The width of the yield pillar for both coal seam thicknesses was increased to 10 m and the 

vertical stress (Figure 7.11) and strain energy (Figure 7.12) were analysed. The vertical stress 

acting on the 10 m wide yield pillar for a 2 m thick coal seam was ~4-8 % higher than that 
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acting for a 4 m thick coal seam. The strain energy accumulated in the yield pillars for a 2 m 

thick coal seam was ~8-25 % higher than that accumulated in the 4 m thick coal seam. This 

suggests that the yield pillars behave as an abutment pillar and has developed sufficient elastic 

core.  

 
(a)       (b) 

 
(c)       (d) 

Figure 7.12. Variation in the strain energy profile acting along cross-section XX (as indicated in Figure 

7.4) for different mining layouts due to the change in yield pillar width to 10 m (a) 2-entry 

(abutment-yield), (b) 4-entry (yield-yield-abutment), (c) 4-entry (abutment-yield-yield), 

and (d) 4-entry (yield-abutment-yield). 

It can be concluded from the vertical stress and strain energy accumulation analysis that a 5 m 

wide yield pillar is not suitable for a coal seam thickness of 2 m. Understandably, the width to 

height ratio in such a situation will be 2.5 and hence it develops an insufficient elastic core that 

does not yield upon loading and thus, fall into the critical pillar category, which should be 

avoided. However, for a 5 m wide yield pillar for a coal seam thickness of 4 m, the width to 

height ratio is 1.25, which induces sufficient slenderness to the pillar to yield. The width to 
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height ratio plays an important role in determining the yielding behaviour of pillars. Further 

analysis of the vertical stress and strain energy due to the change in mining depth was 

performed for a yield pillar of 5 m width for a coal seam thickness of 4 m that behaves as a 

yield pillar.  

The vertical stress acting on the yield pillar, chain pillar and longwall panel keeps increasing 

with the increase in mining depth (Figure 7.13). The increase is gradually occurring due to the 

increased stress abutment. For scenarios having one row and two rows of yield pillars adjacent 

to the longwall panel, uniform stress abutment develops (Figure 7.13a, c). The stress abutment 

is not uniform in scenarios where longwall is flanked by chain pillars as more stress is 

accumulated in the chain pillars (Figure 7.13b, d). 

 
(a)       (b) 

 
(c)       (d) 

Figure 7.13. Variation in the vertical stress profile due to the change in mining depth acting along cross-

section XX (as indicated in Figure 7.4) for different mining layouts (a) 2-entry (abutment-

yield), (b) 4-entry (yield-yield-abutment), (c) 4-entry (abutment-yield-yield), and (d) 4-

entry (yield-abutment-yield). 



Chapter 7: Stress and gas pressure control mining methods used as preventive measures 

149 

 

Similarly, the strain energy acting on the yield pillar for different layouts for a 4 m thick coal 

seam at different mining depths maintains a gradual increase (Figure 7.14). The 2-entry 

abutment-yield (Figure 7.14a) and 4-entry yield-abutment-yield (Figure 7.14d) mining layouts 

accumulate lesser strain energy as compared to the 4-entry yield-yield abutment (Figure 7.14b) 

and abutment-yield-yield (Figure 7.14c).  

 
(a)       (b) 

 
(c)       (d) 

Figure 7.14. Variation in the strain energy profile due to the change in mining depth acting along cross-

section XX (as indicated in Figure 7.4) for different mining layouts (a) 2-entry (abutment-

yield), (b) 4-entry (yield-yield-abutment), (c) 4-entry (abutment-yield-yield), and (d) 4-

entry (yield-abutment-yield). 

This suggests that despite symmetrical mining layouts, having a yield pilar next to the longwall 

panel considerably reduces the overall strain energy accumulation and presents a better layout 

with lesser ground control problems and hence, should be preferred.  
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7.3. PROTECTIVE SEAM MINING  

A two-way explicit sequentially coupled numerical model considering the geomechanical and 

gas flow behaviour was developed to model the change in permeability, gas pressure and gas 

flow in coal seams with respect to face advance by coupling FLAC3D and ECLIPSE 300. The 

pore pressure and permeability were used as the coupling parameters between the two software 

which was facilitated using a MATLAB routine (Matlab, 2019). The pore pressure calculated 

at a previous excavation step by ECLIPSE 300 was passed to FLAC3D to calculate the 

provisional stress state at the current excavation step. The provisional stress state and pore 

pressure was used to calculate permeability at the current excavation step. The permeability 

was then passed to ECLIPSE 300 to calculate the updated pore pressure at the current 

excavation step. The updated pore pressure was then used to calculate the actual stress state at 

the current excavation step. The actual stress state and pore pressure was used as input for the 

next excavation step.  

  
(a)       (b) 

Figure 7.15. (a) Base model developed in FLAC3D with boundary conditions, and (b) representative 

model with initialised in situ stress. 

Utilising a real mining layout taken from a Colliery in the Upper Silesian Coal Basin in Poland, 

a 3-dimensional numerical model of a 200 m  300 m  150 m, with a grid size of 5 m  5 m 

 2 m along X-, Y-, and Z- directions respectively was developed (Figure 7.15a). The model 

was constrained with stress boundaries on both sides (X- and Y- axes) and the bottom (Z-axis) 

was fixed. The top surface of the model was free to deform. The lithology of the strata 

considered in the model is shown in Figure 7.16.  



Chapter 7: Stress and gas pressure control mining methods used as preventive measures 

151 

 

  

Figure 7.16. The lithology of the strata considered in coupled numerical modelling. 

Table 7.4. Variation in the geomechanical properties of coal, roof, and floor rocks. 

Rock type 𝐾 𝐺 𝑐 𝜙 𝜎𝑡 

Sandstone 3.33 1.54 12.00 30 3.82 

Mudstone 10.23 4.72 10.00 26 2.84 

Coal 1 0.83 0.38 2.00 21 3.02 

Coal 2 2.57 1.18 7.00 24 4.91 

Roof goaf 0.77 0.17 0.63 30 0.52 

𝐾 is the bulk modulus GPa), 𝐺 is the shear modulus (GPa), 𝑐 is the cohesion (MPa), 𝜙 is the angle of internal 

friction (o), 𝜎𝑡 is the tensile strength (MPa). 

Table 7.5. Reservoir properties used in the coupled numerical model. 

 

𝜑𝑚 is the matrix porosity (%), 𝜑𝑐 is the cleat porosity (%), 𝑘ℎ is the horizontal permeability (m2), 𝑘𝑣 is the vertical 

permeability (m2), 𝑃𝐿(𝐶𝐻4) is the Langmuir pressure for CH4 (MPa), and 𝑉𝐿(𝐶𝐻4) is the Langmuir volume for CH4 

(m3/tonne). 

Rock 𝜑𝑚 𝜑𝑐 𝑘ℎ 𝑘𝑣 𝑃𝐿(𝐶𝐻4) 𝑉𝐿(𝐶𝐻4) 

Sandstone 0.01 0.01 1×10-17 5×10-18 -- -- 

Mudstone 0.01 0.01 1×10-15 6×10-16 -- -- 

Coal 1 0.018 0.982 1×10-16 5×10-17 2.9 22 

Coal 2 0.015 0.985 1×10-16 5×10-17 2.6 20 

Goaf 0.01 0.30 3×10-14 3×10-14 -- -- 
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The longwall panel dimension was fixed to have a length of 200 m and a width of 180 m. The 

dimension of rib pillars was fixed to have a length of 200 m and a width of 55 m. The width of 

the roadways was fixed as 5 m. The vertical stress, total strain energy and pore pressure 

developed in the protective seam and the protected seam were analysed from the equilibrated 

model after retreating by 5 m (referred to as an excavation step) to evaluate stress and gas 

pressure relief in the protected seam.  

Table 7.6. Parametric variations considered in the analysis. 

Parameters Variations 

Mining depth (m) 800; 1,000; 1,200 

Interbedding thickness (m) 10, 24, 40 

Table 7.7. Variation in the geomechanical properties of coal, roof, and floor rocks with variation in 

depth considered for parametric analysis. 

Mining depth Rock type 𝐾 𝐺 𝑐 𝜙 𝜎𝑡 

800 Sandstone 6.67 3.08 15.00 32 8.08 

 Mudstone 7.46 3.44 12.00 27 7.75 

 Coal 1 2.08 0.96 4.00 22 2.32 

 Coal 2 2.57 1.18 7.00 24 4.91 

 Roof goaf 0.77 0.17 0.63 30 0.52 

1,000 Sandstone 10.00 4.62 8.00 38 3.50 

 Mudstone 2.92 1.35 4.00 26 2.00 

 Coal 1 1.25 0.58 2.00 25 0.50 

 Coal 2 2.57 1.18 7.00 24 4.91 

 Roof goaf 0.77 0.17 0.63 30 0.52 

1,200 Sandstone 13.33 6.15 20.00 35 8.97 

 Mudstone 13.00 6.00 15.00 29 7.05 

 Coal 1 2.83 1.31 8.00 24 2.04 

 Coal 2 2.57 1.18 7.00 24 4.91 

 Roof goaf 0.77 0.17 0.63 30 0.52 

𝐾 is the bulk modulus (GPa), 𝐺 is the shear modulus (GPa), 𝑐 is the cohesion (MPa), 𝜙 is the angle of internal 

friction and 𝜎𝑡 is the tensile strength (MPa). 

The longwall panel dimension was fixed to have a length of 200 m and a width of 180 m. The 

dimension of rib pillars was fixed to have a length of 200 m and a width of 55 m. The width of 

the roadways was fixed as 5 m. The vertical stress, total strain energy and pore pressure 

developed in the protective seam and the protected seam were analysed from the equilibrated 
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model after retreating by 5 m (referred to as an excavation step) to evaluate stress and gas 

pressure relief in the protected seam.  

To analyse the influence of different parameters on the vertical stress and gas pressure acting 

on the coal seam, some parametric variations were performed and evaluated. To analyse the 

effect of protective mining, mining depth and the interbedding thickness between the protective 

and protected seam were varied (Table 7.6) and the corresponding change in geomechanical 

properties (Table 7.7). 

 
(a)      (b)    (c)    (d)   (e) 

Figure 7.17. Top view of the mining layout in the protective seam at different excavation steps, (a) step 

5, (b) step 10, (c) step 15, (d) step 20 and (e) step 25.  

 
(a)    (b)    (c)    (d)   (e) 

Figure 7.18. Top view of the vertical stress contours developed in the protective seam due to the 

extraction of the longwall panel, (a) step 5, (b) step 10, (c) step 15, (d) step 20 and (e) step 

25. 

7.3.1. Results and Discussion 

The mining layout at different excavation steps of the coupled model developed to form rib 

pillars, roadways, and the longwall panel are shown in Figure 7.17. The vertical stress contours 
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acting in the protective seam (Figure 7.18) and protected seam (Figure 7.19) at different 

excavation steps show stress redistribution leading to an increased abutment stress zone in front 

of the active longwall face and an extended zone of influence ahead of the face.  

 
(a)    (b)    (c)    (d)   (e) 

Figure 7.19. Top view of the vertical stress contours developed in the protected seam due to the 

extraction in the protective seam, (a) step 5, (b) step 10, (c) step 15, (d) step 20 and (e) step 

25. 

 

Figure 7.20. Comparison of vertical stress developed in the protective seam and protected seam due to 

longwall mining for excavation steps indicated in Figure 7.17. 

Figure 7.20 compares the vertical stress acting for different excavation steps in the protective 

seam and the protected seam. The maximum stress abutment acting ahead of the face increases 
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gradually up to Step 15 and remains the same for further extraction. Due to the extraction in 

the protective seam stress redistributes in the protected seam leading to a stress relief zone 

formation. The width of the zone keeps increasing as the extraction progresses in the protective 

seam.  

 
(a)        (b)    (c)    (d)   (e) 

Figure 7.21. Top view of the pore pressure contours developed in the protective seam due to the 

extraction of the longwall panel, (a) step 5, (b) step 10, (c) step 15, (d) step 20 and (e) step 

25. 

 
(a)       (b)    (c)    (d)   (e) 

Figure 7.22. Top view of the pore pressure contours developed in the protected seam due to the 

extraction in the protective seam, (a) step 5, (b) step 10, (c) step 15, (d) step 20 and (e) step 

25. 

The pore pressure contours acting in the protective seam (Figure 7.21) and protected seam 

(Figure 7.22) redistribute due to longwall extraction. Figure 7.23 shows a comparative graph 

of the variation in pore pressure in the protective and protected seam due to longwall mining 

in the protective seam. The pore pressure acting in the goaf of the protective seam is very low 

as compared to the pore pressure acting in the unmined longwall panel. This creates a pressure 

differential for gas to flow from the gassy protected seam towards the protective seam goaf. A 
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gradual pore pressure reduction can be seen in the protected seam. The pore pressure drop 

keeps on increasing both in terms of magnitude and dimension of the pore pressure relief zone 

in the protected seam as mining progresses in the protective seam.  

 

Figure 7.23. Comparison of pore pressure developed in the protective seam and protected seam due to 

longwall mining for excavation steps indicated in Figure 7.17. 

 
(a)       (b)    (c)    (d)   (e) 

Figure 7.24. Top view of the strain energy contours developed in the protective seam due to the 

extraction of the longwall panel, (a) step 5, (b) step 10, (c) step 15, (d) step 20 and (e) step 

25. 

The strain energy is also redistributed in the protective seam (Figure 7.24) and protected seam 

(Figure 7.25) due to longwall extraction. Figure 7.26a shows a comparative graph of strain 

energy accumulated in the protective seam due to longwall extraction. Due to the high stress 
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acting ahead of the longwall face, an increase in strain energy is observed near the active face. 

The magnitude of energy keeps increasing up to Step 15 and then remains almost the same.  

 
(a)    (b)    (c)    (d)   (e) 

Figure 7.25. Top view of the strain energy contours developed in the protected seam due to the 

extraction in the protective seam, (a) step 5, (b) step 10, (c) step 15, (d) step 20 and (e) step 

25. 

 

Figure 7.26. Strain energy developed in the protective seam due to longwall mining for excavation steps 

indicated in Figure 7.17. 

To analyse the influence of mining depth on protective seam mining efficiency, the models 

were run at four different mining depths (Figure 7.27). The vertical stress profile for Step 20 

shows stress abutment in front of the active longwall face in the protective seam and 
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corresponding stress relief in the protected seam (Figure 7.27a). The pore pressure acting in 

the protective seam does not show any variation except for 1,000 m depth, which has more to 

do with the weak rock properties selected for the 1,000 m depth to create an anomaly.  

 
(a)       (b) 

 
(c) 

Figure 7.27. Variation in (a) vertical stress (b) pore pressure, and (c) strain energy in the protective 

seam at different mining depths for 25th excavation step (as indicated in Figure 7.17). 

The pore pressure relief in the protected seam can be seen in the graph (Figure 7.27b). The 

release for 1,200m depth is slightly higher which suggests that due to high stress acting at such 

depth, more fractures will be induced in the extracted area which may lead to more gas release. 

The gas release for 1,000 m depth is more due to lower rock strength considered, developing 

more cracks, and allowing more gas to migrate.  

The strain energy in the protective seam peaks ahead of the face (Figure 7.27c) and gradually 

decreases. The strain energy keeps increasing with the mining depth. Similarly, in the protected 
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seam, energy relief will occur. The strain energy accumulating in the longwall face is very low 

as compared to that acting in the protective seam.  

To analyse the influence of variation in pore pressure relief for the change in interbedding 

thickness, three different thicknesses were considered (Figure 7.28). For a 10 m interbedding 

thickness, the gas pressure relief in the protected seam is maximum and decreases as the 

interbedding thickness increases to 24 m. For a 40 m interbedding thickness, no pore pressure 

relief was observed, which suggests that protective seam mining will not be effective if the two 

seams are 40 m or more apart. 

Based on the analysis, the extraction in a protective seam reduces the vertical stress, pore 

pressure and strain energy accumulation in the protected seam, improving the mining condition 

for a future extraction in the protected seam. However, a time difference of around six months 

should be maintained between subsequent extraction in the protected seam to allow fractures 

to develop and gases to migrate to the protective seam and reduce the gas content and gas 

pressure in the protected seam. 

 

Figure 7.28. Pore pressure variation due to the change in interbedding thickness at 25th excavation step 

(as indicated in Figure 7.17). 
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The pore pressure relief in the protected seam is dependent on the thickness of interbedding 

and the geomechanical and reservoir properties of rock present in the interbeds. For a large 

interbedding thickness of 40 m, no change in pore pressure in the protected seam was observed. 

7.4. CONCLUSIONS  

The stress-controlled and gas pressure-controlled mining methods along with several 

parametric variations were analysed by simulating mining conditions. Several symmetrical 

mining layouts were analysed with a single row of yield pillars and two rows of yield pillars 

along with a chain pillar for vertical stress and strain energy accumulation to find that a 2-entry 

abutment-yield layout accumulates minimum vertical stress and strain energy. This is the 

reason why most Chinese mining companies use a single row of yield pillars as reported by Li 

et al. (2015a). The width of the yield pillars generally varies in the range of 3-4 m for strong 

coal seams and 4-5 m for weak coal seams (Li et al., 2015a). Although there is no consensus 

about the ideal width as some researchers have also reported a width less than 10 m to be 

appropriate for yield pillars (Maleki, 2017; Li and Chai, 2019). Earlier researchers suggested 

the safety factors for yield pillars to be in the range of 0.5 (Mark, 1990; Yavuz, 2001) and a 

corresponding 𝑤/ℎ ratio in the range of 1-2 (Li et al., 2015a). The location of sacrificial 

roadways in the case of multi-seam workings would be crucial in terms of vertical stress 

abutment acting due to the sacrificial roadways and abutment pillars in the upper seam. 

Developing sacrificial roadways directly beneath the roadways in the upper seam will lead to 

increased vertical stress and strain energy accumulation due to the stress abutments from the 

upper seam. It is suggested to offset the sacrificial roadways in the lower seam at least half the 

width of the longwall panel to minimise the influence of stress abutment. 

Protective seam mining was found to be efficient in reducing the stress and pore pressure 

conditions in the protected seam as reported by earlier researchers (Sang et al., 2010; Li, 2013; 

Liu and Cheng, 2015; Si, 2015; Sun et al., 2016; Zhang et al., 2018; Yardimci and Karakus, 

2020; Zhang et al., 2020). The effectiveness of protective seam mining is highly dependent on 

the strata conditions between the protected seam and protective seam as for anomalous rock 

properties considered for 1,000 m depth in this study, a significant reduction in pore pressure 

was observed. This matches the observation of researchers (Sang et al., 2010; Chen et al., 2014) 

who found an increase in permeability allowing the release of trapped gases from the protected 
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seam. The protective seam mining approach should be practised with caution as for stronger 

interbedding or when the interbedding thickness is large (~40 m), the technique may not be 

effective.  

It can be concluded that symmetrical mining layouts with a slender yield pillar that does not 

have an elastic core would be a suitable yield pillar. While designing yield pillars special 

caution should be exercised as if the width to height ratio is not properly selected then the pillar 

may develop insufficient elastic core leading to increased vertical stress and strain energy 

accumulation that may cause several ground control problems. In the case of multi-seam 

mining conditions, sacrificial roadways in the lower seam should be offset from the location of 

roadways in the upper seam to minimise the influence of stress abutment acting in the upper 

seam on the lower seam. Protective seam mining was found to be an effective method of 

reducing vertical stress, pore pressure and strain energy in the protected seam but the 

interbedding thickness and rock properties would be crucial to determine the effectiveness of 

the method. For a large interbedding thickness no change in pore pressure was found due to 

extraction in the protective seam.  
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Chapter 8  
Conclusions and Recommendations for Future 

Research 

8.1. INTRODUCTION 

Rockbursts and gas outbursts have been researched for over a few decades as a major 

underground mining hazard. Previous research efforts analysed the complex phenomena by 

treating the coal and rock properties as static parameters to develop an understanding, often 

ignoring the influence of the dynamic behaviour of such properties, which may be actively 

involved in the occurrence of such hazards. The main reason for such simplification was to be 

able to present a mathematical solution for the part of the phenomena considered. This largely 

limits the application of such approaches, equations, and indices to realistically forecast the 

occurrence of rockbursts and gas outbursts in a dynamically changing mining environment. 

Empirical indices provide qualitative outputs that may be unusable in the changing mining 

conditions, often resulting in a false sense of safety.  

This thesis builds up on the pioneering work done by previous researchers by incorporating 

several parameters present in the mathematical solutions and interlinking them to represent 

interdependencies in a probabilistic risk assessment framework. Several triggering criteria 

were identified and implemented to analyse rockburst and gas outburst occurrences. Since 

mining conditions keep changing, stochastic variations of several parameters were also 

incorporated into the framework to make it realistic. The uncertainty in the input was 

propagated throughout the framework and in the output using the Monte Carlo simulation 

method to calculate the probability for the occurrence of rockbursts and gas outbursts in 

underground coal mining. This was achieved by dividing the research into several subtasks: 

a. A comprehensive review of the current state-of-the-art in the field of rockbursts and gas 

outbursts was conducted to identify the knowledge gaps and how these can be addressed.  
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b. Laboratory investigations were conducted to ascertain the geomechanical and reservoir 

properties of coal and coal measure rocks to be used in analytical and numerical models. 

c. An analytical model for the strain energy accumulation in a retreating longwall mining 

district was developed to suit the present state-of-the-art mechanised mining method used 

in longwall coal mining. Parameters were identified and sensitivity analyses were 

performed to know the dominance of different parameters in strain energy accumulation. 

d. An innovative object-based non-conditional simulation approach was used to distribute 

lithological heterogeneity present in the coal seam to respect their geological origin, which 

was either ignored in previous research or oversimplified. Parametric analysis was 

conducted in coupled numerical models to identify the influence of geomechanical and 

reservoir properties on the vertical stress, pore pressure and the volume of gas emission at 

each excavation step to represent the dynamically changing mining environment. 

e. A probabilistic risk assessment framework was developed to incorporate uncertainty, 

stochastic variations, and feedback from the dynamically changing mining environment 

due to extraction. 100,000 equally likely realisations were simulated using the Monte Carlo 

method to determine the probability of rockbursts and gas outbursts. 

f. Several preventive control measures that have been in use for a long time in the mining 

industry were tested for their efficacy for the mining conditions prevailing at most 

coalfields worldwide. Laboratory scale hydraulic fracturing was also conducted to observe 

permeability enhancement as a measure to reduce gas content in the coal seam. 

8.2. CONCLUSIONS 

The main conclusions from this research are as follows: 

a. Laboratory characterisation of coal and coal measure rocks determined the geomechanical 

and reservoir properties of rock samples. Some variations were found in the rock properties 

which signifies the importance of laboratory testing as rock properties are not the same in 

all coalfields. Laboratory results indicate that a massive hard sandstone roof above a coal 

seam may make an ideal condition for rockbursts to occur. The values were analysed using 

earlier developed empirical indices to find that some of the indices indicated no bursting to 
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light bursting tendency while some other indices indicated a high to severe bursting 

tendency. This highlights the limitations of the use of empirical indices for the same rock 

property, as different indices may suggest different hazard liability, which may lead to 

unsafe or an overprotective mining design, both of which are not satisfactory outcomes. 

The mining design should be such that maximum resource is extracted while ensuring 

safety.  

b. The analytical model developed in this thesis provides a realistic value of the strain energy 

accumulation in a coal seam that matches the values obtained from the numerical model. 

Previous approaches to strain energy accumulation considered outdated mining technology 

and allowed excessive roof deflection that resulted in two orders of increased magnitude in 

the strain energy accumulation and does not match the numerical modelling values. 

However, the trend observed was the same. Based on the sensitivity analysis, the parametric 

dominance was found to follow 𝐻 > 𝐸𝑐𝑜𝑎𝑙 > ℎ𝑐𝑜𝑎𝑙 > 𝜐𝑐𝑜𝑎𝑙 > 𝐿 > 𝐸𝑟𝑜𝑜𝑓 with 𝐻, 𝐸𝑐𝑜𝑎𝑙,

ℎ𝑐𝑜𝑎𝑙 affecting the energy accumulation within a 99 % confidence interval.  

c. Lithological heterogeneity occurring in the coal seam was distributed respecting its 

geological origin using an innovative object-based non-conditional simulation approach. 

The effect of different lithological distributions was evident from the modelling and 

analysis. The vertical stress increased in the heterogeneous zone due to the presence of 

stronger xylite. The pore pressure acting in the heterogeneous zone was relatively low due 

to the low porosity and permeability of xylite zones as most gases are present in the detrite 

zones. The rate of gas emission at the longwall face was in agreement with the face 

heterogeneity and decreased with an increase in heterogeneity proportions. The rate of gas 

emissions was influenced by the xylite proportion, the variation was less pronounced for 

low xylite percentage and increased with the increase in xylite percentage.  

d. Some parametric analysis on coal seam scenarios by changing the geomechanical and 

reservoir properties of xylite were undertaken. It was found that for the change in 

geomechanical properties of xylite, the volume of failed zone changed due to the change in 

cohesion and the angle of internal friction of the xylite zones. Hard xylite was difficult to 

fracture and thus a lesser volume of the failed zone was obtained. The influence of the 

change in xylite strength on gas emission rate was evident especially for 60 % xylite 
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distribution. The stiff xylite acts as a barrier to gas flow and suddenly releases a large 

volume of gas indicating coal and gas outbursts or excessive gas emissions. The increase 

in the gas retention capacity of detrite directly influences the rate of gas emission. The 

impact is more prominent for 60 % xylite which responds strongly to the face heterogeneity 

and presents increased potential for coal and gas outbursts occurrence. 

e. The probabilistic risk assessment framework incorporates the stochastic variations and 

dynamically changing stress state, pore pressure, strain energy and gas emission rate from 

the coupled numerical model. It forecasts the probability of rockbursts and gas outbursts 

by propagating the uncertainty throughout the model using the Monte Carlo method. The 

analysis suggests that the probability of rockbursts and coal and gas outbursts are within 

the acceptable value of 2×10-4 for most of the excavation steps, suggesting it is mostly safe 

to mine the cases constructed for modelling in this thesis. The probability of gas outbursts 

was found to be zero for all cases because the pore pressure developed in the coal seam 

was less than the tensile strength of the coal seam. However, due to the quasi-static failure 

of coal and the high volume of gas present in the coal seam, the probability of excessive 

gas emission is high, which matches the field observations made by previous researchers.  

f. Stress controlled mining method using sacrificial roadways showed that the pillar geometry 

of the sacrificial roadways (yield pillars) is crucial for the success of the method. Improper 

𝑤/ℎ ratio of pillars may lead to the development of an insufficient elastic core at the centre 

of the pillar which may accumulate a large amount of strain energy leading to the increased 

liability of rockbursts. In the case of multi-seam mining conditions, the sacrificial roadways 

in the subsequent lower seam should be offset around half the width of the longwall panel 

to develop the roadway in the stress relieved area. Severe ground control problems may 

arise otherwise, due to the stress abutment acting around the pillars in the top seam.  

g. The protective seam mining method of reducing vertical stress, pore pressure and gas 

content of the underlying coal seam was found to be effective. Due to the extraction in the 

protective seam, stress relief and pore pressure reduction were observed in the protected 

seam. However, the efficiency of this method is dependent on the interbedding thickness 

and geomechanical and reservoir properties of rocks constituting the interbeds. As the 

interbedding thickness was increased to around 40 m, no pressure relief was observed. 
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8.3. RECOMMENDATIONS FOR FUTURE RESEARCH 

Based on the research conducted in this PhD programme, further research can be carried out to 

improve the understanding of rockbursts, and gas outbursts occurring in coal mining and 

provide a more robust framework to forecast the occurrence of such hazards. Some areas where 

further research can be conducted include:  

Analysing lithological heterogeneity distribution in longwall panels 

The lithological heterogeneity present in the coal seam is very intricate. For instance, in Coal 

Mine Velenje, different lithological units namely fine detrite, gelified detrite, xylo-detrite, 

detro-xylite, etc. are present. The object-based non-conditional simulation approach can be 

further extended to incorporate these different units into the model to make it more 

comprehensive and to provide a much more realistic representation of heterogeneous coal 

seam. These distributions can be field-tested using passive seismic tomography using newly 

developed advanced methods such as Distributed Acoustic Sensing (DAS) using fibre optic 

cables to scan the complete longwall panel and incorporate such precise heterogeneity into the 

model. It will be interesting to analyse several different lithological units and the effects they 

may have on gas emission patterns.  

Extending the probabilistic risk assessment framework to incorporate real-time mining 

data 

The probabilistic risk assessment framework developed incorporates stochastic parameters and 

dynamically changing mining conditions. This framework can be integrated with the real-time 

field monitoring data available from mining sites. The information can be fed to the framework 

in real-time and the probability of rockbursts and gas outbursts can be forecasted instantly. 

Advanced monitoring techniques like passive microseismic monitoring undertaken in several 

mines can also be included in the framework to provide a more comprehensive analysis. Over 

a period, a subsequent mine specific data bank can be established which will enable better 

incorporation of uncertainty when mining another longwall panels, give higher confidence and 

more realistic forecasting. This framework can be further extended and suitably modified to 

suit different mining conditions by selecting appropriate parameters that influence longwall 
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mining and other metal mining methods making the framework more generic for wider 

application in underground mining. 

Laboratory investigations into hydraulic fracturing for permeability enhancements 

As it was experienced during the experiments in the laboratory, it is always difficult to represent 

field conditions in the laboratory, especially in terms of test rig operating limits. The equation 

presented to induce hydraulic fracturing can be used to back-calculate the fluid pressure 

required to successfully induce fracture in the sample depending on the outer radius, inner 

radius, confining stress, and tensile strength of rocks. This will help in understanding the 

effectiveness of hydraulic fracturing on different rock types including hard roof rocks like 

sandstones and shales. The properties of proppants can be analysed for different rock types to 

check their suitability in maintaining the new fractures conduits at higher stress conditions.  
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