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ABSTRACT 

 

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF COAL 

CLEAT IN LONGWALL MINES BASED ON  

DISCRETE FRACTURE NETWORK ANALYSIS 

 

 

 

Jafarova, Fidan 

Master of Science, Mining Engineering 

Supervisor : Assist. Prof. Dr. Ahmet Güneş Yardımcı 

 

 

 

May 2024,106 pages 

 

Fractures and joints are important structures that have a role in controlling rock 

behavior and its properties. In Longwall mines, coal cleats are having a great impact 

on stability and mechanical behaviors. By taking them into consideration during the 

modeling process of the rock samples, we can have more detailed and precise outputs 

regarding the parameters of a rock mass. DFN (Discrete Fracture Network) approach 

- described as a computational model that symbolizes characteristics of a fracture or 

fracture sets, is used to model geometrical properties of each individual fracture such 

as position, size, shape and direction. In our study, we performed the mentioned 

analysis method on coal-like material blocks with various 3D-printed joint networks. 

Later on, we implemented obtained test results to the field scale models. The cleat 

configurations differ in plane directions, network characteristics and connectivity 

types. Usage of mentioned technique in highly risked longwall mining - underground 

method for mining panel shaped coal deposits, can decrease the risk of failures and 

improve the stability. In this research, we compared different behavior of various 

internal joint network types in coal like material and their effect on stress conditions. 
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By that, the effect of coal cleats characteristics in longwall mines were studied and 

implemented to the larger scales by the application of DFN modeling of the samples.                                                                                               

 

Keywords: Coal Cleat, Longwall Mining, Numerical Analysis, Coal-like Material 
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ÖZ 

 

UZUN AYAK MADENLERİNDE KÖMÜR KLİTLERİNİN  

AYRIK ÇATLAK AĞI ANALİZİNE DAYALI  

DENEYSEL VE SAYISAL İNCELENMESİ 

 

 

 

Jafarova, Fidan 

Yüksek Lisans, Maden Mühendisliği 

Tez Yöneticisi: Dr. Öğr. Üyesi Ahmet Güneş Yardımcı 

 

 

Mayıs 2024, 106 sayfa 

 

Kırıklar ve yapısal çatlaklar, kaya davranışını ve özelliklerini kontrol eden önemli 

yapılardır. Uzunayak madenlerinde, kömür klitlerinin duraylılık ve mekanik 

davranışlar üzerindeki etkisi büyüktür. Bu etmenler göz önünde bulundurularak, 

kaya örneklerinin modellenmesi sürecinde kaya kütle jeomekanik özellikleri 

konusunda daha detaylı bilgiler elde edile bilir. Araştırma kapsamında çatlak ağı 

özelliklerini hesaplamalı modelleme çalışmasında temsil etmek amacıyla Ayrık 

Çatlak Ağı (AÇA) yöntemi kullanılmıştır. AÇA süreksizliklerin konum, boyut, şekil 

ve yön gibi geometrik özelliklerini modellemek için kullanılan bir yöntemdir. Bu 

yöntem 3D baskı yoluyla oluşturulan çatlaklara sahip kömür benzeri malzeme 

bloklarının modellenmesinde kullanılmış ve elde edilen sonuçlar saha ölçekli 

modelleremelere uygulanmıştır. Klit özellikleri düzlem yönleri, ağ oluşturma 

özellikleri ve bağlantı tipleri bakımından birbirinden farklılık göstermektedir. AÇA 

tekniğinin yüksek riskli uzun ayak madenciliğinde kullanılması, yenilme riskini 

azaltarak duraylılığı artırabilir. Araştırmada, kömür benzeri malzemedeki çeşitli 

çatlak tiplerinin farklı davranışlarını ve gerilim koşullarına etkileri karşılaştırılmıştır. 
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Böylece, uzun ayak madenlerinde kömür klitlerinin özelliklerinin kaya 

parametrelerine etkisi AÇA uygulaması ile saha ölçeğinde incelenmiştir. 

Anahtar Kelimeler: Kömür Kliti, Uzun Ayak Madenciliği, Sayısal Çözümleme, 

Kömür Benzeri Malzeme 
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CHAPTER 1  

1 INTRODUCTION  

Coal - one of the most common fossil fuels on earth, has been essential to the 

production of energy for homes, businesses, and industries for centuries. Given that 

coal continues to be a significant energy source for our globe, its significance in the 

modern era is immeasurable. Coal cleats, also known as coal fractures or coal joints, 

are natural fractures that form within coal seams and are crucial for understanding 

how coal seams behave during mining operations. The development of those 

fractures is usually explained by factors such as the coalification process, thermal 

contraction, tectonic movements, sedimentary compaction, and other chemical/ 

diagenetic processes. In basic terms, coal cleats are areas of weakness in the coal 

seam that allow fluids like water and gas to pass through. The angle or direction at 

which the cracks inside the coal seam are aligned is known as the cleat orientation. 

The coal seam's strength, permeability, and other characteristics are affected by the 

size of coal cleats, which can range from tiny fractures to more enormous fissures. 

Cleats are also important for coal excavation and quality of the produced coal as the 

particle size is influenced. Because they affect the stability of the coal seam, the 

effectiveness of extraction, and the safety of mining operations, coal cleats 

significantly impact mining techniques. For mining operations to be optimized and 

worker safety to be guaranteed, it is critical to comprehend the orientation, size, and 

distribution of coal cleats.  

Longwall mining is still one of the main ways of extracting coal used worldwide. In-

depth examination of the coal cleat structure is necessary to improve resource 

recovery, safety, and operating efficiency. The mentioned outcomes can be achieved 

by the detailed analysis of the mentioned cleat parameters because of their impacts 
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on stress distribution, face stability, development direction, yielding zones, and other 

topics.  

When modeling the behavior of fractured and jointed rock masses, as those found in 

coal mining and other geological engineering applications, discontinuum modeling 

approaches provide a number of advantages. The DFN technique, which enables the 

study of stochastic fracture sets (random position, size, shape, and direction), was 

made possible by developments in computational geomechanics. Our goal in this 

study is to create an alternative testing methodology with a material that imitates coal 

and has cleat networks generated with the help of 3D Printing. The geomechanical 

properties and obtained experimental data trends will then be implemented in 

continuum and discontinuum numerical models at the field scale. Cleat setups 

containing various plane orientations, and connectivities will be compared regarding 

geomechanical behavior, stability issues at critical zones and mining direction. This 

research aims to improve our understanding of how cleat networks behave and affect 

the mechanical behavior of coal seams under longwall mining conditions by 

combining numerical models and experimental observations. Rather than employing 

the conventional continuum-based modeling approaches, discontinuum-based code 

will be used to examine the relationship between discontinuity characteristics and 

mechanical outputs. Also, accuracy of continuum modeling techniques will be tested 

in terms of representing behavior of fractured rock-like material. This study utilizes 

a multidisciplinary method that includes laboratory experimentation and numerical 

modeling to try and understand the complicated structure of coal cleat networks and 

their effects. More accurate and broad input parameters, which were acquired from 

the experimental part, enable us to analyze the mechanical processes within coal 

seams under various scenarios in longwall mines. As a result, relationships were 

obtained between coal cleat characteristics and coal seam behavior. 
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1.1 Research Motivation and Problem Statement 

The main issue this study attempts to address is the lack of knowledge about coal 

cleat structure and how it affects longwall mining operations. Even after extensive 

studies on coal seam geology and mining methods, there is still insufficient 

information concerning the precise characterization and predictive modeling of cleat 

networks. Inadequate characterization, restricted predictive capability, safety and 

efficiency concerns are some of the main difficulties that arise from this information 

gap. The degree of accuracy and precision needed to fully capture the complex 

geometry and mechanical characteristics of coal cleat networks are frequently 

lacking from existing methods. The lack of a comprehensive understanding of coal 

cleat structure limits chances to optimize mining operations for increased efficiency 

and makes it more challenging to avoid safety threats, including roof falls, gas 

outbursts, and coal bursts. The face and the roof of a longwall mine are considered 

as two potential stress concentration zones. The existing computational models for 

simulating longwall mining processes frequently use oversimplified cleat network 

representations, which results in imprecise estimates of ground stability, gas 

migration patterns, and coal seam behavior.  

The highlighted issues are mainly due to the disintegrating nature of coal material, 

which results in experimental inaccuracies. Additionally, not all distributions of coal 

cleat systems within the rock mass are accessible in nature for acquisition purposes 

of cylindrical samples by core drilling. This is particularly important for strength and 

deformability tests, which evaluate the elastic and plastic properties of rock materials 

and use those results in numerical simulations of mining operations. Also, because 

of the challenges mentioned above during the sample preparation stage, the outcomes 

of the simulations cannot be verified with real-life results. Therefore, in order to 

produce the best possible rock sample for mechanical tests, the sample preparation 

stage needs to be improved, or alternative methods need to be used. 
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1.2 Research Objectives and Methodology 

By integrating numerical models and experimental data, this research aims to 

improve our understanding of how cleat networks behave and influence the 

mechanical behavior of coal seams under longwall mining circumstances. For that 

purpose, various methods for creating coal cleat networks with the utilization of 3D  

Printing and CAD environment were proposed, and later on, static deformability and 

uniaxial compressive strength tests were carried out on coal-like samples containing 

different cleat orientation, connectivity types, and sizes that imitate coal behavior. 

Two different mixtures containing various concentrations of cement, gypsum, coal 

ash, and water were poured into stochastically created fractured molds in order to 

compare strength patterns. As a result, a broad dataset, which includes 

geomechanical parameters such as UCS (Uniaxial Compressive Strength), Modulus 

of Elasticity, and Poisson’s ratio, were obtained for the respective sample types. 

Results were compared, and later on,  new relationships between the attributes of 

coal cleat networks, such as fracture orientation, cleat sizes, patterns, and respective 

outcomes of deformability tests, were found. Following this, acquired data was 

normalized and implemented to the real-life scaled numerical models of the longwall 

mine both in continuum and discontinuum mediums. Input parameters from obtained 

experimental data trends were used during the preparation of continuum models. By 

that, we were able to observe accuracy of the continuum techniques in terms of 

representing fractured materials and compare results to numerical outcomes of the 

discontinuum models. In order to simulate more accurate behavior of rock masses 

containing fractures or any type of discontinuities, the DEM/DFN method is used. 

Elastic analyses of different scenarios enabled us to obtain the relationship between 

the properties of coal cleat networks and the behavior of rock mass, more 

specifically, around the critical zones such as the face and roof. Undeniably, stress 

distribution in those zones is crucial during the safety assessment of mines. As a 

result, we can compare different scenarios and find the most effective advancing 

directions in terms of stability by examining stress-concentration zones, yielding 
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materials, and sudden changes during excavation stages in both continuum and 

discontinuum models. Therefore, an alternative technique for creating coal-like 

material was suggested in this paper, which allows us to examine the effects of coal 

cleat characteristics on the rock masses. Moreover, discontinuum-based code was 

used to verify those significant relationships in different longwall mine simulations 

and determine the safest and most efficient case scenario by comparing continuum 

and discontinuum models. 

1.3 Contributions to the Literature 

This study contributes to the literature firstly by offering a new approach to the 

creation of coal-like material in the laboratory environment. After testing out 

different 3D-printed stochastic patterns to imitate coal cleat structures, the most 

effective approaches are presented. Unlike other methods used for creating synthetic 

rock-like materials, utilized techniques did not include powder-based printing 

materials or roughly generated molds but focused on the generation of various 

fracture distributions that imitate coal behavior in more accurate and simplified 

ways. That enables us to obtain valid dependencies between the cleat characteristics 

and geomechanical parameters. As a result, we also contribute to the literature by 

comparing different longwall mine simulations that were constructed from real-life 

results with a broad range of input parameters. Another benefit of the proposed 

approach is that it directly predicts patterns of stress and deformation in the critical 

zones during longwall operations depending on the different cleat structures inside 

the coal seam. Also, limiations of the continuum techniques will be covered during 

the modeling of discontinuities. We believe that experimental and numerical studies 

in this work will contribute to both the theory and practice of coal mining by 

decreasing the risk of failures, improving production efficiency, and finding out the 

most effective approaches. 
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1.4 Structure of Thesis 

This work involves total of six chapters and their roles will be shortly described in 

this part. The first chapter serves as an introduction point for the research by giving 

a short summary of the goals, methods, and contributions the study aims to have. It 

also covers the importance of the research problem in the field of mining engineering 

and emphasizes the necessity of the in-depth understating of coal cleat networks in 

underground mining operations. Additionally, the methodology, the scope of the 

work, and objectives are briefly reviewed in Chapter 1 as well. A critical review of 

the literature on coal cleat structures, the role of discontinuities in underground coal 

mining, and the testing of rock-like materials are some of the topics that were 

discussed in Chapter 2. The mentioned chapter also reveals gaps and limitations in 

the previous studies and offers the possible solutions that can be applied to the 

sample preparation stage of rock-like materials, as well as to the other stages of both 

experimental and numerical parts. The next chapter involves a detailed description 

of the preparation of samples, including the usage of CAD environment and 3D 

printing methods, experimental setups, and collected data. Chapter 3 also covers the 

discussion of outputs in the experimental part. Chapter 4 presents the application of 

the outcomes to the numerical longwall simulations using discontinuous-based code 

3DEC. Moreover, how input paremeters were modified and models were constructed 

are the topics that were discussed in the same chapter as well. Discussion of the 

results and observations, understanding of the dependencies, and finding out the role 

of coal cleat structure in longwall mines by comparing continuum and discontinuum 

models are covered in Chapter 5. Finally, Chapter 6 summarizes the main 

conclusions, contributions, and outcomes of the study. The final chapter also 

provides suggestions for further development of the proposed techniques and 

approaches. 
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CHAPTER 2  

2 LITERATURE REVIEW 

The chapter on the literature review covers the wide range of research on coal cleat 

creation, behavior, and impacts on longwall mining operations. This study attempts 

to present a comprehensive understanding of the complex interactions between coal 

cleat formations and their effects on coal mining processes by looking at both 

experimental results and computational studies. The literature review also covers the 

influence of structural discontinuities on geomechanical properties, modeling of 

discontinuum, implementation of rock-like materials in studies, and other critical 

topics. 

 

2.1 Influence of Structural Discontinuities on Geomechanical Properties 

Fractures are the common structural features of geomaterials independent of the 

scale. The rock mass may exhibit discontinuities like joints, faults, or bedding planes, 

while mechanical microcracks or any mode of foliation like schistosity are available 

for rock material. A response of the rock mass to loading and unloading is anisotropic 

if it contains one or more sets of discontinuities. It is worth mentioning that the effect 

of that behavior can be observed during in-depth analyses of permeability, 

deformability, stability, strength, and other parameters of rock masses (Einstein et 

al., 1983; Chen et al., 2019; Ghazvinian and Hadei, 2012; Liu et al., 2021).  

Consideration of those discontinuities and their geometries can result in a more 

detailed understanding of rock mass behaviors and the acquisition of precise results. 
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Cleats are systematic small-scale discontinuities available specifically in coal. A 

particular cleat set often consists of two types of cleats: face cleats, which are 

dominant and generally produced initially, and butt cleats, which are orthogonal to 

the face cleats and into which they end. It is usually accepted that tectonic stress, 

fluid pressure, and intrinsic tensile force all contribute to the formation of cleats. 

Coal cleats may serve as naturally occurring weak points that facilitate coal 

extraction from the seam. Cleats can serve as passageways for gas, water, and other 

fluids, which may reduce pressure on the coal seam and facilitate mining. 

Additionally, their presence can improve ventilation and manage airflow in the mine. 

Coal cleats, however, can also cause difficulties in mining methods. They may 

produce unstable areas that make it challenging to preserve the integrity of the mine's 

walls and roof. Cleats can affect how the mining machinery functions, which can 

lead to roof and wall instability issues and ground control problems. 

 

 

 

Figure 2.1. Schematic illustration of coal cleat geometries. (a) Cleat-trace patterns in 

plan view. (b) Cleat hierarchies in cross-section view (Laubach et al., 1998) 

In their broad study, Laubach et al. (1998) illustrated coal cleat networks with 

detailed parameters such as (Figure 2.1); length – dimension which is perpendicular 
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to the fracture surface; height – vertical extension of opening parallel to the cleat 

surface and perpendicular to the bedding and aperture – width of opening that is 

perpendicular to the cleat surface. In addition to the mentioned characteristics, coal 

cleats can also be described with the spacing between them, developed frequency, 

mineralization along the opening, and other parameters. 

The interrelationship between the coal cleat spacings, sizes, and shapes of cleat 

systems leads to the grouping of fractures depending on their connectivity types, 

distributions, and orientation. By comparing numerically established specimens with 

different cleat distributions, Cheng et al. (2021) determined that the strength of 

inhomogeneous coal specimens vary depending on the distribution angle of cleats. 

Also, an increase in the complexity of the coal cleat system results in a change in the 

geomechanical properties, such as a decrease in the values of  Young’s modulus and 

the UCS of coal (Hou et al., 2020). Zhao et al. (2019) investigated the anisotropy of 

coal under uniaxial compression using both experimental and numerical techniques. 

They came to the conclusion that the directional distribution of microstructures 

affects the anisotropy of coal strength. The face cleats have a stronger impact on the 

mechanical qualities than the butt cleats, and bedding planes directly govern the 

coal's uniaxial compressive strength. 

 

 

 

Figure 2.2. Schematic diagrams of three groups of numerical models: a) Numerical 

models with different cleat densities; b) Numerical models with different cleat 

quantities; c) Numerical models with different cleat angles. (Hou et al., 2020) 

Comprehension of the natural fracture distributions and connectivities inside coal 

seams, which regulate natural coal permeability and, consequently, methane gas 
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deliverability, enables a deeper understanding of cleat trends and correlations. 

Generally speaking, the more the cleat density and size, the higher the permeability. 

Thus, in-depth analysis of cleat patterns and relationships has a massive role in the 

prediction of permeability, hydromechanical reactions, and stress-loading 

mechanisms throughout coal mining activities. Dawson et al. (2010) indicated that 

more precise predictions of cleat density and coal permeability can be made by 

knowing the relationship between cleat height and spacing for certain coals and the 

exact types of cleats within those coals. 

Exact phenomena have been brought up in numerous studies, and more exact 

correlations were introduced. A finite element model by Cao et al. (2021), which can 

simulate the deformation of coal matrix, the shearing and dilatancy of coal cleats, 

the variation of cleat aperture, and shear and tensile-induced damage, was used to 

model the geomechanical and hydrological behavior of the fractured coal under 

various stress loading conditions. According to their results, coal mining at low-

stress rates improves the stability of nearby coal seams and is preferable to coal 

mining in the same direction as the cleats. When it comes to the complex relations, 

Xu et al. (2016) showed that as stress increased, coal permeability and porosity 

decreased exponentially and linearly, respectively. While at greater stress levels, 

internal crushing and mechanical degradation would cause permanent changes to 

both porosity and permeability. It was also suggested that variations in fracture style, 

including the ones from opening-mode fractures to faults, may have an impact on 

cleat permeability in addition to size, intensity, and diagenetic variations as well 

(Laubach et al., 1998). 

2.2 Underground Coal Mining Regarding Structural Discontinuities 

Considering that structural features significantly impact the mechanical properties of 

rocks, in-depth study of discontinuities are unavoidable in underground coal mining 

and strata control. A comprehensive mine plan considering the relationship between 

the attributes of the mentioned discontinuities and mining direction has the potential 
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for effectively managing induced stress concentrations around crucial zones, which 

otherwise may result in instability problems. There have been numerous studies to 

investigate the effect of discontinuities such as faults and folds, which can lead to 

roof instability and pillar failure cases. 

Previous numerical investigation by Wu et al. (2020) has shown that the probability 

of a fault activation increases with the increase in fault dip angle. Dynamic disasters 

such as rock bursts, mining earthquakes, bracket pressure, and others are more prone 

to occur on high dip faults. Prior physical studies have been conducted to assess the 

response of faults as mining operations were taking place (Wang et al., 2018; Jiang 

et al., 2019). A previous study by Jiang et al. (2019) has emphasized that while the 

hanging wall's overlaying structure is stable and fault activation is not easily 

observed, the footwall's fault activation is violent and somewhat active, increasing 

the danger of rock burst on the footwall relative to mining on the hanging wall. 

Similar outcomes were brought up by Wang et al. (2018), the cutting-down strata are 

compacted and slide along the fault plane after passing the fault. This can put a load 

on the hanging wall coal and increase its abutment stress; nevertheless, the hanging 

wall strata only move slightly in relation to the footwall. 

A large number of existing studies in the broader literature have examined the 

distribution of stresses along the working face, roadway, and other critical zones as 

well (Zhou et al., 2023; Ma et al., 2011). Particularly, asymmetric distributions were 

seen in the plastic zone and stresses, and the closer the working face was to the fault, 

the greater the shear stress measured in the fault zone. Briefly, the existence of faults 

affects the deformation and movement of overburden strata and leads to asymmetry 

in stress, and displacement variations as well. 

It is undeniable that faults and other discontinuities in longwall mining can lead to 

various instability and failure events. Weak zones may be created in the longwall 

panel's floor and roof by faults from which sudden collapses could occur. Also, such 

types of discontinuities may affect the stability of the pillars left between longwall 

panels. Stress concentrations around faults can lead to the deformation of the pillars. 
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Furthermore, issues such as subsidence on the surface, equipment damage, and gas 

outbursts can be related to the existence of faults. 

 A physical test by Wang et al. (2019) which was carried out with two fault 

structures, shows that more focus should be placed on the impact of overlaying strata 

movement above goaf between two faults because of the possibility of a rapid stress 

change during coal mining face excavation due to the extremely collapsed strata 

between the two faults. A similar numerical examination of the impact of several 

graben fault characteristics on rockburst potential reveals that none of them have a 

linear relationship with the magnitude of either static or dynamic stress (Cao et al., 

2021). When the fault throw is between 6 and 8 m, the fault dip is greater than 65°, 

the mining height is greater than 6 m, and the coal pillar width is less than 50 m, it 

is observed that the longwall face has the largest risk of rock burst. This study proves 

the benefits of the numerical modeling one more time, as such accurate range of 

outcomes could not be observed with a psyhical models.  

It is worth attention that the above-mentioned detailed outcomes were mostly 

obtained for the rock masses with moderately bigger discontinuities, such as folds, 

faults, and macrocracks. There remain key questions that are still not discussed in 

the literature about the more accurate effect of micro cracks or coal cleats with 

varying parameters. It is undeniable that coal cleats have a great impact on the 

stability of underground longwall mines. The mentioned method is a highly efficient 

underground mining method used to extract coal from deep seams or beds that are 

too thick for traditional mining methods. In longwall mining, stress is a crucial 

component since it can affect the stability of the mine and the safety of the 

employees. Stress in longwall mining is caused by the weight of the soil and rock 

above as well as by the removal of coal from the seam. The roof and walls of the 

mine may result in deformation or even collapse as the stress distribution in the rock 

surrounding it changes due to the removal of coal. In this technique, stress 

concentrations and deformations are highly associated with orientational and 

positional relationships of cleat networks and the mining direction (Song et al., 

2021).  
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Longwall mining is an underground mining technique that is very effective in 

extracting coal or sedimentary deposits from the Earth's interior. It works especially 

well in the extraction of large, thick coal seams. Using this method, a panel or 

"longwall" of coal is completely extracted along a continuous face that can extend 

for hundreds of meters. Stress is one of the key factors that control stability in 

underground longwall mines (Durucan and Edwards, 1986; Meng et al., 2016; 

Yavuz, 2004 ). The role of coal cleats is undeniable in the distribution of stress and 

other parameters. Cleat orientation, size, and shapes that define zones for stress 

release, planes of weakness within coal seam, and influence the stability of roof 

support can be given as examples of this impact. Thus, the characteristics of coal 

cleats are crucial and should be taken into consideration during the design, 

excavation, and other steps of the mine cycle.  

 As the longwall mining method can result in geological disruptions and highly risky 

failure events, several authors have performed modeling of coal cleats and coal 

behaviors. For example, Song et al. (2017) researched stress and displacements in a 

typical longwall face. Their results showed that most of the failures occur at the roof 

of the opening, while most horizontal displacement occurs at the face, and most 

vertical displacement occurs near the roof of the coal face. It was also recognized 

that in some coal fields, the orientation of the face cleat in relation to the horizontal 

stress orientation affects the maximum coal seam permeability (Brook et al., 2016). 

As the excavation advances, redistribution of parameters in the zone nearest to the 

mining face, such as pore pressure and vertical and horizontal stress, could result in 

tensile failure if the permeability of coal is poor. A zone that may experience 

overpressure and desorption-induced energy failure may be observed ahead of the 

face in this case (Wang et al.,2013). 

There have been numerous studies to investigate the effects of coal cleats on 

permeability and gas flow (Wang et al., 2021; Guo et al., 2012; Noack, 1998; Wang 

and Park, 2002). However, a closer look at the literature on this topic reveals a 

number of gaps, such as the usage of mostly numerical mediums and the lack of 

verification of real-life observations. Also, the influence of coal cleats in Longwall 
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mines on stress distributions, deformation, and failure states with physical sample 

verifications remains briefly addressed in the literature. 

2.3 Geomechanical Modeling of Discontinuum 

The safety, stability, and efficiency of mining operations heavily rely on accurately 

modeling the discontinuities present in the mining process. An in-depth 

comprehension of their impact is essential in the complicated mining environment, 

where excavations navigate through rock masses having a variety of discontinuities, 

including joints, fractures, and faults. Jing and Hudson (2002), in their broad review 

study on Numerical methods in rock mechanics,  evaluated the most used numerical 

approaches of their time and categorized them into several groups by their purpose 

of usage (Figure 2.3). In general, the main types of numerical methods are 

Continuum, Discontinuum, and Hybrid methods. As our main interest in this study 

is the analysis of discontinuities, we will focus on the brief review of discontinuum 

methods - the ones that are utilized for modeling individual particles, fractures, or 

other discontinuities in the material. These techniques work effectively for modeling 

the behavior of materials in which the existence and interaction of discrete elements 

have a major impact on the reaction as a whole. Additionally, since then, newer 

hybrid techniques with the capability of solving more complex problems have been 

introduced, too. 

The modeling technique should depend on the interrelationship between the fracture 

density and the model scale. Where fractures have a fine density so that no unique 

discontinuity exists to dominate the mass properties, the continuum approach is 

reasonable (Hosseini et al., 2021). Contrary to this, discrete methods require an 

explicit representation of the geometry and properties of discrete fractures. DEM 

technique, which was proposed by Peter A. Cundall and Otto D. L. Strack in 1979, 

is used to describe the mechanical properties of a rock on a scale of particle motion. 

They also describe the method as a numerical way that is used to monitor the 

interaction between particles and model their motion using an explicit numerical 
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scheme. To solve more complex problems, several other types of mentioned 

techniques have also been introduced since then: Generalized DEM (Williams et 

al.,1985), DDA (Shi, 1992), and others. 

 

 

 

Figure 2.3. Categories of modeling and design approaches in rock mechanics 

problems (Jing and Hudson, 2002)  

For safe and efficient production cycles in underground mines, accurate 

representation of fractures and cracks is crucial. Underground mining is a 

complicated and dangerous industry that highly depends on the selection of methods 

and equipment that aim to protect workers, maximize resource recovery, and follow 

laws and regulations. Numerical modeling is one such essential tool. The role of 

numerical modeling in safety assessment, stability analysis, support system 

optimization, mine planning, resource recovery, and environmental impact 

assessment is undeniable. Because of this reason, there have been numerous studies 

to investigate the effect of different factors numerically. The integrity of 
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underground structures in mining operations is largely dependent on the stability of 

rock masses. By taking into consideration ground conditions, support systems, and 

geological discontinuities, numerical modeling makes thorough stability studies 

easier.  

A number of authors have recognized the limitations of the usage of certain discrete 

modeling techniques, so they proposed combined or hybrid approaches for assessing 

more complex cases. In order to assess the progression of the tunneling-induced 

fractures, the notable concentration of stress and compression deformation at the top 

of the rock roof and the bottom of the rock floor was computed efficiently by the 

application of CDEM models established by Ju et al. (2019). Shreedharan et al. 

(2016) performed a stability study on tunnels in the deep coal mines by utilization of 

3DEC distinct element code. The results showed that rock mass cohesion, tensile 

strength, uniaxial compressive strength, and elastic modulus values, according to the 

back-analysis, are roughly 35–45% of the equivalent intact rock property values. 

Also, higher stability was achieved by the application of longer supports and floor 

bolting. Another hybrid method, EJRM, was applied to simulate the strata and 

surface movement in the Yanqianshan iron mine caused by mining under an open pit 

final slope (Xu et al., 2016) in order to better understand the failure mechanism of a 

roadway driven alongside an unstable goaf. An original numerical approach was 

presented by Gao et al. (2014), which combines a UDEC Trigon approach for 

simulating roadway damage with synthetic rock mass (SRM) modeling to get rock 

mass parameters. The use of DFN and DEM methods in mining is not limited only 

to rock and fracture analyses; they are also preferred when modeling mining 

equipment. Another branch in which the usage of numerical simulations is beneficial 

is mineral processing. Discontinuum modeling techniques greatly enhance the 

industry's capacity to function effectively, cut costs, and make well-informed 

decisions by optimizing comminution processes, improving material handling, 

enhancing separation efficiency, and resolving wear and maintenance issues (Zhao 

et al., 2020; Van Nierop et al., 2001; Quist and Evertsson, 2016). 
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The concept of DFN was firstly introduced by Long et al. in 1982 for solving 

numerical 2-D problems related to the flow fields in the fractures. They proposed 

that the technique has the potential to distinguish between two types of fractured 

systems: those that can be handled as a porous medium and those that must be treated 

as a collection of distinct fracture flow channels. Later on, more complex 3-D 

problems were analyzed (Long et al., 1985) and this approach was integrated into 

the simulations of the fluid flow (Andersson et al.,1987; Smith et al.,1984; Elsworth, 

1986). Commonly, for DFN simulations, the aperture or transmissivity of a single 

fracture is either taken as constant or stochastically distributed (Moreno et al., 1988; 

Dershowitz & Einstein, 1988). Coupled DEM-DFN fracture mechanisms were 

applied to both laboratory-scale models (Karami and Stead, 2008) and to the large-

scale rock masses as well (Elmo et al.,2011). One of the recent approaches is the 

application of coupled techniques to examine the response of tunnel excavation in 

jointed rock masses (Wang and Cai, 2020). The model uses equivalent continuum 

properties to represent small fractures implicitly, while only large and small fractures 

are explicitly considered in areas that are highly affected by excavation. The study 

also has shown that a few large fractures can be included in the model far from the 

tunnel boundary, depending on its location. By comparing the elastic continuum 

models and various DFN simulations with similar fracture characteristics, Min and 

Jing (2004) indicated that the equivalent mechanical properties may also provide a 

similar stress distribution. More detailed research was conducted as well in order to 

examine the nucleation and clustering behavior of rocks. Lavoine et al. (2020) 

observed the fracture size-position dependency in stress-induced samples, where 

small fractures are in connection with large fractures.  

DFN (along with hybrid methods) is widely used in the mining industry for 

numerous purposes. Parameters that can affect stress distribution and propagation 

have been of interest in recent years. For example, induced stresses due to mining 

activities and stages of failure mechanisms were studied by Zhao et al. (2016). The 

DEM approach enabled them to model the pre-failure deformation characteristics 

and patterns. As a result, mining-induced rock movement was divided into four 
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stages: acceleration stage, constant movement stage, rapid movement stage, and 

deceleration and deposition stage. Another concept that was investigated in depth is 

the flow of fluids in the coal fractures as fracture systems in coalbed methane 

reservoirs control fluid transport properties in a fundamental manner. A model by 

Ma et al. (2020) shows that fluid behavior is affected by density, orientation, and 

fracture connectivity. Overall, the discrete fracture models allow us to study coal 

behavior in terms of different aspects more precisely and visualize bigger-scale 

environments in a more efficient way. 

A solid understanding of the geological characteristics affecting coal extraction is 

necessary for the complex mining activities that take place in coal seams. Naturally 

occurring cracks found within coal seams, known as coal cleats, are one of these 

properties that are essential. Modern mining engineering is based on the fundamental 

application of numerical modeling to imitate the behavior of coal seams. Distinct 

research that is worth mentioning covers the relationship between the directional 

characteristics of cleats and coal bed methane exploration in the southeastern part of 

the Jharia Coalfield, India (Paul & Chatterjee, 2011). According to their analysis of 

maximum principal compressive horizontal stress direction, it is essential to have an 

in-depth understanding of cleat systems and how they relate to the stresses that are 

present close to the wellbore when choosing the best finishing technique for CBM 

wells. Meng et al. (2011), in their research about the Southern Qinshui Basin, pointed 

out that reducing cleat deformation may guarantee that the cleats and coal matrices 

are connected, allowing the coal matrices to transfer gas pressure to the cleats to 

maintain the cleat space. Cleats of different angles, different quantities, and 

combinations were compared numerically by Cheng et al. (2021), and they came to 

the conclusion that, whereas the failure mode of along cleats is easy to appear at the 

middle face cleat angles (45 °~75 °, notably 60 °), the failure mode of through cleats 

is easy to appear at the comparatively small or big face cleat angles (0 °, 30 °, and 

90 °). Furthermore, the strength of the specimens increases initially and subsequently 

diminishes with a turn at 60 ° with an increase in cleat angle. Using the UDEC Trigon 

method, the impact of pre-existing discontinuities on the strength of coal masses and 
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energy release under uniaxial compression was investigated by Vardar et al.(2019). 

The total energy release and the number of cleats per sample width were shown to 

have a nonlinear relationship, which suggests that as cleat density increased, failure 

intensity and energy release decreased.  

As can be observed, there is no extensive research on the effect of coal cleat 

properties and  there remains to be a research gap. Advances in computational DFN 

technique that allow for the investigation of stochastic fracture sets (random position, 

size, shape, and direction) and their verification with real-life outcomes will be the 

main interest of this research. 

2.4 Mechanical Testing of Rock-like Materials 

It is frequently necessary for researchers to replicate real-world rock formations or 

investigate particular geological processes in a controlled setting. Experiments and 

simulations are performed with synthetic rocks that resemble real-life rocks, which 

may not be possible with genuine rocks due to their nature, rareness, composition, 

or other factors. Materials that resemble artificial rocks can be designed to have 

particular qualities, which makes them perfect for testing and analysis in 

laboratories(Gell et al., 2019; Zhang and Zhao, 2013). This makes it possible for 

scientists to study these materials' mechanical, thermal, and chemical properties in 

controlled environments. Materials that are synthetically made to resemble rocks are 

frequently used in the mining industry as well in order to study the characteristics, 

fragmentation, and behavior of materials under different conditions. The mentioned 

application contributes to the enhancement of safety precautions, resource extraction 

efficiency, and mining process improvement. Further examples of their benefit 

include imitation of different geological conditions for material testing and 

equipment calibration, controlled environment for training development, simulation 

of safety challenges, and so on. 



 

 

20 

When it comes to our area of interest – coal samples, discrepancies in coal sample 

preparation due to the easily disintegrating nature of coal material impose 

experimental inaccuracies and lead to material loss. Commonly used cylindrical 

samples are prepared by core drilling and surface grinding techniques that may 

heavily disturb the mechanical properties of samples. This is even more critical for 

strength and deformability tests in which elastic and plastic rock material properties 

are determined and used in numerical simulations of mining activities. Other 

challenges resulting from the nature of rock can be moisture absorption, difficulties 

in handling, and safety concerns. Because of the above-listed reasons, the usage of 

an artificial material that imitates the properties of coal will be more beneficial in 

terms of efficiency and accuracy. Referred issues in the coal sample preparation were 

also observed during the experimental studies of other materials. That being the case, 

the application of numerous methods for the creation of rock-like materials was 

reported in the literature. 

The methods that aid the creation of rock-like materials include but are not limited 

to mixing and casting, foaming and solidification, 3D printing, approaches including 

the usage of polymers, and others. While reviewing the literature, it can be seen that 

the mixing method is applied broadly in the studies where fracture and joint 

behaviors are examined. A research of Zhang et al. (2013) takes the attention on 

understanding of shear deformation, failure, and energy dissipation of joints in the 

artificially created samples from a mixture of lime, sand, and water with three kinds 

of artificially created joint surfaces. Results of direct shear tests in both numerical 

and physical medium showed that the distribution of microcracks, particularly tensile 

microcracks, and the concentration of compression stress are in good agreement, 

which is consistent with the production of compression-induced tensile cracks. One 

of the most detailed studies on this topic was done by Song et al. (2021) using 3DEC 

numerical modeling software. They have analyzed the influence of joint connectivity 

ratios and joint spacing from the experimental data of coal-like physical samples and 

the results of the numerical model. It was observed that maximum face displacement 

was decreased when both face-cleat angles and cleat spacing were increased. In the 
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work by Tang and Wong (2015), the fabrication of the joints was achieved by 

replicating the joints that were originally created to represent splitting rock blocks 

by the application of the Brazilian indirect tensile test technique. Different roughness 

parameters were tested, which were controlled by the proportions of cement, sand, 

and water. Results showed that for softer material interfaces, the shear behavior of 

rock joints was affected by the loading rate during direct shear test results. The 

normal loading rate increased, and the peak shear strength decreased. 

Technqiues that involved the preparation of whole cylindrical specimens was also 

used by numerous authors, for example in the study by Huang et al. (2015). Cement, 

quartz sand, and water were mixtured for the creation of specimens with two 

unparallel fissures, which were generated by inserting steel during the molding stage. 

Rock-like material used in their study showed physical mechanical properties and 

failure modes that were consistent with brittle rock materials. 

In the field of rock mechanics, additive manufacturing, or 3D printing, has various 

advantages. Since its beginnings in the 1980s, additive manufacturing, commonly 

known as 3D printing, has undergone substantial development. Rapid prototyping 

was the original use of 3D printing, but it has since spread to a number of sectors, 

including rock mechanics, aircraft, healthcare, and the automotive industry. The first 

technology to enable the layer-by-layer construction of three-dimensional objects by 

employing ultraviolet light to cure photopolymer resin, stereolithography (SLA) was 

developed by Charles Hull in 1984. This innovation laid the groundwork for the 

development of 3D printing (Hull, 1986). SLA established the groundwork for later 

advancements in the industry. Using a heated nozzle to extrude thermoplastic 

material, Scott Crump invented (Figure 2.4) fused deposition modeling (FDM) in 

1989. The process deposits the material layer by layer (Crump, 1992) and 

prototyping, low-cost manufacturing of functioning parts are all common uses for 

this technique in a modern world. Other methods such as Selective Laser Sintering 

(SLS), Digital Light Processing (DLP), Multi-Jet Fusion (MJF) were also proposed 

afterward. While SLS technique involves usage of a laser to fuse particles together 
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to form solid layers, DLP method works by projecting each layer as a single picture 

and curing complete layers at once.  

 

 

Figure 2.4. Original FDM apparatus drawing as presented by S. Scott Crump 

(Crump, 1992) 

There are various stages involved in 3D printing rock samples, starting with digital 

design and ending with the printed final result. Digital modeling, material selection, 

printing itself, post-processing, testing, and analysis are among the crucial phases. 

Using software for design, researchers can develop precise digital models of the rock 

structures they want to analyze. The digital model can contain geomechanical 

parameters, like porosity, permeability, and fracture patterns. The choice of materials 

is important since the printing materials need to replicate the mechanical 

characteristics of real rocks. Common options include resin composites, polymers, 
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and gypsum. The digital model is first divided into thin layers, which the 3D printer 

will then produce one after the other. Softwares enable us to transfer obtained layered 

prototypes into STL formats that can be read by most of the commercial printers. 

Also, printing parameters such as printing temperature and speed, layer thickness 

and filling density can be selected in this software. Depending on the material and 

required qualities, a variety of printing techniques are used, that were mentioned 

above. FDM is an widely used technology for producing detailed and long-lasting 

models because it builds the model by layering heated material extrusion. However, 

printing of whole specimens or rock-like samples that accurately mimic the variety 

of characteristics seen in real rocks is still a challenge. Gao et al. (2021) in their broad 

review of 3D printing in rock mechanics, mentioned that while mechanical properties 

of 3D-printed rock, such as the stress-strain curve and failure mode, are similar to 

those of real rock; on the other hand, the majority of 3D-printed rock analogues 

typically have high ductility, low strength, and low stiffness.They also cover the 

limitations of current printing techniques such as limitations of printed materials and 

printing accuracy during the creation of complex internal structures of the natural 

rocks. Niu et al. (2023) also mentioned that printing materials shows properties such 

as strong ductility, low brittleness, and strength, and there is still a gap with the 

mechanical qualities of natural rocks. However, they also add that among 2 mostly 

used methodologies: printing of casting molds and printing of whole specimens, first 

one gives higher accuracies compared with traditional casting mold methods. 

The recent developments in printing enable us to create complex rock-like structures 

with various fracture networks and to physically interact with physical scale models 

of rare geological formations by the creation of detailed replicas. However, while 

reviewing the literature, it can be observed that previous studies have almost 

exclusively focused on mimicking the material itself – printing the whole specimens 

or connecting printed layers. In that case, proper imitation of rocks is limited due to 

the differences between the real nature of the material and the artificial ones (Hodder 

et al., 2018). Also, some of the previous works have relied on the utilization of 

powder-based printers. Different printing settings were compared in the study by 
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Fereshtenejad and Song (2016), and they concluded that various printing layer 

thickness values had no mentionable effect on the strength of the specimens. Also, 

they noticed that there were a number of differences in the UCS between the 

specimens printed under comparable circumstances, such as printing angle (Figure 

2.5), some of which were unsuitable for use in the field of rock mechanics. 

 

Figure 2.5. Different arrangements to print specimens with different inclined angles 

(Fereshtenejad and Song, 2016) 

To improve the strength and stiffness of the 3DP gypsum powder samples and 

replicate the mechanical behavior of the severely stressed soft rock, the vacuum 

infiltration approach was suggested by Z.Vu et al. (2019) as a post-treatment method. 

It was found that post-treatments affect stress-strain behaviors and failure modes 

immensely. As a result of another research that focuses on pore analysis of 3DP 

gypsum samples shows that only very weak, fine-grained sandstone pairs well with 

3DP gypsum-like material due to the restrictions of printing material and resolution 

(Kong et al., 2018). In addition, the authors proposed new classification categories 

for the relation between pore shapes and fractures, such as intrapore micro-fracture, 

interpore micro-fracture, and micro-fracture perforating pores. 

Gell et al. (2019), in their broad review of the use of artificial specimens, discussed 

the advantages and disadvantages of both 3D printing and molding techniques. After 

inspecting numerous studies, they also came to the conclusion that the primary issue 

with synthetic materials is that they are not able to adequately simulate the 

mechanical properties of rock. The authors mention the importance of the correct 
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selection of printing materials and settings and propose some solutions, such as the 

availability of new printing materials and techniques.  

When it comes to the effect of used material, PLA printed specimens showed brittle 

behavior in tension and a tendency to be plastic when compressed (Jiang and Zhao, 

2014). Also, powder-based 3DP specimens showed highly ductile behavior and 

failed at very low compressive stress, making them unsuitable for simulating 

ordinary hard and brittle rocks (Zhou and Zhu, 2017). Jiang et al. (2015) brought up 

some limitations of the 3D Printing technique - for instance, the compressive strength 

of the rock-like specimens that are currently printed using sand powder material is 

only less than 10 MPa. They also add that the majority of printers on the market 

today can only print one or two materials since they only have one or two printing 

nozzles. In contrast, the mechanical characteristics of genuine rock masses vary 

widely. 

Combined application of 3DP and numerical modeling techniques have also been 

previously reported in the literature. One of them is a physical simulation constructed 

from the 3DP sandstone model by Jiang et al. (2020), which was presented for 

evaluation of the safety of the multi-tunnel system. In order to study the mechanical 

and fracture properties of rocks under both static and dynamic loading conditions, a 

paper by Zhu et al. (2018) reports on the replication of internal defects of natural 

rocks using the SLA (stereolithography apparatus) 3DP method and numerical 

method in conjunction with X-ray micro-CT. It was confirmed that the resin-based 

3DP rocks could be used to study the mechanical and fracture properties of brittle 

rocks, such as volcanic and porous rocks, by comparing their compressive strength, 

dynamic tensile strength, Poisson's ratio, and fracturing properties favorably with 

those of the prototype natural rocks. Using a combination of laboratory testing and 

numerical techniques, the effects of joint intensity (Figure 2.5) and joint connectivity 

on the strength of rock-like material with complicated discrete joints were examined 

by Tang et al.(2024). Numerical simulation results indicate that when the joint 

intensity of a rock-like material is low, the joint connectivity has a substantial impact 
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on the material's strength. However, as the joint intensity increases, the impact of the 

joint connectivity on strength decreases. 

Several studies were focused on the utilization of new printing techniques, more 

precisely re-designed machinery that can print cementitious materials layer by layer 

using extrusion printhead (Gosselin et al., 2016; Kazemian et al., 2017). The recently 

developed method by Feng et al. (2019) showed that water segregation and rapid 

solidification were the two main drawbacks of using geological material for 3D 

printing. The issues mentioned above could be prevented by using a setting retarder 

and a water-retaining agent. However, these modifications can not be made to most 

of the 3D printers as their working principle usually is limited to heating and moving 

of the selected material. 

 

 

Figure 2.6. Process for preparing rock-like material sample (Tang et al., 2024) 
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After reviewing the literature, it can be seen that there are some potentially open 

questions about the validity of most used powder-based printing methods. Although 

there are many studies, previous research depend on rough models prepared by 

molding large blocks and creating the cleat-like discontinuities explicitly by hand 

made fractures. However, this study will be the first attempt to create cleat networks 

with 3D-printed planes, which will provide more realistic networks. The combined 

use of 3D printing for the creation of molds with different fracture networks and 

mixture pouring can be considered a strong alternative to the fracture creation 

process. 
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CHAPTER 3  

3 EXPERIMENTAL DESIGN AND PROCEDURES 

3.1 Sample Preparation and Laboratory Tests 

This chapter covers coal cleat connectivity types and distributions and different 

techniques that were tested out for imitating the coal cleat structures during the study. 

For that purpose, the fractured nature of coal was approached like the connection of 

blocks with the weak bonding material along the discontinuities. The blocks were 

created using the molds that were originally printed in the 3D printer. The design of 

the molds was created in the CAD environment and later on transferred to the slicer 

software. Obtained files in STL format, were later sent to the Creality Cermoon D1 

commercial printer. By using the extrusion method, which involves forcing molten 

plastic through a nozzle by heating it to the range of 200-220° – PLA+ type in our 

case, the printer starts printing by depositing the material layer by layer. Standard 

printing quality with a layer height of 0.2 mm was selected in our case, and the infill 

density of the prototypes was modified to be as minimum as possible (10-20%). In 

order to improve bed adhesion and facilitating easy removing of shapes, adhesive 

glue was applied to the printer bed. Also while seperating shapes from the bed, some 

of the parts got stuck and their removal was achieved by simply heating the bed itself. 

Final products were polished in order to obtain smoother surfaces. Molds were filled 

with mixtures containing different ratios of cement, gypsum, coal ash and water. 

After the molds were removed, samples were prepared by connecting obtained 

blocks with different connectivity combinations. Some of the molds had created 

difficulties during the removal process, so we apllied heat to their surfaces in order 

to soften the plastic material. Later on, the uniaxial compressive strength test and 

static deformability test were carried out and relationships were obtained. Obtained 
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experimental data trends were modified and used as imput parameters during the 

modeling of continuum longwall mine simulations. 

3.1.1 Blocked Structures 

The first technique enables us to prepare samples with two different block 

geometries, which can also be reviewed as a representation of coal cleat dimensions 

of a rock-like material. Those two types of blocks have a height of 6 cm, but they 

differ from one another by their side lengths: 1 and 2 cm, respectively, as shown in 

Figure 3.1.d. Based on the sizes of blocks, we categorize samples as Fine Blocked 

and Coarse Blocked ones. Numerous pairs of two adjacent faces of rectangular 

prism-shaped molds were printed and, later on, glued to one another with the 

adhesive (Figure 3.1.a and Figure 3.1.b). A mixture containing a 1:2:3:4 ratio (HC 

mixture type) of coal ash, gypsum, cement, and water was mixed and poured into the 

molds.  

The primary purpose here is to create two bigger blocks, as shown in Figure 3.3.a, 

containing attached coarse/fine pieces that connect with each other by a weaker 

bonding material and later obtain numerous samples from them. Figure 3.2.a 

illustrates one “layer” of combined blocks onto which the same type of several 

“layers” will be connected, and a final bigger rock sample will be obtained. For 

example, in the creation of such bigger cubical rock block with dimensions of 24 cm 

x 13 cm x 7 cm, approximately 350 fine pieces were used.  The bonding material in 

all types of samples is a mixture of gypsum and water with respective ratios of 3:2. 

Other mixture ratios were also tested for this purpose, however they end up being 

too diluted or concentrated. In those cases, blocks were not able to attach to one 

another properly, or application of the bondong material were very challenging due 

to its saturation. It can be also added that, for further studies effect of bonding 

material and its other characteristics can be also studied and various connectivity 

options can be tested out. 
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Figure 3.1. (a) Printing stage of mold sides (b) connected version of molds (c) 

detachment of blocks from molds (d) comparison of fine and coarse blocks 

 

 

 

Figure 3.2. (a) connectivity combination of coarse blocks in one layer (b) 

Coarse_BLL and Coarse_BLS samples  

Two types of samples were obtained from each of the blocks depending on the 

respective core drilling direction of 0˚ and 90˚; they were briefly named Block Long 
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(BLL) and Block Short (BLS). In general, four general types of blocked samples 

were categorized: Fine_BLL, Fine_BLS, Coarse_BLL, and Coarse_BLS (Figure 

3.2.b, Figure 3.3.b, Figure 3.3.c). 

 

 

Figure 3.3. (a) bigger block constructed from the attachment of “layers” (b) 

Fine_BLL samples (c) Fine_BLS samples  

3.1.2 Complex Cubical Design 

Another approach is the direct imitation of connection surfaces inside the coal by 

printing those patterns in the shape of molds via a 3D printer. Each mold has its own 

respective pair from which the opposite adjacent component with conforming 

patterns will be detached. In this case, building bigger blocks was not possible due 

to the fragile nature of the mixture and shape of the models. Because of the 

mentioned reasons, molds were designed in sizes that enable us to generate a cubic 

sample directly from connecting them. For that purpose, mold geometries in Figure 

3.4.a with sizes of 8x8 cm that contain 16 rectangles of 2x2 cm were printed out. 

Overall design pattern was introduced to the CAD software, while the height of the 
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smaller rectangles was randomly generated from the range of 0-2 cm by the functions 

of the software. Rectangles represent the connection between the face and butt cleats. 

The sides of the prototypes were closed with plexi-glass, which was detached after 

the mixture settled. To make the detaching procedure effortless and obtain blocks 

without any cracks, molds were covered with the grease. A mixture of coal ash, 

gypsum, cement, and water with ratios of 1:2:3:4 (HC mixture)  ratios was mixed in 

the mixer and poured into the molds (Figure 3.4.b). 

 

Figure 3.4. (a) mold geometries (b) settled mixtures (c) respective pair of blocks (d) 

connected blocks  

Figure 3.4.c shows a block, and its own adjacent pair, which were later attached to 

one another with bonding material – a mixture of gypsum and water with ratios of 

3:2. The approximate height of the connected blocks was between 3-3.5 cm (Figure 

3.4.d), and four of those pieces or two pairs, were used in making of single cubical 

sample. 
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3.1.3 Angular Samples 

In the creation of samples that contain various fracture orientations, the usage of the 

3D printing method was not necessary. Layers with a height of 3 cm were created by 

simply pouring the mixture into ordinary plastic/wooden boxes. One aspect that 

differentiates these samples was the testing of two different mixtures that had 

different cement and gypsum concentrations. 

 

 

Figure 3.5. (a) bigger sized cubical block from which cylindrical samples were 

obtained, sample with fracture orientation of  (b) 0˚, (c) 30˚, (d) 60˚, (e) 90˚ 

For the first mixture, the ratio of coal ash, gypsum, cement, and water was 1:2:3:4 

(HC mixture). For the second one, concentrations of gypsum and cement were 
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switched, and a ratio of 1:3:2:4 (LC mixture) was selected. After attaching  6-7 of 

those slices by the mixture with ratios of 3:2 gypsum and water, we were able to 

obtain a “cake-shaped” block from which samples were taken, which is shown in 

Figure 3.5.a. The basic approach here is to modify the angle of penetration for core 

drilling so that obtained samples have discontinuities with the orientations of 0˚, 30˚, 

60˚ and 90˚(Figure 3.5.b, Figure 3.5.c, Figure 3.5.d, Figure 3.5.e). Comparison of  2 

different mixtures will enable us to observe how the concentration of cement and 

gypsum in the mixture impacts the strength and behavior of samples. It is worth 

mentioning that when cylindrical samples were obtained by the drilling process, the 

machinery's high vibration rate resulted in cracking at some parts of the samples. 

Because of this reason, the mentioned parts were reattached to the samples with the 

help of bonding material in as accurate a way as possible. 

3.1.4 Continuous Samples 

In this methodology, samples without any type of discontinuities were created in 

order to compare them with the fractured samples. For that purpose, adjacent sides 

of molds with cylindrical shapes were printed out and glued to one another (Figure 

3.6.a). Their inner dimensions were 13 cm in height and 5.4 cm in diameter. During 

the preparation, two types of mixtures with higher (HC) and lower (LC) cement 

concentrations, which were mentioned before, were used for this stage as well.  

Overall, we were able to prepare 2 to 4 samples for each type of design and approach 

(Table 3.1). In general, total of approximately 50 samples were utilized during the 

experiments.It is undeniable that some inaccuracies during the mixture pouring stage 

caused minor differences in the dimensions of the samples, which are supposed to 

be around 12 cm in length and 5.4 cm in diameter. Samples were cured at room 

temperature of 20-25˚C for 28 days. We ensured that samples remained moist by 

spraying them with water or using wet covering sometimes due to the dihydrating 

nature of the gypsum. Static deformability and uniaxial compressive strength tests 

were carried out on samples, and lateral and axial deformations along the samples 
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were recorded by extensometers of the MTS. Additionally, values of UCS,E, ν, Bulk 

and Shear Modulus, as well as Stress-Strain graphs, were calculated for each group 

of samples. More accurate values of axial and lateral strain were recorded by the 

Testbox 1001 data acquisition system and by the application of 120 Ohm Strain 

Gauges in quarter bridge configuration, as shown in Figure 3.8.a. While recording 

axial strain in most of the samples, strain gauges were attached exactly to the center 

of the sample and parallel to the loading direction, while for some of the cases – for 

the ones with fracture orientation of 0° and Coarse_BLS (Figure 3.8.b) samples more 

specifically, it was unable to do so.  

 

 

Figure 3.6. (a) cylindrical molds, (b) continuous samples 

As there were fractures passing through the center of the sample, the strain gauge 

was glued to the center of the smaller piece, which was located above the center of 

the sample. Also, for some of the Continuous and Coarse_BLL/Coarse_BLS sample 

types, lateral strain data was also acquired by attaching strain gauges perpendicular 

to the loading directions. It must be noted that, for some types of samples, it was not 
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possible to attach strain gauges at all. Those samples were Cubic ones and their 

whole surface was covered in gypsum. Strain gauges could not be attached properly 

due to the easily disintegrable nature of the gypsum. Other ones were 

Fine_BLL/Fine_BLS samples, in which fracture positions on the surface were so 

dense that strain gauges were not attached as they would not be able to measure the 

accurate data from the material itself. Illustrations of the obtained samples and their 

preparation details are given on the Figure 3.7 and Table 3.1. 
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Table 3.1 Characteristics of different sample types 
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Figure 3.7.  (a) samples LC_90, LC_0, Coarse_BLL, Coarse_BLS (from left to right) 

(b) samples HC_0, HC_90, HC_60, HC_30 (from left to right) (c) samples HC_C, 

LC_C, LC_30, LC_60 (from left to right) (d) samples Cubic, Fine_BLL, Fine_BLS 

(from left to right) 
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Figure 3.8. (a) samples to which strain gauges were attached (b) sample Coarse_BLL 

with strain gauge attached to it (c) sample Fine_BLS with attached extensometers  

3.2 Analysis of Experimental Outcomes  

Results of static deformability and uniaxial compressive strength tests were obtained, 

and recorded lateral/axial deformation, axial force, and dimensional data of samples 

were used during the calculations of E, ν, UCS, and Axial/Lateral Strain at Failure. 
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In order to examine the data, respective values from the Table 3.2 were plotted on a 

scatter graph. The primary goal is to compare the mixtures, design types, 

orientations, and other factors.   

Table 3.2 Average values of obtained parameters for different sample types (data 

from extansometers) 

 

Correlation functions were fitted to represent the relationship between the fracture 

orientations and mentioned parameters, from which trendlines were obtained 

afterwards. Continuous and blocked samples were not taken into consideration for 

this analysis to maintain a reasonable correlation. In Figure 3.9, it can be observed 

that for angled samples that contained a higher concentration of cement, most of the 

parameters showed higher values than the ones with lower cement concentration. For 

example, HC samples that had a fracture of 90˚ showed 2.5 times higher results of 

average E when compared with LC samples of the same fracture orientation. While 

for the HC samples, the data trend of the Modulus of Elasticity was fitted into a 

degree polynomial function, for LC samples, it was a linear function.  

The sharp decrease from 3.1 GPa to 2.3 GPa can be observed around 30° for HC 

samples, which continues with the increase at the following degrees. In general, both 

types of BLS samples had lower values when compared with their respective BLL 
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pairs. For blocked samples, both Coarse_BLL_Avg_E/Coarse_BLS_Avg_E and 

Fine_BLL_Avg_E/Fine_BLS_Avg_E  ratios were equal to 1.45. 

For the trends representing Poisson’s ratio, it was the vice-versa: linear function for 

the HC samples and second-degree polynomial for LC samples (Figure 3.10). The 

most noticeable difference belonged to the samples having fracture orientation of 

90˚, as it was also the case among the E values. HC samples showed 1.75 times 

higher results of average ν value than the LC ones.  

 

 

 

Figure 3.9. Average Young Modulus (GPa) of experimental samples (from 

extensometer) 

When comparing average Poisson’s ratios of blocked samples, BLL ones for both 

fine and coarse ones was equal to 0.11. On the contrary, Fine_BLS samples showed 

higher average value than Coarse_BLS ones. From the mentioned result, it can be 

interpreted that for BLS-type blocked models, fracture density affects Poisson’s 

ratio.  
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Figure 3.10. Average Poisson’s ratio of experimental samples (from extensometer) 

Trend lines representing average UCS data for both LC and HC samples were fit into 

second-degree polynomial functions (Figure 3.11). A sharp decrease can be seen at 

around 60°, which can be explained by the failure type of the samples with respective 

degrees. The samples with fracture orientation of 60° got fragmented along the 

discontinuity surface, which can be considered as weaker zones during the 

compression test. Another notable point is that UCS values for 0° and 90° were the 

same for both LC and HC examples. It means that the rock samples with fractures 

positioned parallel and perpendicular to the compression direction show similar 

strength behavior by having UCS values of 5.9 MPa for HC samples and 2.8 MPa 

for LC samples. 

Average UCS results also demonstrate that, in general, fine blocked samples got 

deformed at lower compression rates rather than the coarse blocked ones. For the 

BLL samples, coarse blocked versions had an average UCS value of 4.2 MPa, which 

was 23% higher than the ones of finer samples. When it comes to the BLS samples, 

the mentioned difference percentage was equal to 56%.  
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Exceptional relationship between the continuous samples of HC and LC mixtures 

can be seen, as their different parameters are either having very close values to one 

another or values of LC samples are bigger than the ones of HC unlike the other 

cases. From that relation, we can say that when there is no occurrence of fractures 

along the rock sample, the decrease in the concentration of cement results in the 

increase of sample’s strength. When it comes to the comparison of Coarse_BLL and 

Coarse_BLS samples, in genereal, average values of all studied parameters show 

bigger results in BLL ones with respect to BLS ones. 

 

 

Figure 3.11. Average Uniaxial Compressive Strength (MPa) of experimental 

samples (from extensometer) 

Results of average axial and lateral strain percentages from 100% at the moment of 

failure were represented in the following graphs (Figure 3.12, Figure 3.13). It is 

worth noting that, data trends show the average values, which were calculated from 

the outputs recorded by axial and lateral extensometers. While the axial strain 

trendline representing the dependency from an angle for HC samples was a second-

degree polynomial function, for LC samples, it was a linear function. For the lateral 
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strain functions, there was a second-degree polynomial relationship for HC samples 

and a third-degree polynomial relationship for LC samples, respectively. It is also 

clearly shown that strain data of the continuous samples at the moment of failure 

were similar for both of the mixture types: 0.15% for the axial strain and 0.03% for 

the lateral strain. While axial strain outputs of Coarse_BLL and Coarse_BLS were 

pretty close to one another by having values of  0.3%, lateral strain values of 

Coarse_BLL ones show two times bigger results of 0.4% in comparison with the 

Coarse_BLS samples that have the result of 0.2%.  

 

 

Figure 3.12. Average axial strain (%) at failure for different mixtures (from 

extensometers) 

Next section includes the comparison of axial strains at the moment of failure 

acquired from both  extensometers and Strain gauges (samples with strain gauges 

coded as SG_1). For more clear demonstration, samples with different cement ratios 

are given in separate graphs (Figure 3.14 and Figure 3.15) . It is worth mentioning 

that, due to the errors and inaccuracies during the preparation of the samples with 

strain gauges, experiments did not take place for HC samples with fracture 

orientations of 30° and 60° (Table 3.3). 
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Figure 3.13. Average lateral strain (%) at failure for different mixtures (from 

extensometer) 

Also, samples to which strain gauges were not attached were not mentioned in the 

graph. Observations show that for most of the samples, data acquired from both 

systems had very close values, which clarifies the accuracy of experiments. Results 

that demonstrate notably different values can be seen in the respective values of 

samples with an orientation of  0˚ (Figure 3.14, Figure 3.15). This difference 

provides an explanation for the strain variations based on their recording locations 

as the particular sample, the position of extensometers and strain gauges differed. 

While extensometer data were acquired exactly from the midpoint of the sample, 

strain gauges were attached to the center of the upper half of the sample. 

Interpretations prove that axial strain concentrates around the center of the sample 

1.5-2 times more with respect to the points located far away from the midpoint. 

Despite this relationship, there were also samples in which data acquisition points 

were the same for both of the systems, but outputs slightly differed from one another. 
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Table 3.3 Axial/Lateral strain values(%) at failure moment (Extensometer versus 

Strain Gauge) 

  

Those inaccuracies can be explained by mentioning difficulties in the sample 

preparation stage or flaws that can result in errors during experiments. Table 3.4. 

demonstrates lateral strain values that were recorded by the utilization of strain 

gauges at the moment of failure. It was not possible to compare the mentioned results 

with the ones from extensometers because the position of strain gauges limited the 

space for the attachment of extensometers. 

 

Figure 3.14. Axial strain values (%) of HC samples at failure (Extensometer versus 

Strain Gauge) 

Samples with strain g. AxialStrain_Extensometer(%) Axialε_StrainGauge(%)

HC_0_SG_N1 0.27 0.16

HC_30_SG_N1 0.55 -

HC_60_SG_N1 0.09 -

HC_90_SG_N1 0.17 0.17

Coarse_BLL_SG_N1 0.18 0.19

Coarse_BLS_SG_N1 0.16 0.22

HC_C_SG_N1 0.1 0.08

LC_0_SG_N1 0.31 0.2

LC_30_SG_N1 0.21 0.19

LC_60_SG_N1 0.06 0.07

LC_90_SG_N1 0.16 0.04

LC_C_SG_N1 0.15 0.12
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Figure 3.15. Axial strain (%) of LC samples at failure (Extensometer versus Strain 

Gauge) 

  

Table 3.4 Lateral strain (%) at failure moment (Extensometer) 

 

 

 

 

  

Samples with strain g. LateralStrain_StrainGauge(%)

HC_C_SG_N1 0.03

LC_C_SG_N1 0.04

Coarse_BLL_SG_N1 0.03

Coarse_BLL_SG_N1 0.16
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CHAPTER 4  

4 Numerical Analysis 

In this chapter, we will briefly discuss input parameters, geometries, and other 

information essential for constructing numerical models. Two groups of numerical 

models, continuum and discontinuum ones, will be constructed, and we will mention 

details about the generation of 16 different longwall mine models simulated in the 

ITASCA 3DEC software. Models differ from each other by several factors. While 

the first 8 of them were modeled in discontinuum media, where longwall panel 

consists of cleat networks with different orientation of 0˚, 30˚ 60˚ and 90˚, the other 

8 models are continuum models. In that case, parameters that were acquired from the 

testing of corresponding samples with the same cleat orientations in the previous 

chapter were modified and used as input data during the modeling of continuum 

models. In other words, obtained data trends from experimental part were utilized 

during the selection of input parameters for continuum models. For each case, two 

different simulations were modeled that differ from one another by stress conditions, 

which will be later described in more detail. The main objective here is to review 

how accurate numerical modeling illustrates the real-life behavior of rock masses 

with fractures and discontinuities. Especially stress patterns and stability issues along 

critical zones, such as the face and roof in longwall mines, are the main topics of 

interest. Also, we will be able to compare two different numerical modelling 

techniques and observe how accurately continuum media can represent fractured 

rock-like material. For that reason, the effect of cleat orientations inside the coal 

seam will be studied for various examination points along the different layers of the 

elastic models as excavation goes on. 

Figure 4.1 lists the characteristics of all models that differ from one another by their 

numerical analysis approach, stress conditions, and present/imitated coal cleat angle. 
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Figure 4.1. List of constructed 16 numerical simulations 

4.1 Model Geometries and Construction 

Models represent the typical Longwall Mine and surrounding layers with the help of 

rectangular prisms. It is worth noting that the dimensions of the corresponding layers, 

Floor, Coal Seam, Roof, and Overburden, stayed the same for all of the models. 

Origin is located in the bottom-left corner of the body, and the dimensions are 240 

m in the x-direction and 200 m in the y-direction, respectively. The overall 

thicknesses of the models equal 254 m, as shown in Figure 4.2. For the discontinuum 

models, roofs were divided into randomly generated blocks with the help of DFN 

templates. As mentioned before, fracture sets with orientations of 0˚, 30˚, 60˚ and 

90˚ degrees were defined for the coal seams of discontinuum simulations (Figure 

4.3) as well, while for continuum models no discontinuities were defined.  For all of 

the models, the excavation area was defined with respective dimensions of 120 m in 

the x direction and 140 m in the y direction. The mentioned excavation zone in Figure 

4.4 was divided into 14 called “Coal Slices” that represented excavation stages with 

the advancement of 10 m. The mesh size of 10 m was set for Floor and Overburden, 

with a more dense value of 5 m for the Coal seam and Roof.  
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After the input parameters were modified and entered (discussed in part 4.2), velocity 

boundary conditions were set for all faces of the models except the upper side, which 

represents the topographical surface. Each model has its own modified version, 

which differs from the original one with the stress condition; the first one has a 

hydrostatic in-situ loading with 4 MPa (k=1), and in the second one,  horizontal stress 

values were doubled to 8 MPa, for k=2. Gravitational forces were applied for all of 

the elastic models. 

 

 

Figure 4.2. Strata and model geometry of the Longwall Mine Simulation 
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Figure 4.3. Coal seams in discontinuum models with respective fracture orientation 

of (a) 0˚ (b) 30˚  (c) 60˚  (d) 90˚   

 

 

Figure 4.4. Dimensions of excavation zone divided into advancements of 10 m 
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4.2 Modification of Input Parameters 

Elastic material properties for the layers  and joint properties for discontinuum 

models were acquired from the literature and were adjusted for our model 

characteristics (Table 4.1 and Table 4.2). To obtain the input parameters for the 

continuous models, some modifications were made to the functions of the Modulus 

of Elasticity and Poisson’s ratio of the HC samples.  

Firstly, scatter graphs were lowered to the range of Coarse_BLL and Coarse_BLS 

values, as we assumed that discontinuum models represent the closest behavior to 

the coarsely blocked samples, and they could be taken as reference points (Figure 

4.5). 

Table 4.1 Elastic material properties assigned to the respective layers in 

discontinuum models 

 

Table 4.2 Joint properties of discontinuities 

 

Later on, trendlines were generated for edited versions, and new results were 

calculated. The best-fitted options, such as linear and polynomial functions, were 

selected. Also, normalization factors that were derived from the relationship between 

parameters of Coarse_BLS samples and the ones of the Coal seam in the 

discontinuum model were applied to the outcomes. Material properties of all other 

layers stayed the same as the ones of discontinuum models. Mechanical parameters 

depending on fracture orientation were calculated from experimental trends. The 

Layers Modulus of 

Elasticity, E (GPa)

Poisson's Ratio, ν Bulk Modulus,K 

(GPa)

Shear Modulus,G 

(GPa)
Density, kg/m

3

Floor 3.50 0.25 2.33 1.40 2800

Roof 2.50 0.25 1.67 1.00 1750

Overburden 2.00 0.25 1.33 0.80 2400

Coal 1.50 0.25 1.00 0.60 1400

Joint Properties
Normal 

Stiffness(GN/m)

Shear Stiffness 

(GN/m)

Cohesion 

(kPA)

Angle of 

friction (˚)

Discontinuities 

and DFN
5 3 300 30



 

 

54 

main concept here is to observe how rock-like fractured material will behave while 

being modeled by the continuum approach. It will be done by assigning input 

parameters from obtained experimental data trends to the continuum longwall mine 

models (Table 4.3). As was mentioned, experimental data trends represent the 

correlation between the geomechanical properties of the rock-like material and 

fracture orientations. Outcomes will be later compared with the directly simulated 

 

 

Figure 4.5. Modification of (a) E values (b) ν values for continuum models 
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discontinuum models, and differences will be found. It will enable us to observe the 

accuracy of the continuum simulations in terms of representing the fractured 

material. 

Table 4.3 Modified material properties of coal layer in continuum models  

 

4.3 Location of History Points and Execution of Simulations 

In order to observe stress changes in the different points of respective layers as 

excavation stages were conducted, history points were positioned inside different 

locations. All the history points can be observed in Figure 4.6. Major principal stress 

values were recorded from the history points located in the center of each respective 

“Coal Slice” with 10 m space-between. Right above those particular points, history 

locations that were set to 3 meters high on the immediate roof of respective coal 

slices traced minor principle stress values. Other points that recorded minor principle 

stress values were centered on the midpoint of the roof. Additionally, the other two 

sets of history points were placed inside the overburden, more specifically, the ones 

located 30 meters high on the overburden and the others located 60 meters high on 

the overburden. The closest grid element was used by the software to allocate the 

history points. As each slice was excavated, 5000 iterative simulation solution steps 

passed in order to achieve the state of balance before the next excavation stage. After 

each time step goes by, values of the mentioned parameters from 70 history points 

were stored for in-detail analysis. It took a total of approximately 80000 steps for all 

of the 14 excavation stages to finish.  



 

 

56 

 

 

Figure 4.6. History locations from (a) perspective view and (b) side view 

Values obtained from the history points related to two of the coal slices; the 5th and 

10th coal slices will be the main focus of the results and discussion chapter. To 

understand the sequence of history points around them, the cross-sectional planar 

view that crosses from the midpoint of the nth slice is given in Figure 4.7.  

Mentioned history point that positioned in the center of the coal seam is labeled as 

“nth_A”, while the ones in the immediate roof and center of the roof are labeled as 

“nth_B” and “nth_C” respectively. The remaining history points, located 30 m and 

60 m above the overburden, are named “nth_D” and “nth_E”. There are no additional 

points above the selected locations because the effect of excavation stages could not 

be observed properly as we get far away from the deformation zones. A detailed 

analysis will be done by plotting principal stress data to the graphs obtained from the 

historical points that were brought up. Data from points that were located on the 

cross-sectional plane of the 5th and 10th coal slices, or in other words, above the 5th 

and 10th coal slices, will be examined. How excavation stages influenced the stress 

behavior in the face, immediate roof, and overburden in the different models with 

various fracture types and modeling approaches will be found at the end. 
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Figure 4.7. (a) cutting planes of 5th and 10th panel slices (b) cross-sectional view of 

“nth” layer 
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CHAPTER 5  

5 RESULTS AND DISCUSSION 

As mentioned before, we will analyze major and minor principal stress values 

obtained from the history points related to the 5th and 10th coal slices in both 

continuum and discontinuum models. It is worth noting that continuum models did 

not include any type of discontinuities or fractures inside them, but they imitate the 

discontinuum behavior by having input parameters of respective angled samples 

from the experimental stage. By that, we will be able to compare outcomes of the 

discontinuum model that actually contains a coal seam with a certain fracture 

orientation - 60˚, for example, and the continuum one that has coal mass imitating 

discontinuum characteristics of the rock-like sample having 60˚ degree fractures. It 

is worth mentioning that the orientations inside the coal seam can also be reviewed 

in the advancement direction through the panels. As the excavation advances, stress 

behavior inside the coal seam, immediate roof, roof, and overburden will be studied. 

5.1 Analysis of Major Principal Stresses from the History Points Located 

Inside Coal Seam in Different Scenarios 

5.1.1 Comparison of σ1 Values Acquired from the History Point 5th_A 

from the Continuum and Discontinuum Models 

Firstly, major principal stress data acquired from point 5th_A, in other words, from 

the history point located in the center of the 5th coal slice in 8 different discontinuum 

models, is given in Figure 5.1. Among the models to which hydrostatic stress 

condition was applied, the least σ1 accumulation during the preliminary excavation 

stages can be observed in the model bearing coal fractures oriented with 60˚. This 

was the case until we reached the face of the 5th coal slice itself, where the order of 
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σ1 accumulation from the least to the most concentrated changed. The model having 

fracture orientation of 90˚ ends up having the highest σ1 concentration of 5.8 MPa. 

While talking about safety aspects in the face, among all simulations with hydrostatic 

stress conditions, the model M_DC_30deg_k1 can be mentioned as the safest case 

by having 5 MPa of major principal stress. It is also worth mentioning that, history 

point inside the mentioned coal slice could not record the further excavation stages 

as it was also removed after the 5th excavation stage. 

 

Figure 5.1. Comparison of σ1 values (Pa) from the history point located inside the 5th 

coal slice (5th_A) in different discontinuous cases 

For the second set of models, where k ratio was equal to 2, data recorded from the 

5th_A was highest in the model M_DC_0deg_k2 for all of the excavation stages. 

Additionally, a sharp increase of 1.5 times from 6.1 MPa to 9.3 MPa can be seen in 

the last stage – where the 4th slice was excavated, and we reached the face of the 5th 

panel slice. The poorest increase was observed for the 60˚ degree model - an increase 

of 30% approximately, which makes it the safest option regarding face problems. 
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When it comes to the continuum models, it can be clearly seen from Figure 5.2  that 

ordering from the least to most concentrated stress-bearing cases in the models with 

hydrostatic stress conditions stays the same during all of the excavation stages. 

Moreover, the major principal stress concentration increases with an increase in the 

represented orientations of the coal cleat systems. However, after the advancement 

of 40 meters, there was a sharp increase of 30% in higher degreed models – 

specifically in M_C_90deg_k1 while models M_C_0deg_k1 and M_C_30deg_k1 

preserved their trend. In fact, this type of sudden spike can also be observed during 

the earlier stages in the model with the representation of an orientation of  90˚ when 

the 3rd slice was excavated, σ1 values got elevated with a rate of 35% from 4.75 MPa 

to 6.4 MPa. 

 

Figure 5.2. Comparison of σ1 values (Pa) from the history point located inside the 5th 

coal slice (5th_A) in different continuous cases 

For the models in which k=2, model M_C_90deg_k2 showed a similar behavior. 

After 30 meters of advance, data from σ1 history point inside the 5th slice increased 

at a rate of 38%, and for the next 10 meters, it became 43% and reached a final value 

of 9.6 MPa. However, this was not the case for previous excavation stages; even that 
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specific model showed the poorest major principal stress trend for excavation of the 

first three panel slices. One specific thing that stays the same for both sets of models 

with two different stress conditions is that the recorded highest stress values as we 

excavated 4th last slice correspond to the models representing coal orientation of 90˚. 

It was also the case with the discontinuum models with hydrostatic stress condition. 

Another point that is worth attention is that for the same stage, the lowest stress rate 

was observed in the model representing cleat structures with 30˚. 

5.1.2 Comparison of σ1 Values Acquired from the History Point 10th_A 

from the Continuum and Discontinuum models 

As the excavation advanced, major principal stress results from the history point 

10th_A, which was located in the center of the 10th coal slice, were also plotted in 

the graph (Figure 5.4). For the discontinuum models with k=1, it can be seen that the 

model with M_DC_60deg_k1 accumulates the stress the most at all stages of the 

excavation until we reach the face of the 10th panel slice itself. While comparing 

these outcomes with the exact results obtained from the history point 5th_A, it is 

important to highlight that the model having fracture orientation of 60˚ showed the 

lowest rates of stress concentration in contrast to point 10th_A. This finding reports 

that while face problems in that exact model are less likely to occur during the 

excavation of preliminary panels, their chance of occurrence increases with the 

advancement of excavation in the further coal slices. For more detailed analysis, top 

view of maximum principal stress contours on the face of 5th and 10th coal slice of 

discontinuum model with angle of 60˚ (k=1) can be observed in the Figure 5.3.  

At that mentioned advancement of 90 m, the ordering of stress patterns changed, and 

the model M_DC_30deg_k1 showed a sharp increase of approximately 40% and 

ended up having the highest stress concentration of 6.8 MPa, while the model 

M_DC_60deg_k1 showed only 13% change as shown in Figure 5.4. The lowest 

change belonged to the model having a fracture orientation of  90˚.  
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Figure 5.3. Top view of maximum principal stress contours on the face of (a) 5th 

and (b) 10th coal slice in the discontinuum model having orientation of 60˚ (k=1) 

For the second set of models with k=2, the trend of the model with 60˚ shows similar 

behavior until the advancement of 80 m.In that particular moment, the highest 

concentration of major principal stress corresponds to the model M_DC_30deg_k2. 
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Figure 5.4.  Comparison of σ1 values (Pa) from the history point located inside the 

10th coal slice (10th_A) in different discontinuous cases 

After the excavation of 10 additional meters, when the face of the 10th was reached, 

a M_DC_30deg_k2 maintained its trend and continues to be the riskiest scenario in 

terms of face problems by reaching 10 MPa. Stress increase for that model at the end 

of the last stage was approximately equal to 50%, while for the most secure model 

with an angle of 90˚, it was only equal to 17%. From the results, it is clear that the 

most and least safe options stay the same for discontinuum models despite the in-

situ stress conditions of the two groups. 

Regarding the continuum models, it can be seen from Figure 5.5  that for the models 

with hydrostatic stress conditions, stress concentration increases with the increase in 

the imitated fracture orientation. This means that, in all excavation stages, the highest 

data recorded from point 10th_A belonged to the model M_C_90deg_k1 and, 

respectively, the lowest to the model M_C_0deg_k1. It is worth noting that it was 

also the case for the data acquired from the point 5th_A for the models with the same 

stress conditions. When the face of the 10th panel slice was reached, the highest 
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incrementation was also observed in the model M_C_90deg_k1, which was equal to 

53%, recording the change from 6.9 MPa to 10.5 MPa at the last stage.  

 

 

Figure 5.5. Comparison of σ1 values (Pa) from the history point located inside the 

10th coal slice (10th_A) in different continuous cases 

At the same time, the poorest increase belonged to the model M_C_0deg_k1, which 

was equal to 11%. This analysis also revealed that the higher the imitated coal cleat 

degree, the higher the occurrence rate of face problems in the continuum models with 

hydrostatic stress conditions. However, different patterns were achieved in the 

models having a horizontal-to-vertical stress ratio of 2. For the first eight excavation 

stages, or in other words, for the advancement of 80 meters, the model 

M_C_90deg_k2 showed the lowest stress concentration while the other models 

showed very close results to each other. After the 8th slice was excavated, a sharp 

increase of 35% can be observed, which was followed by an increase of 2.25 times 

at the next stage. While for the other models, for example, the model M_C_0deg_k2 

that increase was only equal to 19% while the face of 10th slice was reached. In the 
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end, we can say that for both sets of models with two different stress conditions, the 

lowest and highest stress accumulations on the face of the focused slice corresponded 

to the same degrees of 0˚ and 90˚, respectively. 

While comparing data acquired from the history points inside the 5th slice and 10th 

slices in the continuum models, it can be seen that for the both stress conditions, the 

highest stress-bearing model stay the same despite the point from where data was 

recorded. It means that, for the initial and last excavation stages, the most concerning 

case in terms of face problems is the model which imitates coal cleat with an 

orientation of 90°. However, these results did not overlap with the all of the results 

from the discontinuum models. For the further coal slices, riskiest scenario belonged 

to the model M_DC_30deg_k1. Only M_DC_90deg_k1 among the discontinuum 

models was the most concerning case when the face of 5th panel slice reached. While 

comparing that exact model with its respective continuous pair, it can be observed 

that while maximum stress of  5.8 MPa was recorded for discontinuous model, this 

value was equal to 8.4 MPa in continuous simulation. Results demonstrate that when 

fractured material was modeled in the continuous media, there is a difference rate of 

45%. We can also conclude that for the coal layer, continuum simulations 

demonstrate more accurate results for the preliminary stages of excavation. 

5.2 Analysis of Minor Principal Stresses from the History Points Located 

Above the  Coal Slices (3 meters high on the immediate roof) in  

Different Scenarios 

5.2.1 Comparison of σ3 Values Acquired from the History Point 5th_B 

from the Continuum and Discontinuum models 

In this section, an analysis of minor principal stress data collected from the points 

located on the immediate roof of the 5th and 10th slices in continuum and 

discontinuum media will be carried out. For now, we will compare recorded results 



 

 

67 

from point 5th_B for two different stress-conditioned sets of discontinuum models, 

as illustrated in Figure 5.6.  

 

Figure 5.6. Comparison of σ3 values (Pa) from the history point located above the 5th 

coal slice - 3 meters high on the immediate roof (5th_B) in  different discontinuous 

cases 

When hydrostatic stress condition was applied, the least σ3 accumulation on the 

immediate roof of the 5th panel slice was observed in the model having fractures with 

an orientation of 0˚. It was the case until the advancement of 40 m, where the face of 

the 5th slice was reached. At that exact time, that model showed the sudden increase 

of 73% and risk of rock burst on the immediate roof occurred. After we excavated 

the panel slice beneath the history point 5th_B, a sharp decrease from 9.5 MPa to 2.8 

MPa can be observed in the values of σ3 of that exact model. After the excavation of 

the 7th slice, the drop in confinement stress can be explained by the fact that the 

mined coal seam no longer supports the rock mass above it. Consequently, the 

immediate roof experiences less confining pressure due to the weight of the 
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overlaying rock being excavated and ends up being deformed. While the model 

M_DC_60deg_k1 showed the most dangerous behavior after the advancement of 30 

m, an increase of only 28% was recorded when we reached the face of the 5th slice, 

which made it the safest option in terms of rock burst problems in the immediate 

roof. For that exact model,  decrease of 25% can be observed after the panel slice 

beneath the history point 5th_B was excavated. For the models having a k ratio of 2, 

a similar pattern of the minor principal stress concentration can be observed when 

we reach the face of the 5th slice itself. A model with coal cleat orientation of 

0˚showed an increase of 16%, which was not as sharp as in the previous set of models 

with k=1. When the panel slice beneath the mentioned history point was excavated, 

confinement stress was conserved as it decreased from 10.1 MPa to 9.1 MPa, but it 

still remained the riskiest case because of the highest σ3 accumulation in the 

immediate roof. After the advancement of another 10 meters, stress behavior changes 

to tensile one, as the unloading process took place after the excavation of the 6th slice.  

Among the continuum models, model M_C_90deg_k1 had the lowest concentrations 

of σ3 during the preliminary excavation stages, while model M_C_30deg_k1 showed 

the highest stress accumulation.  When the face of 5th panel slice was reached, sharp 

increases until 7.8-8 MPa can be observed in Figure 5.7 for all of the models having 

k ratio of 1. The highest incrementation belonged to the model M_C_90deg_k1, with 

an increase rate of 47%. It is worth mentioning that, history point inside exact model 

experienced the poorest decrease of 35% when the coal slice beneath 5th_B was 

excavated. At that same stage, a noticeable unloading of 47% belonged to the model 

M_C_30deg_k1, which was followed by another decrease of 43% after the 

advancement of 10 m. Models having a horizontal-to-vertical stress ratio of 2 did not 

demonstrate very sharp stress changes during the preliminary excavation stages. 

After the advancement of 40 m, the highest σ3 change can be observed in the data of 

model M_C_30deg_k2. While the mentioned model showed an increase of 21%, 

M_C_90deg_k2 was the model that had the poorest increase of 15%. 
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Figure 5.7. Comparison of σ3 values (Pa) from the history point located above the 5th 

coal slice - 3 meters high on the immediate roof (5th_B) in  different continuous 

cases 

It is worth noting that M_C_90deg_k2 did not show a sudden decrease in the σ3 data 

after the excavation of the 5th slice itself. In fact, it almost preserved its trend by only 

changing from 9.6 MPa to 9.35 MPa, while M_C_30deg_k2 experienced a decrease 

of 19%. More noticeable change of 25% in the data of M_C_90deg_k2 can be seen 

after the advancement of another 10 m - after the excavation of 6th panel slice. As a 

result, we can mention that for the second set of models having k=2, the model 

imitating coal cleats of 90˚ can be considered the safest option as it did not undergo 

a sudden reduction in confinement stresses after the 5th slice was excavated. In 

general, both sets of models with different stress conditions did not show any 

important changes in the data obtained from history point 5th_B after the 

advancement of 70-80 meters. 
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5.2.2 Comparison of σ3 Values Acquired from the History Point 10th_B 

from the Continuum and Discontinuum Models 

Now, we will compare the results obtained from the immediate roof of the 10th panel 

slice, in other words, from the point 10th_B. Until the face of the 10th slice was 

reached, all of the models showed very close values to one another among the ones 

to which the hydrostatic stress condition was applied. At that exact stage, the model 

M_DC_90deg_k1 showed the biggest change of 40%, which can be observed in 

Figure 5.8, and was increased to 9.7 MPa. At that stage, the model that had the 

poorest increase of 11% was the one that had coal cleats with a degree of 60˚. From 

the mentioned conclusions, we can observe that when the face of the 10th slice was 

reached, the model with cleats of 90˚ was the most concerning one in terms of 

stability problems on the immediate roof, while the safest patterns belonged to 

M_DC_60deg_k1. As the 10th slice of coal itself was excavated, we can see that the 

biggest change in the data of minor principal stress belonged to the model 

M_DC_30deg_k1. The values dropped from 8.25 MPa to 2.25 MPa, showing a 

decrease of 3.65 times, which can result in deformation in the immediate roof as 

confinement stresses decrease sharply. Outcomes of the models with k=2 

demonstrate that there was no strong accumulation of σ3 during excavation stages as 

it was in the previous set of models. However, the highest increase in the values of 

stress can be observed in the model M_DC_90deg_k2 among this group of models 

as well when the face of the studied 10th slice was the topic of interest. While 

compared with the model which had k=1, this increase is only limited to the rate of 

12%. The safest option was also the model with the same cleat orientation as was in 

the models with k=1, which corresponds to the degree of 60˚. But that exact model 

showed the sharpest decrease when the coal slice beneath the history point 10th_B 

was excavated. It decreased 2.1 times by changing from 8.1 MPa to 3.8 MPa, while 

confinement stresses were preserved in other models. After the advancement of 

another 10 meters, confinement stress values of other models also decreased, and the 

yieldability of the immediate roof increased. The results also lead to the conclusion 
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that while for the models having k=1, sharper increases were observed in the data of 

point 10th_B as we came closer to the 10th slice, for the models having k=2, σ3 

changes were not that important. 

 

 

Figure 5.8. Comparison of σ3 values (Pa) from the history point located above the 

10th coal slice - 3 meters high on the immediate roof (10th_B) in  different 

discontinuous cases 

A similar type of behavior can be seen in Figure 5.9 for the continuous models with 

hydrostatic stress conditions. The concentration of minor principal stress values 

increased noticeably by around 20% for almost all of the models after the 

advancement of 80 m. When one more slice was excavated, the behavior of the 

model M_C_deg90_k1 differed from the rest by having the highest incrementation 

rate of 45%. Because of this sharp increase, this model can be interpreted as the 

riskiest case regarding the safety problems in the immediate roof when the face of 

the 10th slice was reached. On the other hand, the model imitating coal cleat 

structures with a degree of 30˚ showed an increase of  22% and was positioned in 

the lowest position among the models. These two models preserved their places as 
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the most and least concerning cases during the next stages as well. After the 10th slice 

was excavated, σ3 values decreased by approximately 32% for both of the models, 

which can be explained by the absence of the rock mass beneath the history point 

10th_B. 

 

Figure 5.9. Comparison of σ3 values (Pa) from the history point located above the 

10th coal slice - 3 meters high on the immediate roof (10th_B) in  different continuous 

cases 

Meanwhile, there was no sharp increase in any of the models, with a horizontal-to-

vertical in-situ ratio of 2 when the face of the focused slice was reached.  The highest 

increase of only 5% was recorded from the model M_C_90deg_k2. In fact, data did 

not decrease as was in the previous set of simulations with k=1 after the excavation 

of the 10th slice itself. This means that the yieldability of the immediate roof was not 

decreased either, despite the fact that the rock slice beneath it was excavated. The 

safest and the most dangerous cases were also the same as the previous set of models, 

models representing coal cleats of 30˚ and 90˚, respectively. This phenomenon 

continued with further advancements of 20-30 m. For the most concerning model, 
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the sharpest decrease was recorded after the 11th excavation stage, and it was 

approximately equal to 20%. From the comparison of 2 sets of models with different 

stress conditions, it can be said that while the immediate roof of the 10th slice showed 

immediate deformation when the slice beneath it was excavated for the models 

having k=1, models having k=2 demonstrated preservation of confining stress and 

did not change in sharp rates, in general. 

Observations about the data from immediate roof demonstrate that, for the further 

development stages continuum models represent the behavior of fractured rock more 

accurately.It can be proven by the fact that after the excavation of 9th slice, most 

concerning cases in both discontinuum and continuum models was the models with 

fracture orientation of 90°. Also, for both discontinuum and continuum cases, models 

having k=2 conserved confining stresses even after the panel slice beneath them was 

excavated. Aditionally, discontinuum models demonstrated sharp changes after the 

excavation stagges compared with continuum simulations. 

5.3 Analysis of Minor Principal Stresses from the History Points Located 

Above the  Coal Slices (center of the immediate roof) in  Different 

Scenarios 

5.3.1 Comparison of σ3 Values Acquired from the History Point 5th_C 

from the Continuum and Discontinuum Models 

The history point recording the minor principal stress values, which will be analyzed 

in this section, is located closer to the surface. Data obtained from points 5th_C and 

10th_C in different continuum and discontinuum models will be compared. Those 

points are located in the center of the roof above the 5th and 10th coal slices, more 

specifically, 15 meters above the coal seam. 

While looking at the discontinuum models having a ratio of k=1, it can be observed 

in Figure 5.10 that after the advancement of 30 m, models having fracture 
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orientations of 30˚ and 90˚ showed an increase of 13% and 15% at their σ3 data, 

respectively. When the face of the 5th slice itself was reached, the highest increase of 

25% can be observed in the model with a cleat angle of  30˚. While this model can 

be viewed as the most problematic one in terms of the roof problems, another 

concerning case was the model with an orientation of 90˚ that had an increase rate of 

11%. At the same stage, the poorest increase from 5.1 MPa to 5.5 MPa belonged to 

the model M_DC_60deg_k1, which can also be considered the least concerning 

model.  

 

 

Figure 5.10. Comparison of σ3 values (Pa) from the history point located above the 

5th coal slice – the center of the immediate roof (5th_C) in  different discontinuous 

cases 

After the 5th slice was excavated, the mentioned two models with the highest stress 

accumulation - M_DC_30deg_k1 and M_DC_90deg_k1 showed more important 

changes as well. While they had respective reducements of 28% and 17% as a result 
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of decrease in the confining stresses,  other two models showed the increasing 

behavior, in fact. Another point that takes attention is the fact that models, in general, 

did not completely show a very sharp decrease immediately after the excavation of 

the coal panel beneath the history point. While it was the case with the previous study 

of history points located on the immediate roof, models of this section preserved the 

effect of confining stresses until the advancement of another 20 m. 

When analyzing discontinuum models with a k ratio of 2, it can be observed that 

there were not very important changes until the face of the 5th panel slice was 

reached. In this stage, data obtained from the models did not differ from each other 

at great rates as well. Despite this fact, we can say that models with the highest and 

lowest concentrations of σ3 were M_DC_30deg_k2 and M_DC_60deg_k2, 

respectively. It was also the case after the exact advancement of 40 m among the 

models having hydrostatic stress conditions. After the 5th slice was excavated, a 

model with an orientation of 30˚ showed an increase of only 5% but preserved its 

place as the most concerning case when compared with another model. Another 

model in which minor principal data showed an increase of the same rate was the 

M_DC_0deg_k2, or in other words, having factures positioned perpendicular to the 

advancement direction. Confinement was decreased with lowe rates for almost all of 

the models until the 7th coal slice was excavated. While comparing with the previous 

set of models with k=1, similar behavior can be observed until the same stage. After 

the advancement of 70 m, the yieldability of the roof above the 10th slice decreased 

noticeably, approximately around the rate of 25%, from 8.5 MPa to 6.3 MPa for the 

model having a cleat orientation of 0˚. Starting from that stage, confinement stresses 

declined gradually until the last stage of the excavation, while it was a sharp decrease 

for the models having hydrostatic stress conditions.  

When hydrostatic stress condition was applied to the continuum models (Figure 

5.11), data acquired from point 5th_C showed very similar patterns for all of the 

models until the panel slice underneath the same history point was excavated. Until 

that stage, after each excavation, minor principal stress values in the center of the 

roof increased gradually in the range of 5-10%. 
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Figure 5.11. Comparison of σ3 values (Pa) from the history point located above the 

5th coal slice – the center of the immediate roof (5th_C) in  different continuous cases 

As the 5th slice was excavated, the model M_C_30deg_k1 had the lowest σ3 

concentration of 5.3 Mpa among the models, and the one M_C_90deg_k1 had the 

highest concentration of 5.55 MPa. After that stage, it is obvious that those models 

protect their places as the least and most concerning cases regarding the yieldability 

problems on the roof for the advancement of the next 20-30 m. However, during that 

stage, minor principal stress values got decreased gradually because the overlying 

rock mass experienced unloading. For example, the history point inside the model 

M_C_90deg_k1 showed decreases with the ordering of 7%, 20%, and 15% after the 

excavations of the 6th, 7th, and 8th slices, respectively. In contrast, those values were 

equal to 12%, 19%, and 15% for the data obtained from the history point inside the 

model M_C_30deg_k1. 

Models with a horizontal to vertical in-situ stress ratio of 2 showed very small 

changes in the data collected from point 5th_C until the advancement of 40 m. In 

fact, when the face of the 5th panel slice was reached, there was a very poor decrease 

of 2-5%, which was later followed by an increase of approximately 5% when another 
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10 m was excavated. The highest recorded data belonged to the model 

M_C_90deg_k2, showing the value of 8.6 MPa after the 6th slice was excavated. At 

that exact moment, the model M_C_30deg_k2 was the model that accumulated the 

least amount of minor principal stresses of 8.3 MPa. The same pattern was observed 

for the previous set of continuum models with hydrostatic stress conditions. In fact, 

those two models took their places as most and least stress accumulating cases 

immediately after the 5th slice of coal got excavated, when with this model, it is 

happening after the advancement of 1 additional slice. Until the excavation of the 9th 

panel slice, this trend was preserved, but confining stresses got lesser. For both sets 

of models with two different stress conditions, excavation of the coal slices after the 

advancement of 90 m did not hugely affect the stress concentration data recorded 

from point 5th_C. 

5.3.2 Comparison of σ3 Values Acquired from the History Point 10th_C 

from the Continuum and Discontinuum models 

Data acquired from the history point 10th_C from the discontinuum models showed 

that when the hydrostatic stress condition was present, a model having a fracture 

orientation of 30˚ accumulated more stress than other models until the face of the 

10th slice was reached. From Figure 5.12, it can be seen that the exact model had the 

highest σ3 value of 6.9 MPa, while the model that had the lowest stress value of 5.3 

MPa was the one that had fractures positioned perpendicularly to the advancement 

direction. After the excavation of the 10th slice, M_DC_30deg_k1 suddenly 

decreased by 17%, which can be interpreted as a reduction in the yieldability of the 

roof. On the opposite, the spike can be observed in the data of the model 

M_DC_0deg_k1, and confinement was almost preserved for other models. After the 

advancement of another 10 m, the only model that did not show a sharp decrease was 

the one that had fractures parallel to the advancement direction; in other words, a 

model M_DC_90deg_k1. A sharp decrease from 6.4 MPa to 3.9 MPa was observed 

for the model having a fracture orientation of 60˚.  
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History points inside roofs of the models having a k ratio of 2 did not show very 

sharp changes until the advancement of 90-100 m. When the face of the 10th slice 

was reached, the highest σ3 data belonged to the model M_DC_60deg_k2 by having 

a value of 8.9 MPa.  

 

Figure 5.12. Comparison of σ3 values (Pa) from the history point located above the 

10th coal slice – the center of the immediate roof (10th_C) in  different discontinuous 

cases 

After the advancement of another 10 m, the exact model showed an increase of 

approximately 12% and reached the value of 9.9 MPa. The model having coal cleats 

with a fracture orientation of 0˚ shared the exact same position as the mentioned 

model after the excavation of the 10th slice. At that stage, the model with the lowest 

stress concentration of 8.5 MPa was the M_DC_90deg_k2.It can be observed that, 

after the excavation of the 11th panel slice, these two least and most stress-

accumulated cases switched their places. While M_DC_0deg_k2 underwent a sharp 

decrease of 27%  and became the least concerning case in terms of roof stability, a 

model with orientation of 90˚ showed a small increase and continued to accumulate 
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stress. For the advancement of the next 10 m, another decrease of 28% was observed 

for the model M_DC_60deg_k2, which means that it could not preserve confining 

stresses and deformed. A model with coal cleats of 90˚ also underwent a decrease 

from 8.95 MPa to 7.85MPa. 

During the analysis of continuum models, it can be clearly seen from Figure 5.13 

that while models with hydrostatic stress conditions showed an increase in minor 

principal stress values after each excavation stage, the second set of models with k=2 

preserved the stress concentrations around the in-situ stress value of 8 MPa during 

the preliminary stages. The sharpest increase among the first set of models can be 

observed when the face of the 10th slice is reached. Until then, the model 

M_C_30deg_k1 had slightly higher values of minor principal stress, and the model 

M_C_90deg_k1 accumulated stress less than all other models, but it showed the 

highest increase of 21% when that particular face was reached. After the slice 

beneath point 10th_C  was excavated, the mentioned model was able to preserve its 

confinement, while the model M_C_30deg_k1 showed a decrease of 14%.  Other 

noticeable changes happened after the excavation of the 11th panel slice, which 

preserved the places of models M_C_30deg_k1 and M_C_90deg_k1 as the lowest 

and highest stress-bearing cases. While the model imitating cleats of 90˚ underwent 

a stress decrease of 37%, for the model representing 30˚, this value was equal to 

33%. These rates can be interpreted as the important deformation representatives 

after the advancement of a further 10 m that followed the excavation of a coal slice 

beneath the history point.  

For the second set of models having a horizontal-to-vertical stress ratio of 2, stress 

behaviors started to differ from one another after the panel slice beneath the focused 

10th history point was excavated. As was the case with the previous set of hydrostatic 

models, the sharpest increase belonged to the model M_C_90deg_k2. One point that 

takes attention is that the mentioned increase is not as sharp as was the case with the 

previous set of models; more specifically, it was equal to 13% and happened after 

the excavation of the 10th slice, while for the hydrostatic stress applied models, 

incrementations happened when the face of 10th slice was reached. 
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Figure 5.13. Comparison of σ3 values (Pa) from the history point located above the 

10th coal slice – the center of the immediate roof (10th_C) in  different continuous 

cases 

The poorest increase belonged to the model M_C_30deg_k2, with a rate of only 4%. 

Increases were followed by decreases of 15% and 12% after the advancement of 

another 10 m for the models M_C_30deg_k2 and M_C_90deg_k2, respectively. In 

general, it can be observed that while for the models having k=1, stress changes 

recorded from the history point 10th_C were sharper during the excavations around 

the 10th coal slice, that was not the case for the second group of models having k=2. 

They were accumulating σ3 at higher rates, and the confining stresses decreased 

importantly during the last stages. While comparing data with discontinuum models, 

the ordering of the models from lowest to highest stress-bearing cases stayed the 

same during most of the excavation cases and belonged to the models that 

represented coal cleats of 30˚ and 90˚ for the continuum simulations. 
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Review of history points located in the center of the roof revealed that, as we go 

closer to the surface, recorded highest stress concentrations tend to appear not 

directly after the excavation of mentioned coal slices, but after further advancements 

of 10 m. 

5.4 Analysis of Minor Principal Stresses at the Overburden and Deviatoric 

Stresses in Different Depths 

Stress data obtained from the history points located in the overburden proves that the 

influence of excavation becomes lesser and lesser as we approach the topographic 

surface. This phenomenon can be clearly observed while comparing history points 

5th_D and 5th_E, or 10th_D and 10th_E (Appendices A and B), which were located 

30 and 60 m high on the overburden, respectively. For both continuum and 

discontinuum models, changes after the excavation stages were recognizable in the 

data obtained from points 5th_D and 10th_D when the hydrostatic stress condition 

was applied. However, continuum models had almost the same behavior, and stress 

paths were not distinguishable despite the imitated coal cleat angle. The measured 

highest value from point 5th_D (Figure A.2) among continuum models with 

hydrostatic stress condition was equal to 4.2 MPa, which was recorded after the 

excavation of the 5th slice itself and maintained its value for another advancement of 

10 m. In contrast, discontinuum models showed slight differences with respect to 

each other (Figure A.1), and the highest stress concentration of 4.2 MPa also 

belonged to model M_DC_90deg_k1. After that stage, confining stresses began to 

decrease gradually until the excavation of the 9th panel slice. 

Similar patterns can be observed while analyzing the data obtained from the history 

point 10th_D, which is located above the 10th coal slice. In general, stress 

confinement was preserved around the given in-situ stress value until the 

advancement of 60 m and increased afterward. For discontinuum models, a peak σ3 

value of 4.45 MPa was recorded (Figure A.3) in models with coal cleat degrees of 

60˚ and 90˚ when the 10th panel slice was excavated and did not change for the further 
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advancement of 10 m. When comparing these results to continuum models, it can be 

observed that for all models, peak stress values around 4.2 MPa were reached (Figure 

A.4) after the excavation of the 11th coal slice. Results have also demonstrated that 

when the horizontal-to-vertical stress ratio equals 2, data obtained from points 5th_D 

and 10th_D in both continuum and discontinuum models did not show any important 

stress changes in the overburden after the excavation steps. 

Overall, findings proved that the more distance from the excavation zones, the lesser 

effect can be observed in the minor principal stress patterns. It can be clearly 

observed during the analysis of data obtained from the history points 5th_E and 

10th_E(Figure B.1, Figure B.2, Figure B.3, Figure B.4) . In all continuum and 

discontinuum cases, whether the hydrostatic stress condition was present or not, all 

models demonstrated very similar behavior in the overburden, and infinitesimal 

changes were observed. 

More detailed outcomes can be observed in the analysis of the deviatoric stresses 

based on the depth change. For that purpose,  deviatoric stresses belonging to the 

continuum  and discontinuum models with cleat orientation of 60˚ (k=1) was given 

in the Figure 5.14 and Figure 5.15. Series represent the deviatoric stresses calculated 

from data of different depths inside coal panel, roof and overburden related with the 

cross sectional plane of 10th coal slice. For the point 10th_A which was located in 

the center of 10th coal slice, both continuum and discontinuum models showed sharp 

changes in their devatoric stresses after the advancement of 90 m and ended up 

having their maximum values of approximately 4.5 MPa. When it comes to the point 

10th_B that was located in the immediate roof, differences between the continuum 

and discontinuum models can be clearly seen. While for the continuum simulation 

changes were gradual and smooth, discontinuum model showed more critical and 

complex behavior. Inside the continuum model, the highest devatoric stress data 

from the history point 10th_B reached when the 10th coal slice itself was excavated, 

or in other words, rock mass beneath the mentioned point was removed. However, 

for the discontinuum model, the mentioned sharpest increase can be seen when the 

face of 10th coal slice was reached. 
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Figure 5.14. Deviatoric stress (Pa) analysis of points with different depths 

(Continuum model with orientation of 60˚ and k=1) 

An increase of approximately 2.5 times from 2.5 MPa to 6.1 MPa was recorded after 

the 9th coal slice was excavated. Similar behavior was noticed for the deviatoric 

stresses from the point 10th_C located in the center of the roof. The continuum model 

showed showed increase of 16% in the roof after the 10th coal slice was excavated 

and by that, reached maximum deviatoric stress of 4.9 MPa. While compared with 

the discontinuum model, it can be observed that the sharpest increase of 60% was 

recorded after the excavation of 9th coal slice. In fact, the maximum value of 

approximately 5.3 MPa was preserved for the further advancement of 10 m.  

Analysis of the points located on the overburden shows that, for both continuum and 

discontinuum cases stress fluctuations were not very significant and they 

demonstrate similar type of behavior. To conclude, the discontinuum model 

generally showed frequent sharp changes compared to the continuum model. The 
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continuum model represented more uniform and stable behavior, while deviatoric 

stresses in the discontinuum model had more complex and significant changes 

related with the presence of fracture sets and joints.  

 

Figure 5.15. Deviatoric stress (Pa) analysis of points with different depths 

(Discontinuum model with orientation of 60˚ and k=1) 

As consideration of discontinuities significantly impacts the stress distribution and 

overall stability, carried review highlights the limitations of the continuum modeling 

of fractured media one more time. Even after application of experimental data trends 

from labaratory test, continuum models could not show very similar outcomes to the 

discontinuum ones. It was proven that modeling of the fractured material in 

discontinuum environment gives more accurate and precise outcomes with respect 

to continuum medium. 

 



 

 

85 

CHAPTER 6  

6 CONCLUSIONS 

Using both experimental research and numerical simulations based on discrete 

fracture network (DFN) analysis, we have conducted an extensive assessment of coal 

cleat systems within longwall mines. Because of the structural nature of coal, various 

limitations have arisen during the previous studies. By combining 3D printing and 

molding techniques, we have proposed a new approach that enables the creation of 

samples with numerous connectivity types, angles, and designs. The study of 

complex behavior of cleated rock-like structures during laboratory experiments 

included UCS and static deformability tests. Some of the key findings in the 

experimental stage are: 

• For the angular samples, linear and polynomial relationships between the 

fracture orientations and parameters such as E, ν, and UCS were obtained. 

Both LC and HC samples having fracture orientations of 90° had the highest 

Modulus of Elasticity and Poisson’s ratio. 

• It was proven that for almost all sample types HC ones showed higher 

outcomes in difference with the LC samples. 

• Axial strain concentrated around the center of the sample 1.5-2 times more 

with respect to the points located far away from the midpoint for sample 

having fracture orientation of 0˚. 

• Analysis of blocked samples proved that fracture density or cleat dimensions 

influenced the strength of rock-like sample. Coarse-blocked samples 

deformed at higher rates when compared with fine-blocked ones. However, 

the mentioned factors did not play a huge role during the analysis of E and ν. 

In fact, BLL sample types for both coarse and finer block types demonstrated 

higher values of Modulus of Elasticity and Poisson’s ratio with respect to 

BLS sample types. 
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Chapter 4 covers all the above-mentioned outcomes in a more detailed way. 

Numerical part of our study focused on the comparison of the continuous and 

discontinuous modeling of the fractured rock-like samples.The main goal here was 

to find out how accurately continuum-based code was able to simulate the behavior 

of discontinuous samples. For this purpose, data trends of angled samples obtained 

from the experimental part was modified and were entered to the continuum model. 

History points in the crucial zones as face, immediate roof and overburden in 16 

different numerical simulations of Longwall Mine were reviewed in detail. Most 

concerning cases in terms of face and roof problems, stress accumulations after 

excavation stages for each case were studied. Outcomes showed that: 

• When the obtained data trends from experimental part were used as input 

parameters in continuum models, outcomes were inconsistent with the results 

of discontinuum models in most of the cases. This concludes that the 

discontinuum modeling gives more critical results in fractured coal 

modeling. 

• In general, discontinuum models showed frequent sharp changes after each 

excavation stages compared to the continuum models. Continuum models 

represented more uniform and stable behavior, while stresses in the 

discontinuum models had more complex and significant changes related with 

the presence of fracture sets and joints. 

• For the entrance slices of the coal seam, the most problematic discontinuum 

case in terms of face problems was the model having fracture orientation of 

90° when k was equal to 1. For the further excavation stages, recorded highest 

data at the face belonged to the discontinuum model with 30˚ (k=1).For 

mentioned preliminary stages, continuum simulations imitating also 90° 

demonstrate similar results by being most concerning case for both k=1,2. 

From those results, we can conclude that continuum simulations demonstrate 

more closer results to the ones of discontinuum models only for the 

preliminary stages of excavation inside panel when k=1, while it was not the 

case for further development. 
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• At the immediate roof, this relationship was in fact vice-versa. 

Results demonstrate that continuum models represent the behavior of 

fractured rock more accurately for the further development stages. When the 

face of 10th slice was reached, most concerning cases regarding problems in 

the immediate roof in both discontinuum and continuum models was the 

models with fracture orientation of 90°.  

•  It was also proved that data trends obtained from history points inside the 

overburden from same sub-grouped models behave in a very similar way. 

Additionally, there is lesser of an impact on the history points  as they got 

farther  from the excavation zones. 

It is undeniable that inaccuracies during the experimental stage, such as sample 

preparation, data acquisition, and their application to numerical models, can result in 

infinitesimal errors among outcomes. Further studies could focus on the alternative 

approaches for the creation of coal-like material in the laboratory environment by 

testing out new designs, printing methods, and different fracture connectivity types. 

Also, new combined numerical methods could be proposed for the imitation of 

discontinuous medium in the continuum environment. 

In summary, this thesis uses a combination of numerical and experimental analyses 

to better understand the behavior of coal cleats in longwall mines. We hope that the 

outcomes gathered from this study will contribute to the underground coal mining 

methods and make processes more efficient, safe and sustainable. 
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APPENDICES 

A. Analysis of Minor Principal Stresses from the History Points Located at 

Overburden (30 m high on the overburden) in Different Scenarios 

 

Figure A.1 Comparison of σ3 values (Pa) from the history point located above the 5th 

coal slice - 30 m high on the overburden (5th_D) in  different discontinuous cases 

 

Figure A.2 Comparison of σ3 values (Pa) from the history point located above the 5th 

coal slice - 30 m high on the overburden (5th_D) in  different continuous cases 
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Figure A.3 Comparison of σ3 values (Pa) from the history point located above the 

10th coal slice - 30 m high on the overburden (10th_D) in  different discontinuous 

cases 

 

Figure A.4 Comparison of σ3 values (Pa) from the history point located above the 

10th coal slice - 30 m high on the overburden (10th_D) in  different continuous cases 
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B. Analysis of  Minor Principal Stresses from the History Points Located at 

Overburden (60 m high on the overburden) in Different Scenarios 

 

Figure B.1 Comparison of σ3 values (Pa) from the history point located above the 5th 

coal slice - 60 m high on the overburden (5th_E) in  different discontinuous cases 

 

Figure B.2 Comparison of σ3 values (Pa) from the history point located above the 5th 

coal slice - 60 m high on the overburden (5th_E) in  different continuous cases 
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Figure B.3 Comparison of σ3 values (Pa) from the history point located above the 

10th coal slice - 60 m high on the overburden (10th_E) in  different discontinuous 

cases 

 

Figure B.4 Comparison of σ3 values (Pa) from the history point located above the 

10th coal slice - 60 m high on the overburden (10th_E) in  different continuous  cases 


