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Abstract 

Roof failure has always been a major concern in underground coal mine roadways. 

Understanding the failure mechanism of roadway roofs is important for improving the 

safety of underground coal mines and reducing economic loss. In this research, a 

numerical modelling methodology named UDEC Trigon in 2D and 3DEC Trigon in 3D 

and based on a discrete element framework is developed to model rock mass behaviour, 

with a particular focus on the damage process including generation and propagation of 

fractures, and heavy dilation in the post-peak failure stage. Simulation of compression 

and Brazilian tests indicates that the methodology can capture different failure 

mechanisms under varying loading conditions. The UDEC Trigon is then used to 

investigate shear failure mechanism in roadway roofs. The results suggest that shear 

cracking plays a dominant role in the roof shear failure. Rock bolts can aid in ensuring 

the retention of more rock bridges which is critical to the roof stability. Cutter roof failure, 

which is a three-dimensional roadway rock failure mechanism, is studied using both 

PFC3D and 3DEC Trigon. The 3D models explicitly capture the cutter roof failure 

process and found that incorporating bedding planes and cross joints results in a more 

distinct cutter failure. Roadway squeezing failure mechanism is studied using the UDEC 

Trigon approach. The results show that the UDEC Trigon approach is able to reproduce 

the large dilation due to fracturing of rock mass surrounding a roadway under two 

distinct situations: high mining-induced stress and strength degradation of moisture 

sensitive rocks.  In addition, the UDEC Trigon approach is used to simulate the 

progressive caving process of a longwall panel of coal. It is found that compressive 

shear failure, rather than tensile failure, is the dominant failure mechanism in the strata 

above the goaf. A further demonstration of the potential of UDEC Trigon in capturing 

roadway failure is presented as a case study of a roadway driven adjacent to unstable 

goaf in the Wuyang Coal Mine. The case study reveals that the combination of 

Synthetic Rock Mass (SRM) and UDEC Trigon is able to evaluate failure mechanisms in 

underground coal mines. 

The insights gained from this research provide an improved understanding of typical 

failure mechanisms in underground coal mine roadways, guiding the design of panel 

layout and roadway support. The 3DEC Trigon method provides an alternative for 

simulating rock damage under real 3D conditions. 

Keywords:  Numerical modelling; brittle fracture; shear failure; cutter roof; squeezing; 
longwall mining 
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1. Introduction 

1.1. Statement of the problem 

Excavation of an underground opening alters the geological and geotechnical 

conditions of the rock masses surrounding the opening. The deformation and damage of 

the opening are controlled by numerous factors including the state of the stress, the 

strength of the rock masses, the structures inside the rock masses, and the installed 

support pattern. In contrast to civil underground excavation and hard rock mines, 

excavation in underground coal mines has two main characteristics. First, Coal 

Measures are bedded strata and usually characterized as highly anisotropic, with 

persistent bedding planes. Most of the Coal Measures rocks including coal, shale, 

sandstone, and siltstone are weak, soft and exhibit large volumetric changes in the post 

peak failure stage, particularly at low confining pressures (Medhurst and Brown, 1998). 

Second, mining activities cause dynamic stresses which have significant impact upon 

the nearby roadways and panels. For longwall entries, it is inevitable that they suffer 

mining-induced stress caused by the extraction of both the former panel and current 

panel, resulting in a very complex loading path. For these two reasons, the development 

of an excavation damaged zone (EDZ) around a coal mine roadway is inevitable. Coal 

mine roadways usually have a rectangular profile and the EDZ may occur in all 

directions in a the roadway cross section, leading to roof sag, rib convexity and floor 

heave (Wang et al., 2000). Among them, roof failure has always been a major concern. 

Massive roof falls can cause fatality, injury and significant economic loss. In Chinese 

coal mines, over one thousand people are killed each year due to roof falls. Severe rib 

convexity and floor heave may not cause fatality as roof fall does, but can block the 

roadway. A rehabilitation campaign must then be performed, resulting in a significant 

economic loss. Solving these problems requires an improved understanding of the 

mechanical behaviour of roadways subjected to complex stresses as well as the effects 

of the support pattern.  
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Numerical modelling has been used widely for investigating the failure 

mechanisms in the excavation damaged zone around underground coal mine roadways. 

When the necessary data are available, numerical modelling can be used for guiding 

roadway support design (Studeny and Scior, 2009; Zipf Jr, 2006). However, 

conventional numerical modelling approaches are often limited by their inability to 

incorporate the effects of pre-existing discontinuities, propagation of new fractures and 

the occurrence of high dilation during the damage process.  

The initial objective of this research is to develop a new numerical modelling 

approach in an attempt to overcome many limitations of conventional approaches. The 

new approach should have the capability of explicitly simulating the rock damage 

process including generation and propagation of fractures, and heavy dilation in the 

post-peak failure stage, and incorporating pre-existing fractures. This approach is 

subsequently used to investigate typical failure mechanisms experienced in underground 

coal mines, including cutter roof failure, shear failure and roadway squeezing, which is 

the major objective of this research. 

1.2. Research methodology 

Numerical modelling is the major research methodology adopted in this thesis to 

explore failure mechanisms in underground coal mines. Cundall (1971) developed the 

distinct element numerical modelling method which is implemented in the commercial 

numerical code UDEC (Itasca, 2011), and provides a powerful tool for simulating a 

fractured rock mass. In conventional UDEC models, a fractured rock mass is 

represented as a combination of intact rock (represented as blocks) and pre-existing 

joints (represented as linear contacts). These pre-existing joints must be persistent 

between two blocks. Failure of these pre-existing joints including sliding and opening can 

be realistically simulated. However, the generation of new fractures in intact blocks is 

normally not considered.  This problem can be handled using a UDEC Voronoi 

tessellation generator. This methodology is able to produce randomly sized polygonal 

blocks bonded together through contacts to simulate intact rock. In this way, fractures 

developed in intact rock can be simulated. Extending the UDEC Voronoi approach, the 

author developed a new 2D UDEC 'Trigon' approach and a new 3D Trigon method using 

the 3DEC code (Itasca, 2010). The applicability of the proposed 'Trigon' approach in 
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simulating rock failure is examined primarily through compression and indirect tension 

numerical tests. Subsequently, typical failure patterns experienced in underground coal 

mine roadways are simulated using the Trigon logic. The two dimensional Particle Flow 

Code (PFC) and the hybrid continuum/discontinuum code ELFEN are used for 

comparison with the Trigon approach.  Furthermore, PFC3D is used for simulate a three 

dimensional roadway rock failure problem which cannot be addressed in 2D models. In 

addition, the 'Trigon' approach is used to simulate the progressive caving process of the 

strata above the mined-out area of a longwall panel due to extraction of a coal seam.  

The applicability of the Trigon approach in solving rock mechanics problems is 

further validated in a case study of a Chinese coal mine roadway. Borehole field tests 

including in situ stress measurement using hydraulic fracturing, in situ rock strength 

testing, and optical teleview imaging have been performed.  The synthetic rock mass 

(SRM) approach is employed to estimate the rock mass properties of the Coal Measures 

rocks and the properties are then used in the FLAC3D and UDEC Trigon models to 

simulate mining-induced stresses and the excavation damaged zone around a roadway. 

The numerical results are compared with field observations.  

It is suggested that the proposed research with further development could 

provide a novel numerical approach for the mining and civil engineering community, 

assisting in the design of underground excavations. 

1.3. Thesis structure 

This thesis consists of nine Chapters. This chapter (Chapter 1) presents the 

research problem, the methodology, and the structure of the thesis.  

Chapter 2 provides a brief introduction of the numerical techniques used for 

simulating mechanical behaviour of rock mass surrounding underground excavations, 

with a particular focus on underground coal mine roadways.  

Chapter 3 introduces a novel numerical modelling approach using UDEC Trigon 

logic. Laboratory scale tests including unconfined compression, confined compression, 

and indirect tensile tests are simulated in numerical models (both in 2D and 3D) created 

using the UDEC Trigon approach with the objective of evaluating its ability to capture the 
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fracture process in rock. A proposed 'damage parameter D' is introduced which allows 

the evaluation of the simulated rock damage in a more quantitative manner. 

In Chapters 4 to 6, three typical failure patterns experienced in underground coal 

mine roadways are investigated using different numerical modelling methods. In Chapter 

4, the cutter roof failure pattern is studied through 3D numerical simulation. Two 3D 

numerical codes, PFC3D and 3DEC are used. The process of cutter roof failure caused 

by oblique horizontal stress with respect to roadway advance direction is captured in the 

3D models.  

Chapter 5 investigates mechanism of the roof shear failure. Three 2D 

discontinuum codes, UDEC with Trigon approach, PFC, and ELFEN are employed 

separately to simulate the process of roof shear failure. The results obtained from the 

three codes are compared and the mechanism of roof shear failure highlighted. The 

effect of the installation of rock bolts on roof shear failure is also simulated. 

Chapter 6 studies the squeezing failure of underground coal mine roadways. 

There are two main reasons for roadway squeezing, mining-induced stress and time 

dependent strength degradation of moisture sensitive rock mass. The UDEC Trigon 

approach is used to simulate the squeezing process of a roadway due to these two 

processes.  

In Chapter 7, progressive caving of the strata above the mined-out area caused 

by the extraction of a longwall panel is simulated using the UDEC Trigon approach.  

Roof fracturing, damage development and stress change as the longwall face advances 

are evaluated. The influences of immediate roof strength, bedding planes and high 

horizontal stress on the caving process and failure pattern of the strata are examined. 

Chapter 8 presents a case study of a roadway in a Chinese coal mine. Field tests 

are performed to obtain geological and geotechnical parameters including the strength of 

Coal Measure rocks, the state of in situ stress, and geometrical parameters of bedding 

planes and cross joints. Synthetic rock mass models are created using PFC3D and 

FracMan, in order to obtain the rock mass properties of the roadway roof. A 3D 

numerical analysis is then carried out using FLAC3D to characterize mining-induced 

stresses. A 2D numerical analysis is then carried out using the UDEC Trigon logic to 
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study the deformation and failure of the roadway subjected to mining-induced stress. 

The numerical results are calibrated to field observations. 

Finally, Chapter 9 presents a summary of the thesis research and 

recommendations for further research.  
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2. Numerical modeling of rock mass damage 
around underground openings 

2.1. Introduction 

A rock mass is complex material best described by the DIANE acronym i.e. 

Discontinuous, Inhomogeneous, Anisotropic, and Not-Elastic (Harrison and Hudson, 

2000).  Excavation of an opening in a rock mass alters the geological, geotechnical and 

hydrological properties of the rock mass and causes a complex deformation and failure 

process, involving closing, opening and sliding of rock joints, generation and propagation 

of new fractures and their interaction with pre-existing rock joints.  

Numerical techniques have been proven to be a powerful tool in the study of the 

rock mechanics problems in underground openings, even though a perfect solution is 

unattainable. In contrast, a numerical model should try and simplify reality rather than 

trying to create a perfect imitation (Starfield and Cundall, 1988). A model does not need 

to be complete and perfect but should represent reality to an adequate level.   

Advances in computational science in over the last fifty years have seen many 

numerical methods developed for solving rock mechanics problems. These models can 

be classified into three groups (Elmo, 2006): 

• Continuum methods: Boundary Element Method (BEM), Finite Element 
Method (FEM) and Finite Difference Method (FDM). 

• Discontinuum methods: Discrete Elements Method (DEM) and Discontinuous 
Deformation Analysis (DDA). 

• Hybrid models: Hybrid BEM/DEM, Hybrid FEM/BEM, Hybrid FEM/DEM and 
other hybrid models. 

Numerical methods in rock mechanics problems can be further divided into two 

classes, boundary methods and domain methods (Elmo, 2006). In boundary methods, 

only the boundary of the excavation is divided into elements and the interior of the rock 

mass is represented mathematically as an infinite continuum. In domain methods, the 
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interior of the rock mass is divided into finite elements, each with assumed properties. 

Domain methods consists of finite element and finite difference methods which treat the 

rock mass as a continuum and discrete element methods which treat each individual 

block of the rock as a unique element.  

In this chapter, the different numerical methods and their applications in 

simulation of underground openings is briefly discussed, with particular attention on 

underground coal mine roadways.  

2.2. Continuum methods 

The fundamental hypothesis of a continuum method is that the deformation of a 

material subjected to applied external loads should be continuous, i.e., nodal points 

forming the mesh are always shared with other elements, thus rotation and detachment 

of the mesh is not allowed. Common continuum methods include BEM, FEM, and FDM. 

2.2.1. Boundary Element Method 

In the Boundary Element Method (BEM), only the boundaries of the problem 

geometry (the excavation surfaces) are divided into elements and the interior of the rock 

mass is represented mathematically as an infinite continuum. It is particularly useful 

when linear elastic behaviour can be assumed for a rock mass. The major application of 

the BEM approach in underground openings is to evaluate the stress distribution around 

the opening. Relatively simplistic boundary element models can provide useful 

simulation of stress redistribution around coal mine roadways (Islam et al., 2009). 

Clifford (2004) used the BEM approach to initially model the three-dimensional stress 

redistribution around a coal longwall panel. The stress output from the boundary element 

model was then used as input for a more detailed two-dimensional finite difference 

modelling of roadway behaviour. Clifford (2004) suggested that results from a 

combination of modelling methods may provide useful insight for a particular problem.  

Simple deformation and failure analysis can also be carried out using BEM 

approach. The obtained deformation of an opening is just the elastic component of the 

deformation because the BEM system is elastic. The failure zone around the opening in 

a BEM model is typically identified when the ratio of the rock mass strength to the stress 
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is less than 1. The deformation and failure analysis using the BEM approach is quite 

simple and usually is used for initial evaluation of the opening behaviour. More 

sophisticated models are required for modelling the progressive rock failure and fracture 

behaviour (Unver and Yasitli, 2006a). 

2.2.2. Finite Element Method 

In the Finite Element Method (FEM), the physical problem is modelled 

numerically by dividing the entire problem domain into elements. Rock mass properties 

are assigned to the elements and appropriate boundary conditions are applied to the 

outer edges. Each element explicitly represents the response of its contained material 

which is governed by its constitutive model. Once these have been done, any 

unbalanced loads caused by changes in the model (i.e. excavation, added loads etc.) 

need to be redistributed to achieve a new equilibrium state, available solution techniques 

used are either implicit or explicit.  

The FEM is well appropriate to solving problems involving heterogeneous or non-

linear material properties. Rock failure is identified when the stresses applied on an 

element exceeds pre-defined failure strength. The most used conventional constitutive 

criteria for evaluating rock failure include a linear Mohr-Coulomb failure criterion and a 

non-linear Hoek-Brown failure criterion. A major difficulty in using continuum methods to 

simulate underground openings is the estimation of the strength and deformation 

properties of the rock mass, particularly in the case of a jointed rock mass. Generally, 

there are four approaches for estimating rock mass properties: 

(1) Scaling of laboratory test data on intact rock to rock mass properties  
by applying a reduction factor (Wilson, 1983). 

(2) Rock Mass Classification derived relationships with deformability and 
strength established by Bieniawski (1988) and (Hoek and Brown, 
1997) in which input parameters are reduced in accordance with their 
rock mass rating values. 

(3) Back analysis of stress-strain relationships. Rock mass properties can 
be calculated through using a constitutive model and measured 
displacement data from an opening(Sakurai and Takeuchi, 1983). 

(4) Synthetic Rock Mass (SRM) approach (Pierce et al., 2007). Rock 
mass properties are derived from strength tests (i.e. compression 
tests, direct and indirect tensile tests) on synthetic rock mass created 
by incorporating discrete fracture network (DFN) into intact rock.   
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Pérez Hidalgo and Nordlund (2012) used the FEM code Phase2 (Rocscience, 

2006) to simulate spalling failure in a hard rock tunnel. The depth and shape of spalling 

failure developing in the walls and roof of the tunnel were identified using volumetric 

strain and maximum shear strain, Figure 2.1.  

(a) (b)
 

Figure 2.1. FEM simulated failure zone identified by (a) Volumetric strain bands 
and (b) Maximum shear strain bands around a tunnel in hard rock 
(Pérez Hidalgo and Nordlund, 2012). 

Yong et al. (2010) used Phase2 to investigate how millimetre-thick tectonic 

shears and bedding fracturing in a tunnel at the Mont Terri Rock Laboratory in 

Switzerland, Figure 2.2. Bedding-parallel shears were incorporated in the model through 

continuous joints. The numerical results indicated that rock mass heterogeneity may 

dominate over rock matrix anisotropy. Incorporating the rock mass heterogeneity is of 

great importance when evaluating the excavation damaged zone. 
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(a) (b)
 

Figure 2.2. Two-dimensional FEM modelling of a tunnel using Phase2. (a) Model 
geometry, (b) Simulated failure zone comparing with field 
observation (Yong et al., 2010). 

Toraño et al. (2002) used Phase2 to simulate the deformation and failure of 

roadways driven in a fractured rock mass under the impact of longwall mining. 

Discontinuities including bedding planes and cross joints were incorporated in the FEM 

model through joint elements. Rock support was simulated by applying a stress on the 

surface of the model. The FEM models were found to be able to capture the deformation 

mechanisms of roadways within closely jointed rock mass. 

2.2.3. Finite Difference Method 

For linear and moderately non-linear problems, the FEM using implicit solution 

techniques can provide a fast and convenient solution. However, as the degree of non-

linearity of the problem increases, smaller increments have to be implemented to apply 

loads, leading to a great increase in computational expense. For highly non-linear 

problems, the FDM with explicit solution techniques provides a more convenient 

solution.  

The most common FDM code using for simulating rock mechanics behaviour in 

underground openings is FLAC (Itasca, 2008). In FLAC, a material is represented by 

elements or zones. Each element behaves according to a prescribed linear or non-linear 

stress/strain law. FLAC provides a range of built-in constitutive models (i.e. elastic, 
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Mohr-Coulomb plasticity, ubiquitous-joint, strain-softening/hardening, double-yield, 

Hoek-Brown plasticity, etc.). FLAC also allows users to develop specific constitutive 

models. When using FLAC to simulate the excavation damage zone, the primary issue is 

selecting an appropriate constitutive model to adequately represent the mechanical 

behaviour of the rock mass, particularly in the post-peak region.   

Use of a Mohr-Coulomb model 

Meyer (2002) applied both FLAC and FLAC3D to investigate the effect of 

horizontal stress orientation on the stability of coal mine development roadways. The 

results showed that the immediate lithology and the magnitude and orientation of the in-

situ stress play a dominant role in the failure ahead of a roadway. The ‘stress path’ has a 

significant influence upon the model behaviour. The two-dimensional model, however, 

can only be used to represents roadway section at some distance behind the face. The 

maximum horizontal stress is either perpendicular or parallel to the roadway direction, 

representing a plane-strain condition. A comprehensive simulation of a roadway both at 

the face-end and at a distance behind the face under a more complacted stress 

conditiions can only be achieved in a 3-dimensional modelling. Maleki et al. (2009) 

studied the mechanisms of a sudden heaving of the mine floor in western U.S. deep coal 

mines using numerical analysis. FLAC was used to simulate the floor heave.  The Mohr-

Coulomb model was adopted for representing rock mass and the interface model 

embedded in FLAC was incorporated for simulating discontinuities including faults and 

bedding planes.  

Use of a Strain-softening model 

A strain-softening model in which a material has a peak and residual strength 

property is often used for simulating post-failure (e.g., progressive collapse, yielding 

pillar, caving), particularly when shear failure is the dominant failure mechanism. The 

localization of shear bands can be identified by the maximum shear strain (Edelbro, 

2010).  Researchers found that the strain-softening model is capable of capturing the 

cutter roof failure pattern which is commonly experienced in underground coal roadways 

(S. Gadde and Peng, 2005; Ray, 2009). The challenge in using a strain-softening model 

is the determination of the strain-softening rule according to which the rock mass 

strength parameters (cohesion, friction angle and tensile strength) are lowered with 

increasing plastic strain. Edelbro (2010) stated that the results of numerical simulation 
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using a strain-softening model were sensitive to changes of the peak strength 

parameters and less sensitive to variations in residual parameters. Moreover, the strain-

softening model is mesh-dependent, and the shear band tends to controlled by 

discretized mesh (Maleki et al., 2009; Schlangen, 1995; Sjöberg, 1996).  

Use of a Ubiquitous joint model 

The ubiquitous joint model is suitable for simulating thinly laminated material 

exhibiting strength anisotropy. As Coal Measures are bedded strata, the ubiquitous joint 

model has been widely used for simulating underground coal roadways. For example, 

Maleki et al. (2009) performed a detailed FLAC3D modelling investigation to evaluate 

the floor heave mechanism. Three different constitutive models including Mohr-Coulomb 

plasticity, Mohr-Coulomb strain softening, and ubiquitous joints were used for 

representing the mechanical behaviour of the coal. The results showed that a good 

agreement between numerical results and field observations was achieved when using 

the ubiquitous-joint model. 

Sharpe (1999) applied FLAC to simulate the deformation and failure of roadways 

as shown in. The ubiquitous joint constitutive criterion was adopted to simulate the 

behaviour of the rock mass, including bedding planes. The model also included 

structural elements to represent roof bolts. The numerical results were compared against 

the calibration data. Parametric studies were performed using FLAC to investigate a 

range of factores influencing roadway stability, including the depth of roadway and, the 

variations in the immediate roadway geology. Sharpe (1999) also applied the ubiquitous 

joint model to investigate the stability of goaf side roadways using FLAC. The 

performance of goaf side roadways with different widths of yielding-pillars was examined 

and compared against field data. The failure of the pillar was indicated by shear bands 

which extend from the immediate roadway roof and higher toward inside part of the 

pillar. As the pillars width increased, both the area and magnitude of the shear strain 

surrounding the roadway progressively increased, Figure 2.3. 
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Figure 2.3. Roadway deformation and failure modelled by FLAC with ubiquitous 

model (Sharpe, 1999). 

Zipf Jr (2006) developed a standard method for creating realistic numerical 

models for practical support design of coal mine roadways. The method included 

procedures for obtaining the mechanical properties of Coal Measures, creating a 

numerical model and interpreting numerical results. FLAC was applied to create models 

and the ubiquitous joint model was used to simulate the mechanical behaviour of Coal 

Measures. Rock bolts were incorporated in the models so that the roadway response 

could be examined under different support patterns, Figure 2.4. 
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Figure 2.4. FLAC simulated roadway failure with consideration of rock bolts 

(Zipf Jr, 2006). 

Use of user defined models 

Hajiabdolmajid et al. (2002) developed the CWFS (cohesion weakening-frictional 

strengthening) model in which the cohesion and friction of rock are mobilized at different 

strain levels to simulate the progressive failure of rocks. The CWFS model was found to 

successfully capture the depth and extent of the failed zone around the URL tunnel 

(Figure 2.5). 
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Figure 2.5. Predication of the failed zone round AECL's Mine-by test tunnel 

using FLAC and CWFS model (Hajiabdolmajid et al., 2002).  

Diederichs (2007) proposed the Damage Initiation Spalling Limit (DISL) model. 

Corkum et al. ( 2012) developed a modification of the DISL approach by including a 

reduction in stiffness due to the formation of stress-induced fractures (bulking). The DISL 

approach was implemented in FLAC. The results showed that the DISL approach was 

able to capture the extent of failure very well. 

Mortazavi and Molladavoodi (2012) developed a damage constitutive model, 

which incorporates two distinct damage functions under both compressive and tensile 

loading conditions. The model was implemented in FLAC and used to simulate the rock 

failure mechanism of the Mine-by test tunnel at the URL. The results showed that the 

damage model has good capabilities in predicting the damage around the tunnel. 

2.3. Discontinuum methods 

Widely used continuum-based numerical models are suitable to simulate 

underground openings excavated in massive or highly fractured rock mass. But their 
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ability are limited when realistically address opening failure whereby sliding and opening 

along existing joint sets, and fracturing of intact rock material play a dominant role.  

In continuum models, the displacement field must be continuous due to its 

fundamental continuum assumptions. Sliding, separation and dilation which are 

commonly observed in underground opening cannot be realistically captured in 

continuum models. These limitations can be overcome in discontinuum methods. Two 

sub-divisions of the discrete element method have been applied to model excavations in 

discontinuous rock masses, the Distinct Element Method (DEM) and the Discontinuous 

Deformation Analysis (DDA) Method. 

2.3.1. Distinct element method 

In Distinct Element Method, the rock mass is treated as a series of blocks 

bonded together with joints. A block represents a finite area of intact rock in a similar 

manner to the finite element and finite difference codes. The joints between blocks 

represent pre-existing discontinuities. The constitutive criteria for the joints and intact 

rock are specified separately. The blocks forming the model are free to move and rotate, 

and completely detach from the rock mass body when failure occurs. 

The Universal Distinct Element Code (UDEC) (Itasca, 2011) is one of the most 

commonly used distinct element programs. It can accommodate complex geometries 

along with a number of material types and complex constitutive models. In addition, it 

provides structural elements for representing rock support materials.  

In contrast to continuum models, one of the major advantages of the Distinct 

Element Method is that the failure of an underground excavation (i.e. roof collapse) can 

be explicitly simulated. For example, Agapito and Gilbride (2002) applied UDEC to study 

the influence of high horizontal stresses upon roadway roof stability. The roof was 

represented as an assembly of rectangular blocks bonded by horizontal and vertical 

joints representing bedding planes and cross joints. Roof bolts were incorporated in the 

model. The roof collapse was realistically captured in the UDEC model. 

Alejano et al. (2008) used UDEC to study roof bed deformation of underground 

excavation in stratified rock masses, Figure 2.6. Alejano et al. (2008) suggested that the 

UDEC model closely simulates mine observations.  
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Figure 2.6. Simulated roof collapse of underground excavations in stratified 

rock masses (Alejano et al., 2008). 

Another advantage of the DEM is that a sensitivity study can be performed to 

evaluate the effects of important geological and geotechnical parameters on the stability 

of underground excavations. These parameters include joint spacing, joint orientation, 

joint strength and block size etc. Hao and Azzam (2005) used UDEC to simulate the 

influence of faults on the stability of tunnels excavated in hard rock masses. Critical fault 

parameters including fault dip, fault shear strength and fault location relative to the 

underground structure were evaluated using UDEC. Bhasin and Høeg (1998) used 

UDEC to study a large cavern in the Himalayas. Sensitivity studies including variations in 

joint spacing  (block size)  revealed  that  the deformation  around an  opening is 

dependent  on  the size  or  the  number  of blocks  adjacent  to  the  excavation. Heuze 

and Morris (2007) applied a 3D Discrete Element Method to study the influence of joint 

orientation and joint spacing on the stability of underground structures.  

Kemeny (2005) applied UDEC to simulate time-dependent failure of rock bridges 

along discontinuities. The rock bridge was represented as discontinuities. The time-

dependent failure was simulated by reducing the cohesion of the discontinuities with 

time. 

In addition, the dilation of underground excavation can be realistically simulated 

in distinct element models. This is important particularly when analysing the deformation 



18 

of the excavation. Higher  normal  stresses are built up with the dilation  across  an 

increased  number  of  non-planar  joints  , resulting  in  interlocking of the  blocks  which 

in turn suppress  further  deformation (Bhasin and Høeg, 1998). This phenomenon, 

however, cannot be reproduced in a continuum model where the dilation of a material is 

generally represented through volumetric changes of continuum elements representing 

the material.  

In underground design practice, a great degree of uncertainty exists with respect 

to rock joint configuration including spacing, persistence, etc. Fekete and Diederichs 

(2012) used 3DEC to simulate structurally-controlled failure in blocky rock masses. 3D 

laser scanning (Lidar) was used to characterize structural geology which was then 

incorporated into a 3DEC model. Their research showed that 3-dimensional 

discontinuum models can be created based on Lidar-extracted data, providing increased 

insight to tunnelling engineers.  

A limitation of most DEMs is that fractures can only occur by sliding along the 

continuous joints and that the direction of the sliding and the rupture surface is both pre-

defined and confined to joints. In UDEC, these pre-defined joints must be persistent 

between two blocks and fracturing of intact rock material is not allowed. This limitation 

can be overcome by introducing a Voronoi tessellation generator. This methodology is 

able to produce randomly sized polygonal blocks bonded together through contacts to 

allow simulation of fracturing through intact rock. Pre-existing discontinuities including 

fractures, bedding planes, faults and shears can also be incorporated. A few studies 

have been performed using the UDEC Voronoi approach to simulate underground 

excavation. For example, Shin (2010) adopted UDEC Voronoi to predict the excavation 

disturbed zone developed around underground openings excavated in massive Lac du 

Bonnet granite and found that the UDEC Voronoi model was capable of capturing the 

extent and depth of the damaged zone around a tunnel.  

Damjanac et al. (2007) applied UDEC Voronoi to simulate progressive spalling 

failure of tunnels in a lithophysal rock. In situ, thermal and seismic loads as well as time-

dependent degradation were considered in the models. In dynamic analysis, viscous 

boundaries were used on all model external boundaries to simulate reflection of outgoing 

seismic waves back into the model. Dynamic loading was applied at the base.  
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Lan et al. (2012) developed a grain-based discrete element model based on 

UDEC to simulate in situ damage processes in a pillar due to thermal-mechanical stress. 

In their simulation, a 3-dimention elastic model was initially used to establish the 

thermal-mechanical stresses. The stresses were then applied to the 2-dimention grain-

based discrete element model in order to simulate fracture generation. The model was 

able to capture the characteristic heterogeneity of the material and its control on the 

onset of cracking, stress distribution and crack density, Figure 2.7.  

 
Figure 2.7. Damage around a tunnel simulated using a grain-based discrete 

element model (Lan et al., 2012).  

In PFC (Itasca, 2011), an intact rock is simulated as an assembly of discrete rigid 

particles bonded together though bonds. A crack forms when the shear or tensile forces 

exceed the specified bond strength. Pre-existing fractures can be incorporated through a 

smooth joint contact model which was proposed by Mas Ivars et al. (2008). The smooth 

joint contact model represents a discontinuity as a smooth interface, regardless of the 

local particle contact orientations on the interface. PFC has been shown to be suitable 

for simulating rock behaviour at the grain scale level (Cho et al., 2007; Diederichs et al., 

2004; Potyondy and Cundall, 2004). Fracturing of a rock under various loading 

conditions can be successfully captured in PFC models. However, PFC has limitations in 

simulating field scale failure around underground openings as it is difficult to apply the 
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required small particle size to field scale model. To overcome this limitation, Potyondy 

and Cundall (2004) suggested a coupled PFC-FLAC model to simulate excavation-

induced damage in a URL tunnel,Figure 2.8. Only the potential region of damage was 

represented in the PFC material with the remaining part simulated in a FLAC grid. 

Velocities and forces are transferred between the FLAC model and the PFC model 

through the three boundaries.  This couplied FLAC-PFC approach significantly increased 

calculation efficiency.  

(a) (b)  
Figure 2.8. FLAC/PFC model for the Mine-by tunnel. (a) PFC portion of the 

model, and (b) Simulated fracture pattern of the tunnel roof 
(Potyondy and Cundall, 2004). 

2.3.2. Discontinuous deformation analysis method 

The discontinuous deformation analysis (DDA) is a form of Discrete Element 

Method developed by Shi and Goodman (1985). It is based on the concept that the 

minimization of the system energy will produce an equation of motion for the block 

system. Initial DDA models only allowed for triangular blocks (Shi, 1988) and later 

development by Shyu (1993) and Chang (1994) allowed for the use of rectangular 

blocks. Yeung and Leong (1997) used DDA to study the effects of joint attributes on 

tunnel stability. Cases were analyzed with different combinations of tunnel depth, joint 

orientation, joint spacing, and joint friction angle. Bakun-Mazor et al. (2009) used DDA to 

evaluate the stability of underground openings in jointed sedimentary rocks, Figure 2.9. 
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(a) (b)
 

Figure 2.9. Mechanical layering roof collapse simulated using DDA model. (a) 
whole deformed model, (b) zoom-in on the roof collapse (Bakun-
Mazor et al., 2009). 

2.4. Hybrid methods 

As discussed previously, the FEM is suitable for handling continuous material 

and the DEM is suitable for simulating discontinuous material in which non-linear 

mechanical behaviour and jointing can be explicitly represented. The objective of a 

hybrid method is to combine the FEM to describe the material elastic deformation and 

the DEM to simulate its damage and failure processes. An example of a hybrid 

FEM/DEM model is the code ELFEN (Rockfield, 2006) which can capture the transition 

from a continuum to a discontinuum state. If the fracture criterion within the intact rock 

(represented by the FEM) is met, then a crack (represented by the DEM) is initiated. 

Adaptive re-meshing allows the fracture process through the FEM mesh to be tracked 

and visualized. Mohr-Coulomb shear strength properties can be assigned to pre-existing 

joints and newly generated cracks. The capabilities of the code for the analysis of 

various rock mechanics problems has been demonstrated and validated at both the 

laboratory scale modelling  (Cai and Kaiser, 2004; Cai, 2012; Elmo, 2006) and field 

scale modelling including slope failure (Eberhardt et al., 2004; Pine et al., 2006; Stead et 

al., 2004), underground pillar stability (Elmo, 2006), and block caving (Vyazmensky, 

2008; Vyazmensky et al., 2010a, 2010b). Limited research has been carried out using 

ELFEN to simulate underground mine openings. Coggan et al. (2012) used ELFEN to 

model progressive development of shear-related failure in the immediate roof of a 

tunnel. Figure 2.10 shows the progressive plastic strain developed prior to fracturing of 

the immediate roof of a mine opening.  
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Figure 2.10. ELFEN simulated progressive strain development and subsequent 
fracture in the immediate roof of a tunnel (Coggan et al., 2012). 

2.5. Summary 

There have been significant advances in computational methods over the last 

decade, particularly in the use of numerical methods for solving rock mechanics 

problems. Numerical simulation of the fracture process in rock requires sophisticated 

numerical methods that can allow for efficient solution of multiple interacting cracks and 

rigorous fracture models that can reflect the material fabric characteristics. In the 

following chapters, a novel numerical methodology is developed for modelling the 

excavation damaged zone in underground coal mines.  
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3. UDEC Trigon modelling method 

The Discrete Element Method (DEM) has been widely used to simulate the 

generation, propagation and coalescence of fractures observed in the fragmentation of 

brittle materials. Since the initial work on the DEM by Cundall (1971), considerable 

developments have occurred as the method has been increasingly used in engineering. 

The fundamentals of the DEM and its application in rock mechanics was presented in 

Jing and Stephansson (2007). 

Implementation of the DEM can be divided into explicit and implicit formulations, 

according to the solution algorithm used.  One of the most popular representations of the 

explicit DEM is the Particle Flow Code (PFC) (Itasca 2011). Both two and three 

dimensional analyses are available. Unlike other discontinuum codes, PFC does not 

require either a mesh or a complex constitutive model to represent a material. A dense 

packing of particles bonded at their contacts is used and requires calibration of rock 

micro-properties to the conventional rock properties (Potyondy and Cundall, 2004). In 

contrast to conventional discontinuum codes, a significant advantage of PFC model is 

that a crack can be modelled as a real discontinuity. Many researchers have applied 

PFC to simulate the mechanical behaviour of rock type materials under a variety of test 

configurations, i.e., confined and unconfined compression testing (Diederichs, 1999; 

Yoon, 2007), Brazilian  (Tomac and Gutierrez, 2012), direct shear ((Asadi et al., 2012; 

Cho, 2008; Ghazvinian et al., 2012; Park and Song, 2009). A current limitation of PFC is 

that when calibrated to the uniaxial compressive strength, it significantly overestimates 

the tensile strength of a rock material with a ratio of predicted Brazilian tensile strength 

to uniaxial compressive strength (UCS) of around 0.25 (Diederichs, 1999; Potyondy and 

Cundall, 2004), much higher than typically reported values of 0.05-0.1 (Hoek and Brown, 

1997). Solutions such as the so-called cluster (Potyondy and Cundall, 2004) and clump 

logic (Cho et al., 2007) have been proposed to solve this problem and have successfully 

reduced the ratio to around 0.1. Potyondy (2012) describes the most recent and 

successful solution to this problem using a new flat joint logic whereby joints form the 
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contacts between PFC particles and the models bear some resemblance to Voronoi 

logic. 

Another frequently utilized version of the explicit DEM is the Universal Distinct 

Element Code (UDEC) Voronoi (Itasca 2008) which allows simulation of block media 

and both displacement along joints and intact deformation of joint-bounded blocks in two 

dimensions. Similar to PFC, a material in a UDEC Voronoi model is represented by a 

dense packing of polygonal blocks bonded along their contacts. The blocks can be either 

deformable or rigid and calibration of the block-contact properties is required. In contrast 

to PFC, a significant advantage of UDEC Voronoi is that the tensile strength of a rock 

material can be controlled by adjusting the tensile strength of the Voronoi contacts. The 

problem of obtaining a realistic ratio of the uniaxial compressive to tensile strength is 

solved and a specific tensile strength to UCS ratio can be achieved (Kazerani and Zhao, 

2010). The potential use of the UDEC Voronoi method in modelling brittle fracturing has 

been recognized for a considerable time but only recently has it been fully-demonstrated 

at all scales from the laboratory to the mine scale. Christianson et al. (2006) employed 

the UDEC Voronoi method to simulate triaxial testing of lithophysal tuff and found that 

the numerical results were in general agreement with data from laboratory tests. Alzo’ubi 

(2009) applied UDEC Voronoi to simulate typical rock slope failure mechanisms, i.e. 

toppling and buckling. Shin (2010) adopted the UDEC Voronoi to predict the excavation 

disturbed zone developed around underground openings excavated in massive Lac du 

Bonnet granite. Damjanac and Fairhurst (2010) employed the UDEC Voronoi model to 

study the effect of decrease in fracture toughness due to stress corrosion on the strength 

of a crystalline rock.  

In this study, a modified UDEC Voronoi logic, called Trigon logic is proposed. 

This approach overcomes certain limitations of the conventional UDEC Voronoi 

approach. Introduction of the Trigon logic is initially presented, followed by a parametric 

study using UDEC Trigon models to examine the effect of micro properties on the 

mechanical behaviour of the model. The Trigon model is employed to investigate the 

failure mechanisms of a weak brittle material under different loading conditions, i.e., 

unconfined and unconfined compression and Brazilian indirect tension test. The Trigon 

logic is then further developed for 3-dimensional simulation using 3DEC (Itasca 2008). 

Two 3D samples are created with this logic to simulate a compression and a Brazilian 
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test and both illustrate the application of 3D Trigon logic in brittle fracture modelling. A 

field-scale model using the Trigon logic is created and used to simulate roof shear 

failure, a typical failure pattern experienced in underground coal mine roadways. 

3.1. UDEC Trigon 

In UDEC, polygonal blocks are generated using Voronoi tessellation providing 

randomly sized polygonal blocks. In this paper, this type of model is referred to as a 

conventional UDEC Voronoi model. By cutting every single Voronoi polygonal block into 

several triangular blocks, a UDEC Trigon model is built, Figure 3.1. The blocks can be 

either rigid or deformable. The interfaces between adjacent blocks are viewed as 

contacts. A force-displacement law is applied at the contacts to find the contact force 

from the known displacement and Newton’s second law is applied at the blocks to 

calculate the motion of the blocks resulting from the known forces acting on them.   
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Voronoi Trigon

 

Figure 3.1. UDEC Trigon model generated by cutting polygonal blocks into 
triangular ones. 

The mechanical behaviour of the material represented by an assembly of 

triangular blocks is controlled by the Coulomb friction law. In the direction normal to a 

contact, the stress-displacement relation is assumed to be linear and governed by the 

stiffness nk  such that (Itasca, 2011): 

n n nk u        (3.1) 

where n  is the effective normal stress increment and nu is normal displacement 

increment. There is a limiting tensile strength, T , for the contact. If the tensile strength is 

exceeded, then 0n  . 
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In the shear direction, the response is governed by a constant shear stiffness. 

The shear stress, s , is determined by a combination of contact micro properties, 

cohesive (C ) and frictional ( ). Thus, if 

maxtans nC     
    (3.2) 

then 

e
s s sk u       (3.3) 

or else, if 

maxs 
   (3.4) 

then 

max( )es ssign u     (3.5) 

where e
su  is the elastic component of the incremental shear displacement and su is 

the total incremental shear displacement. 

Normal stiffness, shear stiffness, cohesion, friction, and tensile strength can be 

assigned to the contacts. These properties are referred to be as micro-properties. As an 

assembly of triangular blocks, the material will represent a certain mechanical behaviour 

which can be described using macro-properties.  

Cracks will be initiated at a contact when the stresses applied on the contact 

exceeds either its tensile or shear strength. This represents the fracturing of the rock 

masses through intact material. In this study, the Mohr-Coulomb criterion with a tensile 

cut-off is employed for the contacts so that they may fail either in shear or in tension 

based on the stresses inducing failure. Pre-existing fractures can also be incorporated 

by creating cracks and assigning them specific properties, such as zero tensile strength 

and cohesion. 
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The micro-properties of the triangular block contacts control the mechanical 

response of the material.  Therefore, calibration of the micro-properties of the contacts 

must be carried out in advance before they can be used to model a specific rock.  

A parametric study was carried out to examine how the micro-properties of 

contacts in a UDEC Trigon model influence the mechanical behaviour of the material. A 

series of confined and unconfined compression and Brazilian tests was performed to 

examine the relationship between the micro-properties of the contacts and the macro-

properties of the material.  

The Brazilian test, as an indirect tensile test, is a common and widely-used 

approach for determining the tensile strength of rock. The International Society for Rock 

Mechanics (ISRM) suggests the Brazilian test as the standard test for measuring the 

tensile strength of rock (Ulusay and Hudson, 2007). In the Brazilian test, the indirect 

tensile strength of a cylindrical sample is given by:  

max
t

P

Rt





    (3.6) 

where maxP is the maximum load at failure, R is the radius of the sample, and t  is the 

thickness of the sample. 

Figure 3.2 shows the configuration of the UDEC Trigon models used for uniaxial 

compression and Brazilian testing.   

Coal is selected as a weak brittle rock on which to perform the UDEC Trigon 

parametric study. The micro-properties of the Trigon models are listed in Table 3.1. The 

normal and shear stiffness of the contacts, nk  and sk , were calculated using Equation 

3.7 (Itasca, 2011).  

min

4
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   1 10n   0.4*s nK K    (3.7) 
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Figure 3.2. UDEC Trigon models used for modelling the uniaxial compression 
test (left) and the Brazilian tensile test (right). 

Table 3.1. Calibrated micro-properties in UDEC-Voronoi model to represent the 
coal sample as reported in Medhurst and Brown (1998) 

Contact properties Values 

Young’s modulus of blocks, E(GPa) 3.0  

Poisson’s ratio of blocks, v  0.25 

Normal stiffness of contacts, nk  (GPa/m) 5760  

Shear stiffness of contacts, sk  (GPa/m) 2304  

Contact cohesion, contc (MPa) 4.6  

Contact friction angle, cont (o) 18 

Contact tensile strength, cont
t (MPa) 1.0  
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3.1.1. Effect of block size 

The effect of block size was examined by performing a series of unconfined 

compression and Brazilian tests on samples created with different Voronoi block edge 

lengths of 7, 6, and 4 mm, respectively. Figure 3.3 and Figure 3.4 show the failure 

patterns of the samples under unconfined compression and Brazilian testing. Under  

unconfined compression, the 7-mm block edge length sample failed through a 

combination of shear failure in the upper left and extension or splitting in the lower part, 

together with localized splitting in the bottom right corner of the sample (Figure 3.3a). 

The sample with 6-mm block edge length failed through a persistent shear zone 

developed along a diagonal from the upper left to bottom right corner, in addition to 

localized splitting at the upper and the bottom left corners (Figure 3.3b). The sample with 

4-mm block edge length failed through a combination of splitting of the entire left section 

of the core and shear failure to the right. These varied failure patterns reflect the 

heterogeneity in the shape and size of the Trigon blocks, as fractures can only develop 

along the contacts between adjacent triangular blocks. In general, the smaller the block 

size, the less its influence on the failure fracture pattern. Although the failure patterns 

differ considerably, the axial stress-axial strain curves for the three samples exhibit a 

similar shape, especially prior to the peak load, Figure 3.5a. The post peak behaviours, 

however, exhibit major difference in the strain-softening and strength. Generally, models 

with coarse blocks exhibit relatively ductile post behaviour due to the high interlocking 

effect of large blocks. 
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(a) (b) (c)
 

Figure 3.3. Influence of block size on failure pattern for samples in unconfined 
compression. The average edge length of the blocks is (a) 7 mm, (b) 
6 mm, and (c) 4 mm, respectively. 

Under Brazilian test conditions, the three samples with different block edge 

lengths failed in a similar manner, with a tension fracture developing between the two 

loading platens. The finer block size sample exhibits a more complex tensile fracturing in 

the vertical direction with cross-over en echelon cracking and clear intact rock bridges. A 

fine polygon size results in a relatively smooth fracture while a coarse polygon size 

results in fracturing exhibiting increased mesh dependence. The block size also has an 

influence on the simulated tensile strength of the material, which increases with 

reduction in block size and with failure occurring at a greater vertical strain (Figure 3.5b). 

The initial irregularity in the tensile stress-vertical strain curve is attributed to model 

damping with application of the velocity load. 
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(a) (b) (c)  

Figure 3.4. Influence of block size on the failure pattern for samples in a 
Brazilian test. The average length of the block edge is (a) 7 mm, (b) 6 
mm, and (c) 4 mm, respectively. 
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Figure 3.5. Influence of block size on the stress-strain curves obtained from (a) 
Unconfined compression test and (b) Brazilian testing. 

3.1.2. Contact micro-properties 

A series of unconfined and confined compression and Brazilian tests were 

performed on a 6-mm block edge length sample to examine the effect of the contact 

micro-properties on the derived material macro-properties.   

Effect of contact stiffness 

Kazerani and Zhao (2010) state that the simulated Young`s Modulus of a 

material depends on both the normal and shear stiffness of the rigid polygonal block 

contacts. For a material simulated as an assembly of deformable triangular blocks, the 

Young`s Modulus of the blocks will also contribute to the deformability of the material. In 

a UDEC Trigon model as failure can only occur at the boundaries of the triangular blocks 
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rather than within the blocks, the elastic deformability of a single block has limited 

influence on the failure mechanism of the material. Consequently, the material Young’s 

Modulus of intact coal was assigned to the blocks and the deformability of the coal 

sample is then controlled by the normal and shear stiffness of the block contacts.  

The Young’s Modulus of a rock sample can be obtained through simulation of a 

uniaxial compressive test. Figure 3.6a shows the derived material Young's Modulus from 

uniaxial compression tests assuming varying contact stiffness values. The Young`s 

Modulus of the triangular blocks was kept constant while the normal and shear stiffness 

of the contacts were increased assuming a constant /s nk k  ratio of 0.4. Generally, the 

Young`s Modulus of the material is observed to increase as nk  increases. For a UDEC 

Trigon model assuming elastic deformable blocks, the Young`s modulus depends both 

on the assumed contact stiffness and Young`s Modulus of the blocks. When calibrating 

micro-properties to a specific rock, the Young`s Modulus of the blocks should be 

determined first, with a value equalling to the Young`s Modulus of intact rock. The 

contact stiffness nk  and sk can be calculated using the Equation 3.7 and increased by up 

to 10
min

4

3
K G

Z

  
   
 

 to match the Young`s modulus of rock. Both Young`s modulus of the 

blocks and the contact stiffness are found to have little effect on the uniaxial 

compressive strength of the material. 
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Figure 3.6.  (a) Effect of contact normal stiffness, and (b) shear to normal 
stiffness ratio on the material Young's Modulus.  

In a UDEC Voronoi model, Poisson’s ratio of the material is a function of the 

contact stiffness ratio /s nk k (Kazerani and Zhao, 2010); As /s nk k increases, Poisson’s 

ratio decreases. Kazerani and Zhao (2010) argue that /s nk k should be equal to the ratio 

of the shear modulus to Young’s modulus (G/E), which is normally between 0.35 and 
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0.50; this range of stiffness ratio results in Poisson’s ratio between 0.2 and 0.5. 

Potyondy and Cundall (2004) noted that a direct comparison of Poisson’s ratio obtained 

from 2-dimensional modelling with laboratory testing results is not that meaningful 

because of the limitation in 2D analysis. No attempt was hence made at calibrating this 

ratio. Instead, limited unaxial compression tests were simulated to explore the influence 

of the contact stiffness ratio on the mechanical behaviour of the material. It can be seen 

from Figure 3.6b that the material Young’s Modulus increases as /s nk k increases. When 

/s nk k is greater than 1, further increase has little effect on the deformability of the 

material.  

To derive the material cohesion and friction angle, a series of confined 

compression tests with different confinement pressures must be carried out  (Kovari et 

al., 1983). Hoek and Brown (1997) suggested a range of 30 ci   to obtain reliable 

values, where ci is the uniaxial compressive strength. To explore the influence of 

contact cohesion on the simulated material strength, the contact cohesion was assumed 

to be 2.6MPa, 3.6MPa, 4.6MPa and 5.6MPa while keeping other parameters constant. 

For each assumed contact cohesion, a series of confined compression tests were 

simulated with confining pressures of 0, 0.5 MPa, 1.0 MPa, 1.5 MPa and 2.0 MPa. In all 

cases, the model was loaded in compression at the same loading rate, which had 

previously been tested to ensure it was sufficiently slow for its influence on the peak 

strength of the model to be negligible. For each series of simulated tests, the confining 

pressures and the corresponding strength values were plotted and a strength envelope 

obtained by linear regression. The gradient m  and the Y-axis intercept b  were then 

obtained and consequently used for calculating the internal friction angle  and cohesion 

c of the material, using the following equations (Kovari et al., 1983): 

1
arcsin

1

m

m
 



    (3.8) 

1 sin

2cos
c b





    (3.9) 
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The influence of contact friction angle was explored using a similar procedure; 

with variation of the friction angle between 10o and 26o in increments of 4o and all other 

parameters held constant.  

Figure 3.7 illustrates how the contact cohesion and contact friction angle 

influence the material friction angle and cohesion. It can be seen that the assumed 

contact cohesion affects both the material cohesion and the friction angle as does the 

contact friction angle. Compared to the contact friction angle, however, the influence of 

contact cohesion on the material friction angle is much less significant. As the contact 

cohesion varies between 2.6 MPa and 5.6 MPa, the maximum and minimum simulated 

values for the material friction angle are 33.4o and 31.8o, a 5% difference. The material 

friction angle is dominantly controlled by the contact friction angle. The influence of 

contact friction on the material cohesion is less significant. As the contact friction varies 

from 10o to 26o, the material cohesion increases from 3.63MPa to 4.06MPa, a 10% 

increase; the material cohesion is thus dominantly controlled by the contact cohesion.  
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Figure 3.7. Effect of (a) contact cohesion and (b) contact friction angle on the 
material friction angle and cohesion. 

Effect of contact cohesion and friction angle 

For a rock sample subjected to compression, shear failure plays a significant role 

in the failure mechanism. Tension failure may also contribute to the failure mechanism, 

especially with zero confinement applied (Tang and Hudson 2011). To explore the effect 

of contact tensile strength on the compressive strength, a series of simulations was 

performed with the contact tensile strength varying between 1.0MPa to 2.0MPa and all 

other parameters held constant. It can be seen from Figure 3.8a that the contact tensile 

strength has a marked influence on the response of a sample subjected to unconfined 

compression.  As the contact tensile strength increases, the peak value of compressive 

strength of material also increases. It is interesting to note that the material becomes 
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more ductile as the contact tensile strength increases, implying that tensile failure plays 

an important role in the failure mechanisms after peak load; this will be discussed in 

detail subsequently. 

Effect of contact tensile strength 

The material tensile strength is determined by the contact tensile strength, Figure 

3.8b. As the contact tensile strength increases, the material tensile strength increases 

with an approximately linear relationship, Figure 3.9. In each case, the ratio of material 

tensile strength to contact tensile strength is approximately 0.66. The UDEC Trigon 

model results in Figure 3.9 agree very well with the PFC model result obtained by 

Tomac and Gutierrez (2012).  
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Figure 3.8. Effect of contact tensile strength (1.0 to 2.5 MPa) on the response of 
samples under (a) unconfined compression and (b) Brazilian test 
conditions.  
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Figure 3.9. The relationship between contact tensile strength and material 
tensile strength obtained through simulated Brazilian testing. 

3.1.3. Calibration procedure 

According to the numerical results discussed above, the following calibration 

process is proposed to capture the material macro-response. For a specific rock 

material, a unique set of contact parameters can be calibrated so that they satisfy the 

appropriate material properties including Young’s Modulus, Poisson’s ratio, tensile 

strength, internal friction angle and cohesion.  

(1) Ideally, particle size should be of the same order of size as the grain 
size in the real rock fabric. In the case of large scale rock problems, 
i.e. underground openings, satisfying this condition would require 
impractical computational power to handle a huge number of blocks. 
This is clearly unrealistic. Generally, particle size should be small 
enough relative to the scale of model so that the fracture pattern is 
independent of the mesh.  

(2) Calibrate the Young`s Modulus by setting the Young`s Modulus of the 
blocks equal to the material Young`s Modulus and varying nk  

according to Equation 7. Then calibrate the Poisson`s ratio by 
varying /s nk k . It may be necessary to perform a few iterations to 

match both values. 

(3) In terms of strength parameters, first calibrate the material tensile 
strength by varying the contact tensile strength. 

(4) Calibrate the material cohesion by varying the contact cohesion.  

(5) Calibrate the material friction angle by varying the contact friction 
angle. 

An example of the calibration process is presented based on a coal sample test 

data as published in Medhurst and Brown (1998). The procedure described previously 



40 

was followed for the calibration and the calibrated micro-properties are reported in Table 

3.1. With these parameters, a good agreement was achieved between the numerical 

simulation and laboratory testing result, Figure 3.10. A series of confined compression 

tests with varying confinement and a Brazilian test were then performed to obtain the 

macro-properties of the coal. The calibrated macro-properties are listed in Table 3.2. 
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Figure 3.10. Comparison of the axial stress- axial strain curves for the result of 
laboratory unconfined compressive test on coal (Medhurst and 
Brown, 1998), and the UDEC Trigon model result. 

Table 3.2. Calibrated macro-properties for laboratory coal test data in 
Medhurst and Brown (1998) 

Material properties Values 

Young’s modulus, E (GPa) 2.42  

Poisson’s ratio, v  0.26 

UCS (MPa) 13.0  

Cohesion (MPa) 3.7  

Friction angle (o) 32.6 

Tensile strength (MPa) 0.85  
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3.2. Compression and Brazilian test simulations using 
UDEC Trigon models 

The failure mechanisms of rock material under confined, unconfined 

compression and Brazilian testing  have been studied in detail for at least five decades 

(Tang and Hudson, 2010). The micro-fracture initiation, propagation, coalescence, axial 

splitting, and shearing have been explored through theoretical, experimental, and 

numerical modelling methods. With increased developments in computational 

technology, numerical modelling methods have become a powerful tool for studying rock 

mechanics problems. In contrast to theoretical and experimental methods, numerical 

modelling methods have the advantage of (1) simulating problems with varying 

assumptions to allow parametric and sensitivity studies; (2) providing detailed 

information on stresses, strains, displacements, and  energy, aiding in investigation of 

failure mechanisms; (3) for discrete element methods, allowing the generation, 

propagation and coalescences of fractures to be captured, providing additional insight 

into failure mechanisms. 

In this study, a numerical modelling analysis was carried out using the UDEC 

Trigon logic to explore the failure mechanisms of coal material samples under conditions 

of confined, and unconfined compression and Brazilian tensile testing. 

3.2.1. UDEC Trigon model configuration 

The geometry of the UDEC Trigon model is illustrated in Figure 3.2, with a 

reduced block size of 4 mm. A total of 4,352 triangular blocks were used for construction 

of the compression test sample and a total of 1,601 triangular blocks for the Brazilian 

disk.  Properties assigned to the models are listed in Table 3.1.  

A FISH function was developed to record the number and accumulate length of 

shear and tension cracks during the simulated tests. A shear crack forms when the 

shear stress applied on a contact exceeds its shear strength, which is a function of the 

normal stress, cohesion and friction angle, Equation 3.2. A tension crack is formed when 

the normal stress applied on a contact exceeds its tensile strength.  

In the compression tests, loading was applied to the sample by applying a 

constant velocity of 0.1m/s to the top platen while the bottom platen was fixed. Although 
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this loading rate appears to be fast, in UDEC modeling, the time step in each calculation 

cycle is automatically chosen to be an infinitely small value (e.g. 10-7 sec) for a static 

analysis. In other words, a loading rate 0.1 m/s is actually equivalent to approximately 

10-5 mm/step, implying more than 10,000 steps to move a loading platen 1 mm. 

Simulations were undertaken and results show that the loading rate had no effect on the 

simulated peak stress for values below 0.1m/s. For the Brazilian test, the same velocity 

in the vertical direction was applied at both the top and bottom platens. In the case of the 

confined compression test simulation, prior to loading, a constant normal stress was 

initially applied to the lateral boundaries and top platen, and sufficient numerical steps 

allowed creating the specified confinement.  

3.2.2. Unconfined compression test 

Eberhardt (1998) performed a series of uniaxial compressive tests on granite, 

and granodiorite and found that there are two main thresholds prior to the peak strength, 

the crack initiation threshold and the crack damage threshold, both identified through 

acoustic emission and strain monitoring. Diederichs (1999) applied PFC to simulate 

compression tests and argued that the crack initiation threshold was indicated by the 

occurrence of simulated discrete cracks and the crack damage threshold was identified 

by an acceleration in the crack accumulation rate, Figure 3.11. 

The above two crack thresholds were captured in the UDEC Trigon models. 

Figure 3.12 presents the incremental accumulation of shear and tension cracks during a 

simulated unconfined compression test. The crack initiation threshold, ci , is indicated 

by the initiation of discrete tension cracks and  the crack damage threshold, cd , is 

indicated by a sharp increase in shear cracking. The curves show that the crack initiation 

threshold, ci , occurs at about 0.3-0.4 of the peak strength and the crack damage 

threshold, cd , occurs at about 0.8 of the peak strength, which agrees closely with 

published laboratory data (Eberhardt, 1998) and PFC modelling results (Diederichs, 

1999). After the crack damage threshold, the amount of shear cracking increases 

significantly until the peak load is reached. In the post peak stage, the rate of increase in 

shear cracking decreases significantly. The amount of tension cracking, however, 

increases significantly after the peak stress.  
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Figure 3.11. PFC simulation of incremental accumulation of shear and tensile 
cracks during axial compression test with confining pressure of 25 
MPa (Diederichs et al., 2004) 



44 

0

500

1000

1500

2000

2500

3000

3500

4000

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

A
xi
al
 s
tr
e
ss
 (M

Pa
)

Axial strain (%)

N
u
m
b
er
 o
f 
te
n
si
le
 a
n
d
 s
h
ea
r 
cr
ac
ks

a

b

c

d

e

Tension cracks

Shear cracks

Incremental 
shear cracks

Incremental 
tension cracks

cd

UCS

ci

0

500

1000

1500

2000

2500

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

9,000

10,000

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

N
u
m
b
er
 o
f 
sh
ea
r 
cr
ac
k 

Axial strain (%)

C
u
m
u
la
ti
ve
 n
u
m
b
er
 o
f 
te
n
si
le
 c
ra
ck
s

C
u
m
u
la
ti
ve
 n
u
m
b
er
 o
f 
sh
ea
r 
cr
ac
ks

Tension cracks

Shear cracks

 

Figure 3.12. UDEC Trigon simulation of incremental accumulation of shear and 
tension cracks during an unconfined compression test.  



45 

To obtain further insight into the failure mechanism, the development of shear 

and tension cracks was evaluated along with the dilation of the sample. In numerical 

simulations of unaxial compression tests, the volumetric deformation is usually 

calculated through monitoring the lateral displacement at several points located on the 

sample sides. This approach may not be accurate as the lateral deformation is non-

uniform along the sample boundaries, especially when the monitoring points coincide 

with a failed block losing contact with the sample. In this study, a program called ImageJ 

(Rasband 2012) was adopted to evaluate the volumetric deformation as well as the 

dilation of the sample. ImageJ is a public domain, Java-based image processing 

program which can be used for measuring distances, angles, and area (Rasband 2012). 

During the numerical uniaxial compression tests, selected digital plots of the sample 

model were saved at constant calculation step intervals and subsequently imported into 

ImageJ. The area of the sample enclosed by the model boundaries was measured as 

the area of the sample and the area of void spaces created within the sample was 

measured as an indicator of dilation. The simulated ‘damage’ is defined by the 

percentage of the length of failed block contacts (either in shear or in tension) to the total 

length of all block contacts. The D21 or Damage intensity curves were calculated as the 

ratio of the length of the created cracks to the area of the sample. The calculated values 

of these parameters at different loading stages are listed in Table 3.3. It can be seen 

from Figure 3.13 that D21 for the shears crack increases significantly when the axial 

stress reaches the crack damage threshold cd .  At this point, the cumulative damage is 

approximately 2% with failure of block contacts through either shear or tension. Beyond 

this point, a significant increase in damage events occurs with an increase in dilation. 

The rate of increase in the D21 of the shear cracks and the damage are both reduced 

when the axial stress reaches the peak strength i .  The damage at this point is 

approximately 35%, with 65% of the block contacts remaining intact at peak load. It is 

interesting to note that the D21 of the tension cracks starts to increase significantly after 

the peak load, as do the dilation and volumetric deformations. After the axial stress 

decreases to approximately 70% of the peak strength, there is very little further increase 

in the simulated damage and D21 of both the shear and tension cracks. Dilation of the 

sample, however, as expected continues to increase. 
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Figure 3.13. UDEC Trigon simulation of the development of damage, D21 and 
dilation of a sample subjected to unconfined compression. 
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Figure 3.14 illustrates the initiation, propagation and coalescence of the 

macroscopic fractures at the different loading steps a-e. It can be seen that the integrity 

of the sample remains (Figure 3.14c) at peak load even though shear cracks are 

distributed throughout the sample (Figure 3.12). There are only a few isolated 

macroscopic fractures approaching peak load but it is not possible to predict where the 

macro-fracture will eventually initiate. The associated major principal stress distribution 

and displacement vectors are depicted in Figure 3.15 and Figure 3.16, respectively, and 

show that both the major principal stress distribution and the displacement vectors 

remain relatively uniform at peak stress.   

Immediately after the peak stress, macroscopic fractures begin to propagate 

(Figure 3.14d), leading to areas of localized stress concentration and relief (Figure 

3.15d) in addition to highly irregular displacement vector fields (Figure 3.16d). 
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a. Damage <0.1% b. Damage 1.6% c. Damage 33.0%

d. Damage 45.0% e. Damage 49.6%
 

Figure 3.14. UDEC Trigon simulation of macroscopic fracture process in a 
specimen subjected to unconfined compression. Refer to Figure 
3.12 for locations of points on the axial stress-axial strain curve. 
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Figure 3.15. UDEC Trigon simulation showing major principal stress distribution 
for specimen subjected to unconfined compression. Refer to for 
Figure 3.12 locations of points on the axial stress-axial strain curve. 
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Table 3.3. Axial strain, axial stress, shear and tensile cracks, damage, D21 and 
dilation, corresponding to the stages of crack development, 
normalized with respect to the maximum values recorded at peak 
load. Refer to Figure 3.12 for the locations of points a-e. 

Stages 
Axial 
strain 

Axial 
stress 

Shear cracks 
Tensile 
cracks 

Damage D21 Dilation 

a ( ci ) 0.336 0.384 0.3e-3 0.019 0.001 0.001 0.203 

b ( cd ) 0.672 0.765 0.4e-2 0.285 0.047 0.047 0.351 

c ( UCS ) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

d 1.340 0.838 1.250 3.250 1.360 1.360 6.550 

e 1.790 0.532 1.300 4.920 1.500 1.470 21.500 

 

In the post peak stage, two major fractures develop, one sub-vertically from the 

upper left to the bottom left corner of the sample (Figure 3.14e). This fracture represents 

a macro tension fracture and is characterized by a combination of stress relief zones 

along the fracture (Figure 3.15e) and displacement vectors indicating a sub-horizontal 

splitting direction (Figure 3.16e). A second major fracture develops along a diagonal line 

from the upper right corner to the sample centre at an angle of approximately 66o to the 

horizontal and indicating a friction angle of 42o, intersecting with the splitting fracture 

(Figure 3.14e). This is a major shear fracture which is characterized by the combination 

of a stress concentration zone along the fracture (Figure 3.15e) and displacement 

vectors showing sliding along the fracture (Figure 3.16e).  
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Figure 3.16. UDEC Trigon simulation of displacement vectors in specimen 
subjected to unconfined compression. Refer to Figure 3.12 for 
locations of points on the axial stress-axial strain curve. 

In addition to these two major fractures, minor vertical splitting fractures occur in 

the lower part of the sample and a minor spalling zone is simulated in the upper right 

corner, Figure 3.14e.  

It should be noted that the total amount of simulated shear cracking far exceeds 

tension cracking; the reverse of the PFC results presented in (Diederichs, 1999) where 
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tension cracking was stated to exceed shear cracking even when the sample was 

confined. It is suggested that the reason for the difference is the inherent porosity in a 

PFC model. In PFC, the material is simulated by an assembly of bonded circular 

particles, such that there is always a varying degree of porosity. The spaces between 

particles behave like pre-existing defects, such as grain boundaries, pores or cavities, 

leading to formation of wing cracks at defect tips, and induced pore cracking. 

In UDEC Voronoi Trigon models, however, there is no pre-existing porosity, as 

the triangular blocks are bonded at the contacts and no space exists between them. As 

a result, these pore crushing and wing cracking effects at initial pore boundaries cannot 

be reproduced, resulting in a lack of generation of micro-tension cracks.  

To demonstrate this, a UDEC Trigon sample with circular voids was constructed 

based on the previous compression model. A FISH function with a random number 

generator that specified the location of the voids was developed and used to construct a 

sample with a porosity of 12% by randomly deleting voids until the specified porosity was 

achieved. Two simple rules were used for the placement of voids. The first rule ensures 

that the rock bridges between the voids contain more than two blocks so that bridge 

failure can be captured. The second rule ensures that the voids are at least two blocks 

distant away from the sample boundary so that the collapse of voids does not affect the 

boundary conditions. Through this approach, a sample with a porosity of 12% was 

created as shown in Figure 3.17a. The sample was then loaded under unconfined 

compression with the same loading rate and contact properties as in the previous 

compression model. It can be seen from Figure 3.17b that tension cracks nucleate at the 

voids with an orientation parallel to the loading direction and that the simulated tension 

cracks dominate over the shear cracks, Figure 3.17c.   
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Figure 3.17.  (a) Configuration of the UDEC Trigon model assuming a porosity of 
12%. (b) Tension cracks nucleate at the voids with orientation 
parallel to the loading direction. (c) Tension cracking dominates 
over shear cracking due to the presence of porosity. 
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3.2.3. Confined compression 

Medhurst and Brown (1998) have characterised two identifiable failure 

mechanisms in coal samples subjected to compression, axial splitting with low confining 

pressure and shear fracture with high confining pressure,Figure 3.18. In this study, the 

UDEC Trigon model was used to simulate these two failure mechanisms in coal. As 

presented previously, the sample exhibits axial splitting when there is no confining 

pressure. In this section, the sample was subjected to a confining pressure of 0.5MPa 

and 1.0MPa, respectively. With the exception of the confining pressure, all the 

parameters are the same as used in the sample for the unconfined compression test. 

The results of the confined compression tests are compared with the unconfined 

compression test. 

 

Figure 3.18. Mechanisms of coal failure after Medhurst and Brown (1998) 

Figure 3.19 shows the simulated failure fracture patterns of the compression test 

sample for different confining pressures, and Figure 3.20 shows the associated 

distributions of the major principal stress 1 . The major principal stress contours provide 

additional insight into the identification of the two different types of macroscopic failure 

patterns, shear and tension. A macroscopic shear fracture is characterized by areas of 

stress concentration localized along the shear fracture. These stress concentrations 

occur during sliding of the shear fracture, due to the inherent roughness of the triangular 

blocks. A macroscopic tensile fracture, in contrast, does not exhibit stress concentration 

as the fracture is generated by opening of block contacts and characterized by zones of 

stress relief along the tensile fracture. In the case of unconfined compression, the 
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sample exhibits a major axial tension fracture traversing the sample, and minor axial 

tension fractures in the upper left corner and at the sample base, in addition to a 

macroscopic shear fracture which starts in the upper right and intersects the axial 

tension fracture (Figure 3.19a). For a confining pressure of 0.5 MPa, the sample exhibits 

a major shear fracture cutting through the sample from the upper left to bottom right 

corner, and a minor splitting fracture in the upper right corner (Figure 3.19b). For a 

confining pressure of 1.0 MPa, the sample exhibits a major shear fracture cutting 

through the sample from the upper right corner to the bottom left corner. No minor 

tension fracture is observed in this case. The numerical results of UDEC Trigon models 

correspond to the laboratory results by Medhurst and Brown (1998).  

(b) (c)(a)  

Figure 3.19. UDEC Trigon simulated failure fracture patterns for samples 
subjected to (a) unconfined compression, (b) confining pressure of 
0.5 MPa, and (c) confining pressure of 1.0 MPa. 
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(b) (c)(a)  

Figure 3.20. UDEC Trigon simulated compression tests showing the major 
principal stress for (a) unconfined compression, (b) confining 
pressure of 0.5 MPa, and (c) confining pressure of 1.0 MPa. Black 
dotted lines indicate stress concentration areas implying a shear 
fracture. 

In all cases, the amount of shear cracking dominates over tension cracking as 

shown in Figure 3.21a,b. The higher the confining pressure, the less tension cracking 

developed in the sample (Figure 3.21a), and the more shear cracking (Figure 3.21b). As 

the confining pressure increases, the peak strength of the sample increases and the 

sample becomes more ductile (Figure 3.21c). One of the interesting features observed in 

the simulation is that the higher the confining pressure, the greater the damage in the 

final stage of the failure (Figure 3.21d), implying an increased percentage of block 

contacts must be fractured in order for the sample to fail.  
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Figure 3.21. Simulated curves of (a) tension crack, (b) shear crack, (c) axial 
stress, and (d) damage against axial strain of the sample subjected 
to different confining pressures (0-1.0 MPa). 

3.2.4. Brazilian test 

The Brazilian test, as an indirect tensile test, is a common and widely-used 

approach for determining the tensile strength of rock. The International Society for Rock 

Mechanics (ISRM) suggests the Brazilian test as the standard test for measuring the 

tensile strength of rock (Ulusay and Hudson, 2007). In this section, numerical simulation 

using the UDEC Trigon model was carried out to investigate the initiation, propagation 

and coalescence of fractures within a sample during Brazilian testing. After formation of 

the major tension fracture, shear cracks form at the four quadrants of the disc, reflecting 

breakdown of the sample.  

Figure 3.22 shows the changes in tensile stress, numbers of shear and tension 

cracks, and cumulative damage against vertical strain during simulation of a Brazilian 

test. The distribution of microscopic cracks at different stages during the test is shown in 

Figure 3.23. Under compression from the two platens, crack initiation starts near the 

loading platen when the load is 50-60% of the peak value (Figure 3.23a), which is in 

good agreement with the acoustic emission observation of Yanagidani et al. ( 1978) and 
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the numerical results of Tang and Hudson (2010). This is immediately followed by the 

initiation of discrete tension cracks at the centre of the sample (Figure 3.23b). 

Immediately before the peak load, these discrete tension cracks start to propagate 

rapidly along the diameter of the disc sample (Figure 3.23c) and finally traverse the 

sample, leading to a major tension fracture and a drop in load capacity (Figure 3.23d). 

The major tension fracture is the primary fracture with secondary diagonal fractures 

occurring near the loading platens (Figure 3.23e).  

It is noteworthy that tensile cracking significantly dominates shear cracking by a 

ratio of approximately 24:1. Shear cracks are only observed in the wedge under the 

loading platens, while the splitting fracture that propagates through the sample is due to 

tensile cracks. The Trigon model results are in good agreement with the PFC 

simulations by Tomac and Gutierrez (2012). 

3.3. 3D Trigon method 

The Trigon logic was further developed for 3-dimensional simulation using the 

3DEC (Itasca, 2011) where the material is represented by an assembly of tetrahedral 

blocks bonded by contact surfaces. Each tetrahedral element is assumed elastic. Failure 

can only occur along the contact surfaces. The deformability of the blocks is determined 

by the Young's Modulus and Poisson's ratio of the elements. The contact surfaces obey 

a Coulomb friction law as discussed previously. Properties including normal and shear 

stiffness, cohesion, friction angle, and tensile strength are assigned to the block contact 

surfaces. These properties are regarded as micro-properties and control the mechanical 

response of the material.  

As an initial test of the 3D Trigon logic, two samples were created, one for a 

compression test and one for a Brazilian test, Figure 3.24. The 3D modelling focused on 

evaluation of the ability of 3D Trigon model to model the fracture propagation processes 

under compression and indirect tension testing. 
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Figure 3.22. Simulated tensile stress, damage, tension and shear cracks with 
vertical strain in Brazilian test. Refer to Figure 3.23 for the fracture 
pattern at a-e. 
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a. Damage 0.04% b. Damage 0.07% c. Damage 0.33% 

d. Damage 2.18% e. Damage 3.79%

Tension crack

Shear crack

 

Figure 3.23. UDEC Voronoi simulation of fracture development of specimen in 
Brazilian test. Refer to Figure 3.22 for locations of points on the 
stress-strain curve. 
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Figure 3.24. 3D samples created using Trigon logic used for (a) compression and 
(b) Brazilian test.  
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3.3.1. Confined and unconfined compression tests 

The 3D model constructed for a compression test simulation is shown in Figure 

3.24a and has sample dimensions similar to the 2D UDEC Trigon model (Figure 3.2). An 

assembly of 68,341 tetrahedral blocks was used to simulate the intact rock sample. The 

average edge length of the tetrahedral blocks was 6 mm, with at least 10 blocks across 

the sample width. The same properties as used for 2D models (Table 3.1) were 

assigned to the 3D model with a similar block size.  

Both unconfined and confined compression tests were performed on the 3D 

sample with the compressive load applied through two steel-equivalent platens 

simulated as two deformable blocks and using a velocity of 0.02m/s applied to both the 

bottom and top platen.  

The simulated axial stress-axial strain curve for the 3D sample under unconfined 

compression is shown in Figure 3.25, in addition to the development of shear and tensile 

cracks and damage during the test. The distribution of shear and tensile cracks at 

different stages during the test are illustrated in Figure 3.26 and Figure 3.27, 

respectively. The contours of major principal stress at different stages in the test are 

illustrated in Figure 3.28. The initiation, propagation and interaction of the cracks are 

explicitly captured in the 3D Trigon model. Initiation of cracks through both shear and 

tension is first observed near the platens at a stress of approximately 30% of the peak 

value. Discrete cracks continue to form within the sample and accumulate and coalesce 

when the load reaches around 74% of the peak value.  The crack damage threshold cd  

corresponds to development of a sharp increase in the number of cracks, Figure 3.25. 

Beyond the crack damage threshold cd , both shear and tensile cracks develop rapidly. 

As the axial stress reaches the peak value, more cracks continue to be generated in the 

post-peak stage. After point e, at which the axial stress is approximately 50% of the peak 

value, very little new shear cracking is observed. Tensile cracking, however, continues to 

increase but at a decreasing rate.  
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Figure 3.25. Simulated axial stress-strain curve and development of shear and 
tension cracks for the 3D sample under unconfined compression 
conditions. Refer to Figure 3.26 - Figure 3.28 for the behaviour at 
points a-e. 
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a. Damage <0.1% b. Damage 0.3% c. Damage 4.4%

d. Damage 15.5% e. Damage 26.1% f. Damage 35.3%
 

Figure 3.26. Simulated distribution of shear cracks at different stages during an 
unconfined compression test on 3D sample. Refer to Figure 3.25 for 
location of points (a-f) on the stress-strain curve. 
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a. Damage <0.1% b. Damage 0.3% c. Damage 4.4%

d. Damage 15.5% e. Damage 26.1% f. Damage 35.3%
 

Figure 3.27. Simulated distribution of tensile cracks at different stages during an 
unconfined compression test on 3D sample. Refer to Figure 3.25 for 
locations of points (a-f) on the stress-strain curve. 
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Figure 3.28. Simulated distribution of major principal stress at different stages in 
the unconfined compressive test on a 3D sample. Refer to Figure 
3.25 for locations of points (a-f) on the axial stress-axial strain curve. 

It is clear from Figure 3.26 that the distribution of shear cracks during the final 

loading stage exhibits an hour-glass shape. Shear cracks concentrate at the top, bottom 

and in the centre of the core of the model sample. During loading, shear cracks initiate 

and accumulate near the two platens and then propagate towards the centre of the 

sample. The major principal stress contours also indicate failure starting from platens 

and subsequently propagating towards the sample core, Figure 3.28. This is attributed to 

the velocity loading applied on the top and bottom platens which requires hundreds of 

numerical steps to transfer to the middle of the sample. Failure initially starts at the top 

and bottom of the sample where the loading is applied. Figure 3.29 presents the fracture 

pattern in the 3D sample subjected to unconfined compression at the final stage, 

showing brittle fractures successfully captured. In the case of unconfined compression, 
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the 3D sample exhibits an axial splitting failure pattern at the boundary of the sample 

where there is no confinement (Figure 3.27), and a shear failure pattern in the core of 

the sample where there is confinement provided by the outer blocks (Figure 3.26).  

It is noteworthy that tensile cracking dominates shear cracking under a 3D 

unconfined compression condition (Figure 3.25), the reverse of the 2D Trigon model 

result (Figure 3.12).  As discussed previously, the reason that shear cracking dominated 

tensile cracking in the UDEC Trigon model is the absence of porosity in the sample and 

thus tensile cracking patterns such as defect tip cracking and pore cracking cannot be 

accounted for. A 2D Trigon sample incorporating porosity exhibits predominant tensile 

cracking under unconfined compressive conditions,Figure 3.17. In 3D model even 

through there is no porosity, in contrast, tensile cracking dominates shear cracking. This 

may be explained by that in the 2D Trigon sample, the unconfined compression test 

represents an artificial condition of plane strain where deformation in the out-of-plane 

direction is restricted. For the 3D sample, however, the unconfined compressive test 

demonstrates more kinematic behaviour as the blocks are moveable out of the plane. 

Opening of contacts (indicated by tensile cracks) parallel to the loading direction is 

clearly better developed as shown in Figure 3.27.   

To demonstrate this behaviour, a triaxial compression test (TCS) was carried out 

using the 3D sample. Before applying a compressive load, a confining pressure of 0.75 

MPa was applied on the four side surfaces of the sample as well as on the two platens, 

and sufficient calculation steps allowed for the confining conditions to be generated. A 

velocity with the same value as used in the unconfined compressive test was then 

applied on the top and bottom platens to simulate compressive loading. The simulated 

axial stress-strain curve and the development of shear and tension cracks with axial 

strain are presented in Figure 3.30a, and show that under confining pressure, the 

generation and propagation of tensile cracks is significantly suppressed; and shear 

cracking dominates over tensile cracking during the entire loading stage. For 

comparison, the axial stress-axial strain curves obtained from the UCS and TCS test on 

the 3D sample are shown in Figure 3.30b. It can be seen that both the peak strength and 

residual strength of the sample are significantly increased due to the confining pressure. 

The sample, as expected, also becomes more ductile under confined compression 

conditions. 
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Figure 3.29. Simulated brittle fractures in the 3D Trigon unconfined compression 
test sample for the final stage (different views of point). 
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Figure 3.30.  (a) Shear cracking dominates tensile cracking under triaxial 
confined compression conditions. (b) Comparison of axial stress-
axial strain curves for the uniaxial and triaxial compression tests. 

3.3.2. Brazilian test 

A simulated Brazilian test was conducted using the 3D Trigon method with the 

objective of examining the ability to simulate 3D brittle fracture under indirect tension, 

Figure 3.24b. The sample model comprised an 80-mm-diameter 20-mm-thick disk which 

was constructed using 18,082 elastic tetrahedral blocks. The properties listed in Table 
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3.1 were assigned to the 3D sample. Two large deformable blocks were generated to 

simulate platens which applied the load through two small chocks with a length of 20 mm 

and a width of 4 mm. Properties were assigned to the platens and chocks to simulate a 

steel-equivalent material. The Brazilian test was implemented by applying a constant 

velocity of 0.02m/s to the two platens. The average value of the vertical force in the top 

chock was monitored and then used to calculate the tensile stress, using Equation 3.6.  

The simulated tensile stress-vertical strain curve as well as the development of 

cracks is illustrated in Figure 3.31. The distribution of cracks at the different stages a-f of 

the test is presented in Figure 3.32.  Under compression, cracks first initiate near the 

loading platens when the load is around 20% of the peak value (Figure 3.32a). These 

cracks then progressively propagate toward the centre of the disc (Figure 3.32b and c), 

and then coalesce to form a tensile crack “band” cutting through the disc when the load 

reaches the peak value Figure 3.32d. The coalescence of the tensile cracks initiates at 

one side of the sample (Figure 3.32d) and then traverses the total thickness of the 

sample (Figure 3.32e), forming an extension fracture which is regarded as primary 

fracturing, Figure 3.33. At later stages, further cracks appear on either sides of the 

primary fracture (Figure 3.32f), forming sub-parallel secondary fractures, Figure 3.33. 

This fracture pattern is comparable with experimental observations reported in Malan et 

al. (1994). 
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Figure 3.31. Simulated tensile stress-vertical strain curve and development of 
shear and tension cracks in 3D Brazilian test. Refer to Figure 3.32 
for the crack pattern at points a-f. 
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a. Damage <0.1% b. Damage 0.2% c. Damage 0.5%  d. Damage 1.1% e. Damage 1.9% f. Damage 3.4%  

Figure 3.32. Development of cracks through shear (green points) and tension 
(red points) in a 3D Brazilian disk. Refer to Figure 3.31 for location of 
points (a-f) on the stress-strain curve. 

Primary 

Secondary

 

Figure 3.33. Simulated brittle fractures in a 3D Brazilian disk test. 
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3.4. Comparison of UDEC Trigon with UDEC Voronoi 

As mentioned at the beginning of this chapter, a UDEC Trigon model is built by 

cutting every single polygonal block in the UDEC Voronoi model into several triangular 

blocks. One may raise the question as to the advantages with the Trigon logic in contrast 

to the Voronoi logic. To answer this question, a compression test sample with the same 

dimensions as the Trigon sample (Figure 3.2) was created using the Voronoi approach. 

The average block edge of the Voronoi sample was 4 mm, similar to the Trigon model 

and the same properties were assigned to the Voronoi sample. Unconfined and confined 

compression simulated tests were performed on the Voronoi sample with the same 

loading parameters as the Trigon model.  Figure 3.34 shows the failure patterns of the 

Voronoi sample under varied conditions. Comparing Figure 3.34with Figure 3.19, we can 

see that the Voronoi sample failed to reproduce the same degree of axial tension 

fractures in the sample as the Trigon model subjected to unconfined compression even 

through some minor tension fractures could be observed in the Voronoi model (Figure 

3.34a). In the case of the confined compression test, the Voronoi sample captured the 

two major shear fractures developing along the diagonal line from the upper left and 

upper right corner to the bottom of the sample. The failure patterns under the different 

confining pressure of 0.5 and 1.0 MPa are very similar, and they are also similar to the 

unconfined compression test. The Voronoi sample hence failed to capture the various 

failure fracture patterns with increased confinement. Furthermore, the macroscopic 

shear fracture produced in the Voronoi sample is much coarser than the one produced in 

the Trigon sample even though an identical block edge length was adopted in both 

samples. This is attributed to the higher roughness of the polygonal blocks in the 

Voronoi model than that of triangular blocks in the Trigon model. The Trigon sample 

seems to be much less mesh-sensitive than the Voronoi sample. Adopting smaller 

blocks can result in a smoother macroscopic fracture in the Voronoi sample but will 

greatly increase the calculation time.  
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(b) (c)(a)
 

Figure 3.34. UDEC Voronoi simulated failure fracture patterns of a sample 
subjected to (a) unconfined compression, (b) confining pressure of 
0.5 MPa, and (c) confining pressure of 1.0 MPa. 

Further insight into the differences between UDEC Voronoi and UDEC Trigon 

samples was gained by comparing the axial stress-strain curves obtained from the two 

models. It can be seen from Figure 3.35  that under the same conditions, the Voronoi 

sample exhibits a higher compressive strength than the Trigon sample. Table 3.4 lists a 

direct comparison of derived properties between the UDEC Trigon and UDEC Voronoi 

models. As the confining pressure increases, the transformation from brittle to ductile 

behaviour in the post peak stage is much more marked in the Trigon sample than in the 

Voronoi sample.  More importantly, with the same contact properties, the Voronoi 

sample exhibits a significantly higher value of material friction angle, 47.8o, compared 

with 29.0o of the Trigon model (Figure 3.35b). Considering the contact friction angle is 

18o, the author suggests that the UDEC Trigon method produces a more realistic 

material friction angle than the UDEC Voronoi model which significantly overestimates 

the material friction angle. 
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3.5. Discussion and conclusions 

In this chapter, the author proposed a modified UDEC Voronoi logic, termed the 

Trigon logic and demonstrated its use in both in 2- and 3-dimensional models. In 2D, a 

rock type material can be simulated by an assembly of deformable triangular blocks 

bonded at their contacts. Micro-properties such as contact stiffness, cohesion, friction 

angle and tensile strength can be assigned to the contacts. A shear crack will occur if 

the shear stress applied at a contact exceeds its shear strength and a tensile crack will 

occur if the tensile stress applied on the contact exceeds its tensile strength. A series of 

compression and Brazilian tests were carried out to examine the effect of micro-

properties on the response of the material. Based on these results, a calibration process 

was proposed. The calibration process allows a unique set of contact parameters to be 

calibrated that satisfy the specific rock material properties including Young’s Modulus, 

Poisson’s ratio, tensile strength, internal friction angle and cohesion. 

Using UDEC Trigon models, numerical studies on confined and unconfined 

compression tests as well as Brazilian tests on samples of coal rock material were 

presented to explain and illustrate the rock failure mechanisms involved. The initiation, 

propagation, and coalescence of cracks and the propagation of discrete cracks into a 

macroscopic fracture were explicitly captured. Two different failure mechanisms of coal 

samples subjected to compression, tensile fracturing under low confining pressure and 

shear failure under high confining pressure, were realistically captured in UDEC Trigon 

models. The process of compression-induced tensile fracture during Brazilian test was 

also realistically captured. The results indicate that the UDEC Trigon model is capable of 

capturing the different brittle failure mechanisms in rock under compression and tension. 

In addition, a FISH function was developed to monitor the cumulate length of shear and 

tension cracks. With this value, a ‘damage parameter’ D which is defined as the ratio of 

the length of the created cracks to the total contact length and a ‘damage intensity’ D21 

which is defined as the ratio of the length of the created cracks to the area of the sample 

were proposed, allowing the evaluation of the simulated rock damage in a more 

quantitative manner.  
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Figure 3.35. Comparison between UDEC Voronoi and UDEC Trigon. (a) Axial 
stress-strain curves (Voronoi: dotted lines; Trigon: solid lines), (b) 
Mohr circle for calculating cohesion and friction angle, Trigon, and 
(c) Mohr circle for calculating cohesion and friction angle, Voronoi. 



76 

Table 3.4. Comparison of derived properties between UDEC Trigon and UDEC 
Voronoi models. 

 Trigon result Voronoi result Difference 

Derived peak 
strength (MPa) 

UCS 13.0 15.5 19.2% 

0.5 Mpa 14.4 18.5 28.5% 

1.0 Mpa 15.9 22.2 39.6% 

Derived Young’s 
Modulus (GPa) 

UCS 2.06 2.59 25.7% 

0.5 Mpa 2.04 2.57 26.0% 

1.0 Mpa 2.04 2.51 23.0% 

Derived material cohesion (MPa) 3.8 3.0 -21.1% 

Derived material friction angle (o) 29.0 47.8 64.8% 

 

The comparison of UDEC Voronoi and UDEC Trigon models indicates that the 

Trigon model produces a more realistic behaviour and strength values than Voronoi 

model under the same conditions.  

In the 3D case, a rock material is represented as an assembly of tetrahedral 

blocks bonded at their contact surfaces using the 3DEC Trigon code. Tetrahedral blocks 

are elastic and failure can only occur along the contact surfaces. The mechanical 

behaviour of the material is determined by the deformable properties of the block 

including Young's Modulus and Poisson's ratio, and the properties of block contact 

surfaces, including normal and shear stiffness, cohesion, friction angle, and tensile 

strength. A parallelepiped sample and a disk-shaped sample were created using the 3D 

Trigon logic. As a preliminary investigation, confined and unconfined compression and 

Brazilian tests were implemented using the two samples with the principal objective of 

evaluating the ability of the 3D Trigon logic to simulate brittle fracture. The numerical 

results demonstrate that the mechanical behaviour of brittle rock, the initiation, 

propagation and coalescence of fractures can be successfully captured in 3D conditions 

using the 3DEC Trigon approach. The crack initiation and damage thresholds which 

define the short and long terms strength of rock are important parameters in the design 

of underground excavations. Using 3D Trigon logic, these thresholds can be detected 

realistically.  
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4. Discrete element modelling of 
cutter roof failure in coal mine roadways 

4.1. Cutter roof failure in coal mine roadways 

Cutter roof failure is a common failure pattern experienced in coal mine 

roadways. Hill (1986) defined it as " a failure process that initially begins as a fracture 

plane in the roof rock parallel to, and located at, the roof-rib intersection. The failure 

propagates upward into the roof over the mine opening at an angle usually steeper than 

60o from the horizontal." Figure 4.1 shows a schematic figure of cutter roof failure 

sequence: (a) Cracks initiate at one or both corners; (b) Cracks extend deeper into the 

roof, shallow roof rock that has been deformed sufficiently lost its load- bearing capacity 

and may fall down; (c) Caved zone extends deeper into the roof. 

Cutter roof failure has been the subject of considerable research to examine the 

factors influencing its mechanism. Hill (1986) outlined the probable causes of cutter roof 

failure based on field investigations, numerical modelling analysis, and in-mine 

observations. The causes outlined include underground opening geometry, in situ stress 

field, stress concentration beneath stream valleys, rock mass strength and stiffness, and 

geological structures such as bedding planes, coal cleats, clay veins, paleo channels 

and rolls. Among these factors, the stress field is found to be the main factor that 

appears to control cutter roof failure (Coggan et al., 2012; M. Gadde and Peng, 2005; S. 

Gadde and Peng, 2005; Hill, 1986; Krupa and Khair, 1991; Peng, 2007). 
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Figure 4.1. Schematic plot of cutter roof failure process (Modified after Hill, 
1986). 

Oblique major horizontal stress orientation is a 3-dimensional problem that can 

only be accurately analyzed using 3D numerical methods. Some researchers have used 

3D numerical simulation to investigate the influence of oblique major horizontal stress on 

the stability of an entry. Early work was conducted by Gale and Blackwood (1987) who 
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used 3D boundary element models to study the effect of horizontal stress direction on 

cutter roof failure. Their results showed that the direction of the entry with respect to 

horizontal stress is critical in determining the stability. Asymmetric failure occurs when 

the horizontal stress is oblique with respect to the entry direction. Wang and Stankus 

(1998) employed a 3D finite element method to simulate roof behaviour at a room and 

pillar mine. Meyer (2002) employed the 3D finite difference element code FLAC3D to 

examine the deformation and failure of a roadway subjected to high horizontal stress 

with varying orientations of roadway.  

The orientation of major horizontal stress has a significant impact on the stability 

of a roadway roof. Other factors being equal, a roadway driven at different directions 

with respect to the orientation of major horizontal stress will experience different failure 

patterns and stability problems. When the roadway is driven in a direction parallel to the 

major horizontal stress, the roadway will position will be favourable with respect to 

conditions with minimum roof deformation and little or no shear failure in the immediate 

roof. When the roadway is driven in a direction perpendicular to the major horizontal 

stress, it will suffer the highest deformation and shear failure may develop in the corners 

and at depth in the roof. When the roadway is driven at an angle to the major horizontal 

stress, the stresses will concentrate in the corner of the roadway near the advancing 

face, leading to rapid cutter roof failure after excavation, Figure 4.2. 
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Figure 4.2.  (a) Cutters occurred in the immediate roof on the face of a longwall 
gateroad development entry immediately after cutting. (b) Cutter 
roof failure occurring  in newly development faces at the left side 
corner of the roof and rib (Peng, 2007). 

Recent cutter roof simulation studies have focused on the appropriate 

constitutive modes for simulating cutter roof failure. Gadde and Peng (2005a) conducted 

a numerical study using 3D finite difference modeling to simulate cutter roof failure. They 

concluded that the cutter problem can be simulated to a satisfactory level assuming a 

strain softening constitutive model to represent the rock material. Ndlovu and Stacy 
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(2007) performed a numerical study with various constitutive models including isotropic 

elastic, perfectly plastic, strain softening with and without interfaces to simulate cutter 

roof failure, suggesting that these constitutive modes are unable to predict the location of 

the cutter roof failure. Ray (2009) employed FLAC3D to simulate the cutter roof failure 

process, assuming the immediate roof to be represented by a strain softening material. 

His work identified a failed zone when the post-failure cohesion value was reduced to 

zero due to increased plastic shear strain. Through this approach, the cutter roof failure 

process was captured in an entry roof which was subjected to oblique major horizontal 

stress with respect to the entry direction. 

Although providing some insights into the mechanism of cutter roof failure using 

continuum numerical models, to date limited work has been undertaken using 

discontinuum models. Major limitations exist when using a continuum method to 

simulate cutter roof failure as it is inherently a brittle fracture mechanism with generation, 

accumulation and interaction of fractures. Such a process cannot be explicitly simulated 

in a continuum model. And constitutive criteria such as strain softening must be used to 

simulate the failure process. The engineer is faced with the challenge of determining 

important parameters such as the critical plastic strain which is not a trivial task. Not with 

standing, these parameters have a significant impact on the response of material. As 

demonstrated in Ray's model, the accuracy of the cutter roof simulation is significantly 

affected in the variation of the cohesion and friction angle values with post-failure shear 

strain (Ray, 2009).  

In this study, the author uses a 3D discrete element code PFC3D (Itasca, 2010) 

to investigate the influence of the major horizontal stress orientation on the stability of a 

roadway, focusing on the generation, accumulation and interaction of fractures during 

development of the roadway. The process of cutter roof failure is examined under 

varying assumed stress fields. The author then explores the use of another 3D discrete 

element code 3DEC (Itasca, 2008) incorporating a Trigon logic to simulate cutter roof 

failure induced by oblique horizontal stress with respect to axial direction of roadway.  
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4.2. Modelling of brittle fracture around a roadway 
subjected to various stress fields using PFC3D 

The ability of the Discrete Element Method to simulate fracture initiation and 

accumulation allows researchers to examine the effect of the stress field magnitude and 

orientation on brittle fracture patterns in the roadway. The Particle Flow Code in 3-

Dimensions (PFC3D) was chosen as the bonded-particle analogue for the purpose of 

simulation in this study.  

In PFC3D, a rock material is simulated as an assembly of discrete rigid spheres 

that are bonded together through two types of bonds, the contact bond model and the 

parallel bond model (Potyondy and Cundall, 2004). A contact bond can only resist force 

and does not have stiffness; the stiffness being controlled by the particle stiffness. This 

implies that contact bond breakage may not significantly affect the macro stiffness of the 

material as long as the particles remain in contact, which is unlikely for rocks (Cho et al., 

2007). The parallel bond can transmit both force and moment between particles and the 

stiffness is controlled by both the contact and bond stiffness. In the parallel bond model, 

bond breakage will result in significant reduction in stiffness which may affect both the 

micro stiffness of adjacent particles and the macro stiffness of the material (Cho et al., 

2007). The parallel bond model is thus suitable for modeling rock material.  

In PFC3D, damage is represented directly by the formation of cracks due to bond 

breakage. A bond can be broken through shear or tension, depending on the stress 

applied on the bond and the strength of the bond. A bond breaks in shear when the 

shear stress applied on the bond exceeds the shear strength of the bond. A bond breaks 

in tension when the tensile stress applied on the bond exceeds the tensile strength of 

the bond (Potyondy and Cundall, 2004). PFC3D enables simulation of fracture initiation, 

accumulation and interaction, and provides the possibility of tracking the cumulative 

number and location of the cracks. This makes PFC a suitable code for simulation of 

brittle fracture in both underground excavation (Damjanac et al., 2007; Diederichs, 1999; 

Potyondy and Cundall, 1998) and slopes (Scholtès and Donzé, 2012; Wang et al., 

2003).  
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4.2.1. Model configuration 

In PFC3D, particle size is not just a variable that controls model resolution alone, 

but an intrinsic characteristic of the material that has a significant influence on the 

mechanical behaviour (Potyondy and Cundall, 2004). A cracks can only propagate 

between the particles and not through them, particles must be sufficiently small to allow 

the crack to propagate in a realistic manner and not involve a tortuous path  

(Ghazvinian, 2010). The computation time must be considered since a slight increase in 

the minimum particle radius will significantly increase the computation time. One 

approach to this challenge is the application of the Adaptive Continuum/Discontinuum 

(AC/DC) logic (Itasca, 2008). The AD/DC approach uses a so-called "pbrick", a 

compacted, bonded assembly of particles. The pbrick can be replicated many times in 

order to construct a large model. Through AC/DC logic, a large model may be 

constructed very quickly because the pbricks are already compacted and in equilibrium; 

no further simulation is required to establish global equilibrium. In this modelling, a cube 

pbrick with size of 5×5×5 m was initially created. The minimum particle radius used was 

12 cm with a total of 8,540 particles generated in the pbrick. A total of 96 pbricks (4 in X, 

and Z direction and 6 in Y direction) were then bonded together to create the PFC3D 

roadway model.  

The hexahedral PFC3D model has a length, width and height of 30 m, 20 m, and 

20 m, respectively, Figure 4.3. A roadway with a 4 m wide and 3 m high rectangular 

profile is located in the middle of the PFC3D model. It should be noted that this is a 

conceptual study and hence one lithology is considered in this preliminary model. The 

properties of the particles and parallel bonds used in the roadway model are illustrated in 

Table 4.1. The properties were calibrated assuming the model to comprise a typical Coal 

Measures shale (Young’s modulus 4 GPa, UCS 12 MPa, and tensile strength of 1.0 

MPa). 
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Figure 4.3. Three dimensional view of the PFC3D model used for roadway 
fracture simulation. 

Table 4.1. Properties used for PFC3D roadway model. 

Particle micro-properties 

Radius (cm) 2-3.32  

Density (kg/m3) 2700  

Elastic modulus (GPa) 2.2  

Friction coefficient 0.58 (30o) 

Normal: shear stiffness ratio 3.0 

Parallel bond micro-properties 

Bond: particle radius ratio 1.0 

Elastic modulus (GPa) 2.2  

Normal: shear stiffness ratio 3.0 

Normal strength (MPa) 9.2  

Shear strength (MPa) 9.2  

The objective of the PFC3D modelling is to investigate the influence of the in situ 

stress field (including both the magnitude and orientation) on the fracture pattern of a 
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roadway. The roadway was assumed to be subjected to an in situ stress field involving a 

vertical stress of 13.5 MPa, a major horizontal stress of 20.2 MPa and a minor horizontal 

stress of 10.1 MPa. The major horizontal stress is 1.5 times the vertical stress and 2.0 

times the minor horizontal stress, which is a typical in situ stress field experienced in 

Chinese coal mines (Kang et al., 2010). The angle   between the orientation of the 

major horizontal stress and the longitudinal axis of the roadway ranges from 0o to 90o 

with an increment of 15o. These different in situ stress fields with varying major 

horizontal stress orientations were generated by applying equivalent stress conditions on 

the boundaries of the PFC3D model. Table 4.2 illustrates the applied boundary stress 

conditions at the PFC3D roadway model for different cases assumed in the simulations. 

Table 4.2. Applied stress conditions at the PFC3D model boundaries to 
generate in situ stress field with varying major horizontal stress 
orientations with respect to roadway advance direction. 

Case  (o) Sxx (MPa) Syy (MPa) Sxy (MPa) Szz (MPa) 

1 0 10.0 20.2 0 13.5 

2 15 10.68 19.52 2.55 13.5 

3 30 12.55 17.65 4.42 13.5 

4 45 15.1 15.1 5.1 13.5 

5 60 17.65 12.55 4.42 13.5 

6 75 19.52 10.68 2.55 13.5 

7 90 20.2 10.0 0 13.5 

 

For each case, the procedure proposed by Potyondy and Cundall (2004) was 

employed to apply the in situ stress condition. The roadway excavation was then 

simulated by deleting particles. To avoid an unstable model response and ensure 

realistic excavation simulation, the roadway was advanced in the Y direction in 

incremental stages of 1 m. To reduce boundary effects the excavation was started 5 m 

from the boundary of the model. A total of 20 stages was simulated for each in-situ 

stress case (1-7). Measurement spheres with a diameter of 0.5 m were placed above the 

roadway roof to monitor stress changes during excavation, Figure 4.4. 
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Figure 4.4. Location of measurement spheres (radius 0.5 m) in the PFC3D 
roadway model. 

4.2.2. Influence of major horizontal stress orientation on 
roadway fracturing  

The resulting fracture mechanisms and pbond stress fields obtained from the 

PFC3D models with varying major horizontal stress orientations with respect to roadway 

advance are presented in Figure 4.5. The contact force chain is a surface representing 

the magnitude of the force between two interacting particles. Roadway models with an 

advance direction oblique to the horizontal stress orientation (   15o - 75o) exhibit a 

distinct asymmetric fracture distribution and pbond normal stress distribution. Models in 

which the major horizontal stress is parallel or perpendicular (   0o or 90o) to the 

roadway advance direction exhibit a relatively symmetric distribution of fractures and 

normal stresses. When the roadway is orientated parallel to the major horizontal stress, 

approximately equal fracturing develops in the roadway roof, floor and in both the left 

and right ribs. As  increases from 0o to 45o, the number of fractures developed in the 

right rib of the decreases (Figure 4.5), particularly when  increases from 15o to 30o. As 
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 increases from 30o to 90o, the number of fractures developed in the left rib of the 

roadway decreases. In general, fracturing in the roof and floor increases and fracturing 

in the ribs decreases as  increases from 0o to 90o. Limited fracturing is developed in 

the two ribs of the roadway when the major horizontal stress is perpendicular to the 

roadway. It is interesting to note that when the angle between the major horizontal stress 

orientation and roadway direction increases from 45o to 90o, the concentration of 

fractures developed in front of the roadway face significantly increases. 

Figure 4.6 shows the depth of the fracturing zone around the roadway estimated 

based on the fracture patterns shown in Figure 4.5. As  increases from 0o to 45o, the 

fracturing zone depth in the right rib is significantly decreased (from 2.8 m to 0.2m). The 

right rib remains stable with increase in   to 90o. The fracturing zone depth in the right 

rib starts to decrease when   is greater than 30o and the right rib can be considered as 

stable for 75o  . As  increases from 0o to 90o, the depth of fracturing zone in the roof 

and floor increases significantly, particularly when  increases from 15o to 30o. The ratio 

of depth of fracturing zone between roof and right rib increases markedly from 4.8 to 

21.5 as  increases from 30o to 60o, while a significant increase in the ratio of fracturing 

zone depth between roof and left rib (from 2.5 to 23.5) occurs as  increases from 60o to 

90o, These asymmetric changes in fracturing around the roadway as  increases from 

0o to 90o result in a noticable change in the shape of fracture zone around the opening: 

A circular fracture zone is apparent when   is 0o  and 15o, a transitional shape for   

equals to 30o  and 45o, and a clear elliptical fracture zone for   greater than 65o. 

From the results of the discrete element numerical simulation, it is possible to 

monitor the numbers of cracks developed in the model with roadway advance through 

either tension or shear. To reduce the excavation boundary effects, only the fractures in 

the central 10 m of the roadway are monitored. The relationship between roadway 

advance, the angle  , and the numbers of cracks (shear and tensile) developed in the 

roof of the roadway is illustrated in Figure 4.7. In each case, the numbers of both shear 

and tension cracks increase as the roadway advances. Tension cracking consistently 

exceeds shear cracking by a ratio of 1.6 to 2.3.  Both tension cracking and shear 

cracking exhibit a similar trend as the angle   increases. In general, the number of both 
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shear and tension cracks increase as  increases.  The maximum value of the number 

of both shear and tension cracks occurs when the angle   is 90o, reflecting the worst 

drivage direction perpendicular to the maximum horizontal stress. The simulated 

roadway driven at large angles to the maximum horizontal stress direction (75o-90o) 

suffers much more fracturing in the roof than that driven at small angles (0-15o). The 

numerical results are in good agreement with both published continuum modelling 

results (Meyer, 2002) and reported field experience (Mark, 1991; Mark et al.,1998). 
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Figure 4.6. Depth of fracturing zone around roadway subjected to high 
horizontal stress with varying orientations to roadway advance 
direction,  . (a)depth and (b) ratio of fracture zone depth in roof to 
width in left and right ribs.  
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Figure 4.7. The relationship between roadway advance, the angle  , and the 
numbers of (a) tension cracks and (b) shear cracks developed 
around a roadway. 

4.2.3. Simulation of the cutter roof failure process in PFC3D 

As discussed previously, roadway advance oblique to the major horizontal stress 

orientation is the principal factor causing cutter roof failure. During our PFC3D modelling, 

cutter roof failure was observed in the cases with oblique orientation of the major 

horizontal stress with regard to roadway advance, particularly at larger angles. The 

numerical results are in close agreement with field observation reported at a coal mine in 

the Illinois Basin, USA, where more severe cutter roof failure was observed in crosscuts 

oriented at a larger angle (62o) than those at a smaller angle (10o) (Molinda and Mark, 

2010). Reference to the case where   equals 45o allows an illustration of the cutter roof 

failure process.  

Figure 4.8 shows the fractures developed around the roadway as it advances in 

6 stages of 1 m. Note that this 6-m excavation is located in the central of the model in 

order to eliminate end effects of the roadway excavation. The model was run sufficient 

calculation steps to generate excavation induced fractures. As the roadway advances, 

significant fracturing develops around the roadway. At the roadway face, fractures 

concentrate at the left side corner of the roof, whereas very limited fracturing occurs at 

the right corner. Cutter roof failure occurs at one corner of the roof immediately after 

excavation, which is in agreement with field observation shown Figure 4.2. 
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Figure 4.9 presents the fracture pattern on a cross section of the roadway 

located at the centre of the roadway along the advancing direction. In this way, 

excavation-induced fractures can be evaluated as the roadway face approaches and 

then passes the cross section. The corresponding pbond stress field on the cross 

section as the roadway advances is illustrated in Figure 4.10. The major and minor 

principal stresses in the roadway roof were monitored using three measurement spheres 

(M1, M2, and M3). Figure 4.11 illustrates the changes in the major and minor principal 

stresses in the three measurement spheres. 
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Figure 4.8. Fracture development around roadway with face advance in Y 
direction. Shear and tension cracks are represented as red and light 
blue disks, respectively. 
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Figure 4.9. Cross section plot showing fracture pattern as the roadway face 
advances. Shear and tension cracks are represented as red and light 
blue disks, respectively. 
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Figure 4.10. Cross section plot of associated stress fields (compression in blue 
and tension in red) as the roadway face advances.  
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Figure 4.11. Changes of principal stress in measurement spheres at monitoring 

station 1 as the roadway advances. 1 1/ i  is the ratio of the major 

principal stress to the initial major principal stress before 

excavation. 3 3/ i   is the ratio of the minor principal stress to the 

initial minor principal stress before excavation. 

In the first stage of the modelling, the roadway advances 1 m, resulting in 

fractures generating in front of the face as shown in Figure 4.8a. These fractures extend 

approximately 1.5 m ahead of the face and generally concentrate in the left section of 

the roadway, Figure 4.9a. The excavation induces tensile stresses in the zone located at 

over 1 m ahead of the face, Figure 4.10a an increase in the major principal stress in the 

left corner of the roadway roof and a decrease in the right corner (Figure 4.11), 

indicating a stress concentration in the left corner. When the roadway has advanced 2 m 

to the location of the cross section A-A', fractures begin to develop at the left rib and in 

the roadway roof, Figure 4.9b. There is no distinct cutter roof failure at this stage. More 

fractures are observed in the left corner and the centre of the roof but some fractures 
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observed in the right corner. As the roadway advances beyond cross section A-A', 

fractures significantly propagate into the left corner of the roof than the right corner, 

leading to a cutter roof failure, Figure 4.9c, d. The cutter roof failure causes a significant 

decrease in both the major and minor principal stresses at the left corner of the roadway 

roof (Figure 4.11), resulting in the formation of a significant stress release zone, Figure 

4.10d. After the roadway face advances 4 m beyond the cross section, fractures 

propagate to depth of 3.5 m into the left corner of the roof, compared to a depth of only 

0.5 m in the right corner, Figure 4.9f. At this stage, the minor principal stress at M1, M2 

is reduced to approximately zero while at M3 in the right corner decreases to 

approximately 6% of the initial minor principal stress, Figure 4.11. The major principal 

stress in left corner and the middle of the roof (M1, M2) also drops sharply to around 

zero, indicating that the roof has failed and does not carry any load. The major principal 

stress in the right corner of the roof (M3), however, progressively decreases to 

approximately 20% of the initial major principal stress after the roadway advances past  

cross section A-A'. 

The development of the major and minor principal stresses at the six 

measurement spheres at monitoring station 2 is illustrated in Figure 4.12.  These six 

measurement spheres (M4-M9) were located in the centre along the roadway in order to 

monitor the changes in the principal stresses as the roadway face passes. As the 

roadway approaches monitoring station 2, the minor principal stresses at all six spheres 

in the roadway roof gradually decrease until the stresses at M4, M5, M6 and M7 exhibit 

a sudden drop when the distance between the roadway face and monitoring station is 1 

m. At all six spheres, the minor principal stresses continue to decrease as the roadway 

face advances past the monitoring station. No clear changes in the major principal stress 

are observed until the distance between the roadway face and monitoring station is less 

than 7 m, Figure 4.12. Beyond this point, the major principal stress in M6 and M8 starts 

to gradually decrease and then increases when the roadway is approximately 2 m in 

front of monitoring section 2. As the roadway face continues to advance beyond station 

2, the major principal stress decreases significantly to approximately 0.8 MPa at M6 and 

6.5 MPa at M8. At M4, M5, M7, the major principal stress gradually increases as the 

roadway face approaches and then decreases as the face passes. 
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Figure 4.12. Development of principal stress in measurement spheres at 

monitoring station 2. 1 1/ i  is the ratio of the major principal stress 

to the initial major principal stress before excavation. 3 3/ i   is the 

ratio of the minor principal stress to the initial minor principal stress 
before excavation. 

4.2.4. Influence of pre-existing fractures on cutter roof failure 

The influence of pre-existing fractures (i.e. bedding planes and cross joints) on 

the cutter roof failure is evaluated using the PFC3D model with the case where  equals 

45o. Bedding planes and cross joints were incorporated in the roadway roof. In PFC3D, 

pre-existing fractures can be represented using a smooth joint contact model developed 

by Mas Ivars et al., (2008). The smooth joint contact model represents a fracture as a 

smooth interface, regardless of the local particle contact orientations on the interface.  
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All contacts between particles that lie on opposite sides of the interface are setup to be 

smooth joint contacts. The particles joined by smooth joint contacts may overlap and 

“slide” past each other, rather than move around one another. The properties of smooth 

joint contacts can be estimated according to the roughness and planarity of the joints 

(Pierce et al., 2007). In this study, all fractures including bedding planes and cross joints 

were assumed to be cohesionless and with a friction angle of 30o (Pierce et al., 2007). 

The normal and shear stiffness of the fractures were estimated as 20 GPa/m and 

4GPa/m respectively, according to Itasca (2008) and Pierce et al. (2007).  

The simulated development of fractures around the roadway as it advances in 6 

stages of 1 m is shown in Figure 4.13. It can be seen that the model incorporating 

bedding planes and cross joints in the roadway roof exhibits similar roof failure 

mechanisms as the model without pre-existing fractures. The roof failure mechanism is 

characterized by a cutter roof failure at left side corner of the roof which occurred 

immediately behind the advancing face, and with continued roadway advance 

progressively extended across the span of the roof until eventually resulting in final roof 

shear failure. A comparison with the model having no pre-existing fractures showed that 

the model incorporating bedding planes and cross joints exhibits a more distinct cutter 

roof failure immediately behind the advancing face, Figure 4.14. This agrees with field 

observations where cutter roof failure occurs most often in highly laminated rock (Hill, 

1986).  
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Figure 4.13. Cross section plot showing fracture pattern as the roadway face 
advances (Bedding planes and cross joints incorporated). Shear and 
tension cracks are represented as red and light blue disks, 
respectively. 
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Figure 4.14. Cutter roof failure captured at 1 m behind the advance face in: (a) 
Model without pre-existing fractures, (b) Model with pre-existing 
fractures. 

4.3. Cutter roof failure modelling using 3DEC 

The 3-Dimensional Discrete Element Code (3DEC) was employed to simulate 

cutter roof failure due to oblique orientation of major horizontal stress with respect to 

roadway advance direction.  

4.3.1. Model configuration 

The configuration of the 3DEC roadway model is shown in Figure 4.15. The 

model is 54 m in width, 20 m in length and 53 m in height with a rectangular opening 

excavated in the middle of the model. The size of the roadway is 5.0 m width by 3.0 m 

height. To simulate cutter roof failure, the 3D Trigon approach discussed in Chapter 3 

was adopted to represent the immediate roof as an assembly of tetrahedral blocks 

bonded together through the contact surfaces between them.  

The properties of the contact surfaces are given in Table 4.3. The remainder of 

the model is represented using elastic deformable parallelepiped blocks. 
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Table 4.3. Properties used in 3DEC model to represent the immediate roof. 

Contact properties Values 

Young’s modulus of blocks, E (GPa) 6.0  

Poisson’s ratio of blocks, v  0.25 

Normal stiffness of contacts, nk  ( GPa/m)  57.6  

Shear stiffness of contacts, sk  ( GPa/m)   23.0 

Contact cohesion, contc  (MPa)  4.6 

Contact friction angle, cont (o) 18 

Contact tensile strength, cont
t  (MPa)  1.0 

 

The roadway was assumed to be subjected to an in situ stress field with vertical 

stress of 13.5 MPa, major horizontal stress of 20.2 MPa and minimum horizontal stress 

of 10.1 MPa, the same stress field used in the PFC3D model. The major horizontal 

stress orientates 45o to the drive direction of the roadway. The roadway was driven in 

the Y direction of the model by deleting blocks. To avoid an unstable response of the 

model and simulate a realistic excavation, the roadway was driven ahead in increments 

of 2 m and a sufficient number of time steps was run used to relieve stresses. A total of 

eight 2 m increments of excavation were simulated. 
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Figure 4.15. Configuration of 3DEC model of roadway. (a) Entire model, (b) 
Roadway section, and (c) Immediate roof. 

4.3.2. Modelling results 

The principal stress tensor distributions in the immediate roof as the roadway 

face advances are shown in Figure 4.16. Prior to roadway excavation, the principal 

stress tensors in the immediate roof exhibit a relatively uniform pattern even though 

there are minor areas of stress concentration which are attributed to the heterogeneity of 

the tetrahedral blocks, Figure 4.16a. The major principal stress is between 20 and 22 

MPa, and is oriented approximately 45o clockwise measured from the axis of the 

roadway, indicating that the assumed in situ stress field is set up. The roadway 

excavation results in a redistribution of in situ stresses around the roadway. In the 

immediate roof, the stress redistribution is characterized by a significant stress 

concentration of 27 MPa at the left corner ahead of the roadway face and a significant 

stress release across the roof span, Figure 4.16b. As the roadway face advances in 2 m 

increments, the stress concentration zone moves forward and is always located in the 
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left corner of the roadway roof; no stress concentration is observed in the right corner, 

Figure 4.16c-i.  

The stress concentration in the left corner of the roadway roof results in cutter 

roof failure there. Figure 4.17 presents the fracture zones in the immediate roof as the 

roadway face advances. With roadway advance, fractured zones initiate at the left 

corner of the roof near the advancing face where a maximum stress concentration of 30 

MPa occurs, Figure 4.17b- h, resulting in a relatively high roof sag as shown in Figure 

4.18. This is interpreted as a simulated cutter roof failure occurring immediately after 

excavation. As the roadway face continues to advance, fracture zones extend 

completely across the roof span behind the roadway face.  

The 3D conceptual modelling using the proposed 3DEC Trigon logic is 

considered to successfully capture the cutter roof failure caused by oblique horizontal 

stress with respect to the roadway advance direction. Further search with calibrated 

material properties and smaller block sizes is warranted. 
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Figure 4.16. Distribution of the major principal stress tensors in the immediate 
roof with roadway face advance, plan view of immediate roof around 
roadway advance. 
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Figure 4.17. Distribution of fractured zones in the immediate roof as the roadway 
face advances forward. Dotted circles indicate cutter roof failure 
occurring at the left roof-rib corner of the roadway face. 
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Figure 4.18. Simulated vertical displacement contours in 3DEC model indicate a 
cutter roof failure at the left corner of the roadway roof right after the 
face.  

4.4. Discussion 

Two 3 dimensional discrete element codes, PFC3D and 3DEC have the 

capability of simulating cutter roof failure due to oblique horizontal stress with respect to 

roadway advance direction. In contrast to continuum methods which have been used for 

simulating cutter roof failure by other researchers (M. Gadde and Peng, 2005; Ndlovu 

and Stacy, 2007; Ray, 2009), the main advantage of PFC3D and 3DEC is that the cutter 

roof failure, a brittle fracture process, can be realistically captured without any 

assumptions on identifying the fractured zone. In addition, no constitutive model is 

needed for simulating rock material, thus the challenge of determining crucial 

parameters such as the critical plastic strain is avoided.  

Under the impact of high horizontal stress with an orientation oblique to a 

roadway advance direction, cracks initiate at the interacting corner of the roadway roof, 

leading to a cutter roof failure. As the roadway advances, cracks progressively 
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propagate across the span of the roof, eventually forming a roof shear failure. This 

failure process is successfully captured both in the PFC3D (Figure 4.9) and 3DEC 

(Figure 4.17) models and the numerical results are found to corroborate with field 

observations (Figure 4.2).  

4.5. Conclusion 

In this Chapter, numerical simulations were carried out to investigate the 

influence of the orientation of the major horizontal stress with respect to axial direction of 

a roadway on the stability of a roadway. The Particle Flow Code in 3-Dimensions 

(PFC3D) was chosen as the bonded-particle analogue for the study. A roadway model 

was built using PFC3D and different initial stress and boundary conditions applied to the 

model to represent varying major horizontal stress orientations with respect to roadway 

direction. The generation, propagation and interaction of fractures were explicitly 

captured in the PFC3D models. The results show that roadway driven at large angle 

(75o-90o) suffers significantly more fracturing than that driven at a small angle (0-15o) 

with respect to the maximum horizontal stress. The cutter roof failure pattern which is 

characterized by a fractured zone occurring at intersecting corner of the major horizontal 

stress and the roadway roof were explicitly captured in the PFC3D models with oblique 

horizontal stress orientations with respect to roadway direction. Incorporation of pre-

existing fractures, including bedding planes and cross joints, results in a distinct cutter 

roof failure occurring immediately behind the advancing face.  

A 3-D distinct element code 3DEC with a newly developed Trigon logic was 

employed to simulate cutter roof failure caused by oblique horizontal stress with respect 

roadway advance direction. The roadway roof was represented as an assembly of 

tetrahedral blocks bonded together through the contact surfaces between them. In this 

case the maximum horizontal stress was assumed to be oriented at 45o to the roadway 

driven direction. As the roadway face advanced, stress concentration was observed at 

the intersecting corner of the major horizontal stress and the roadway roof, with no 

stress concentration observed at the other corner of the roof. This leads to cutter roof 

failure immediately behind the advancing face.  
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The numerical results obtained by the author provide an improved understanding 

of cutter roof failure mechanisms, a fundamental process when considering the layout 

plan and support design of roadways. The 3D fracture simulations confirm that longwall 

panels are better placed at a small oblique angle to the maximum horizontal stress 

direction in order to reduce rock mass damage, fracturing and the probability of cutter 

roof failure. When supporting a roadway suffering high horizontal stress oriented at an 

oblique angle, it is suggested that the roof corner encountering the high horizontal stress 

should be immediately reinforced after excavation in order to control cutter roof failure 

and prevent the subsequent extension of induced fracture zone into a shear failure 

spanning the entire roof span. 
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5. Discrete element modelling of 
roof shear failure in coal mine roadways  

5.1. Introduction 

Shear failure is a common failure mechanism in underground coal mine 

roadways and is usually caused by high horizontal stress acting on relatively weak roof 

rock. Figure 5.1 shows roof shear failure in a Chinese coal mine roadway. The 

conceptual shear failure process is illustrated in Figure 5.2  where failure initiates at the 

rib-roof corners due to stress concentration (Figure 5.2a). The failed rock or coal is 

unable to withstand the stress concentration, leading to a redistribution of stress deeper 

into the roof. This, in turn, causes progressive propagation of shear fractures higher into 

the roof (Figure 5.2b and c).  If the failures develop sufficiently or intersect planes of 

weakness, a roof fall will occur (Figure 5.2d).  

As the shear failure initiates at roadway corners and extends deep into the roof, 

the roof fall caused by shear failure is usually at a large scale (Zhang and Peng, 2002). 

The coal mine roadway is usually supported by rock bolts. Generally, where failure 

initiates at the roadway corners and propagates deeper into the roof, no obvious sign is 

visible, such as a large increase in roof sag, due to the presence of rock bolts. When the 

shear fractures extend above the height of roof bolt anchorage, a massive roof fall may 

suddenly occur. Figure 5.3 shows an example of a massive roof fall due to shear failure 

in a Chinese coal mine roadway. Generally, this type of massive roof fall can extend 

from a few meters to tens of meters along the roadway. In severe cases, hundreds 

meters of roadway roof fall, causing a fatalities and a stoppage of longwall operations for 

a considerable time. 
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Figure 5.1. A typical roof shear failure observed in a Chinese coal mine 
roadway. 

(a) (b)

(c) (d)

High horizontal stress Vertical stress
 

Figure 5.2. Progressive roof failure mechanism through shear. 
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Figure 5.3. A sudden massive roof fall due to shear failure at a Chinese coal 
mine roadway. 

Excavation-induced shear fractures have been long recognized, and although 

considerable research has been undertaken, the mechanism of their formation remains 

poorly understood.  

White et al. (2003) suggested that shear fractures are caused by elastic shearing 

displacement which in turn causes tension oblique to a propagating shear-zone. 

Fracture extension is manifested as tension on scales larger than that of microcracks.  

Diederichs et al. (2004) applied PFC to simulate fracture development in a sample 

subjected to confined compression. The numerical results showed that tension cracks 

dominate over shear cracks even when the sample is subjected to high confining 

pressure. Diederichs et al. (2004) stated that sample-scale shear zones are a result of 

tensile crack initiation, accumulation and interaction. Sharpe (1999) suggested that 

shear or goaf override is a major potential risk to roof stability in roadways driven 

adjacent to the waste, where override refers to the mode of shear failure which may 

extend over the roof span from the goaf edge. 
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In the field, Shen et al. (2008) used a so-called 'integrated roof monitoring 

system' to investigated a roadway roof fall during mining-induced failure. The monitoring 

system, consisting of extensometers, stress meters and a seismic monitoring system, 

was used for monitoring the displacement, stress changes, and seismic activities during 

a roof fall. Their results indicated that the changes associated with roof falls follow a time 

sequence of initial seismicity, followed by stress changes and then displacement, Figure 

5.4. Even though field experiments focused on roof falls induced by longwall caving, the 

characteristic time sequence is believed to be applicable to most roof fall failures (Shen 

et al., 2008). 

It is important to understand the mechanism of the fracture zone forming in the 

roof. In order to ensure the use of effective ground control methodologies, numerical 

studies are presented to investigate the shear failure mechanism in coal mine roadways. 

UDEC Trigon, ELFEN and PFC were each used to reproduce the shear failure process 

in a coal mine roadway roof. Emphasis focused on the initiation, propagation and 

interaction of the macroscopic shear zone and the development of associated stresses 

and deformation.  
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Figure 5.4. Development process of roof failure (Shen et al., 2008) 

5.2. Roof shear failure simulation using UDEC Trigon 

5.2.1. Model configuration 

A model was created using UDEC to simulate shear failure in a roadway roof. 

The geometry of the roadway model is shown in Figure 5.5. The model was 54 m in 

width and 53 m in height with a rectangular opening excavated in the middle to represent 

a roadway of 4.2 m width by 3.3 m height, a typical roadway geometry in Chinese coal 

mines. To increase model efficiency, only the area of interest, the immediate roof, was 
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discretized using the UDEC Trigon logic. The average size of the triangular blocks in the 

area of interest was 0.2 m. Coarser polygonal Voronoi blocks with an average block size 

of 0.5 m were used to simulate the coal seam and still coarser polygonal Voronoi blocks 

with an average block size of 1.0 m and 2.0 m were used to simulate Coal Measure 

layers at the boundaries of the model.  

 

Figure 5.5. Model geometry and boundary conditions of the roadway model 
built using UDEC.  

A typical geological environment in the Lu’an coal district in China is used to 

model the shear failure. The main mining seam is the #3 coal seam with a thickness 

varying between 5.0 m and 7.0 m. The immediate roof consists of 2.0 m of shale 

overlain by 5 m of siltstone and sandstone. The properties used for simulating the Coal 

Measures excavation are listed in Table 5.1. The calibration results of these parameters 

are provided in Appendix A. 

The roadway was assumed to be subjected to a vertical stress of 15.6 MPa, 

equivalent to the weight of 600-m overburden rock, and a horizontal to vertical stress 

ratio k  of 1.5. In most Chinese coal districts, the horizontal stress is greater than the 

vertical stress. The horizontal displacement of the lateral boundaries of the model was 
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fixed as was the vertical displacement of the bottom boundary. A constant vertical stress 

of 15.6 MPa was applied on the top boundary of the model to simulate the overburden 

load.  

Table 5.1. Mechanical properties used in the UDEC Trigon model. 

Lithology 

Matrix properties Contact properties 

Density 
(kg·m-3) 

E* 
(GPa) 

nk * 
(GPa/m) 

sk * 
(GPa/m) 

Cohesion 
(MPa) 

Friction 
(°) 

Tensile 
strength 

(MPa) 

Coal 1400 2.8 84 33.6 4.6 18 1.0 

Shale 2200 6.0 160 64 2.7 15 0.8 

Siltstone 2400 8.0 38.4 15.4 9.5 20 2.5 

Sandy mudstone 2500 7.0 16.8 6.8 6.0 21 2.0 

* E is the Young's Modulus, nk and sk are the normal and shear stiffness, respectively, which are 

determined using Equation (3.7).  

5.2.2. Roof shear failure simulation 

During roadway modelling, the initial in situ and boundary conditions were 

applied and the model was run to equilibrium to generate the in situ stress. The roadway 

was then excavated by deleting the blocks within the roadway profile. A sudden 

excavation of the roadway, however, may result in an unstable model response and is 

not realistic as in the field a roadway is usually gradually excavated using a continuous 

mining machine. To simulate a more realistic model excavation and ensure a correct 

model solution, the FISH function "ZONK.FIS" was used (Itasca, 2012). The stresses 

applied on the roadway surface were released in a total of 10 stages as shown in Figure 

5.6. At each relaxation stage, sufficient time steps were allowed to ensure a stable 

model response.  

To obtain detailed information on fracture development, a FISH function "crack-

tracking.fis" was developed to track the number and total length of failed UDEC Trigon 

contacts in shear or tension. Only the contacts within the area of interest were tracked, 

Figure 5.7. 
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Figure 5.6. Vertical stress vs numerical time at the roof surface showing a 
gradual relaxation of stress applied on the roadway surface.  
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Figure 5.7. Area used to monitor crack development and and locations of stress 
monitoring points in the roadway roof. 
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The results of the roadway simulations are illustrated in Figure 5.8  to Figure 

5.13. Figure 5.8 and Figure 5.9 show the development of shear cracks and tension 

cracks, respectively. Figure 5.10 shows progressive damage and dilation development in 

the roadway roof during roof failure. The terminology "damage" is defined as the ratio of 

the length failed contacts to the length of all the contacts in the monitoring area as 

shown in Figure 5.7. The terminology "dilation" is defined as void area within the roof. It 

is calculated using ImageJ (Rasband 2012). Figure 5.11 shows the orientations of shear 

and tensile cracks at the final stage. Figure 5.12 and Figure 5.13 present the shear 

failure process of the roadway roof and the associated distribution of major principal 

stress, respectively. The interpretations are summarized: 

• A typical shear failure occurred in the roadway roof and the process of the 
shear failure is captured using the UDEC Trigon model, Figure 5.12. 

• Shear cracks initiate at the rib-roof corners (Figure 5.8i, ii) where a stress 
concentration of 28 MPa occurs (Figure 5.13a) and then propagate to a depth 
of 1 m into the roof (Figure 5.8iii, iv, v). The lengths of the shear cracks 
increase quickly with the gradual relief of in situ stress applied to the roadway 
surface. Nearly 90% of the total shear cracks occur when the relaxation factor 
is 0.9, indicating that the roof is heavily fractured in shear before the roadway 
is fully excavated (Figure 5.8vi,vii, Figure 5.10).  

• Isolated tension cracks initiated within the middle roof (Figure 5.9A) when the 
relaxation factor is 0.5 (Figure 5.10), and gradually increase with the 
relaxation (Figure 5.9B and C). These discrete tension cracks start to interact 
when the relaxation factor reaches 0.9 (Figure 5.9D, Figure 5.10). Beyond 
this point, the lengths of tension cracks increase quickly.  

• Dilation of the roof starts to accelerate when the in situ stress applied to the 
roadway roof is fully released. The dilation and roof sag cause a marked 
acceleration of tension crack growth. The orientation of these cracks is either 
vertical or horizontal (Figure 5.11b), indicating rupturing and delaminating, 
respectively. 

• Shear cracks dominate over tension cracks by a ratio of approximately 9:1, 
playing a key role in the roof failure.  

• Obvious coalesced macroscopic fractures could not be observed (Figure 
5.12c) at a relaxation factor of 0.9, even through the roof is heavily fractured 
through shear cracks (Figure 5.8vi). Clear coalesced macroscopic fractures 
occur after the in situ stress applied on the roadway surfaces is totally 
released (Figure 5.13d). Beyond this point, macroscopic fractures developed 
quickly and finally formed an inverted-V-type roof failure (Figure 5.12e, f, g, 
h), accompanied by a rapid development in dilation (Figure 5.10) and a 
significant stress reduction within the roof (Figure 5.13e, f, g, h).  
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• Most of the shear cracks are oriented approximately 32o with respect to the 
roof line (Figure 5.11a), and the tension cracks are either horizontal or 
vertical (Figure 5.11b).  

I (R=0.2)

Iii (R=0.4)

V (R=0.7)

Vii (R=1.0)

Ii (R=0.3)

Iv (R=0.5)

Vi (R=0.9)

Viii (R=1.0)
2 m

 

Figure 5.8. Development of shear cracks in the roadway roof during the shear 
failure process. Refer to Figure 5.10 for stages in each plots. 



120 

A (R=0.6)

C (R=0.8)

E (R=1.0)

G (R=1.0)

B (R=0.7)

D (R=0.9)
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Figure 5.9. Development of tension cracks in the roadway roof during the shear 
failure process. Refer to Figure 5.10 for stages (A-H) in each plot. 
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Figure 5.10. Damage and dilation development in the roadway roof during shear 
failure. 

(a) (b)

32o

 

Figure 5.11. Rosette plots showing the orientations of (a) shear cracks and (b) 
tension cracks.  



122 

a (R=0.5)

c (R=0.9)

e (R=1.0)

g (R=1.0)

b (R=0.7)

d (R=1.0)

f (R=1.0)

h (R=1.0)2 m
 

Figure 5.12. Shear failure process of the roadway roof captured by UDEC Trigon 
modelling. Refer to Figure 5.10 for the stages (a-h) in each plot. 
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Figure 5.13. Associated major principal stress distribution during shear failure 
process. Refer to Figure 5.10 for the stages (a-h) in each plot. 

5.2.3. Integrated response of roadway roof 

It is well recognized that rock fracture can be identified through microseismic 

activity. In recent years, microseismic systems have been used in underground coal 

mines to gain a better understanding of the ground failure process of roadways and 

longwall panels (Ellenberger and Heasley, 2000; Ellenberger et al., 2001; Gale et al., 

2001; Heasley et al., 2002; Iannacchione et al., 2005, 2004; Kelly et al., 1998; Luo et al., 

1998; Swanson, 2001). It has been demonstrated that the microseismic information can 

be measured and analyzed to characterize the local failure process and provide a useful 

assessment of the stability of the roof rock.  

Shen et al. (2008) applied a so-called 'integrated roof monitoring system' to 

investigate a roadway roof fall during mining-induced failure. The monitoring system 
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consisted of extensometers, stress meters and a seismic monitoring system which were 

used for monitoring the displacement, stress changes, and seismic activities during a 

roof fall. Their results indicated that the changes associated with roof falls follow a time 

sequence beginning with initial seismicity, then stress changes and then displacement, 

Figure 5.14. 
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Figure 5.14. Integrated response of a coal mine roadway roof (After Shen et al. 
2008). 

In the previous UDEC Trigon model, the failure of a block contact can be 

considered as the source of a microseismic activity. Therefore, by recording the number 

of incremental cracks during a specific calculation period (i.e. 1000 numerical steps), it is 

possible to simulate microseismic activity. Roof sag and the major principal stress at 

specific points located at different depths in the roof were also monitored. This approach 

allowed simulation of the integrated response of the roof and is shown in Figure 5.15.  
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Figure 5.15. Simulated seismicity, stress change, and roof displacement during 
roof fall in UDEC Trigon model. 
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The simulated integrated roof response shows a clear time sequence of marked 

microseismic activity followed by significant stress changes and then a clear acceleration 

in displacement of the roadway roof. The numerical results are in good agreement with 

the field results of Shen et al. (2008). Iannacchione et al. (2004) carried out a field study 

in an underground stone mine to examine the relationship between roof movement and 

microseismic emissions. Their results also showed that, in the roof fall area, 

microseismic activity increased significantly before increases in roof displacement were 

observed. Shen et al. (2008) stated that this time sequence is believed to be applicable 

to most roof fall failures, but the timing and intensity of each stage will vary according to 

site specific conditions. Seismicity and roof stress signals appear to provide an earlier 

detection capability than the roof displacement monitoring. 

5.3. Roof shear failure simulation using ELFEN 

5.3.1. Model configuration  

A hybrid finite/discrete element program, ELFEN, was adopted to simulate shear 

failure of a roadway roof. The geometry (Figure 5.16) is similar to the previous UDEC 

Trigon model. To optimize computation, a fine block mesh with an average length of 0.1 

m was used in the area of interest, while a coarser mesh with an average length of 0.2 m 

was used to simulate the coal seam around the roadway, and a coarser mesh with an 

average length of 1.0 m was used to simulate Coal Measure layers toward the 

boundaries of the model. The same lithology used in the UDEC Trigon model was 

adopted for the ELFEN model. A Rankine Rotating crack model coupled with a Mohr-

Coulomb failure criterion was used. A homogeneous material was considered, with the 

material properties listed in Table 5.2. Note that the properties are material properties, 

and are comparable to the macro properties in the previous UDEC Trigon model. 
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Figure 5.16. Model geometry and boundary conditions of the roadway model 
built using ELFEN.  

Table 5.2. Mechanical properties used in ELFEN model. 

Rock material properties Coal Shale 
Sandy 

mudstone Siltstone 

Intact rock 
material 

Fracture energy, Gf (Jm-2) 12 8 25 20 

Tensile strength, t (MPa) 1.0 0.6 6.0 3.0 

Young’s Modulus, E (GPa) 2.42 2.0 12.5 6.0 

Poisson’s ratio,   0.26 0.25 0.28 0.25 

Density, ρ (kgm-3) 1400 2600 2700 2600 

Internal cohesion, ci (MPa) 3.3 2.0 8.5 6.0 

Internal friction, i (o) 35 30 41 35 

Discontinuities 

Surface cohesion, cf (MPa) 0 

Surface friction, f (o) 30 

Normal stiffness (GPa/m) 4 

Shear stiffness (GPa/m) 0.4 
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The roadway was again subjected to a vertical stress of 15.6 MPa and a 

horizontal stress 1.5 times the vertical stress. The in situ conditions were identical to the 

UDEC Trigon model. After the in situ stress field was set up in the model, the roadway 

was excavated by deleting zones and the stresses applied on the roadway surfaces 

were gradually released.  

5.3.2. Shear failure mechanism captured in the ELFEN model  

The development of fractures in the roadway roof and the associated major 

principal stress distribution are illustrated in Figure 5.17  and Figure 5.18. After the 

roadway is excavated, the stress in the model is redistributed and concentrated at the 

roadway corner to a depth of 1.8 m in the roof (Figure 5.18a). The stress exceeds the 

rock strength, and as a result, shear fractures occurred at the corners (Figure 5.17a, b) 

and then in the middle of the roof (Figure 5.17c). Once failure has initiated, redistribution 

of stress tends to cause progressive propagation of shear fractures higher into the roof 

and interaction with the fractures there (Figure 5.17d, e). Sufficient fractures develop 

until formation of a roof shear failure (Figure 5.17f, g) with a massive roof fall simulated 

(Figure 5.17h, i).  
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(a) 3.9 s (b) 4.0 s (c) 4.1 s

(d) 4.3 s (e) 4.4 s (f) 4.5 s

(g) 4.6 s (h) 6.6 s (i) 16.0 s

2 m  

Figure 5.17. Shear failure process in a roadway roof reproduced in ELFEN for 
increasing numerical time steps. 

Comparing Figure 5.17 with Figure 5.2 we can see that a typical roof failure 

mechanism due to shear is realistically captured in ELFEN model.  

To investigate the progressive changes in fracturing, stress and roof 

displacement during the shear failure, ImageJ was employed to quantitatively assess the 

development of the fractures. The length of fractures at a certain numerical time (e.g.  

4.0 s), can be estimated by importing the model output into ImageJ. An incremental 

fracture length change at this stage can be calculated by subtracting this value from the 

length of fractures in the previous stage. The calculation time sequence of the fracturing, 

stress change and roof displacement during the roof shear failure is presented in Figure 

5.19. The ELFEN model shows a time sequence of marked microseismic activity, then 

significant stress changes and then a rapid acceleration in displacement of the roadway 

roof. Once fracture initiates in the roof, the major principal stress in the roof drops to zero 

very quickly, indicating that the roof can no longer withstand load. However, the period 

between the marked microseismic activity and the major stress drop is very short, in 

comparison to the previous UDEC Voronoi model. When the roof becomes highly 
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fractured and cannot take any load, very little fracturing in the roof is observed since 

then and a massive roof fall occurred, with a significant increase in the roof 

displacement. 

(a) 3.9 s (b) 4.0 s (c) 4.1 s

(d) 4.3 s (e) 4.4 s (f) 4.5 s

(g) 4.6 s (h) 6.6 s (i) 16.0 s

2 m
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Figure 5.18. Major principal stress distribution during the shear failure process 
in roadway roof in ELFEN for increasing numerical time steps. 
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Figure 5.19. Simulated seismicity, major principal stress change, and roof 
displacement in ELFEN model. 



132 

5.4. Roof shear failure simulation using PFC2D 

5.4.1. Model configuration 

PFC2D was employed to simulate shear failure of a coal mine roadway roof. The 

geometry of the model is shown in Figure 5.20. To optimize computation, small particles 

with a radius of 2.7-4.4 cm were used in the area of interest (the immediate roof), while 

bigger particles with a radius of 4.1-6.6 cm were used to simulate the coal seam around 

the roadway, and still bigger particles were used to simulate Coal Measure layers toward 

the boundaries of the model. The same lithology used in the UDEC Trigon and ELFEN 

models was adopted for the PFC2D model. 

54m
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4 m
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Coal 

Shale

Siltstone

Sandy mudstone

 

Figure 5.20. PFC roadway model built using AC/DC logic.  

The properties used in the PFC model are provided in Table 5.3. Note that these 

properties are micro-properties that were assigned to the particles and bonds. They 

have been calibrated to the macro-properties used in the UDEC Trigon and ELFEN 

models. 
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Table 5.3. Micro-properties used in PFC roadway model. 

Particle micro-properties: Coal Shale Sandstone Siltstone 

Density (kg/m3) 1400  2600 2700 2700 

Elastic modulus (GPa) 2.4  2.0 4.0 6.0 

Friction coefficient 0.6 (31) 0.6 (31) 0.6 (31) 0.6 (31) 

Normal: shear stiffness ratio 4.0 4.0 4.0 4.0 

Parallel bond micro-properties: 

Bond: particle radius ratio 1.0 1.0 1.0 1.0 

Elastic modulus (GPa) 2.4  2.0 4.0 6.0 

Normal:shear stiffness ratio 4.0 4.0 4.0 4.0 

Normal strength (MPa) 9.2  5.1 27.2 16.8 

Shear strength (MPa) 9.2  5.1 27.2 16.8 

 

The roadway was again subjected to a vertical stress of 15.6 MPa and a 

horizontal stress 1.5 times the vertical stress, identical to the UDEC Trigon and ELFEN 

models. The in situ stress field was created by gradually applying horizontal and vertical 

stress to the model boundaries. Excavation of the roadway was simulated by deleting 

the particles.  

A total of 7 measuring circles with a radius of 0.2 m were placed to monitor stress 

development in the roof with numerical time steps, Figure 5.21. The location of three 

particles near the measuring circles 1, 2, and 3, respectively, were recorded to assess 

the roof sag with calculation time steps.  

2 m
 

Figure 5.21. Locations of measurement circles for monitoring stress 
development in the roof. 
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5.4.2. Shear failure mechanism captured in the PFC2D model 

The shear failure pattern was realistically captured in the roadway roof, as shown 

in Figure 5.22, in which crack locations are depicted as colored lines between two 

previously bonded particles with a length equal to the average diameter of the two 

particles. In Figure 5.22, the red lines represent tension cracks where the parallel bond 

tensile strength has been exceeded and the blue lines represent shear cracks where 

parallel bond shear strength is exceeded. The distribution of force between bonded 

particles is illustrated in Figure 5.23. The broken bonds can be examined via the parallel 

bond plot in which unbroken bond is represented as a black line, Figure 5.24.  

After the roadway is driven, the in situ stress is redistributed and concentrated at 

the roadway corners (Figure 5.23a). As a result, cracks initiate at the corners (Figure 

5.22a). Some cracks also initiate in the middle of the roof due to loss of confinement. 

The cracks progressively extend deeper into the roof, forming a few shear bands (Figure 

5.23b, c, d, e). Two shear bands intersect in the middle roof at approximately 2.0-m 

depth far above the roof line, resulting in an inverted-V-type notch (Figure 5.23f, g). The 

notch does not detach fully, but remains attached to the rock mass by unbroken bonds 

or rock bridges (Figure 5.24g). It becomes more deformable, however, than the 

surrounding rock mass and, thus, sheds the load deeper into the roof. 

a b c

d e f

g h i  

Figure 5.22. Shear failure process reproduced in PFC model. Shear and tension 
cracks are shown in blue and red, respectively. Macroscopic shear 
bands are indicated as dashed lines. 
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a b c

d e f

g h i  

Figure 5.23. Distribution of contact force in the roof during shear failure. 

a b c

d e f

g h i  

Figure 5.24. Parallel bond geometry during the shear failure in roadway roof.  

During the formation of the inverted-V-type notch, tension cracking dominates 

over shear cracking (Figure 5.22), suggesting that the macroscopic shear bands are the 

result of tension crack initiation, accumulation and interaction. This contrasts with the 

phenomenon captured in the UDEC Trigon model in which the formation of the 

macroscopic shear fracture is the result of shear crack initiation, accumulation and 



136 

interaction. As interpreted in Chapter 3, in PFC, a pbond tends to fail in tension due to 

the compression induced tension between two particles. 

In PFC2D, bond cracking can be considered to be the source of a microseismic 

activity. By recording the incremental number of cracks it is possible to simulate the 

microseismic activity.  

Figure 5.25 illustrates the simulated seismicity, stress change, and roof sag 

during the formation of shear bands in the roadway roof. The roof sag was calculated as 

the average vertical displacement of the three particles near the measuring circles 1, 2, 

and 3.  

Cracking continues throughout roof shear failure process, but with higher 

incremental value in earlier stages. The major principal stress gradually decreases at all 

7 measurement locations, with the greatest reduction occurring prior to stage e. After 

stage e, the roof sag increases at a higher rate. A clear calculation time sequence of 

microseismic activity and stress changes during the roof shear failure is not observed in 

the PFC simulation. Accelerated displacement of the roadway roof is the final indicator of 

roof collapse captured in the PFC model.  
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Figure 5.25. Simulated microseismicity, stress change, and roof displacement 
during roof fall in the PFC model. Refer to Figure 5.22 - Figure 5.24 
for failure pattern and stress field at different stages. 
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5.5. Effect of the installation of rock bolts on 
roof shear failure 

Rockbolting technology is the most commonly used approach for strata control in 

underground coal mines worldwide. It has been successfully applied in roadways at coal 

mines in Germany, Russia, Poland, Canada, the US, and China  (Altounyan and 

Taljaard, 2000).  

The function of pre-tensioned rock bolts can be considered as two components:   

the reinforcement function provided by a bar which is bonded into the rock strata. The 

bar provides shear resistance along its length so that the deformation of the rock mass, 

i.e. the opening of pre-existing cracks can be restrained.  It also provides shear 

resistance along pre-existing fractures so that sliding can be restrained. ii) the support 

function provided by the plate and strap. The pre-tension which is applied on the bolts 

and extended through the plate and strap provides confinement on the roadway surface. 

This confinement greatly increases the strength of the rock mass. Under the combined 

effect of reinforcement and support, the generation, accumulation and interaction of 

fractures can be significantly reduced. As a result, the roof can be stabilized by the rock 

bolt reinforcement.  

The function of rockbolting in resisting roof shear failure was examined using the 

UDEC Trigon model. In the model, a built-in “Cable” element was employed to simulate 

the rock bolts and cables and a built-in “Liner” element employed to simulate straps. The 

parameters of the “Cable” and “Liner” elements are presented in Table 5.4. A detailed 

description of on the two support elements in UDEC is provided in (Itasca, 2006).  

The same UDEC Trigon model, used previously for simulating roof shear failure 

was employed to examine the effects of rock bolting. All material parameters were kept 

constant.  

In the rock bolting UDEC Trigon model, a total of six rock bolts with a diameter of 

22 mm and a length of 2.4 m were installed in the roof. All bolts were installed with a 

pretension of 100 kN. In practice, the bolts are generally installed after the entry is driven 

forward for a distance of 2-10 m from the face. By this time some degree of stress has 

been released. In the simulation, however, cracks initiate at the corners immediately 



139 

after the roadway is excavated. Therefore, to obtain the maximum effects of rock bolting, 

the bolts were installed immediately after the roadway excavation.  

Table 5.4. Support element properties used in UDEC Trigon models 

 Contact properties Values 

Cable 

Elastic modulus (GPa) 200  

Tensile yield strength (kN) 390.0  

Stiffness of the grout (N/m/m) 1e9  

Cohesive capacity of the grout (N/m) 2e5  

Structure 

Elastic modulus (GPa) 200  

Tensile yield strength (MPa) 500  

Compressive yield strength (MPa) 500  

Interface normal stiffness (GPa/m) 10  

Interface shear stiffness (GPa/m) 10  

 

The effects of rock bolting on the roof shear failure are illustrated in Figure 5.26. 

The macroscopic fracturing in the roadway roof is significantly suppressed due to the 

installation of rock bolts, especially at the rib-roof corners, even though a potential shear 

fracture pattern can still be observed in the rock bolt supported roof. 

The opening and sliding of macroscopic fractures are significantly suppressed or 

even eliminated due to the installation of tensioned rock bolts. This has a significant 

impact on roof stability. First of all, unopened fractures means that the roof layers on two 

sides of the fractures are in contact, which will generate frictional stress to enhance the 

beam building effect. Most importantly, the resistance of rock bolts on the generation, 

opening and sliding of macroscopic fractures significantly reduces the interaction of 

fractures, resulting in some rock bridges between fractures (Figure 5.26). To further 

evaluate the effects of rock bolts on the failure of rock bridges, an artificial grid was 

introduced to the model shown in Figure 5.26 which shows the fracture pattern of the 

roadway roof with and without support, Figure 5.27. This grid divides the roof into a total 

of 308 square elements. An evaluation of rock bridges was performed based on these 

elements. Two types of rock bridge are identified: Type I: no fracture is observed in the 

element, indicating an intact rock bridge; Type II: fracture is observed in the element but 
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the fracture does not cut through the element. The elements in which persistent fractures 

are observed are no longer regarded as rock bridges.  

(a)

(b)

1 m
 

Figure 5.26. Simulated effect of rock bolting on macroscopic fractures developed 
in roadway roof. (a) No support; (b) Rock bolted model. Red dotted 
lines indicate rock bridges. 

Using this approach, rock bridges in the supported roof were evaluated and 

compared with the unsupported roof, Figure 5.28. It is interesting to note that the 

installation of rock bolts has a limited effect on the retention of rock bridge Type I, 49 

elements or 16% of total elements, a little higher than 46 elements or15% in the 



141 

unsupported roof. However, the rock bolts significantly improve the retention of the type 

II rock bridges from 121 or 39% in the unsupported roof to 165 or 54% in the supported 

model). These rock bridges, in conjunction with rock bolts, significantly increase the 

stability of the roadway roof. As a result, the beam can take more stress as illustrated in 

Figure 5.29.  

 

Figure 5.27. Grid used to evaluate the development of cracking and rock bridges 
bewteen cracks. 

Rock bridge I: 46, 15%; Rock bridge II:121, 39%

(a)

(b)

Rock bridge I: 49, 16%; Rock bridge II: 165, 54%

 

Figure 5.28. The effects of rock bolts on the reducing the cracking and formation 
of rock bridges between cracks in the roadway roof. (a) Un 
supported; (b) Rock bolted model (Dashed read lines indicate rock 
bolts). 
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Figure 5.29. Simulated effect of rockbolting on major principal stress distribution 
in roadway roof. (a) Unsupported; (b) Rock bolted model (Black lines 
indicate rock bolts and W-shape straps).   

Figure 5.30 presents the major principal stress along a vertical line in the roof. 

The installation of rock bolts significantly increases the major principal stress level, 

suggesting that the reinforced roof becomes more competent so that it is able to take a 

much higher load than the unsupported roof. Moreover, the significant decrease in major 

principal stress, is suppressed due to the effect of rock bolting, indicating a stable roof.  
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Figure 5.30. Simulated effect of rock bolting on the major principal stress along a 
vertical monitor line in the middle of the roof span. 

Figure 5.31 compares the development of cracks during the roof shear failure 

process in the unsupported and the rock bolted model. Figure 5.32 illustrates the final 

distribution of shear cracks and tension cracks from the two models. It is clear that the 

presence of rock bolts has no major effort in suppressing the development of 

microscopic shear cracks. The roof is still heavily fractured through shear even though 

the tensioned rock bolts are installed. The roof is yielding, but the integrity of the roof is 

greatly increased due to the presence of rock bolts. As a result, the residual strength of 

the yielding roof is significantly increased so that the roof can take much more load 

(Figure 5.30).  

The development of tension cracks is significantly suppressed due to the 

presence of rock bolts (Figure 5.31b, Figure 5.32d). As discussed in the previous 

section, dilation of the roof starts to accelerate when the in situ stress applied on the 

roadway roof is fully released. The dilation and roof sag cause a marked acceleration in 

tension cracking. The orientation of the tension cracks is either vertical or horizontal, 

indicating rupturing and delamination, respectively. When the roof is supported by rock 

bolts, the dilation of the roof is greatly inhibited, resulting in a significant decrease in 

tension cracking and roof delamination (Figure 5.33b). The rock bolted roof is less 

damaged than the unsupported roof (Figure 5.33a). 
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Figure 5.31. Simulated effect of rock bolting on the development of (a) shear 
cracks, and (b) tension cracks during roof shear failure. 

(a) (b)

(c) (d)  

Figure 5.32. Simulated effect of rockbolting on the distribution of cracks in the 
roadway roof. (a) Shear cracks without support; (b) Shear cracks 
with rockbolting; (c) Tension cracks without support; (d) Tension 
cracks with rockbolting. 
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Figure 5.33. Simulated effect of rock bolting on (a) damage and (b) deformation 
of roadway roof. 

5.6. Comparison between UDEC Trigon, ELFEN and PFC2D 

In this chapter, UDEC Trigon, ELFEN and PFC2D were each used for the 

simulation of roof shear failure. The results of the comparison between these three 

codes are highlighted as follows: 
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(1) All the three codes are capable of explicitly capturing the roof shear failure 

process. The time sequence of marked microseismic, significant stress changes and 

displacement acceleration during the roof shear failure are most clearly captured in the 

UDEC Trigon model.  

(2) During the roof shear failure, shear cracking dominates tensile cracking in the 

UDEC Trigon model. In the ELFEN model, all the cracks are tensile. In the PFC2D 

model, tensile cracking dominates shear cracking.  

(3) The UDEC Trigon provides users with structural elements for simulating rock 

support patterns including rock bolts, shotcrete, screen, steel joists, etc. This is of great 

importance when using a numerical approach to assist in support design of underground 

openings. ELFEN also provides some structural elements for simulating support 

patterns. No structural element is available in PFC. 

5.7. Conclusions 

Shear failure, which is a typical failure process experienced in coal mine 

roadways, was investigated through numerical simulation using UDEC Trigon, ELFEN 

and PFC2D.  

The simulation of fracture initiation and propagation in a roadway roof which is 

subjected to high horizontal stress suggests that shear failure of the roadway roof 

initiates at the roadway corner and then progressively propagates deeper into the roof, 

finally forming a large scale shear failure.  

The study overcomes some limitations of underground roadway simulation using 

conventional approaches: 

(1) In continuum methods, shear failure is usually indicated by plastic zone or 

volumetric strain which is an implicit representation. Using the discontinuum UDEC 

Trigon approach, the roof shear failure mechanism which is characterized as crack 

initiation and propagation is explicitly captured.  
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(2) Cracking which is the source of microseismic activity can be quantitatively 

tracked using the UDEC Trigon approach. The numerical results initially confirm the time 

sequence of marked microseismic activity, significant stress changes and accelerated 

displacement during a roof fall. 

(3) In continuum models, the effect of rock bolting is usually underestimated 

because the suppression on sliding and opening of fractures cannot be reproduced. The 

UDEC Trigon approach provides a great tool to evaluate the effect of rock bolting on 

shear failure. It is found that the installation of rock bolts constrains rock dilation, 

increases the retention of rock bridges and maintains rock strength – all leading to a 

significant decrease in roof sag.  
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6. Discrete element modelling of squeezing 
failure in coal mine roadways  

The terminology "squeezing rock conditions" refers  to large displacements 

occurring around tunnels and other underground openings, essentially associated with 

creeping (Barla, 1995).  It was first identified by Wiesmann (1912) during the 

construction of the Simplon Tunnel in Switzerland. Recent investigations on the 

squeezing phenomenon were conducted by (Aydan et al., 1993; Dalgıç, 2002; Schubert 

et al., 1996; Singh et al., 1992; Yassaghi and Salari-Rad, 2005). They proposed that the 

squeezing can be described as a reduction in the cross-section of an underground 

opening due to a large deformation. The degree of the squeezing largely depends upon 

geological conditions, in situ stress relative to rock mass strength, ground water flow and 

pore fluid pressure. But the potential of the rock mass to squeeze is related to tunnel 

size, excavation, support techniques and the sequence adopted in tunneling. Most 

research, however, has focused on civil tunnels. Limited work has been carried out on 

the squeezing of underground coal mine roadways. Actually, coal mine roadways, 

particularly deep ones, suffer from a high degree of squeezing due to high mining-

induced stresses and strength degradation of moisture-sensitive rocks. In this chapter, 

roadway squeezing is examined through field observation and numerical modelling. 

6.1. Squeezing of coal mine roadway due to mining-
induced stresses 

In contrast to civil tunnels, a major characteristic of underground coal mine 

roadways is that the roadways, especially at the entries of coal panels, are inevitably 

subjected to mining-induced stresses. Figure 6.1 illustrates the abutment pressure 

distribution around a longwall panel. As the longwall face advances, abutment pressures 

from around the edge of the gob are superimposed on the pressures generated during 

entry developments. The abutment pressure generated in front of the faceline is called 
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the front abutment pressure and those pressures generated along both sides of the 

panel in the gob area are side abutment pressure.  

In the coal seam in front of the faceline, the front abutment pressure sharply 

increases with distance away from the face line, reaching a maximum value at a 

distance of a few meters, and then gradually declines to the in situ stress level at a 

distance of tens of meters, Figure 6.1b. The side abutment pressure exhibits a similar 

trend with the distance away from the gob edges, Figure 6.1c. The magnitude of the 

maximum abutment pressure, the distance at which the abutment pressure reaches its 

peak value, and the distance at which the abutment pressure falls to the in situ stress 

level depend upon numerous factors including geological conditions such as the depth 

and thickness of coal seam, in situ stress conditions, lithology of the roof, and mining 

conditions including longwall panel length, longwall panel width, and mining speed. In 

general, the magnitude of the maximum front abutment pressure and side abutment 

pressure can reach up to 6.0 o and 3.5 o , respectively (Peng, 1986).  

Coal is a weak, brittle material and is usually heavily jointed with cleats. 

Laboratory tests on standard coal samples showed that the uniaxial compressive 

strength (UCS) of intact coal ranges from 10 to 40 MPa (Medhurst and Brown, 1998). 

Field test on large scale of coal samples have shown a strong scale effect whereby the 

UCS of coal samples decreases as the sample size increases (Bieniawski, 1976, 1968a, 

1968b; Heerden, 1975). The UCS of the coal mass does not exceed 10 MPa, and in 

most cases, is around 4 MPa.  

For underground coal mines, roadways are usually driven in the coal seam, 

along the roof or floor, depending on mining plan, the thickness of coal seam and 

roadway geometry. In thick coal seams, roadways may be driven either along the roof or 

along the floor, and totally within the seam. The strength of coal mass relative to the 

stresses is critical to the failure mechanism and stability of the roadway. Assume a 

roadway is driven in coal with a UCS of 6 MPa and placed at 400 m depth beneath the 

ground surface. The estimated vertical stress is approximately 10 MPa, and the mining-

induced stress, therefore, can reach up to 60 MPa. If a stress of 60 MPa is applied on a 

material with a strength of 6 MPa, severe deformation and failure will occur.  
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Figure 6.1. Schematic plot of abutment pressure distributions around a longwall 
panel (Modified after Peng, 1986).  

In practice, longwall panel entries are usually subjected to two types of mining-

induced stresses: the side abutment pressure caused by the mining of an adjacent 
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panel, and the front abutment pressure caused by the mining activity of the current 

panel. Both the side and front abutment pressures are progressively applied on the 

roadway. The loading process of mining-induced stresses on the roadway is hence not 

static but dynamic. Under these dynamic mining-induced stresses, the roadway will 

progressively deform and fail. Due to the presence of support systems, such as rock 

bolting, steel joists, yieldable joints, etc, the roadway may not collapse, but instead 

exhibit a cross-section contraction reflected by severe roof subsidence, wall convexity 

and floor heave. This process of roadway failure is referred as "squeezing of roadway 

due to mining-induced stresses" in this study. 

Examples of such "squeezing of roadway due to mining-induced stresses" are 

shown in Figure 6.2-Figure 6.5. 

 

Figure 6.2. Squeezing of a roadway due to mining-induced stresses. The 
roadway was supported by a combination of rock bolts, cables and 
steel screen. The deformation of the roadway was so severe that the 
steel screens were lacerated at numerous sections along the 
roadway. 
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Figure 6.3. Squeezing of a roadway due to mining-induced stresses. The 
roadway was supported by steel joists which were heavily bent due 
to severe roof sag.  

 

Figure 6.4. Squeezing of roadway due to mining-induced stresses. The roadway 
was primarily supported by steel joists and standing pillars were 
placed at the middle of the roadway to resist increasing roof sag. 
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Figure 6.5. Squeezing of roadway due to mining-induced stresses. The roadway 
was primarily supported by rock bolts and steel screens. For 
additional support, hydraulic jacks were installed in front of longwall 
face. The roadway still collapsed due to the severe front abutment 
pressure caused by the current longwall panel mining. 

6.2. UDEC Trigon modelling of roadway squeezing due to 
mining-induced stresses 

A case study was undertaken to examine the squeezing of a roadway due to 

mining-induced stresses. The site was located at the tailgate of panel 2203 at the 

Zhangcun coal mine, Shanxi Province, China.Figure 6.6  illustrates the layout of 

roadways and panels, and Figure 6.7 illustrates the lithology of the roadway. The 2203 

tailgate was driven against the direction of the longwall Panel 2202 advance. The 

studied section of the 2203 tailgate was subjected to the lateral abutment pressure 

caused by the mining of longwall Panel 2202. It could also have been influenced by the 

front abutment pressure caused by the mining of the Panel 2203. The combination of the 

lateral and front abutment pressure resulted in serious failure and severe deformation of 

the 2203 tailgate even through it was supported by a combination of rock bolts and W-

shaped straps, Figure 6.8. Up to 1 m roof sag and around 1.5 m wall-to-wall 

convergence were observed. The deformation was so great that it prevented the 
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transportation of materials into the 2203 working face and a rehabilitation campaign of 

the 2203 tailgate had to be carried out.   

Panel 2202
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Pillar 18 m

 

Figure 6.6. Roadways and panels layout of the study site. 
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Figure 6.7. Lithology of the study site. 
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Figure 6.8. Squeezing of the 2203 tailgate due to severe mining-induced 
stresses. 

6.2.1. Model configuration 

A numerical model was built using UCEC Trigon to simulate the mechanical 

behaviour of the 2203 tailgate, Figure 6.9. For computational efficiency, UDEC Trigon 

approach was adopted for generating triangular blocks only in the area of interest 

surrounding the roadway. The average edge length of these triangular blocks was 0.1 m. 

For the remainder of the model at distance from the roadway, coarse polygonal blocks 

(0.4-2.0 m) were adopted.  

For each Coal Measures rock mass, the micro-properties of the blocks and 

contacts were calibrated to the macro-properties of the material presented in Figure 6.7. 

The calibrated micro-properties are given in Table 6.1. The calibration results are 

provided in Appendix A. 



156 

54 m

5
3
 m

4.2 m

3
.3
 m

Applied vertical stress to compensate for overburden pressure

Sandy mudstone

Sandy mudstone

Siltstone

Coal

Mudstone

Mudstone

Rock bolts

 

Figure 6.9. Configuration of the model used for simulating roadway squeezing 
due to mining-induced stresses. 

Table 6.1. Calibrated micro-properties in UDEC-Trigon model to represent Coal 
Measures at the study site. 

Contact properties Coal Mudstone Siltstone Sandy mudstone 

Young’s modulus of blocks (GPa) 3.0 4.5 6.3 5.5 

Poisson’s ratio of blocks 0.25 0.26 0.26 0.26 

Normal stiffness of contacts (GPa/m) 144 216 19.2 8.4 

Shear stiffness of contacts (GPa/m) 50.4 75.6 7.7 3.4 

Contact cohesion (MPa) 2.8 6.0 9.5 6.5 

Contact friction angle (o) 16 20 18 18 

Contact tensile strength (MPa) 0.7 2.5 4.0 3.0 

 

The “Cable” element in UDEC was adopted to simulate the rock bolts and the 

“Liner” element was adopted to simulate the W-shaped straps. The parameters of 

“Cable” and “Liner” structural elements are presented in Table 6.2.  
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Table 6.2. Properties of support elements in UDEC Trigon models. 

 Contact properties Values 

Cable 

Elastic modulus (GPa) 200 

Tensile yield strength (kN) 390.0  

Stiffness of the grout (N/m/m) 1e9  

Cohesive capacity of the grout (N/m) 2e5  

Structure 

Elastic modulus (GPa) 200  

Tensile yield strength (MPa) 500  

Compressive yield strength (MPa) 500  

Interface normal stiffness (GPa/m) 10  

Interface shear stiffness (GPa/m) 10  

 

The modelling procedure comprised three stages.  

• (I) After the model was constructed, boundary and initial conditions were 
applied to the model to simulate in situ stress before excavation. The applied 
stresses were the same as in situ stresses. The roadway was then excavated 
and the model was run to equilibrium.  

• (II) Mining the Panel 2202 induced significant lateral abutment pressure.  This 
was simulated by applied additional horizontal and vertical stresses on the 
boundary of the model.  

• (III) The approaching longwall Panel 2203 induced high front abutment 
pressure. This was simulated by applying additional horizontal and vertical 
stresses to the boundary of the model.  

Table 6.3 indicates the average horizontal and vertical stresses applied to the 

model at different stages. The values of the additional horizontal and vertical stresses 

applied to the model at stages (II) and (III) were estimated by assuming a 1.8 0S (where 

0S is the in situ stress) of lateral abutment pressure caused by mining Panel 2202 and a 

3.0 0S of front abutment pressure caused by mining Panel 2203 (Luo, 1997). It should be 

noted that the stress path is only a simple two-dimensional approximation of the actual 

complex three-dimensional stress field applied to the tailgate.  
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Table 6.3. Applied stress path at model boundary to simulate 
mining-induced stresses. 

Loading condition Horizontal stress (MPa) Vertical stress (MPa) 

Development 16.98 11.63 

2202 panel mining 4.0 4.0 

2203 panel mining 19.0 27.0 

6.2.2. Model results 

Figure 6.10 presents the predicted fracture pattern of the roadway during the 

stages of excavation, mining Panel 2202, and mining Panel 2203. Figure 6.11 presents 

the associated distribution of major principal stress surrounding the roadway. The 

excavation alters the equilibrium state of in situ stress, resulting in the redistribution of in 

situ stress around the roadway. As a result, cracks initiates and develops around the 

roadway as the confinement applied on the roadway surface is progressively released 

until a new equilibrium is achieved, Figure 6.12. Due to the support of the combination of 

rock bolts and straps, however, significant development of microscopic cracks does not 

result in a collapse of the roof and ribs. In the roof, macroscopic fractures interact, 

forming a potential inverted-V shaped failed zone. But the development of macroscopic 

fractures is suppressed within the anchored zone, leading to a stable and relatively solid 

roof, Figure 6.10a. In the ribs, only a few discrete macroscopic fractures are observed 

due to the presence of the rock bolts and straps. The roadway floor remains quite stable 

at this stage as the mudstone is more competent than the coal, even though no support 

system is installed there. Stress concentration occurs at the two rib-floor corners, Figure 

6.11a.  

The mining of the Panel 2202 alters the stresses around the 2203 tailgate. 

Mining-induced stresses are applied on the pillar and roof of the 2203 tailgate, causing 

further development of cracks around the roadway. Macroscopic fractures extend 

deeper into the roof, but are still within the anchored zone Figure 6.10(b). The discrete 

macroscopic fractures in the ribs start to propagate and interact at this stage. In the floor, 

discrete macroscopic fractures initiate, and both the degree and extent of stress 

concentration at the rib-floor corners increases, Figure 6.11b.  
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Figure 6.10. Predicted fracture patterns of the roadway subjected to severe 
mining-induced stress at different stages. (a) Roadway excavation;  
(b) After mining panel 2202; (c) During mining panel 2203; and (d) 
After mining panel 2203. Red lines indicate the rock bolts and W-
shaped straps. 
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Figure 6.11. Major principal stress distribution around the roadway subjected to 
severe mining-induced stress at different stages. (a) Roadway 
excavation;  (b) After mining panel 2202; (c) During mining panel 
2203; and (d) After mining panel 2203. Black lines indicate the rock 
bolts and W-shaped straps. 
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Figure 6.12. Development of cracks in (a) the roof and (b) left wall of the 
roadway.  

The mining activity of the Panel 2203 causes severe front abutment pressure to 

be applied on the 2203 tailgate. As the face advances, both the vertical and horizontal 

stresses applied on the roadway increases significantly, resulting in a marked 

development of microscopic cracking around the roadway,Figure 6.12. In the roof, a 

clear inverted-V shaped failed zone is formed, Figure 6.12c. The depth of this failed 

zone continues to increase as the face approaches, and finally extends over the 

anchored zone, Figure 6.12d. As a result, roof bolts installed in the middle of the roof 

span fail as they can no longer carry loads transferred from the rock mass, Figure 6.13a. 

This phenomenon was observed repeatedly in the field during the rehabilitation of the 
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roadway, Figure 6.13b. In the ribs, macroscopic fractures continue to propagate and 

interact, leading to a brittle spalling failure mechanism in both ribs, Figure 6.12c. As the 

face approaches, brittle spalling extends deeper into the ribs (Figure 6.12d), leading to 

failure of rock bolts, Figure 6.13a, b. In the floor, discrete macroscopic fractures begin to 

propagate and interact as the face approaches, forming severe floor heave through 

brittle spalling, Figure 6.12d. The stress concentration in the rib-floor corners is finally 

relieved due to the spalling failure of the floor, Figure 6.11d.  

Figure 6.14 compares the squeezing pattern from field observation and 

modelling. It is can be seen that the significant squeezing of the 2203 tailgate caused by 

severe mining-induced stresses is realistically captured by the UDEC Trigon model. 

Severe wall convexity and an acute roof-wall corner which were formed due to the 

presence of straps are also realistically simulated in the UDEC Trigon model. In addition, 

severe floor heave which was observed in the field is captured in the model. The 

modelling result is in good agreement with the field observations, indicating that UDEC 

Trigon model is capable of simulating squeezing of coal mine roadway subjected to high 

mining-induced stresses. 
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Figure 6.13. Failed rock bolts (indicated by dashed red lines) due to the 
squeezing of the roadway. (a) UDEC Trigon model (yellow shows 
rock bolt load mobilized, red lines indicates the W-shaped straps), 
(b) Field photograph of roof bolts, and (c) Rib bolt.  
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Figure 6.14. Squeezing failure pattern of the 2203 tailgate. (a) Field photograph 
and (b) model simulation plot. Red dotted lines indicate the initial 
cross section before squeezing. Red lines indicate the rock bolts 
and W-shaped straps. 
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Figure 6.15. Wall convexity and an acute roof-wall corner formed due to the 
presence of straps. (a) Field photograph and (b) Simulation plot. Red 
lines indicate the rock bolts and W-shaped straps. 

6.3. Squeezing of coal mine roadway due to 
strength degradation 

As discussed previously, mining-induced stresses may cause severe squeezing 

of entries of longwall panels. For main roadways including belt ways, travel ways, and 

ventilation ways, mining-induced stresses may not have a significant influence due to 

their long distance from the longwall panels. These main roadways, however, may also 

suffer squeezing failure, not due to the mining-induced stresses, but due to the strength 

degradation of the surrounding rock masses.  

In underground coal mining practice, a majority of rocks are composed of clay 

minerals, feldspar, quartz clastics, and a small fraction of other silicate and carbonate 

minerals. Shales probably are the most common and can be composed of 50-80% clay 

materials (Molinda and Klemetti, 2008). Clay materials have a platy structure and can 

absorb water. Water absorption causes swelling, which may loosen bedding and break 

apart the flat-bedded material structure, resulting in rock deterioration (Huang et al., 

1986). Considerable research has been carried out to study the swelling characteristics 

of shale. The propensity for swelling is controlled by the mineralogical composition of the 

rock, for example the presence of swelling clay minerals and the higher the water 

absorption, the higher the degree of swelling (Olivertra, 1990). Huang et al. (1995) 
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carried out a series of laboratory tests and the results showed that the temperature of 

the shale had the least influence on swelling of shale, while the air humidity and the 

moisture activity index had a significant influence. Zhang et al. (2004) found that the low 

strength of shale is also correlated with low Young's modulus and low shear strength. 

Historically, miners have known that some rocks, originally composed of mud, 

were prone to slaking and deterioration. When roadways are placed in them, clay 

minerals are exposed to water and humidity and will absorb water rapidly and generate 

pressures that can break apart the weakly bonded rock (Huang et al., 1986). As a result, 

cracks are generated in the rock and moisture will penetrate into these cracks and go 

deep inside the rock and cause further cracks, leading to a progressive deterioration. 

This strength degradation process is time dependent and can occur over months or 

years after exposure, or it can occur within days (Molinda and Klemetti, 2008).  

The progressive strength degradation can result in failure and instability of 

roadways which are quite stable after excavation. Convincing evidence both in the 

laboratory and in the field has shown that some shale can be highly reactive to moisture 

exposure (Molinda and Klemetti, 2008). This exposure can cause not only hazardous 

roof surface failures but also large roof falls years later. In a West Virginia mine, 

numerous falls continued to occur up to 6 years after roof exposure (Mark et al., 2004). 

In the belt way of the same mine, the highly fractured roof was observed through a 

borehole video scope. These fractures provided almost unlimited access for humid mine 

air to the highly moisture-sensitive roof rocks 

When the floor rock of a roadway is moisture-sensitive, swelling of the rock will 

be much worse than in the roof as that water collects on the floor. The water may come 

from the natural groundwater in the rocks, and from artificial water used for drilling 

boreholes for rock bolts and dust extraction. In some localized areas of a roadway, the 

whole floor may be immersed in the water, leading to a severe floor heave, as shown in 

Figure 6.16. 
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Figure 6.16. Severe floor heave due to swelling under excess moisture. 

In Chinese underground coal mining practice, main roadways such as belt ways, 

travel ways, ventilation ways, etc. are usually placed in non-coal layers, such as shale, 

sandstone, siltstone, etc. These main roadways need to serve the mine for a relatively 

longer period (tens of years) than panel entries (a few years). Figure 6.17 shows an 

example of severe floor heave due to rock mass strength degradation in a Chinese coal 

mine roadways. 
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Figure 6.17. Severe floor heave due to strength degradation in a main roadway in 
a Chinese coal mine.  

6.4. UDEC Trigon modelling of roadway squeezing due to 
strength degradation of moisture-sensitive rock mass 

6.4.1. Model configuration 

A numerical analysis was performed to simulate the squeezing process of a 

roadway due to degradation of moisture-sensitive rocks. The UDEC Trigon logic was 

employed to create a roadway model. Figure 6.18 shows the geometry of the roadway 

model created for this analysis. A horse-shoe roadway which is a typical profile of a main 

roadway in underground coal mines was assumed to be excavated in mudstone. The 

assumed lithology of the roadway is illustrated in Figure 6.18 and the corresponding 

mechanical properties are listed in Table 6.4.  



169 

For computational efficiency, the UDEC Trigon logic was adopted only for 

generating triangular blocks in the area of interest surrounding the roadway. The 

average edge length of these triangular blocks was 0.1 m which was sufficiently fine to 

adequately capture the fracturing process of the surrounding rock masses. For the 

remainder of the model further from the roadway, coarse polygonal blocks (0.4-2 m) 

were adopted in order to minimize the calculation time. 
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Figure 6.18. Configuration of the model used for simulating roadway squeezing 
due to strength degradation. 
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Table 6.4. Mechanical properties used for UDEC-Trigon model of roadway 
squeezing due to strength degradation. 

Contact properties Mudstone 
Mudy 

sandstone 
Siltstone Sandstone 

Young’s modulus of blocks (GPa) 3.0 4.5 6.3 5.5 

Poisson’s ratio of blocks 0.25 0.26 0.26 0.26 

Normal stiffness of contacts (GPa/m) 144 216 19.2 8.4 

Shear stiffness of contacts (GPa/m) 50.4 75.6 7.7 3.4 

Contact cohesion (MPa) 2.8 6.0 9.5 6.5 

Contact friction angle (o) 16 20 18 18 

Contact tensile strength (MPa) 0.7 2.5 4.0 3.0 

 

In the numerical analysis, the effect of strength degradation of moisture-sensitive 

rock was represented by a gradual reduction of both tensile strength and cohesion in the 

contacts between the triangular blocks. The strength was not reduced everywhere 

throughout the model but only at failed (either in tension or in shear) contacts because 

moisture is considered to intrude into rock through cracks. When a contact fails, its 

cohesion and tensile strength is gradually reduced as a function of calculation time. It 

was assumed that the strength of the contact is reduced from its initial value to zero in 

the following 20 seconds of calculation time. It should be noted that in the mechanical 

analysis model of UDEC, the time is not a real time but a calculation time. Thus, the 

analysis presented here considers the strength degradation without direct reference to 

time. The time effect is implicit. A function was developed to implement the strength 

reduction logic using the programming language 'FISH'. 

The roadway was assumed to be subjected to an in situ stress field with a 

horizontal stress of 15 MPa and a vertical stress of 10 MPa. After the in situ stress was 

set up, the model was run to equilibrium. The roadway was then excavated and 

supported with a steel joist. The steel joist was simulated using the 'liner' structural 

element in UDEC. The properties of the 'liner' element are illustrated in Table 6.5. After 

the steel joint was installed, the model was run to equilibrium. Strength degradation was 

then initiated.  
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Table 6.5. Properties of the 'liner' elements in the UDEC Trigon model. 

Properties Values 

Elastic modulus (GPa) 200  

Poisson's ratio 0.2 

Tensile yield strength (MPa) 50  

Residual yield strength (MPa) 50  

Compressive yield strength (MPa) 50  

Normal stiffness (GPa/m) 200  

Shear stiffness (GPa/m) 200  

 

6.4.2. Model results 

The simulated squeezing process of a roadway due to strength degradation is 

shown in Figure 6.19. The associated distribution of cracks and major principal stress 

are illustrated in Figure 6.20 and Figure 6.21, respectively. After the roadway is 

excavated, the confinement applied on the surface of the opening is released, resulting 

in the generation of cracks near the periphery of the roadway, Figure 6.20a. The cracks 

are localized at the arch roof and in the floor, due to the relatively high horizontal stress. 

Stress concentration with a coefficient of approximately 2.3 occurs at the floor-wall 

corners, the roof and the floor beyond the depth of cracks, Figure 6.21a. It should be 

noted that nearly all of these cracks are failed in shear, implying that shear failure is the 

dominant failure mechanism at this stage. Due to the support of the steel joint, however, 

the microscopic cracking does not result in any obvious macroscopic fractures (Figure 

6.19a). The maximum values of roof sag, floor heave and wall-to-wall convergence 

during this stage are only 9.3, 12.4, and 25.8 mm, respectively (Figure 6.22), indicating a 

very stable and integrated roadway under the current stress condition and support 

system. 

The stability of the roadway is compromised when the strength degradation is 

initiated. Moisture/water intrusion into the surrounding rock mass through cracks leads to 

a progressive reduction in the rock mass strength. The equilibrium of the stresses 

surrounding the roadway is disturbed since the degraded zones cannot continue to carry 

the stress. The stresses in the fractured zones are reduced, resulting in a decrease in 

the confinement in the deeper zones, which in turn, promotes crack development  in 
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deeper zones. Further degradation of the deeper zones results in a decrease in 

confinement of deeper zones (Figure 6.21b-i) and causes the cracks to propagate 

deeper into the surrounding rock mass (Figure 6.20b-i). During this process, 

macroscopic fractures are gradually developed (Figure 6.19b-i) and the roadway starts 

to squeeze, characterized by a gradual increase in roadway convergence, Figure 6.22. 

(a) 5 sec (b) 6 sec (c) 11 sec

(d) 24 sec (e) 33 sec (f) 41 sec

(g) 50 sec (h) 60 sec (i) 70 sec
4 m  

Figure 6.19. Squeezing process of roadway due to strength degradation. Note 
that the time is not real time but calculation one. Red lines and 
circles indicate the steel joists.  
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(a) 5 sec (b) 6 sec (c) 11 sec

(d) 24 sec (e) 33 sec (f) 41 sec

(g) 50 sec (h) 60 sec (i) 70 sec
5 m  

Figure 6.20. Development of cracks (shear cracks in red and tensile cracks in 
green) around roadway during the squeezing process due to 
strength degradation. The filled blue band indicates the axial stress 
developed in the steel joist. Note that the time is not real time but 
calculation one. Blue shows axial stress in the steel joist. 
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(a) 5 sec (b) 6 sec (c) 11 sec

(d) 24 sec (e) 33 sec (f) 41 sec

(g) 50 sec (h) 60 sec (i) 70 sec
5 m

35
30
25
15
10
5
0

1 (MPa)

 

Figure 6.21. Associated major principal stress distribution around the roadway 
during the squeezing process due to strength degradation. Note that 
the time is not real time but calculation one. Blue shows axial stress 
in the steel joist. 
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Figure 6.22. Simulated roadway convergence during the squeezing process due 
to strength degradation. 

A detailed examination of the decrease in stress during the degradation-cracking 

process is analyzed by monitoring the major principal stress of 5 blocks located at 

different depths in the roof during the squeezing process, Figure 6.23. It can be seen 

that when the excavated-induced cracks start to deteriorate, the major principal stress in 

P1 exhibits a drop in value followed by a slow decrease. The major principal stress in the 

deeper block of P2 exhibits a similar trend. In the P3 block, however, the major principal 

stress shows an increase in value after the degradation-cracking activity starts, 

indicating that stress concentration zones gradually move deeper into the roof during the 

strength degradation process. After cracks propagate beyond the P3 block, the stress in 

the block drops significantly. The major principal stress in the P4 and P5 blocks exhibits 

a similar trend as the P3 blocks, but with a considerable time delay of stress dropping.  
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Figure 6.23. Simulated stress change curves against calculation time during 
squeezing process due to strength degradation.  

It is interesting to note that this degradation-cracking activity is occurs primarily in 

the roadway roof and floor (Figure 6.20b-f) where the excavation-induced shear cracks 

are localized. As time goes by, cracks propagate into deep zones in the walls (Figure 

6.20g-i). In general, squeezing occurs in all the directions of the roadway cross section. 

The predominated squeezing, however, occurs in the roadway floor, indicated by the 

heavily fractured floor (Figure 6.19i) and a severe floor heave with a maximum value of 

298 mm, compared to 180 mm of roof sag and a 139 mm of wall-to-wall convergence. 

This simulated phenomenon is in good agreement with field observation as shown in 

Figure 6.24. 
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Figure 6.24. Severe floor heave in squeezed roadways (Wang et al., 2000)  

6.5. Conclusions 

Squeezing failure is a very common failure pattern experienced in underground 

coal mine roadways. There are two major factors that might result in roadway squeezing: 

mining-induced stresses which is much higher than the strength of the rock mass 

surrounding an entry, and moisture-sensitive rock of which strength is progressively 

reduced. Numerical analysis was carried out using the UDEC Trigon logic to investigate 

these two types of roadway squeezing. For the mining-induced stress that causes 

squeezing, a numerical roadway model was created based on case site at the Zhangcun 

coal mine in China. The mining-induced stresses caused by longwall panels were 

simulated by applying additional stress at the boundary of the model. The squeezing 

process of roadway under severe mining-induced stresses was realistically captured in 

the model. Model-captured phenomena including roof sag, wall convexity, floor heave as 

well as failed roof and rib bolts are in good agreement of field observations. The 
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numerical results indicate that shear cracking dominates over tensile cracking 

during the squeezing failure process. 

In terms of modeling of the squeezing of a roadway excavated in moisture-

sensitive rock, the critical issue was to represent the strength degradation of material. 

This was achieved by gradually reducing the cohesion and tensile strength of the 

contacts between blocks in the UDEC Trigon model. The strength was not reduced 

everywhere throughout the model but only at failed (either in tension or in shear) 

contacts because moisture is considered to intrude into rock through cracks. When a 

contact failed, its cohesion and tensile strength were gradually reduced as a function of 

calculation time. The numerical model was found to be capable of successfully capturing 

the squeezing process of the surrounding rock mass of roadway due to strength 

degradation.  
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7. Evaluation of coal longwall caving 
characteristics using an innovative 
UDEC Trigon approach 

7.1. Introduction 

Longwall mining is a widely used underground mining methods for the extraction 

of relatively thick, sub-horizontal and uniform coal seams. After mining of the coal seam, 

the panel roof strata above the mined-out area or goaf will be destressed. With 

continued face advance, the immediate roof will collapse and cave into the goaf area, 

the disturbed roof strata gradually extending upwards. Three zones of disturbance may 

be identified above the goaf, as illustrated in Figure 7.1: a caved zone, a fractured zone 

and a continuous deformation zone, in ascending order from the roofline (Peng, 1986). 

The extent of each zone depends on the geological and geotechnical conditions of the 

overburden strata including the mechanical properties of the rock, the in situ stress, the 

thickness of the coal seam and immediate strata, and the type and nature of the strata 

(Das, 2000). Understanding the failure mechanism associated with the progressive 

caving of strata is very important for predicting ground subsidence, roadway, face 

support and mine layout design.  
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Figure 7.1. Disturbed zones due to excavation of a panel in longwall mining 
(Peng, 1986). 

Common approaches for studying the progressive caving of strata include 

empirical, physical modelling, and numerical modelling methods. Empirical methods 

suffer from a number of simplifications and are limited when dealing with complex 

geological mining conditions. Physical models can provide a realistic simulation of the 

caving process but can be very expensive and time-consuming (Singh and Singh, 1999; 

Xie et al., 2009).  

Numerical modelling is a promising and effective tool for the simulation of 

progressive caving of strata caused by extraction of a longwall panel. Numerical 

methods can be classified into continuum methods including BEM (Boundary Element 

Method), FEM (Finite Element Method), FDM (Finite Difference Method), and 

discontinuum methods including DEM (Distinct Element Method), DDA (Discontinuous 

Deformation Analysis) and  hybrid FEM/DEM and FDM/DEM. Continuum methods have 

been widely used for simulating longwall mining (Islam et al., 2009; Kelly et al., 2002; 

Saeedi et al., 2010; Shabanimashcool and Li, 2012; Singh and Singh, 2009;Singh and 

Singh, 2012, Singh et al., 2010; Unver and Yasitli, 2006; Whittles et al., 2006; Xie et al., 

2009). There are two major limitations in longwall modelling simulation with continuous 

methods. The first is that the generation and propagation of fractures cannot be explicitly 

captured and thus the caved zone and fractured zone are unable to be identified directly 

but must be decided through assumptions including displacement, plastic and shear 

strain. The second is that it is difficult to incorporate pre-existing discontinuities including 
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bedding planes and cross joints in a continuum model. Discontinuum methods are more 

appropriate for simulating progressive caving of strata caused by longwall mining. 

Coulthard (1999) applied the Universal Distinct Element Code (UDEC) to investigate 

longwall coal mining induced subsidence. In his models, the horizontal bedding planes 

were given appropriate properties and allowed to open or slip according to the stresses 

developed. The sub-vertical joints were initially given intact rock shear and tensile 

strength but due to the stresses induced could mimic the cracks generating and 

propagating through the strata. Coulthard (1999) suggested that UDEC models provide 

a closer approximation to the real mechanics of the system than a continuum model. 

UDEC has also been used to simulate the longwall top coal caving method (Alehossein 

and Poulsen, 2010; Kwaśniewski, 2008; Quang et al., 2009; Vakili and Hebblewhite, 

2010). A limitation in these models is that fractures could only develop along pre-existing 

discontinuities including persistent bedding planes and cross joints.   

The proposed UDEC Trigon approach is used in this paper to create a longwall 

model in which the roof is simulated as an assembly of triangular blocks bonded via 

contacts. Pre-existing fractures including bedding planes and cross joints are 

incorporated in the model. Using this approach, the limitations mentioned above are 

overcome. The modelling results are compared against field observations. The effects of 

a soft immediate roof, bedding planes and high horizontal stress on the progressive 

caving of the strata are investigated. 

7.2. Discrete element modelling of a longwall 

7.2.1. Geology 

The current UDEC Trigon modelling study is based on a longwall panel at the 

German Ruhr mining district (Alber et al., 2009). The longwall panel is located at a depth 

of approximately 1100 m. The mined coal seam has a height of 2-2.5 m. The width of the 

longwall is 300 m and its length 2000 m. The immediate roof comprises a massive 

coarse sandstone with an average thickness of 19 m and an intact compressive strength 

of 112 MPa. It is overlain by a 2 m strong fine-grained sandstone/siltstone layer with an 

intact compressive strength of 125 MPa. Above that is a 2 m weak siltstone layer of 20 
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MPa compressive strength. Figure 7.2 shows the lithology of the longwall as well as 

some important geotechnical parameters.  

 

Figure 7.2. Lithology and geotechnical parameters (after Alber et al., 2009). 

The in situ stresses were extrapolated from nearby stress measurements and are 

assumed to be as follows: vertical stress v 27-29 MPa, major horizontal stress 

H 28-39 MPa, and minor horizontal stress h  15-19 MPa (Alber et al., 2009).  

7.2.2. Rock properties 

The intact rock and rock mass properties of the Coal Measure rocks including 

RMR, mi and ci  were obtained from Alber et al. (2009)(). The rock mass properties 

were evaluated using the modified approach of Hoek and Brown, (1997).  
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The GSI, ci , and mi were then input into RocLab to calculate rock mass 

properties. The application option was selected as 'tunnels' with a depth of 1100 m. The 

intact rock properties and the calculated rock mass properties are given in Table 7.1. 

Table 7.1. Mechanical parameters of Coal Measures rocks (After Alber et al., 
2009). 

Bed
-No. 

Lithology 
T 

(m) 
E 

(GPa) 
GSI ci  

(MPa) 
mi 

Em 

(GPa) 
m  

(MPa) 
c 

(MPa) 
Phi 
(o) 

t  

(MPa) 

H6 Sst, m 18 23 69 128 2.2 16.42 22.8 6.2 28.7 2.1 

H5 Slt 18 22 45 108 34.7 4.9 31.2 4.2 46.3 2.1 

H4 Sst, f 6 20 63 108 7.0 11.8 21.9 4.1 37.7 1.7 

H3 Slt 2 10 70 20 5.5 7.3 4.6 1.9 25 0.6 

H2 Sst, f/Slt 2 26 86 125 16.4 24.2 67.6 9.8 51.4 5.6 

H1 Sst, c 19 22 47 112 17.0 5.6 23.7 3.6 41.2 1.6 

A Coal 2.5 5 32 15 4.5 0.5 1.2 0.75 30 0.3 

L1 Sst, f 1 20 43 50 16.0 3.9 9.4 2.4 33.1 0.9 

L2 Sst/Sltst. 5 27 70 125 17.0 19.8 43.5 5.8 48.3 3.0 

L3 Sst, f 3 23 65 95 17.0 14.5 29.4 4.6 45 2.2 

L4 Sst/Sltst 24 25 60 110 9.0 13 22.9 3.9 39.3 1.6 

Sst = sandstone, Slt = siltstone, f = fine grained, m = medium grained, c = coarse grained, T=Thickness, E = 
Young's modulus, ci  = intact compressive strength, m = rock mass compressive strength, EM = rock 

mass modulus, c = cohesion, Phi = internal frictional angle, t = rock mass tensile strength.  

Note that the rock mass properties cannot be directly assigned to the model. In 

the UDEC Trigon model, the micro-properties of the contacts and blocks control the 

mechanical behaviour of the material and must be calibrated to the material properties.  

For each rock mass, the micro-properties of the triangular blocks and contacts were 

calibrated to its rock mass properties. The calibration results are provided in Appendix A. 

The calibrated properties are given in Table 7.2 
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Table 7.2. Calculated mechanical properties used in the UDEC Trigon model. 

Lithology 

Matrix properties  Contact properties 

Density 
(kg·m-3) 

E* 
(GPa) 

 
nk * 

(GPa/m) 
sk * 

(GPa/m) 

Cohesion 
(MPa) 

Friction 
(°) 

Tensile 
strength 

(MPa) 

H6 2600 16.4  78.8 27.6 7.8 15.5 6.4 

H5 2600 4.9  23.5 8.2 5.3 25.0 3.2 

H4 2600 11.8  56.6 19.8 5.1 20.4 2.6 

H3 2600 7.3  35.0 12.3 2.4 13.5 0.9 

H2 2600 24.2  116.2 40.7 12.3 30.0 8.5 

H1 2500 5.6  26.9 9.4 4.5 22.3 2.4 

Seam A 1400 2.0  9.6 3.4 16.2 0.9 0.5 

L1 2600 3.9  18.7 6.6 3.0 17.9 1.4 

L2 2600 19.8  95.0 33.3 7.3 26.1 4.5 

L3 2600 14.5  69.6 24.4 5.8 24.3 3.3 

L4 2600 13.0  62.4 21.8 4.9 21.2 2.4 

 

7.2.3. Model construction 

A longwall model was created using the UDEC Trigon logic, Figure 7.3. The 

model is 400 m long and 280.5 m high and simulates the longitudinal section through the 

panel. To improve computational efficiency, only the roof where caving occurs is 

discretized into triangular blocks. The block size is 2.0 m which is sufficiently fine to 

simulate roof caving. The coal seam and the floor are discretized into coarse rectangular 

blocks. The bedding planes between layers have been simulated by horizontal persistent 

joints. In addition, pre-existing discontinuities including bedding planes and cross joints 

have been incorporated withn the roof. In this preliminary modelling study the cohesion 

and tensile strength of these pre-existing discontinuities are assumed to be zero and the 

friction angle assumed to be smaller (3-5o) than the friction angle of corresponding rock 

mass as shown in Table 7.2 

Horizontal displacement was restrained on the left and right model boundaries 

and vertical displacement fixed in the base. An in situ stress state with v 27 MPa, 

H 39 MP and h  18 MPa was imposed in the model. h  is parallel to the longwall 
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advance direction and H  is perpendicular to the longwall advance direction. A vertical 

stress of 27 MPa was applied on the top boundary equal to the overburden weight. 

400 m

28
0.
5
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Longwall panel 120m
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Cross joints
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Figure 7.3. Configuration of longwall model using UDEC Trigon logic.  

7.2.4. Monitoring approach 

To obtain a thorough understanding of the caving process, the mechanical 

behaviour of the roof was monitored in detail with the longwall face advanced. Firstly, the 

roof was divided into several monitoring regions according to the stratigraphy, Figure 

7.4. Additional monitoring regions were setup with more in the immediate roof fewer in 

the upper layers. For each region, the shear and tension cracks generated with longwall 

face advance were monitored through a custom-developed FISH function. Horizontal 

and vertical stresses in the central zone element of each monitoring region were also 

monitored.  
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The advance of the longwall from the left the right in the model is simulated using 

a stepwise excavation; each stage involving a 12 m advance and reflecting three days of 

longwall mining (Alber et al., 2009). For each stage, sufficient time steps are run to 

relieve stress and to allow the roof to cave.  
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Figure 7.4. Monitoring regions in longwall model. 

7.3. Numerical simulation results 

7.3.1. Progressive caving caused by longwall mining 

Figure 7.5 shows the simulated plots of progressive roof failure. At the first stage, 

due to the extraction of coal seams, the immediate roof above the mined panel is 

unsupported and hence is allowed to deform and fail. Few fractures are generated in the 

immediate roof, Figure 7.5a. The immediate roof is highly competent: no collapse and 

caving are observed and the roof remains stable in this stage. As the face advances, 

more fractures are generated and extend deeper (approximately 10 m) into the roof 

(Figure 7.5b). The immediate roof behaves like a beam and starts to bend downward at 

the third stage at a face advance of 36 m. Bed separation initiates at this stage. Shear 

fractures form in the H3 layer, while no fracturing occurs in the H2 layer due to its higher 

strength. As the face continues to advance, fractures extend deeper and wider into the 

roof with bed separation reaching a height of approximately 19 m (Figure 7.5c). When 

the face has advanced 48 m, fractures extend within the H3 layer (Figure 7.5d).  With a 

face advance of 60 m, the first layer of the immediate roof collapses and caves into the 
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goaf area (Figure 7.5e), followed by the second layer (Figure 7.5f). Fractures extend 

approximately 40 m into the roof. A zoomed-in plot of the fracture pattern at this stage is 

shown in Figure 7.6. Three distinct zones, the caved zone, the fractured zone and a 

continuous zone are realistically captured in the model. As the face continues to 

advance the immediate roof continues to cave and bed separation and fractures extend 

toward the top of the model. Generally, the model exhibits a beam bending failure 

pattern in the immediate roof, in agreement with the field observations and 2D finite 

element modeling results (Alber et al., 2009). 
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(a) Stage 1 (12 m) (b) Stage 2 (24 m)

(c) Stage 3 (36 m) (d) Stage 4 (48 m)

(e) Stage 5 (60 m) (f) Stage 6 (72 m)

(g) Stage 7 (84 m) (h) Stage 8 (96 m)

(i) Stage 9 (108 m) (j) Stage 10 (120 m)
 

Figure 7.5. Simulated progressive caving of the strata due to the extraction of a 
longwall coal panel. 
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Figure 7.6. Simulated caved zone, fractured zone and continuous zone due to 
extraction of a panel in longwall mining. 

7.3.2. Stress changes 

The extraction of the coal seam and caving of the roof causes stress 

redistribution around the opening. Knowledge of the stress change is very important in 

understanding the caving process, and in designing both face and roadway support. The 

vertical stress distribution around the longwall panel at different mining stages is shown 

in Figure 7.7. The extraction of coal results in stress concentration in the un-mined coal 

and in the roof adjacent to the opening. The vertical stress in the immediate roof and 

floor is relieved. The area of both the stress concentration and stress relief zones 

increases with face advance. When the face has advanced far enough (72 m at stage 6), 

the immediate roof collapses and caves, resulting in a closure of the mined void.  
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Figure 7.7. Simulated vertical stress distribution with the longwall face 
advance. 

The stress changes are analyzed in detail by plotting the vertical stress at 

selected monitoring points with face advance. The monitored vertical stress at 12 points 

in the immediate roof is shown in Figure 7.8. These 12 points can be considered as 

three different types according to the patterns in stress change. The first type involves 

P1 and P12 which are located in the immediate roof above the un-mined coal. At P1, the 
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simulated vertical stress increases gradually as the face advances away and reaches a 

peak stress of 60.0 MPa when the distance to the face exceeds 84 m. Beyond this, no 

obvious stress change is observed with further face advance, indicating a stress 

equilibrium condition at P1. At P12, the vertical stress starts to increase when the face is 

approximately 84 m away from the monitoring point. These stress change patterns at P1 

and P2 indicate that mining-induced stress changes can influence an area up to 80-90 m 

around the gob. The second type of behaviour involves P5 and P8 which are located in 

the central part of the immediate roof. At these four points, the vertical stress change is 

characterized by three distinct stages: a significant stress increase as the face 

approaches, a sharp stress drop to zero as the face passes, and a gradual increase as 

the roof caves and compacts. The third type of behaviour involves P2, P3 and P6 to 

P11. At these points, the vertical stress initially increases as the face approaches and 

then sharply drops to zero after the face passes. At P11, the vertical stress starts to 

increase when the face is approximately 84 m away, confirming that influence of the 

mining-induced stress changes can reach up to 80-90 m in front of the face. It should be 

noted that the monitored peak vertical stress increases from 35.5 MPa at P3 to 61.6 

MPa at P11, indicating that the front abutment pressure increases as the face advances.  

It should also be noted that the maximum values of the monitored vertical stress 

at all the 12 points is approximately 61.6 MPa, corresponding to 2.3 times the 

overburden stress. Traditional models have suggested that the peak vertical stress is in 

the order of four to six times the overburden stress (Peng, 1986; Whittaker, 1974). The 

significant difference between the present results and previous models may be due to 

shear failure in the intact rock and along bedding planes which reduces the load carrying 

capacity of the rock in the roof above the goaf. This effectively transfers the abutment 

peak stress away from the longwall and reduces its magnitude. 

Figure 7.9 shows the horizontal stress distribution around the longwall panel for 

the different mining stages. The extraction of coal causes horizontal stress relief in the 

immediate roof and floor and stress concentration in the un-mined coal. As the face 

advances, the extent and degree of both stress relief and stress concentration 

increases. The horizontal stress relief exhibits a pear-shaped region around the mined-

out area, Figure 7.9j. 
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Figure 7.8. Simulated vertical stress changes in the immediate roof above the 
goaf.  
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Figure 7.9. Simulated distribution of horizontal stress as longwall face 
advances. 



194 

7.3.3. Damage 

A new approach is  proposed to quantitatively evaluate the progressive failure of 

the longwall panel roof. Using the developed FISH function, the total length of shear and 

tensile cracks in different monitoring regions has been evaluated with face advance. A 

damage parameter D is proposed as: 

100%s t

c

L L
D

L


      (7.8) 

where sL is the total length of shear cracks, tL is the total length of tensile cracks, and 

cL is the total contact length.  

For each mining stage, the D value is calculated at each monitoring region, and 

contour maps of damage at each mining stage can be drawn, Figure 7.10. The 

extraction of the coal seam causes roof damage to start at the immediate roof and then 

propagate deeper above the main roof. In the first two stages, distinct damage (D>7%) is 

only observed in the immediate roof right above the goaf. When the simulated face 

advances 36 m, distinct damage occurs at the H3 layer which comprises weak 

sandstone, even through distinct damage has not occurred across the entire 19-m thick 

immediate roof. Cracks can be observed approximately 50 m ahead of the face within 

the H3 layer. At mining stage 4, distinct damage occurs across the entire thick 

immediate roof. With continued face advance, both the area of the damage regions and 

the damage parameter D increase. At the final stage, the maximum D value occurs in 

the middle region of H3 layer when the D value is 88% (indicating that 88% of the 

contacts in the region have failed through either shear or tension).  

A further evaluation of the roof damage is carried out by plotting the D value in 

the immediate roof against face advance, Figure 7.11. In each monitoring region with the 

exception of Region 1, distinct damage initiates when the face is 12 m ahead and 

significantly deteriorates as the face passes. Following that, limited further damage is 

observed. In the immediate roof, the maximum D value (65%) occurs in Region 25, 

which is located in the middle of the roof span. The D value decreases as the distance 

between the monitoring region and the middle Region 25 increases. The D values in all 

the monitoring regions except Region 1 are between 30% - 50%. In Region 1, the D 
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value gradually increases as the face advances away from the region. Damage still 

develops when the face is over 84 m away. This is because the immediate roof in 

Region 1 is suspended rather than caved.  

7.3.4. Failure mechanism 

As discussed previously, the immediate roof fails in a beam bending failure 

mechanism, which is in agreement with field observations (Alber et al., 2009). A field 

study using seismic moment tensor by Kelly et al. (2002) showed that compressive 

shear, rather than tensile fracture, is the dominate failure mechanism in the roof. Their 

observations are confirmed by the present study which shows that shear cracking 

dominates tensile cracks in all model monitoring regions. Figure 7.12 shows a contour 

plan of the ratio of shear cracking to tensile cracking in the roof. In all regions, the 

shear/tensile cracking ratio is greater than 5, indicating a predominant shear cracking 

mode. In the layer H2 and H6 which are competent, the shear/tensile cracking ratio is 

greater than 36 with negligible simulated tensile cracking.  
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Figure 7.10. Distribution of the damage parameter D in the longwall roof with 
face advance. The damage parameter D is defined in Eq (7.8). 
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Figure 7.11. Damage development in the immediate roof as the face advances. 
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Figure 7.12. Contour plan of the shear to tensile cracking ratio in the roof above 
the goaf. 



198 

7.3.5. Mechanism of Immediate roof collapse 

Caving of thick immediate roof in the goaf can be categorized into four zones 

according to its collapse mechanism: i cantilever zone in the back of the goaf, ii 

compacted zone, iii collapsed zone and iv cantilever zone in the front of the goaf, as 

shown in Figure 7.13. These zones can be identified according to the fracture 

mechanism. The cantilever zone in the back of the goaf comprises suspended beams 

with one end in the un-mined coal and the other in the compacted zone. It is 

characterized by a relatively lower damage (D<35%) (Figure 7.10). The compacted zone 

forms when the immediate roof bends downward, caves and then is compacted. The 

collapsed zone forms when the immediate roof bends downward and caves, but is not 

compacted. As the face advances, the collapsed zone will subsequently be compacted. 

The cantilever zone in the front of the goaf is similar to the cantilever zone in the back of 

the goaf. The difference is that the cantilever zone in the front of the goaf will collapse 

and compact as the face advances whereas the cantilever zone in the back of the goaf 

is consolidated.  

Compacted 
zone

Collapsed 
zone

Cantilever 
zone

Cantilever 
zone

 

Figure 7.13. Simulated immediate roof collapse pattern due to extraction of a 
panel in longwall coal mining. 
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7.4. Effect of geological conditions on 
progressive longwall caving  

7.4.1. Effect of bedding planes 

Bedding planes have a significant influence on the fracture mechanism in the 

longwall roof. Figure 7.14 presents the fracture patterns simulated in models with 

different bedding spacing. For the model where bedding planes are not taken into 

consideration, bed sliding along bedding plane and bending downward are ignored, 

Figure 7.14a. The immediate roof does not act like beam and exhibits a massive 

collapse when the face advance 108 m. It is suggested that bedding planes must be 

taken into consideration to achieve a realistic numerical simulation of progressive caving 

caused by longwall mining. Bedding spacing has a considerable effect on the caving 

process. For the model with a bedding spacing of 2.0 m, the immediate roof starts to 

cave as the face advances 48 m, comparing with 60 m of the model with a bedding 

spacing of 3.0 m.   
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(a)

(b)

(c)
 

Figure 7.14. Simulated fracture patterns in model (a) without bedding plane, (b) 
bedding spacing = 3.0 m, (c) bedding spacing = 2.0 m. The face 
advance is 60 m for all models shown.  

7.4.2. Effect of immediate roof strength 

In the longwall panel in this study, the immediate roof is a 19-m thick massive 

sandstone with an intact compressive strength of 112 MPa. The numerical model shows 

that this strong roof does not cave until the face advances 60 m. The model was re-run 

with a softer immediate roof by reducing the cohesion, tensile strength, normal and 
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shear stiffness of contacts and Young's modulus of blocks by half and keeping all other 

parameters constant. The softer immediate roof as expected caves more readily when 

the face advance is 48 m (Figure 7.15), in contrast to 60 m with the strong roof. In 

addition, the soft immediate roof is more likely to be fractured and tends to relieve stress 

concentration caused by the extraction of the coal seam, Figure 7.16. In the mined out 

area, increased vertical stress concentrations are more likely in the model with the soft 

immediate roof. 

7.4.3. Effect of high horizontal stress 

As mentioned previously, the longwall panel is subjected to a high horizontal 

stress, H 39 MP and h  18 MPa and h  is parallel to the face advance direction. 

As the H is in the out-of-plane model direction of the 2D model its effect on the panel is 

not captured. When the model is repeated with the H parallel to the face advance 

direction it is  found that the high horizontal stress has a significant effect on both the 

fracture pattern in the immediate roof and the stress distribution around the panel. Under 

the high horizontal stress, a bearing beam is formed in the strong roof layer H3, Figure 

7.17a. This bearing beam complements the "stress-shell" developed in the roof above 

the un-mined coal, forming an entire bearing arch around the goaf. The most significant 

influence of this high horizontal stress is that it changes the fracture mechanism in the 

immediate roof from bed bending failure to bed shear fracture, Figure 7.17b. 
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(a)

(b)
 

Figure 7.15. Simulated fracture patterns in model with (a) Strong roof which 
starts to cave as the face advances 60 m, (b) Soft roof which starts 
to cave as the face advances 48 m. 
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Figure 7.16. Simulated vertical stress distribution along a horizontal line in the 
longwall panel. 
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Figure 7.17.  (a) Effect of high horizontal stress on stress distribution around the 
panel  and (b) fracture mechanism in the immediate roof. The face 
advance is 60 m for models shown. 
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7.5. Discussion  

Extraction of a longwall panel induces stress changes and caving of the rock 

mass above the mined-out area through slipping along and opening of bedding planes, 

in addition to shear and tensile fracturing in the rock mass surrounding the panel. Many 

of these features are reproduced in the current numerical simulations using the new 

UDEC Trigon approach.  

Investigation of the seismic events recorded in the field by previous researchers 

shown that the seismogenic zone extends up to 100 m around the face (Alber et al., 

2009). In our numerical model, simulated cracks initiate 60 m in front of the face and 

cracking still occurs in the roof above the goaf when the face is 84 m away. The 

simulated results are in agreement with the field observations, even though they 

underestimate the range of cracking around the face. This might be attributed to that 

pore pressure was not taken into consideration in the current model. Water content and 

pore pressure have an influence on rock failure mechanism. A numerical study by (Kelly 

et al., 2002) showed that a  model incorporating fluid flow predicted shear failure 

extending to 40 m in advance of the face, compared with 10-15 from a  model not  

considering fluid flow.  

The simulated mining-induced stress changes reach up to approximately 80-90 

m ahead the face. There is no stress change data available in the field study for the 

current numerical results to be calibrated against. Abdul-Wahed et al. (2006) found that 

the zone of stress changes in a coal mine at a similar depth reached approximately 50 m 

ahead of the actual face. We can therefore suggest that the numerical results are in 

agreement with published field observation. It should be noted that the range in mining-

induced stress changes is related to numerous factors including geological and 

geotechnical conditions. Guo et al. (2012) carried out a field monitoring program at a 

deep (640-760 m) in a Chinese coal mine and suggested that the abutment stresses 

extend 300 m ahead of mining face, mining-induced fracturing occurs within 170 m 

behind the longwall face and extends up to 145 m above the goaf. For the Gordonstone 

Mine in Australia, micro-seismic event locations showed that rock fracture or shear 

generally occurred within 30-50m but as much as 80 m, ahead of the face, and 100 m 

above or below the face (Kelly et al., 2002). 
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7.6. Conclusions 

In the present study, the author has applied a new numerical approach to 

simulate progressive caving caused by extraction of a panel in longwall mining. The 

UDEC method with a proposed Trigon logic has been used to create a longwall model in 

which the roof is simulated as an assembly of triangular blocks bonded via contacts. 

Pre-existing fractures including bedding planes and cross joints were incorporated within 

the model. Cracks formed through either shear or tension were monitored in different 

regions in the roof using a developed FISH function. Using this approach, a damage 

parameter D is introduced which makes it possible to quantitatively evaluate the roof 

failure. The key results of this study are summarized as follows: 

(1) The progressive caving caused by extraction of a longwall coal panel 
including slipping along and opening of bedding planes and shear and 
tensile fracturing in the rock mass surrounding the panel have been 
successfully reproduced in the present numerical simulation using the 
UDEC Trigon approach. The importance of pre-existing fractures 
including bedding planes and cross joints is shown. 

(2) The simulated cracks initiate 60 m in front of the face and 84 m behind 
the face. The simulated mining-induced stress changes can reach up 
to approximately 80-90 m ahead of the face. The numerical results 
are found to be in accordance with field observations. 

(3) At the global scale, the thick immediate roof fails in a beam bending 
mechanism which is in agreement with field observation. At the local 
scale, compressive shear, rather than tensile fracture, is the dominate 
failure mechanism in the roof. 

(4) High horizontal stress plays an important role in the progressive 
caving process. When the horizontal stress is the dominant stress 
over the vertical stress, the immediate roof fails in a beam shear 
fracture mechanism.  

(5) The thick immediate roof caved in the goaf can be categorized into 
four zones according to the collapse mechanism. These are a 
cantilever zone in the back of the goaf, a compacted zone, a 
collapsed zone, and a cantilever zone in the front of the goaf. 
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8. Deformation and damage of a 
roadway driven along an unstable goaf: 
A case study 

8.1. Introduction 

The understanding of deformation and failure mechanisms of coal mine 

roadways sited close to previously extracted longwall panels is essential to the drivage, 

support and maintenance of the roadways. In underground longwall coal mining practice, 

the extraction of a longwall panel disturbs the rock mass in various ways depending on 

the locations with respect to the mining stope. The mining causes the immediate roof to 

cave-in, there is separation and shearing of bedding planes in the strata above the cave-

in zone, and there is fracturing and deformation in the far field host rocks. This process 

can last a few years, resulting in a dynamic loading on roadways driven along the goaf.  

The objective of this chapter is to gain further understanding of the 

characteristics of deformation and failure of roadways sited close to a previously 

extracted longwall panel. This is achieved through a combination of field tests, 

monitoring and computer modelling. The methodology of the case study is illustrated in 

Figure 8.1. The Wuyang coal mine in the Lu’an Coal District in China was selected as 

the study site. Field tests including borehole strength testing, in situ stress 

measurement, and borehole televiewer imaging were performed in the mine. The 

roadway deformation has been monitored. Using borehole strength testing, the strength 

of Coal Measure rocks is estimated. Through the combination of borehole televiewer 

imaging and face mapping of coal samples, the geometry of discontinuities (bedding 

planes, cross joints, etc.) of the Coal Measure rock masses is quantified and a Discrete 

Fracture Network (DFN) model created. Based on the measured properties of the Coal 

Measures rocks and the DFN, a Synthetic Rock Mass (SRM) approach is employed to 

determine the mechanical properties of the Coal Measure rock mass surrounding the 

roadway. The SRM properties and the in situ stresses obtained from in situ stress 
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measurement are incorporated into a 3D continuum model using FLAC3D and the 

evolution of mining-induced stresses studies. A 2D discrete element model is then built 

using the UDEC Trigon approach to study the deformation and damage mechanisms 

around the roadway. The numerical models are calibrated to the field monitoring data. 

Case study

Borehole

Strength

In‐situ stress

Deformation

SRM(PFC3D)

Modeling

FLAC3D UDEC

Calibration
 

Figure 8.1. Applied methodology used for the Wuyang coal mine case study. 

8.2. Geology 

The Wuyang coal mine is located in the Lu’an Coal District, Shanxi Province, 

China, Figure 8.2. It was opened in 1956 and is operated by the Lu’an Group, producing 

produces around 3.0 million tonnes of coal per year. Mining activity is carried out in the 

#3 coal seam. The thickness of the coal seam varies between 1.5 and 7.9 m with an 

average of 6.2 m. The extraction method is longwall mining. 
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Wuyang Coal Mine

 

Figure 8.2. Location of the Wuyang Coal Mine. 

The study site is located in the tailgate of the 7602 panel. The layout of the 

panels and roadways around the study site are illustrated in Figure 8.3. The extraction of 

the 7601 panel was started in July 2005 and finished in February 2009. The 7602 

ventilation roadway was driven in 2003 and served as a ventilation roadway for the 

whole 76 mining area. After the extraction of the 7601 panel, the 7602 ventilation 

roadway will serve for the 7602 panel as a transportation entry. The horizontal distance 

between the 7601 maingate and the 7602 Ventilation roadway is 80 m. The 7602 

Ventilation roadway has a rectangular cross section with a width of 4 m and a height of 

3.2 m and is supported by rock bolts. The roof bolt had a diameter of 22 mm and a 

length of 2.4 m and the wall bolts had a diameter of 20 mm and a length of 2.0 m. The 

row spacing of the roof and wall bolts was 0.9 m. Both the roof bolts and rib bolts were 

installed with a combination of steel strap and face screen. During the extraction of the 

7601 panel, the deformation of the 7602 ventilation roadway increased considerably. 

The roof sag and the wall-to-wall convergence reached up to 50-120 mm and 400-500 
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mm, respectively. Severe floor heave with a value of over 400 mm also occurred in the 

7602 ventilation roadway.  

The study site is located at the 7602 tailgate which was driven during April and 

October, 2010. The length of the 7602 tailgate is around 1800 m and the depth of the 

7602 tailgate is between 400-460 m. The cross section of the 7602 tailgate was a 

rectangle with a width of 5 m and a height of 3.5 m.  

The 7601 Panel is already extracted. Extraction of 7602 Panel has not yet 

commenced.   
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Figure 8.3. Layout of panels and roadways at the study site (Wuyang coal 
mine), depth = 400-460m. 

8.2.1. Field tests 

Field tests were carried out in a roadway adjacent to the 7602 panel as shown in 

Figure 8.3. The tests included in situ stress measurement, borehole rock strength, and 
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borehole televiewer imaging. All tests were carried out in a 56 mm diameter 20 m long 

borehole drilled vertically in the roof.  

In situ stress measurement 

In situ stresses were measured through hydraulic fracturing and show the 

maximum and minimum horizontal stresses were 12.39 MPa and 6.44 MPa, 

respectively. The orientation of the maximum horizontal stress is N36.80W. The vertical 

stress is 9.40 MPa. 

Borehole televiewer imaging 

An optical televiewer was used to image the vertical borehole wall, providing 

continuous and oriented 360o views of the borehole wall from which lithology, foliation, 

bedding planes, and fractures can be clearly viewed. The borehole images are provided 

in Appendix B. 

From the borehole televiewer image, combined with the core logging data, the 

roof layers may be divided into three units. Unit 1 from 0 to 6.6 m in the roof is 

composed of mudstone with thin coal inter layers. Unit 2 from 6.6 to 13 m is composed 

of siltstone with mudstone and coal interlayers. Unit 3 from 13 to 30 m is composed of 

sandstone with mudstone interlayers. Figure 8.4 illustrates the lithology of the 7602 

tailgate. 
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Figure 8.4. Lithology of the study site. 

Rock strength testing 

Borehole strength tests were carried out in a coal roadway at the Wuyang coal 

mine to measure the coal strength through in situ strength test equipment, Figure 8.5. A 

rod with a probe attached to the top was inserted into the borehole. The probe was 

connected to a high pressure pump with a pipe. Under the hydraulic pressure generated 

by the pump, the probe was pushed against the borehole wall until failure, identified by a 

sudden increase in the displacement of the probe and a stable pressure value. The 

pressure was recorded and used to estimate the rock strength, according to the 

relationship between the pressure and the unconfined compressive strength (UCS) of 

the rock. This relationship was established based on a series of laboratory tests on 

standard specimens of rock.  A series of such in situ tests were performed along the 

borehole. Figure 8.6 illustrates the recorded rock strength variation with the distance into 

the roof.  
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Figure 8.5. strength test equipment. 

 

Figure 8.6. Rock strength variation with the distance above the 7602 tailgate 
roof. 
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To measure the strength of the coal, an additional borehole with a 56 mm 

diameter and 10 m length was drilled horizontally into the roadway wall. Rock strength 

testing was carried out in the borehole and the results are presented in Figure 8.7. The 

average coal UCS is 8.7 MPa with a standard deviation of 2.5 MPa and is used for 

calibration of the SRM model.  

 

Figure 8.7. Coal strength variation with the distance above the 7602 tailgate 
wall. 

8.2.2. Roadway support pattern 

The 7206 tailgate was supported by rock bolts and cables in combination with 

surface screen and steel straps. Figure 8.8 illustrates the support pattern and geometry. 



21
4 

W
28

0×
5×

45
0

50
×

50
,3

20
0-

10
00

-1
0

M
es

h
33

50
×

22
0×

16

S
te

el
 s

tr
ap

S
te

el
 s

tr
ap

49
50

×
22

0×
16

7300

M
es

h

50
×

50
,5

40
0-

10
00

-1
0

25
0

90
0

90
0

90
0

90
0

90
0

25
0

900900900900

16
00

18
00

16
00

900

W
28

0×
5×

45
0

W
 s

tr
ap

24
00

50
00

90
0

90
0

90
0

W
 s

tr
ap

3500

400 900 900 900 400

C
ab

le
φ

22
-1

×
19

-7
30

0

 R
oc

k 
bo

lt
 S

M
G

50
0 

 

φ
22

-M
24

-2
40

0

400900900900400

3500

90
0

90
0

90
0

 

F
ig

u
re

 8
.8

. 
S

u
p

p
o

rt
 p

at
te

rn
 a

n
d

 g
e

o
m

e
tr

y
 f

o
r 

th
e

 7
60

2
 t

a
ilg

a
te

. 



215 

8.2.3. Roadway convergence 

The convergence of the 7602 tailgate was monitored as the heading face 

advanced away from the monitor station, Figure 8.3. The result is shown in Figure 8.9. 

 

Figure 8.9. Deformation of the 7602 tailgate with face advance.  

8.2.4. Synthetic Rock Mass modelling 

The design of underground excavations relies on reasonable estimates of the 

mechanical properties of rock masses. The mechanical properties of intact rock and 

discontinuities (as the rock mass components) can be measured in the laboratory. 

However, the direct measurement of rock mass properties is expensive, time consuming 

and due to operational difficulties the reliability of the results is sometimes questionable 

(Hoek and Diederichs, 2006; Zhang, 2010). 

Determination of the in situ strength and stiffness characteristics of coal is 

essential for roadway support design, top coal cavability, and pillar design. The typical 

method of estimating strength and stiffness of intact rock is by preparing rock samples 
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and performing laboratory or field tests. For coal, however, it is very difficult to obtain 

undisturbed specimens of the required size for testing. Borehole core samples are 

usually available during exploration but not once production starts (St George, 1997). 

Furthermore, coal samples usually deteriorate rapidly after they are removed from the 

mine due to temperature and humidity changes (Bieniawski, 1968a). Laboratory and 

field tests on coal have shown a significant decrease in strength and stiffness with 

increasing specimen size (Bieniawski, 1968a, 1968b; Deisman et al., 2008; Medhurst 

and Brown, 1998; Vanheerden, 1975; Wagner, 1974), Figure 8.10. The rate of strength 

decrease diminishes significantly above a certain scale, which is referred to as the 

representative elementary volume (REV) (Cunha, 1990). Field tests showed that the 

REV of coal is around 1.5 m (Bieniawski, 1968a, 1968b; Vanheerden, 1975). The scale 

effect is attributed to various discontinuities within the coal, including cracks, bedding 

planes and cleats (Bieniawski, 1968b; St George, 1997). It has also been found that the 

discontinuities within coal induce an anisotropic fabric with varying strength and stiffness 

properties in relation to the orientation of loading direction (Okubo et al., 2006; Pomeroy 

et al., 1971; Szwilski, 1984).  

 

Figure 8.10. The effect of specimen size on strength of coal (Modified after 
Bieniawski, 1968). 
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A typical approach for estimating field properties based on intact properties is the 

use of rock mass classification systems such as the Q Index (Barton et al., 1974), the 

rock mass rating (RMR) system (Bieniawski, 1976)and the Geological Strength Index 

(GSI) (Hoek and Brown, 1997; Hoek et al., 1998). The GSI, integrated with the Hoek-

Brown failure criterion has been widely used for estimating rock mass properties (Cai et 

al., 2004; Zhang, 2010). The GSI was primarily developed for hard rocks, with modified 

GSI charts being developed and used for poor and weak rock masses (Hoek and Brown, 

1997; Osgoui et al., 2010). Medhurst and Brown (1998) adopted the generalised Hoek-

Brown criterion to scale parameters of intact coal to in situ peak strength parameters. 

Deisman et al. (2010) also adopted GSI to characterize the mechanical properties of a 

coal seam reservoir and suggested that GSI is able to represent scale effects on coal 

strength. Esterhuizen (1998) stated that GSI can be used to estimate large scale 

strength of Coal Measures. Saroglou and Tsiambaos (2008) modified the Hoek-Brown 

criterion so that the effect of strength anisotropy could be accounted for. The modified 

Hoek-Brown criterion is also able to determine the strength of intact anisotropic rock 

under different loading orientations.  

Recently, a numerical approach called the Synthetic Rock Mass (SRM) has been 

developed to quantitatively investigate the effect of discontinuities on the mechanical 

behaviour of a rock mass (Pierce et al., 2007).  The SRM approach employs a discrete 

fracture network (DFN) superimposed upon a bonded particle model (BPM) to represent 

a jointed rock mass. Though DFN simulation, the structure of an in situ joint fabric can 

be explicitly represented. A DFN can be generated from measured in situ joint data 

obtained from borehole logging, tunnel and outcrop scanline. By numerical testing the 

SRM samples, the failure mechanisms of a rock mass can be observed in detail and 

mechanical properties such as strength, stiffness and brittleness of a rock mass 

estimated. The SRM approach has been successfully utilized to date in predominantly 

hard rock case studies (Cundall et al., 2008; Esmaieli et al., 2010; Mas Ivars et al., 2011, 

2007; Pettitt et al., 2011; Pierce et al., 2007; Zhang et al., 2011). In Coal Measures, only 

Deisman et al. (2010) employed the SRM approach to investigate the effects of fractures 

or joints on the geomechanical properties of coal, showing  that the SRM is capable of 

simulating the strength and deformation of a coal seam.  
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In this study, the SRM approach was adopted to investigate the scale effect of 

Coal Measure rock masses at the Wuyang coal mine. Field work including in situ 

strength test and optical borehole televiewing logging were carried out at the coal mine. 

Measured data were then used for generating DFNs and calibrating micro-properties of 

BPMs. SRM samples were created by superimposing the DFNs into BPMs and then 

loaded under unconfined compression. Due to the time limit, not all the Coal Measure 

rock masses shown in Figure 8.4 were examined using SRM approach to obtain their 

mechanical properties. Only the two key Coal Measure rock mass units, the coal and the 

mudstone which was the immediate roof were studied.  

8.2.5. Coal 

Discrete fracture network of coal 

In a coal seam, there are typically three sets of joints, bedding planes, face cleats 

and butt cleats,Figure 8.11. Bedding planes are typically sub-horizontal with a very high 

persistence on a scale of tens of metres (Seedsman, 2001). Face cleats, which 

generally form first, and butt cleats are mutually orthogonal and also perpendicular to 

bedding planes (Laubach et al., 1998). Butt cleats generally terminate at face cleats, 

Figure 8.11b (Dawson and Esterle, 2010). The spacing of the bedding planes can range 

from a scale of millimetres to tens of centimetres (Laubach et al., 1998). Cleat spacing  

is found to have a linear relationship with bed thickness (Law, 1993) and varies with coal 

type and ash content. Bright coal generally has a smaller cleat spacing than dull coal 

(Dawson and Esterle, 2010; Laubach et al., 1998). Coals with low ash content tend to 

have smaller cleat spacing than those with high ash contents (Laubach et al., 1998). 
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(a)

(b)
 

Figure 8.11.  (a) Coal block showing bedding plane, face cleat and butt cleat 
(Okubo et al., 2006), and (b) schematic plot of face and butt cleats in 
coal (Dawson and Esterle, 2010). 

In this study, a discrete fracture network of the coal with a volume equal to a 

cube of edge-length 2 m was produced using FracMan (Dershowitz et al. 1996). The 

spacing and length of bedding planes, face cleats and butt cleats are given in Table 8.1. 

The parameters are estimated based on coal sample mapping (Figure 8.12) and 

borehole televiewer imaging at the Wuyang coal mine. The generated DFN of the coal is 

shown in Figure 8.13. 
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Figure 8.12. Joint characterization of coal sample at study site.  

 

Table 8.1. Spacing and length of bedding planes, face cleats and butt cleats 
used in the DFN generation. 

Discontinuity type 
Length  

(cm) 
Std. Dev.  

(cm) 
Spacing 

(cm) 
Std.Dev.  

(cm) 

Bedding planes 200 0 10 0 

Face cleats 200 40 8 1 

Butt cleats 20 4 8 1 
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Figure 8.13. Discrete fracture network generated for coal. (a) Global view, (b) 
Vertical section view, and (c) Horizontal section view through the 
centre.  

Intact coal properties 

The Young’s Modulus and Poisson’s ratio of the coal were assumed to be 3 GPa 

and 0.25, respectively, based on typical published values for coal (Medhurst and Brown, 

1998). 

In PFC3D, a rock material is simulated as an assembly of discrete rigid particles 

that are bonded together though two types of bond models, the contact bond (CB) model 

and the parallel bond (PB) model (Potyondy and Cundall, 2004). The CB can only resist 

force and does not have stiffness. The stiffness is thus controlled by the contact 

stiffness. This implies that contact bond breakage may not significantly affect the macro 

stiffness of the material as long as the particles remain in contact, which is unlikely for 

rocks (Cho et al., 2007).  The parallel bond can transmit both force and moment 
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between particles and the stiffness is controlled by both the contact and bond stiffness.  

In the PB model, bond breakage will result in a significant reduction in stiffness which 

may affect both the micro stiffness of adjacent particles and the macro stiffness of the 

material (Cho et al., 2007).  

A parallel-bonded material is characterized by a set of micro-properties: the 

Young’s modulus of particle contact cE , the ratio of particle normal to shear stiffness 

/n sk k , the Young’s modulus of the parallel bond cE , the ratio of parallel-bond normal to 

shear stiffness /n sk k , the particle friction coefficient  , the bond normal strength c  

and the bond shear strength c . These micro-properties determine the mechanical 

behaviour of a material which is normally characterized by macro-properties such as 

Young’s modulusE , Poisson’s ratio   and UCS. In this study, the coal has assumed 

values of E= 3 GPa, a   = 0.25 and a measured UCS of 8.7 MPa. These values were 

used as target intact coal macro properties for calibrating the micro-properties. 

The calibration procedure presented by Potyondy and Cundall (2004) was 

adopted. In PFC3D, particle size does not just control model resolution alone, but is also 

an intrinsic characteristic of the material and has significant influence on the mechanical 

behaviour. Before calibration, the particle size should first be determined. Potyondy and 

Cundall (2004) suggested that when modelling damage processes the particle size 

should be chosen to match the material fracture toughness as well as the unconfined 

compressive strength. If fractures are considered, the particle size should also be 

sufficiently small to resolve slip on the fractures and breakage of the intervening blocks 

of rock (Mas Ivars et al., 2011). In this study, the goal is to investigate the scale effect of 

coal.  A total of four parallelepiped bonded-particle models (BPMs) with an equivalent 

width and length of 10, 20, 50 and 100 cm, respectively and a height to width ratio of 2.0 

were initially constructed using PFC3D, Figure 8.14. The size of the samples is 

expressed by their width. For each BPM, the particle size was chosen to meet two 

conditions. First, there should be at least 20 particles across the width (Koyama and 

Jing, 2007). Second, there should be at least 5 particles between adjacent fractures. The 

selected particle size of each BPM is presented in Table 8.2. For each BPM, the 

calibration procedure was conducted to calibrate the micro-properties. The micro-



223 

properties are presented in Table 8.2 and the target and calibrated values for the intact 

coal are reported in Table 8.3.  

Table 8.2. Micro-properties of the PFC3D models. 

Sample size 
(cm×cm×cm) 

minR  

(cm) 
No. of 

particles 
cE = cE  

(GPa) 
c  = c  

(MPa) 
Std. Dev. 

(MPa) 

10 × 10 ×20  0.2 18 797 3.00 6.20 1.24 

20 × 20 ×40  0.3 43 055 3.00 6.00 1.20 

50 × 50 ×100  0.4 271 379 3.05 5.92 1.18 

100 × 100 ×200  0.6 635 134 3.00 5.80 1.16 

In every sample, /n sk k = /n sk k =2.5,  =0.5. 

Table 8.3. Calibrated macro properties of intact coal. 

Mechanical properties E  (GPa) UCS (MPa)   

Target value 3.0 8.7 0.25 

Sample size (cm×cm×cm)    

10 × 10 ×20  2.95 8.68 0.25 

20 × 20 ×40  3.02 8.74 0.24 

50 × 50 ×100  3.01 8.80 0.25 

100 × 100 ×200  2.98 8.87 0.24 

E : Young’s modulus; UCS: Unconfined compressive strength;  : Poisson’s ratio. 
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10×10×20 cm
20×20×40 cm

50×50×100 cm

100×100×200 cm  

Figure 8.14. Bonded particle models of intact coal samples. 

Joint properties of coal 

In PFC3D, fractures are normally represented by de-bonding contacts along a 

plane and assigning to them low strength and stiffness properties. A major problem 

when using this approach to simulate fractures is that it leads to unrealistic sliding on the 

plane due to the roughness or bumpiness induced by the particles. Using small particles 

may help to reduce the roughness and bumpiness but this is not feasible in this study as 

a large number of fractures would require too many particles. The problem can be 

overcome by adopting the smooth joint contact model which was proposed by Mas Ivars 

et al. (2008). The smooth joint contact model represents fracture as a smooth interface, 

regardless of the local particle contact orientations on the interface.  All contacts 

between particles that lie upon opposite sides of the interface are initiated as smooth 

joint contacts. The particles separated by smooth joint contacts may overlap and “slide” 

past each other, rather than move around one another. A detailed description of the 

smooth-joint contact model can be found in Mas Ivars et al. (2008). The properties of 

smooth joint contacts can be estimated according to the roughness and planarity of the 

joints (Pierce et al., 2007). For the purpose of this study, all joints including bedding 

planes, face cleats and face cleats were assumed to be cohesionless and have an angle 

of friction of 30o (Pierce et al., 2007). Joint dilation was assumed to be zero (Esmaieli et 
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al., 2010). The normal and shear stiffness are important factors that may significantly 

affect the response of the joints. It is recommanded that physical values can be used if 

the physical normal and shear stiffness are less than ten times the equivalent stiffness of 

adjacent contacts, calculated as 
( )

10 c cE E

D


 where cE is the Young’s modulus of 

particle contact, cE is the Young’s modulus of parallel bond and D is the diameter of 

average particle diameter (Itasca, 2008). If the values are more than ten times the 

equivalent stiffness of adjacent contacts, the model will become much less efficient in 

calculation and with no significant changes in the behaviour of the model. Low values, 

however, should be avoided as they may result in particle interpenetration problem. In 

this study, a normal stiffness of 30 GPa/m and a shear stiffness of 6 GPa/m were 

adopted for representing joints in the smooth joint contact model. The parameters were 

estimated according to Pierce et al. (2007) and experimentally measured joint stiffness 

of Coal Measures (Bandis et al., 1983).  

Model generation 

Once the micro properties of the BPM have been calibrated, intact rock samples 

of the desired size were generated using the AC/DC logic (Itasca, 2008).  In this 

approach, a small unit of particles (called a “pbrick”) was initially generated and brought 

to equilibrium quickly. Then, a large intact BMP is generated by assembling the pbricks 

together. The size of the pbrick was selected according to the specimen size. In this 

study, 10 cm width pbricks were used for the 10 cm and 20 cm samples, 25 cm width 

pbricks for 50 cm sample and 50 cm width pbricks for 100 cm sample. Figure 8.14 

shows the bonded particle models of intact coal samples. 

In PFC3D, a smooth joint is represented as a disk shape feature characterized 

by its centre point, radius, dip angle and dip direction. Coal bedding planes and cleats 

are more rectangular in shape. Using disk shape features to represent rectangular joints 

may result in unrealistic persistence of the fractures.  Cleats may penetrate beyond 

bedding planes which is not realistic as cleats usually develope between bedding planes 

(Laubach et al., 1998). To realistically simulate coal joints, a PFC3D Fish function was 

developed for representation of rectangular joints. In this approach, a rectangular joint 

was divided into two triangle joints which were characterized by their three coordinates. 



226 

Through this approach, discrete joints developed in FracMan can be accurately 

represented in PFC3D without any change in the shape and size of the joints.  

The DFN shown in Figure 8.13 was incorporated within the BPMs to build SRM 

samples of coal,Figure 8.15. By first adjusting the coordinates and orientations of the 

DFN, SRM samples with different joint patterns constructed. In each of the three axial 

directions X, Y and Z shown in Figure 8.13, a total of 21 SRM samples of 2:1 aspect 

ratio were generated: eight 10-cm-width samples; eight 20-cm-width samples; and four 

50-cm-width samples; and one 100-cm-width sample. In total 63 specimens were 

generated. Figure 8.16 shows typical SRM samples of the coal. 

(a) (b)

(c)(d)
 

Figure 8.15. (a) Three-dimensional DFN, (b) Bonded particle model (BPM), (c) 
DFN incorporated within BPM, and (d) The corresponding three-
dimensional synthetic rock mass sample.  
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(a)

(b)

10×10×20 cm
20×20×40 cm

50×50×100 cm

100×100×200 cm
 

Figure 8.16. Synthetic rock mass samples generated by incorporating DFN into 
bonded particle models: (a) X direction and (b) Y direction. 

Numerical unconfined compression tests were performed on the SRM samples 

using a similar loading rate. The applied loading rate selected to ensure negligible 

influence on the response of the system. The numerical simulation took approximately 

three weeks to complete on a 64-bit Intel Core i7 2.80 GHz processor computer.  

Obtained mechanical properties of the coal 

The values of UCS measured for the SRM samples of coal are illustrated in 

Figure 8.17  and the average values of the UCS versus sample width are illustrated in 

Figure 8.18. In general, for all three directions, the UCS of the SRM coal samples 

decreases with increasing sample size, in agreement with both published laboratory 

results (Medhurst and Brown, 1998) and field test results (Bieniawski, 1968a, 1968b; 

Vanheerden, 1975). The exception to this is the samples tested in the Z direction, where 
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the average UCS of 20-cm-width samples exceeds that for the 10-cm-width samples. It 

also can be seen that the variation of the UCS decreases with increasing size even 

though there are less large samples.  
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Figure 8.17. UCS values measured for SRM samples of coal versus sample width 
for three orientations of the applied axial stress.  

The SRM samples exhibit a certain degree of anisotropy in UCS  of coal as seen 

in Figure 8.17  and Figure 8.18. The average values of UCS of the SRM samples 

changed with the direction of bedding and cleats relative to the loading direction. For the 

10-cm width samples, the UCS decreased from the Y, to X and Z direction, similar to the 

numerical results obtained by Deisman et al. (2010). For larger specimens with width 50 

and 100 cm, however, the UCS decreased in the order of the X, Z and Y directions,  

similar to the published results of laboratory tests on coal samples by Okubo et al.( 

2006). 
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Figure 8.18. Average values of the UCS measured for the synthetic samples of 
coal, versus sample widths. The leftmost points correspond to the 
intact coal.  

Figure 8.19 illustrates all values of Young's modulus simulated for coal SRM 

samples, versus sample width, and Figure 8.20 shows the average values of the 

Young's modulus versus sample width. Generally, the Young's Modulus decreases with 

increasing specimen width, except for a fluctuation for the 10 cm width. In the X and Z 

loading directions, a clear decrease in the variation of Young's modulus with increasing 

specimen width was observed. In the Y loading direction, however, no obvious variation 

of Young's modulus of the SRM samples with same size was observed. The SRM 

samples also exhibit obvious anisotropy in the Young's modulus. At all specimen widths, 

the Young's Modulus decreased from the X, to Z, and then to the Y direction. The 

numerical results are in good agreement with laboratory tests on coal samples obtained 

by Szwilski (1984). Published laboratory result also showed that the Young's Modulus 

measured for coal samples when loading is parallel to the bedding planes is greater than 

that when loading is perpendicular to the bedding planes (Pomeroy et al., 1971).  
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Figure 8.19. Young’s modulus measured for SRM samples of coal versus sample 
width for three orientations of the applied axial stress. 

 

Figure 8.20. Average values of the Young’s modulus measured for the SRM 
samples of coal, versus sample widths. The leftmost points 
correspond to the intact coal.  
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Tensile strength 

Numerical direct tension tests were performed on the SRM samples and the 

results are shown in Figure 8.21. Generally, in the X and Z directions which parallel to 

bedding plane, the tensile strength decreases with increasing sample size.  In the Y 

direction which perpendicular to bedding plane, no tensile strength was obtained from all 

the models.  
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Figure 8.21. Tensile strength measured for the SRM samples of coal versus 
sample width for three orientations of the applied axial stress. 

8.2.6. Mudstone 

The mechanical properties of the mudstone forming the immediate roof at the 

study site were also estimated using the SRM approach. The DFN of the mudstone was 

obtained from the optical televiewer image (Figure B.1) and the properties of the intact 

mudstone were estimated from borehole strength test result (Figure 8.6).  The SRM 

results for the mudstone are illustrated in Figure 8.22. 



232 

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

U
C
S 
(M

P
a)

X Y Z X Y Z X Y Z X Y Z

20×20×40 cm 40×40×80 cm 100×100×200 cm200×200×400 cm

Sample size and loading direction

X direction Y direction Z direction
bedding plane; face cleat; butt cleat

8.0

10.0

12.0

14.0

16.0

18.0

20.0

E
(G
Pa
)

X Y Z X Y Z X Y Z X Y Z

20×20×40 cm 40×40×80 cm 100×100×200 cm200×200×400 cm

Sample size and loading direction

X direction Y direction Z direction
bedding plane; face cleat; butt cleat

(a)

(b)
 

Figure 8.22.  (a) UCS values and (b) Young’s modulus measured from SRM 
samples of mudstone at the Wuyang coal mine. 
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8.3. Investigation of mining induced stress using FLAC3D 

In contrast to civil engineering tunnels, a major characteristic of underground coal 

mine roadways is that roadways, especially for longwall panel entries, are inevitably 

subjected to high mining-induced stresses. In longwall mines, the extraction of panel 

causes the roof layers to cave in the stope, resulting in rock fracturing and yielding as 

well as stress concentrations in the surrounding rock mass. The stress concentration is 

related to several factors such as the depth and thickness of coal seam, in situ stress 

conditions, lithology of the roof, and mining conditions such as the length of longwall 

panel, the length of faceline, faceline advancing speed. Understanding the characteristic 

mining-induced stress distribution is critical to design and layout of entries and panels, 

chain pillars, and support and stability of entries.  

A 3-dimensional numerical analysis was carried out to study the evolution of 

mining-induced stress at the Wuyang coal mine. The main objective of this study is to 

examine the development of the stress distribution in the study site area as the various 

mining activities (entry excavation and longwall panel extraction) were undertaken. 

8.3.1. Model configuration 

A 3D numerical model was created using FLAC3D (Itasca, 2009), Figure 8.23. 

The model includes the large volume domain of the panels and entries at the study site 

as shown in Figure 8.3. The model extends for 487 m in the 'X' direction (across the 

longwall panels), 420 mm in the 'Y' direction (along the longwall panels) and 79.5 m in 

the 'Z' direction (vertical).  For calculation efficiency, the area of interest, the domain 

around the pillar between the 7601 Maingate and the 7602 Tailgate at the central part of 

the model (indicated by the dotted line in (Figure 8.23), was discretized with fine 

elements (1 m), and remainder of the model discretized with coarse elements (2-10 m).  
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Z
Longwallmining direction

 
Figure 8.23. The configuration of the FLAC3D model of the study site, the 

Wuyang coal mine. 

The Mohr-Coulomb model was adopted to simulate the mechanical behaviour of 

the Coal Measures strata. The mechanical properties of the each stratum used in the 

FLAC3D model are listed in Table 8.4. Of them the properties of the coal and mudstone 

were determined from the SRM results presented previously. The properties of the 

siltstone and mudstone layers were estimated according to (Zipf Jr, 2006).  

Table 8.4. Mechanical properties used in roadway Trigon model 

 
Density 
(kg·m-3) 

E 
(GPa) 

Cohesion 
(MPa) 

Friction 
(°) 

Tensile 
strength 

(MPa) 

Coal 1400 1.68 1.34 31 0.4 

Mudstone 2200 11.4 8.36 35 2.4 

Siltstone 2400 12.0 9.20 35 3.4 

Sandstone 2500 14.0 10.85 35 4.0 
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As the longwall panel is progressively extracted, the upper strata cave, and 

gradually compact, resulting in a gradual increase in the vertical load on the gob. 

Appropriate representation of this process is essential to the modeling longwall mining 

which requires consideration of the deformations of both the gob materials and the 

surrounding strata. 

The gob compaction process is an essential part of the longwall mining process. 

The following "compaction" model proposed by Salamon (1991) was adopted to 

represent the gob behavior. In this model, the vertical stress ( v ) in the gob increases 

with increasing vertical strain ( v ) according to the relationship: 

v
v

v

a

b





  

            (8.1)  

where a  is goaf initial deformation modulus, and b is the limiting vertical strain. 

The values for the two constants were assigned as a =3.5 MPa and b =0.5 (Pappas and 

Mark, 1993). 

To implement the gob behavior according to Eq. 8.1 into the FLAC3D model, the 

gob is modeled as a non-linear elastic material in which the bulk modulus is continually 

increased as a function of the vertical strain within the gob area. For each element in the 

gob, the bulk modulus K equals 

1.75

0.5 z

K





             (8.2)  

where z is the vertical strain in the element (Badr et al., 2003). 

This "modulus updating" algorithm was implemented through a function 

developed using the FLAC3D programming language 'FISH'. The function updates the 

bulk modulus of each element using Eq. 8.2 every 20 calculation steps until the model is 

brought to equilibrium.  

The bottom surface of the model was fixed in the vertical direction and the four 

lateral surfaces were fixed in their normal direction. The measured in situ stresses were 
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installed in the model with SXX = 12.39 MPa, SYY=6.44 MPa, and SZZ=9.4 MPa. The 

gravitational variation of stress from top to bottom of the model was neglected because 

the variation was sufficiently small in comparison with the magnitude of the in situ stress. 

A vertical stress of 9.4 MPa was applied on the top surface of the model to simulate the 

overburden. 

After the in situ stress field was applied, entry excavation and panel extraction 

were simulated in five stages, according to the case-study sequences: Stage 1: 

excavation of the 7602 Ventilation entry and the 7601 Maingate; Stage 2: extraction of 

Panel 7601-1; Stage 3: extraction of 7601-2; Stage 4: excavation of 7602 Tailgate; and 

Stage 5: extraction of Panel 7602. At each stage, the model was run to equilibrium. 

8.3.2. Mining-induced stress  

The stress redistribution caused by the excavation of entries and extraction of 

panels at each stage was examined by plotting the vertical stress on a horizontal surface 

1.5 m below the roof surface, Figure 8.24. The excavation of the 7602 Ventilation entry 

and 7601 Tailgate cause a small increase (from 9.4 to 10.5 MPa) in the vertical stress in 

the two ribs, Figure 8.24a. This entry excavation induced stress is much smaller than 

that caused by extraction of longwall panel. For example, the extraction of the Panel 

7061-1 causes the vertical stress to concentrate in the rock surrounding the gob, Figure 

8.24b, the vertical stress increases from 9.4 up to 50 MPa. A detailed examination of the 

mining-induced stress on the chain pillar is conducted by plotting the vertical stress in 

the pillar. It should be noted that the chain pillar is not a real one as the 7602 tailgate has 

not been excavated. The part of the chain pillar was 20-m-long, 8-m-wide, 3.5-m-high 

and was located in the central part of the area of interest (Figure 8.23). The end line of 

the Panel 7601-1 and Panel 7602 was along the centre axes of the pillar. Thus the pillar 

can capture both the lateral abutment pressure caused by the extracting Panel 7601 and 

the front abutment pressure caused by mining Panel 7602. To clearly examine the 

mining-induced stress across the pillar width, the vertical stress along a line across the 

pillar width at middle height is plotted in Figure 8.26. This line was located 4 m ahead of 

the end line of the two panels. It can be seen from Figure 8.25b that the extraction of 

Panel 7601-1 causes a vertical stress concentration in the core of the pillar.  
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After the entire Panel 7601 is extracted, a vertical stress concentration develops 

in the pillar across its whole length, Figure 8.24c and Figure 8.25c. The vertical stress 

distribution across the pillar width is characterized by a rapid increase with distance 

away from the 7601 Tailgate, reaching the peak vertical stress value of 52 MPa at 5.0m, 

and then gradual decreasing to the initial level of 9.4 MPa, Figure 8.26. 

After the excavation of the 7602 Tailgate, the chain pillar is formed. The 

excavation of the 7602 Tailgate causes a "truncation" phenomenon of the lateral 

abutment pressure in the direction perpendicular to the 7602 Tailgate, Figure 8.24d. The 

vertical stress in the pillar close to the 7602 Tailgate is relieved and the peak 

concentration zone moves further away from the 7602 Tailgate, Figure 8.26.  

The extraction of the Panel 7602 causes a high front abutment pressure of 

around 50 MPa in front of the face line and lateral abutment pressure in the chain pillar. 

The lateral abutment pressure increases the vertical stress in the pillar. The peak value 

reaches over 80 MPa at the pillar behind the face line, Figure 8.24e.  
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(a) (b)

(c) (d)

(e)
 

Figure 8.24. Predicted vertical stress distribution after (a) Excavation of 7602 
Ventilation entry and 7601 Maingate, (b) Extraction of Panel 7601-1, 
(c) Extraction of Panel 7601-2, (d) excavation of 7602 Tailgate, and 
(e) Extraction of Panel 7602.  The X axis refers to the x coordinate of 
the model and the Y axis refers to the y coordinate of the model. The 
Z axis refers to the value of vertical stress with units in MPa. 
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Figure 8.25. Predicted vertical stress distribution in the pillar after (a) Excavation 
of 7602 Ventilation entry and 7601 Mailgate, (b) Extraction of Panel 
7601-1, (c) Extraction of Panel 7601-2, (d) Excavation of 7602 
Tailgate, and (e) Extraction of Panel 7602. 
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Figure 8.26. Predicted vertical stress along a line across the pillar width.  

8.4. Deformation and damage characteristics of 
roadway driven along adjacent gob 

As discussed previously, gates and chain pillars between longwall mining panels 

are subjected to a complex loading process throughout their service life.  To evaluate the 

deformation and failure characteristics of the 7602 Tailgate, the actual loading path of 

mining-induced stresses applied on the tailgate must be simulated. This is a 3 

dimensional issue as simulated in the FLAC3D model and FLAC3D is not suitable for 

simulating fracturing.  

For obtaining the loading path of mining-induced stresses applied on the tailgate, 

the traditional approach is to simulate the extraction of longwall panel in a 3D model 

such as FLAC3D, tracking the stress changes via history points located around the 

roadway, and then applying the recorded loading path on selected 2D model 

boundaries. This approach has two major drawbacks: (1) it is difficult to select the 

position of the history points. Different loading paths will be obtained when the history 

points are setup at different positions; (2) In most cases, stabilization of the strata above 

a gob takes a few years. The excavation of a tailgate disturbs the mining-induced 
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stresses. In other words, it is an interaction process between mining-induced stresses 

and excavation-induced stresses.  

8.4.1. Model configuration  

To simulate a realistic loading path due to mining-induced stress, the extraction 

of the 7601 Panel must be simulated in a 2D UDEC model. The UDEC Trigon model is 

shown in Figure 8.27. The area of interest around the roadway was discretized into 

triangular blocks. The mesh size was 0.4 m to ensure the accuracy of numerical 

calculations. The domain around the area of interest was discretized into coarser 

Voronoi polygonal blocks grading the change in block size. The remainder of the model 

was discretized into coarse rectangular blocks. In a UDEC Trigon model, the micro-

properties of the contacts and blocks control the mechanical behaviour of the material 

and they must be calibrated to the material properties.  For the coal and mudstone, the 

micro properties of triangular blocks and contacts were calibrated to its rock mass 

properties obtained using SRM approach as discussed previously. The calibrated 

properties are given in Table 8.5. 
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Figure 8.27. Configuration of model using UDEC Trigon logic. 
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Table 8.5. Calculated mechanical properties used in the UDEC Trigon model. 

Lithology 

Matrix properties  Contact properties 

Density 
(kg·m-3) 

E* 
(GPa) 

 
nk * 

(GPa/m) 
sk * 

(GPa/m) 
Cohesion 

(MPa) 
Friction 

(°) 

Tensile 
strength 

(MPa) 

Sandstone 2500 18.0  20.0 8.0 4.0 30.0 1.0 

Siltstone 2600 15.0  15.0 6.0 3.0 30.0 0.8 

Mudstone 2600 19.0  720.0 288.0 10.8 22.0 4.4 

Coal 1400 3.0  72.0 28.8 1.7 18.0 0.7 

 

The state of in situ stress obtained through in situ stress measurement of 

v 9.40 MPa, H 12.39 MP and h  6.44 MPa was applied to the model. H  is 

parallel to the longwall advance direction and  h is perpendicular to the longwall 

advance direction. A vertical stress of 9.0 MPa was applied on the upper model 

boundary equivalent to the overburden weight. 

To ensure realistic mining-induced stresses, the extraction of the 7601 Panel was 

simulated in a stepwise excavation advancing from left to right in the model. Each stage 

involved a 10 m advance. For each stage, sufficient time steps were run to relieve stress 

and allow the roof to cave.  

To obtain an improved understanding of the deformation and failure of the 7602 

Tailgate, the mechanical behaviour of the surrounding rock masses was monitored in 

detail with longwall face advance and tailgate excavation. The area of interest was 

divided into 9 monitoring regions, Figure 8.28. For each region, shear and tension cracks 

generated associated with longwall face advance and roadway excavation were 

monitored using a developed FISH function. Horizontal and vertical stresses in the 

central zone element of each monitoring region were also monitored. Four history points 

were located at the mid section of the roadway surface to monitor the roadway 

deformation. 
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Figure 8.28. Monitoring regions and history point in the area of interest 
surrounding the 7602 Tailgate. 

8.4.2. Modelling results 

Progressive caving of the strata 

Figure 8.29 shows the simulated plots of progressive caving of the strata due to 

extraction of the 7602 panel with progressive caving of the strata.  Bed separation 

occurs after the face has been advanced 40 m and the immediate roof starts to collapse 

when with 50 m advance. The entire immediate roof collapses at a face advance of 60 

m. As the face continues to advance, the main roof begins to bend downward and finally 

collapse at a face advance of 80 m.  



245 

(a) 30 m (b) 40 m

(c) 50 m (d) 60 m

(e) 70 m (f) 80 m
 

Figure 8.29. Simulated progressive caving of the strata due to the extraction of 
the 7601 Panel. 

Mining-induced stress 

The simulated vertical stress distribution around the goaf at different stages of 

the face advance is presented in Figure 8.30. Mining of the 7602 Panel alters the stress 

conditions, resulting in stress concentration at the boundaries of the goaf and stress 

relief in the goaf.  The maximum value of vertical stress is approximately 45 MPa, 4.8 

times the initial vertical stress. In the area of interest around the 7602 tailgate, the 

vertical stress starts to increase when the face is 50 m away Figure 8.31. As the face 

advances toward the 7602 tailgate, the rate of vertical stress significantly increase. In the 

immediate roof and floor of the 7602 tailgate, the vertical stress drops sharply after the 

excavation of the roadway (P22 and P4). The vertical stress in the right wall of the 

tailgate also drops sharply after the excavation. For the monitoring point P10 located in 

the middle of the pillar between the 7601 goaf and the 7602 tailgate, the vertical stress 
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increase significantly after the excavation, indicating that the pillar carries load after the 

excavation, resulting in a pillar fracture as shown in Figure 8.30f.  
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Figure 8.30. Simulated vertical stress distribution as the 7601 Panel advances. 
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Figure 8.31. Simulated stress changes around the 7602 tailgate caused by 
mining 7601 Panel. 

Figure 8.32 shows the simulated vertical stress along a horizontal line through 

the pillar between the 7601 goaf and the 7602 tailgate, compared with that predicted in 

the FLAC3D model. In the pillar, the peak vertical stress predicted by the FLAC3D model 

is approximately 52 MPa, significantly higher than the 40 MPa predicted by the UDEC 

model. This is attributed to that the heavily fractured pillar due to the extraction of the 

7602 Panel and the 7206 tailgate being realistically captured only in the UDEC model, 

Figure 8.33. The FLAC3D model, however, does not capture this phenomenon.  
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Figure 8.32. Simulated mining-induced stresses on the pillar.  
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Figure 8.33. Simulation of heavily fractured pillar due to extraction of 7601 Panel 
and 7602 tailgate.  

Roadway damage 

In field, the 7601 Panel was mined during the period from July 2005 to February 

2009. Miners suggested that the 7602 goaf area was still unstable when the 7602 

tailgate was driven in 2010. The 7602 tailgate suffered from dynamic loading caused by 
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7601 goaf and this in turn influenced the stabilization of the 7601 goaf. To simulate this 

interaction in the UDEC model, the 7602 tailgate was excavated before the model was 

run to equilibrium after the final stage of the extraction of the 7602 Panel. The simulated 

fracture pattern in the 7602 tailgate Figure 8.34, shows that, under the high mining-

induced stress caused by the extraction of the 7601 Panel, the floor and two ribs of the 

7602 tailgate are heavily fractured. The floor and the left rib close to the 7601 goaf are 

particularly leading to severe rib convexity and floor heave. The numerical predicted 

displacement in the left rib is approximately 400 mm, comparing well with 450 mm 

observed in the field. The observed rib convexity was so severe the width of the 7602 

tailgate was greatly reduced Cables were installed in the left rib as supplemental support 

to restrain further deformation, Figure 8.35. The cables had a diameter of 22 mm and a 

length of 7 m and were installed at an along roadway spacing of 3 m. The right rib of the 

7602 tailgate is also damaged, Figure 8.34d: however, the degree of damage is much 

lower compared to the left rib. The fractured rock is confined to the rib by steel straps 

and screens and further anchored in to the deeper undamaged rock mass through rock 

bolts, providing a stable rib, Figure 8.36. Due to the observed asymmetric damage in the 

two ribs, the roof in slightly inclined, Figure 8.36. This phenomenon has been 

successfully captured in the UDEC models,  Figure 8.34d. 

Another major problem with the 7602 tailgate was the severe floor heave. The 

numerically predicted floor heave is 420 mm, comparing well with 450 observed in the 

field. The height of the tailgate was greatly reduced and a repair campaign was carried 

out to remove the swelling coal in the floor.  
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(a) Stage 1  (b) Stage 2 

(c) Stage 3  (d) Stage 4   

Figure 8.34. UDEC Trigon simulated fracture pattern around the 7602 tailgate.  

Cables were installed as supplemental support 
to restrain further rib convexity.

 

Figure 8.35. A photograph of rib convexity taken in the 7602 tailgate, Wuyang 
coal mine, China. 
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Figure 8.36. Slightly inclined roof due to the damage in the pillar, photograph 
taken in the 7602 tailgate, Wuyang coal mine, China. 

The simulated immediate roof of the 7602 tailgate is relatively stable and no 

major fractures are produced in good agreement with field observation, Figure 8.37. 

Borehole televiewer images (provided in Appendix B) obtained from the field shows that 

there was no bed separation and no major fracturing in the roof. The simulated roof sag 

is approximately 100 mm, comparing very well with 90-110 mm measured in the field. 

This roof sag is attributed to the movement of the entire roof rather than separation of 

beds.  
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Figure 8.37. A photograph of a stable and intact roof taken in the 7602 tailgate, 

Wuyang coal mine, China. 

8.5. Summary 

A case study of a roadway in a Chinese coal mine has been presented in this 

chapter. Field tests including in situ stress measurement through hydraulic fracturing, 

borehole Coal Measures strength testing, and optical televiewer imaging in borehole 

were performed for obtaining geological and geotechnical parameters. The deformation 

of the roadway was monitored. With the data obtained from field tests, synthetic rock 

mass models were created using PFC3D and FracMan for the two key Coal Measures 

units, the coal and the immediate roof mudstone. The rock mass properties of the two 

Coal Measures units are obtained through doing a series of compression and direct 

tension tests on the SRM models. With the obtained properties, a 3D numerical analysis 

was performed using FLAC3D to evaluate mining-induced stresses. A 2D numerical 

analysis was carried out using the UDEC Trigon approach to study the deformation and 

damage of the roadway driven along a stabilizing goaf. The numerical results are 

calibrated to field observations. The severe floor heave and rib convexity, as well as lack 
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of fracturing in the roof observed in the roadway all well agree with the UDEC Trigon 

model. The case study reveals that the combination of SRM and UDEC Trigon is able to 

evaluate failure mechanisms in underground coal mines. 
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9. Conclusions and Recommendations 

The excavation of an underground opening will usually result in an excavation 

damaged zone (EDZ) due to the redistribution of in situ stress. For underground coal 

mines, the EDZ can be particularly important due to the relatively weak strength of Coal 

Measures and the complex loading path caused by mining activity. Roof failure has 

always been a major concern. Massive roof falls can cause fatality, injury and significant 

economic loss. Severe rib convexity and floor heave may not cause fatality as roof fall 

can, but they can obstruct the roadway requiring a rehabilitation campaign, resulting in a 

significant economic loss.  

Understanding of the mechanical behaviour of roadways and quantifying the 

extent and severity of the EDZ is important for improving the safety of underground coal 

mines and reducing economic loss. In this thesis, a new numerical modelling approach 

was developed to model rock mass behaviour, with a particular emphasis on the 

damage process including generation and propagation of fractures, and significant 

dilation in the post-peak stage.  

9.1. UDEC Trigon  

In this study, I developed a modified UDEC Voronoi logic, referred to as the 

Trigon approach. In 2D, a rock type material is simulated by an assembly of deformable 

triangular blocks bonded at their contacts. Micro-properties including contact stiffness, 

cohesion, friction angle and tensile strength are assigned to the contacts. A shear crack 

will occur if the shear stress applied at a contact exceeds its shear strength and a tensile 

crack will occur if the tensile stress exceeds its tensile strength. A series of compression 

and Brazilian tests were modeled to investigate the effect of micro-properties on the 

response of the material. It was found that the deformability is controlled by both the 

Young’s modulus of the blocks and the stiffness of the contacts; the material cohesion is 

primarily related to the contact cohesion and the material friction to the contact friction, 
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and the material tensile strength is controlled by the contact tensile strength. Based on 

these results, a calibration process was presented, which allows a set of contact 

parameters to be calibrated to satisfy the specified rock material properties including 

Young’s Modulus, Poisson’s ratio, tensile strength, internal friction angle and cohesion. 

Using UDEC Trigon models, numerical studies on confined and unconfined 

compression tests as well as Brazilian tests on samples of coal rock material were 

initially presented to explain and illustrate the rock failure mechanisms involved. The 

initiation, propagation, and coalescence of cracks and the propagation and coalescence 

of discrete cracks to form a macroscopic fracture were explicitly captured. The fracturing 

of intact rock and its interaction with pre-existing fractures can be simulated using the 

approach. Three key stress levels of damage were recognized in the simulated 

compression tests (crack initiation, crack coalescence, and peak). A FISH function was 

developed to monitor tensile and shear cracks and a ‘damage parameter’ defined as the 

ratio of simulated total length of cracks to the total length of contacts was introduced. 

Using this approach, rock damage was evaluated in a quantitative way. 

Different failure mechanisms of coal samples subjected to compression, tensile 

fracturing under low confining pressure and shear failure under high confining pressure, 

were realistically simulated in UDEC Trigon models. The process of compression-

induced tensile fracture during a Brazilian test was realistically captured. The results 

indicate that the UDEC Trigon model is capable of capturing different failure 

mechanisms of rock under various loading conditions. Comparison between UDEC 

Voronoi and UDEC Trigon models indicates that the Trigon model tends to produce a 

more realistic result than the Voronoi model under the same conditions. 

The Trigon method was then extended into 3D simulation where the rock 

material was represented as an assembly of tetrahedral blocks bonded at their contact 

surfaces. Tetrahedral blocks are elastic and failure can only occur along the contact 

surfaces. The 3D Trigon method was implemented using 3DEC and shown to simulate 

rock damage doing compression and Brazilian tests on a parallelepiped sample and a 

disk-shaped sample, respectively. It was found that the initiation, propagation and 

coalescence of fractures can be successfully captured in 3D using the approach. The 

3DEC Trigon method provides an alternative for simulating rock damage under real 3D 

conditions. 
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In comparison to UDEC Voronoi, the advantages of the UDEC Trigon approach 

include: 

• Simulation of more realistic fracture patterns in laboratory samples subjected 
to  varying loading conditions; 

• Significant reduction in the over-estimation of the friction angle of a material 
using a realistic contact frictional angle; 

• Significant reduction in the degree of mesh-dependency in the simulated 
fracture pattern. 

In comparison to ELFEN, advantages of the UDEC Trigon approach include: 

• The UDEC Trigon approach allows both shear cracking and tensile cracking, 
whilst ELFEN allows only tensile cracking; 

• Cracks can be readily evaluated in a quantitative way. 

Disadvantages include: 

• Cracking is only allowed along the boundary of the triangular blocks, whilst in 
ELFEN, cracking can cut through the triangular elements; 

• A large number of numerical steps are needed to achieve a large deformation 
due to fracturing.  

9.2. Applications of brittle fracture modelling to 
underground coal mines 

9.2.1. Cutter roof failure 

Cutter roof failure is a common failure pattern experienced in coal mine roadways 

with an important factor being the oblique orientation of the major horizontal stress to the 

roadway advance direction. This issue must be addressed under 3D conditions: 

however, previous research (M. Gadde and Peng, 2005; Ndlovu and Stacy, 2007; Ray, 

2009) has been predominantly limited to 3D continuum methods in which cutter roof 

failure was implicitly represented.  

In this thesis, two 3D numerical models based on the Discrete Element Method 

were developed to simulate cutter roof failure. The first model was created using PFC3D 

in which the rock surrounding a roadway was represented by an assembly of spheres 

glued together at their boundaries. High horizontal stress with varying orientations with 
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respected to the roadway advance direction was applied to the model to investigate 

fracture mechanisms around the roadway. The numerical results indicate that a roadway 

driven at a large angle (75o-90o) with respect to the maximum horizontal stress suffers 

significantly more fracturing than that driven at a small angle (0-15o). The influence of 

pre-existing fractures is evaluated in the PFC3D model and the results show that 

incorporating bedding planes and cross joints in the roadway roof promotes the 

development of distinct cutter roof failure immediately behind the advancing face. The 

second technique used involved 3DEC incorporating 3D Trigon method. The roadway 

roof was represented by an assembly of tetrahedral blocks bonded together through the 

contact surfaces between them. Both the PFC3D and 3DEC models proved to 

successful in simulating the cutter roof failure process which is characterized by a zone 

of fracturing initiating at the intersecting corner of the major horizontal stress and the 

roadway roof and subsequently propagating across the roof span with roadway advance. 

The numerical results provide a better understanding of cutter roof failure mechanisms 

which is fundamental for guiding the layout plan and support design of roadways. In 

contrast to continuum models used by previous researchers to simulate cutter roof 

failure, PFC3D and 3DEC are more realistic as the cutter roof failure is a brittle fracture 

process which can be captured without any assumptions of identifying the fractured 

zone. In addition, a constitutive model is not required for simulating the intact rock 

material, thus avoiding the significant challenge of determining important parameters 

such as the critical plastic strain.  

9.2.2. Roof shear failure 

Roof shear failure is a typical failure mechanism experienced in coal mine 

roadways and is usually induced by high horizontal stress acting on relatively weak roof 

rock. In this study, roof shear failure was investigated through numerical simulation. 

Three similar models with identical lithology and in situ stress state were created using 

the  2D codes, UDEC Trigon, PFC2D and ELFEN, the objective being to simulate the 

behaviour of a weak roof subjected to high horizontal stress. It was found that the three 

models exhibited a similar roof shear failure process with cracks initiating at the roadway 

corner and then progressively propagating deeper into the roof, to finally form a large 

scale shear failure.  
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In the modelling, changes in stress, displacement and formation of cracks in the 

roof were all monitored during the roof shear failure process. The results from the three 

models show a clear numerical time sequence during the shear failure with marked 

microseismic changes, significant stress changes and a displacement acceleration in the 

roadway roof. The numerical results were in good agreement with field observations.  

The effect of rock bolting on the suppression of roof shear failure in a roadway 

roof was investigated through numerical modelling using the UDEC Trigon model. It was 

found that the installation of rock bolts resists rock dilation and maintains the rock 

strength under conditions of roof shear due to horizontal stress, this leads to a significant 

decrease in tension cracking and roof sag. It was also found that rock bolts aid in 

ensuring the retention of more rock bridges which is critical to the roof stability. 

9.2.3. Roadway squeezing 

Squeezing failure is a common failure pattern experienced in underground coal 

mine roadways. There are two major factors that may induce roadway squeezing, firstly, 

mining-induced stresses which are much higher than the strength of rock mass 

surrounding an entry, and secondly moisture-sensitive rock where the strength is 

progressively reduced with time. The UDEC Trigon approach was used to investigate 

these two mechanisms of roadway squeezing. For the mining-induced high stress 

squeezing, a numerical roadway model was created based on a case site at the 

Zhangcun coal mine in China. The mining-induced stresses caused by longwall panels 

were simulated by applying additional stresses at the boundary of the model. The 

squeezing process of a roadway under severe mining-induced stresses was realistically 

captured in the model. The model also captured roof sag, wall convexity, floor heave as 

well as failed roof and rib bolts, all in good agreement with field observations. 

For modeling of squeezing of a roadway excavated in moisture-sensitive rock, 

the critical issue was how to represent the strength degradation of material. This was 

achieved by gradually reducing the cohesion and tensile strength of the contacts 

between blocks in the UDEC Trigon model. The strength was not reduced everywhere 

throughout the model but only at failed (either in tension or in shear) contacts where it is 

suggested moisture would intrude into rock through cracks. When a contact failed, its 

cohesion and tensile strength were gradually reduced as a function of calculation time. 
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The numerical model was found to be capable of successfully capturing the squeezing 

process of the rock mass surrounding roadway due to moisture induced strength 

degradation. 

9.2.4. Longwall modelling 

Longwall mining is one of the most widely used underground mining methods 

and is particularly suitable for relatively thick, sub-horizontal and uniform coal seams. 

After the extraction of a coal seam, the panel roof strata above the mined-out area or 

goaf will be destressed with continued face advance, the immediate roof will eventually 

collapse and cave in the goaf area. In this study, the UDEC Trigon approach was used 

to simulate a longwall coal mining case in detail, in order to gain further insight into the 

failure mechanisms involved in progressive caving of strata caused by extraction of a 

panel in longwall mining. A longwall model was created based on a real case (Alber et 

al., 2009). Pre-existing fractures including bedding planes and cross joints must be taken 

into consideration. The influence of bedding plane spacing, immediate roof strength, and 

high horizontal stress were evaluated. The progressive caving of strata which is 

characterized by fracture generation and propagation were successfully captured in the 

model. Many features in progressive caving were reproduced in the model and found to 

agree reasonably well with field observations. The study revealed that compressive 

shear failure, rather than tensile failure, is the dominate failure mechanism in the strata 

above the goaf. High horizontal stress plays an important role in the progressive caving 

process. The roof beds act as beams and can collapse through beam bending when 

vertical stress is dominant or in a beam shear fracture mode when horizontal stress is 

dominant. The thick immediate roof caved in the goaf is categorized into four zones 

according to its collapse mechanism. They include a cantilever zone in the back of the 

goaf, a compacted zone, a collapsed zone and a cantilever zone in the front of the goaf.  

9.2.5. Failure mechanism in a roadway driven adjacent to an 
unstable goaf 

In underground longwall coal mining practice, the extraction of a longwall panel 

disturbs the rock mass in different ways depending on the location with respect to the 

mining stope. Mining causes caving-in of the immediate roof, separation and shearing of 

bedding planes in the strata above the cave-in zone, and fracturing and deformation in 
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the far-field host rocks. This process can last a few years, resulting in a dynamic loading 

on the roadways driven along the goaf. In this thesis, a case study of a roadway in a 

Chinese coal mine was carried out. Field tests including in situ stress measurement 

through hydraulic fracturing, borehole Coal Measures strength tests and optical 

televiewer imaging in borehole were performed to obtain geological and geotechnical 

parameters. With the data obtained from field tests, synthetic rock mass models were 

created using PFC3D and FracMan for two key Coal Measures rock types, the coal and 

the immediate roof mudstone. The rock mass properties of the two Coal Measures were 

obtained by doing a series of compression and direct tension tests on the SRM models. 

Using the properties, a 3D numerical model was created using FLAC3D to evaluate 

mining-induced stresses. After that, a 2D numerical model was created using UDEC 

Trigon to study the deformation and damage of the roadway driven along a stabilizing 

goaf. In the 2D model, the extraction of the longwall panel was simulated for a realistic 

representation of its influence on the roadway. The numerical results were calibrated to 

field observations. The severe floor heave and rib convexity, as well as the un-fractured 

roof observed in the roadway were all well captured in the UDEC Trigon model. The 

numerical results were found to be in close agreement with field observations. 

9.3. Recommendations for further work 

Numerical simulation provides a powerful tool for investigating typical failure 

mechanisms in underground coal mines including cutter roof failure, shear failure and 

roadway squeezing. The field component of this research was limited to two coal mines 

within China. Further field study on roadway failure under various geological and 

geotechnical conditions is required. Extensive measurement of deformation, 

delamination, stress changes, and seismicity is recommended, aiming to evaluate failure 

mechanism and calibrate numerical models.  

Pre-existing fractures have a significant influence on the failure mechanisms of 

the rock mass surrounding a coal mine roadway. In this research, techniques used for 

characterizing fractures in underground coal mines were limited to optical televiewer 

imaging in boreholes. Developed techniques including LiDAR and digital-imaging are 

unpractical in underground coal mine roadways due to the existence of methane. New 
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techniques and more rigorous methodologies for characterizing DFNs in underground 

coal mine are needed.  

A key objective of rock failure studies in underground coal mine roadways is to 

prevent the failure. It is recommended that an extensive study be conducted on the 

effect of roadway support patterns including rock bolts and cables, steel joists, shotcrete 

and yielding steel arches on suppressing the deformation and failure of roadways 

subjected to different failure mechanisms. 

A main contribution of this study is the development of a new UDEC Trigon 

approach. Its potential to solve rock mechanics problems has been proven for both 

laboratory and field scale conditions. Further research is needed to develop a more 

robust numerical methodology, including: 

• More lab studies using Acoustic Emission (AE) to characterize brittle fracture 
damage in rocks with emphasis on Coal Measure rocks including coal, shale, 
sandstone. The results can be used for the calibration of numerical 
simulation.  

• The evaluation of the UDEC Trigon approach in this thesis is limited to 
underground openings excavated in Coal Measures. This should be extended 
to underground openings in different rock types (i.e. hard rock mining) and in 
surface structures including slopes and open pits.  

• The 3D Trigon method provides a useful alternative for explicitly simulating 
rock damage in 3D. The relationship between the micro-properties of 
tetrahedral blocks and the macro-properties of the material should be 
evaluated. Modelling a rock in 3D with grain scaled blocks would be of great 
benefit to studying rock damage mechanisms. This would require significant 
computational power. Pre-existing fractures in a 3D Trigon model should be 
incorporated using a DFN methodology.  

• Further progress in the application of the 3D Trigon approach for real case 
studies of underground openings would be of great benefit to the analysis of 
failure mechanisms. This requires additional constraints with improved failure 
characterisation, particularly a representative distribution of pre-existing 
discontinuities including bedding planes, cross joints, etc. would be 
adequately accounted for. 
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Appendix A.  
Calibration of rock properties used in UDEC models 
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Figure A1. Axial stress-axial strain curves obtained from unconfined 
compression tests on UDEC samples with mechanical properties 
listed in Table 5.1. 
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Figure A2 Axial stress-axial strain curves obtained from unconfined 
compression tests on UDEC samples with mechanical properties 
listed inTable 6.1 . 
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Figure A3. Axial stress-axial strain curves obtained from unconfined 
compression tests on UDEC samples with mechanical properties 
listed in Table 7.2. 
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Appendix B.  
Optical televiewer image 
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Figure B1. Optical-televiewer image of the 56-mm diameter borehole drilled 

vertically in the roof at Wuyang Coal Mine, China – part 1. 
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Figure B2. Optical-televiewer image of the 56-mm diameter borehole drilled 
vertically in the roof at Wuyang Coal Mine, China – part 2. 
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Figure B3. Optical-televiewer image of the 56-mm diameter borehole drilled 
vertically in the roof at Wuyang Coal Mine, China – part 3. 
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Figure B4. Optical televiewer image of 28-mm diameter boreholes drilled 

vertically in the roof at the Wuyang Coal Mine – position 1. 
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Figure B5. Optical televiewer image of 28-mm diameter boreholes drilled 

vertically in the roof at the Wuyang Coal Mine – position 2. 
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Appendix C.  
A user guide for UDEC Trigon as an Underground Opening 
Example  

A brief user guide to the UDEC Trigon approach is provided.  As an example 

simulation of fracturing around an underground opening is considered.  A 4 × 4 m tunnel 

is excavated in a sedimentary stratum with a depth of 600 m.  Emphasis is focused on 

model generation and post-processing. 

1 Building a model 

Step 1: Model geometry 

For an underground excavation simulation, the boundary should be more than 5 

times the size of the excavation to eliminate the influence of the boundary.  Figure C1 

shows the geometry of the underground opening. 

60 m

6
0
 m

20 m

Tunnel
4 × 4 m

 

Figure C1. Geometry of underground tunnel model. 
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Step 2: Creating polygonal blocks 

In the UDEC Trigon approach, a Trigon mesh (triangular blocks) can be 

generated by cutting each polygonal block into triangular blocks. The Voronoi 

tessellation is used first to generate the polygonal blocks.  

The most important factor needed to be determined in this stage is the size of the 

polygonal blocks. A general policy is that the mesh size should be sufficiently fine to 

adequately capture the fracturing process. In other words, the generation and 

propagation of fractures should be mesh-independent.  One of major advantages of the 

UDEC Trigon approach is that the degree of mesh- dependent fracturing is considerably 

less than with the UDEC Voronoi approach using a similar mesh density.  In the case of 

simulating compression test, there should be at least 10 particles across the width of the 

sample. When pre-existing discontinuities (joints, fractures, etc.) are incorporated, there 

should be at least 5 particles across two adjacent discontinuities so that a rock bridge 

between the two discontinuities can be represented.  In field scale modelling, the mesh 

size should be related to the size of excavation. In the current case, there should be at 

least 20 blocks across the roadway roof to capture the fracture pattern in the roof.  

Scaling of the mesh is recommended in order to increase calculation efficiency. A 

finer mesh is used for representing areas of interest (surrounding the opening) and 

coarser mesh for the outer boundary. 

In this case, the mesh size in the area of interest is 0.4 m, and a coarser 

polygonal mesh size of 1.0 m is used for the outer boundary, Figure C1. 

Before using the Block command to create a single rigid block defining the 

original boundary of the modeled region, the rounding length should be determined 

using the Round command.  A rounding length equal to one percent of the typical block 

edge length is recommended.  In this case, a round length of 0.004 is used. 

Step 3: Cutting the polygonal blocks into triangular blocks 

Cutting a polygonal block into triangular blocks is achieved by creating contacts 

between the centre point and the convex side of the polygonal block using the Crack 

command. Note that some small blocks are created adjacent to artificial boundaries. 

These blocks are much smaller than the normal polygonal blocks and thus should avoid 
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being cut in order to achieve a more regular mesh and avoid a distorted mesh. These 

small blocks should be deleted before zoning the blocks, Figure C2.  

The coordinates of the centre point and convex sides of all the polygonal blocks 

in the model are needed. To do this, a Gen edge command is used to ‘zone’ the rigid 

blocks so that the coordinates of convex sides of the polygonal blocks can be obtained 

using FISH. The coordinates are then used by the Crack command to cut every 

polygonal block into triangular blocks. The generated Trigon model is shown in Figure 

C3.  

Small blocks should not be cut.

 

Figure C2. Small blocks (red) should not be cut. 
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(a) Voronoimesh (a) Trigonmesh
 

Figure C3. Generated Trigon mesh. 

Step 4: Zoning the blocks. 

A Gen edge u command is used to change rigid blocks into deformable blocks. 

The u is the size of zones dividing a triangular block into elements. The value of u is 

recommended to be half the size of the triangular block size. Note that a comparable 

zone size should be used for the fine triangular blocks in the area of interest and the 

coarser polygonal blocks in the outer boundaries.  A sudden jump in the size of zone 

elements leads to a non-smooth stress transfer, resulting in an artificial boundary 

influence.  

Step 5: Determining properties 

The material behaviour is controlled by the micro-properties of the contacts. The 

only way to determine the micro-properties of the contacts is by calibration using the 

procedure presented in Chapter 3.1. For laboratory-scaled simulation, the micro-

properties of the contacts should be calibrated to macro-properties of intact rock. For 

field-scaled simulation, the micro-properties of the contacts should be calibrated to 

macro-properties of rock mass. In either case, the mesh density should be similar in the 

models for calibration (i.e. Rectangular model for compression tests and Brazilian disk 

for Brazilian test) and the model  
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2 Running the model 

After setting up the properties and boundary conditions, the model is run to 

equilibrium to generate the in-situ stress field.  The tunnel is then excavated by deleting 

the represented blocks. It is suggested to save the model at specific numerical time 

steps in order to analyze the failure process during post-processing. For a field-scale 

model in which fracturing is driven by stress or structures, the model usually takes a 

millions of numerical steps to achieve a large deformation due to fracturing. This is a 

disadvantage of the UDEC Trigon approach.  

3 Post-processing 

In the UDEC V.5.0, it is easy to evaluate the behaviour of the model in terms of 

displacement, stress, velocity, etc. The shear cracks and tensile cracks can also be 

easily plotted. But it should be noted that the plotted shear and tensile cracks are based 

on the current stress status of the contacts when the plot command is executed. So the 

crack plot only reflects the current fracturing pattern, rather than a fracturing history. In 

other words, a contact failed in past may not be plotted as a crack because the current 

stress of the contact does not match the Coulomb friction law anymore; and a contact 

failed in shear in past may be plotted as a tensile crack because the two blocks of the 

contact separate each other.  The cracking plot therefore does not reflect a realistic 

fracturing pattern. To overcome this, a FISH function was developed to monitor cracking. 

The FISH function checks the stress status of every contact in every single numerical 

step. If the shear strength of the contact is reached, the contact is marked as a shear 

crack; if the tensile strength of the contact is reached, the contact is marked as a tensile 

crack. The coordinates of these shear and tensile cracks are then exported into a file. 

The file is then used to generate the fracture pattern, Figure C4.  
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(a) (b)
 

Figure C4.  (a) Plot of fracture pattern in UDEC and (b) Plot of fracture pattern in 
PFC. Shear cracks shown as red line and tensile cracks as blue 
lines.  


	PCL_Declaration_p.iii_Fall2013_digitalOnlySubmissions.pdf
	Partial Copyright Licence



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


