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Abstract 

Modelling rock mass structure accurately requires the determination of what degree of accuracy is needed 

for the rock mass model. Structural modelling requires approximations with respect to the geometry and 

other characteristics of the discontinuities or fractures present. Not only are there uncertainties with respect 

to the fracture characteristics as measured in the field, but the method of representation of these structures 

in a model is also subject to judgement.  

Model simplification must be guided by the principle of retaining the critical characteristics of the rock mass 

being investigated. Of all the structural modelling techniques currently available, the use of polyhedral 

modellers has recently received considerable attention. This paper will discuss the benefits of modelling rock 

using a polyhedral representation based on finite persistence discontinuities. In particular, the predictions of 

such a model with respect to stability analysis, rock mass characterisation and excavation analysis will be 

compared to the more traditional techniques that have been used. 

1 Introduction 

The determination of the stability of a rock mass is a complex process that is dependent on understanding the 

structure and composition of the rock mass. The presence of discontinuities inevitably leads to the existence 

of discrete blocks and points or regions of potential weakness. A rock mass is thus a three dimensional 

distribution of spatial entities and any effective model of the behaviour requires a three–dimensional (3D) 

model that is able, at a level appropriate to the analysis to be performed, to represent the structure of the rock 

mass.  

The simplest three-dimensional structure that can be represented with a surface consisting entirely of 

intersecting planes is a tetrahedron. While a tetrahedral block is convex, any general polyhedral block may 

contain re-entrant sections and such concavities result in a collection of polyhedral blocks having 

interlocking structure that may influence the stability of the ensemble of blocks. Further, decomposition of a 

general polyhedron into tetrahedral components is not only computationally expensive but it is also not 

guaranteed (Ruppert and Seidel, 1992).  

Any block that forms part of an existing rock face or a planned rock face has the potential to fall and, in so 

doing, expose other, previously unexposed blocks. This process can continue and allow the progressive 

failure of a wall. Therefore, the analysis of even the simplest aspects of the kinematic behaviour of a rock 

mass requires some form of model of the block structure of the rock. 

Ideally, the modelling of a complex matrix such as a rock mass structure permeated by many discontinuities 

would be performed numerically at the particle level. All aspects of rock mass and discontinuity behaviour 

could then be incorporated and work is being undertaken to utilise just such a synthetic rock mass for the 

analysis of large volumes of rock mass (Pierce et al., 2007; Cundall et al., 1996). 

This paper concentrates on the use of polyhedral rock mass representations for the study of blocky rock 

structures, which can be generated quickly and can capture enough characteristics of the rock mass for use in 

certain analyses. Although polyhedral models can be used in the study of rock block deformation, this paper 

concentrates on analysis techniques that assume rigid body mechanics (e.g. limit equilibrium or key-block 

analyses). 
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2 The requirement for polyhedral block models 

Since the analysis in the kinematic stability of a rock mass or more general behaviour of a rock mass requires 

some form of model of the structure of the rock mass shape and, since the structure is determined by 

distribution of the polyhedral blocks that form the rock mass, a structural model must encompass the possible 

shape of all polyhedral blocks that can be formed. 

In addition, the polyhedral blocks that form a rock mass may contain discontinuities that are completely 

enclosed within the block or are partially through going. The structural model must therefore have the 

capability to describe the existence of polyhedral blocks as well as the existence of joints or other fractures 

that do not form blocks. 

Modelling of the rock mass structure is, at best, an approximation of a complex assemblage of interlinked 

discontinuities separated by heterogeneous material with non-linear behaviour under load. Approximations 

are achieved by some form of simplification of the model and such simplification must be guided by the 

principle of retaining the critical characteristics of the rock mass being investigated. 

Block theory, developed by Goodman et al. (1968) was developed as a set of geometrical and analytical 

procedures to assess the stability of a block structured rock mass. Some early attempts to model rock mass 

structure in three dimensions used pseudo-analytical models of the distribution of discontinuities in order to 

create manageable structural models of rock masses. These models were, at best, limited in their scope of 

application. Goodman and Shi (1985) developed a method of investigating the kinematic feasibility of the 

polyhedral blocks that can be formed by the orientation of four or more planes. The method requires the 

assumption that at least one of the planes is a free face. Extensions of the method have been developed 

(Warburton, 1981; Lin et al., 1987). These methods are essentially based on a form of combinatorial 

analysis. This paper discusses the application of polyhedral block modelling to rock masses based on 

creating simulations of the structure of an extended rock mass from the measured positions, orientations and 

extent of discontinuities combined with statistical distributions of the sets of distributions known to exist 

within the rock mass. 

The use of Poisson discs as the representation of joint structures was first outlined by Baecher and Einstein 

(1977). An approach for generating block structures using Poisson planes was described by Dershowitz and 

Einstein (Dershowitz and Einstein, 1988). Lin et al. (1987) described an algorithm that considered convex or 

concave blocks as well as finite or infinite blocks. It was asserted that the algorithm described by them was 

the first to consider such polyhedral blocks. Jing (2000) described a boundary representation of block 

structures which, it was claimed, overcame the limitations of previous models because the blocks formed 

were of arbitrary shape from joints of finite size without the need for artificial fractures of defined shapes 

and sizes. Lu (2002) further developed these ideas. 

In discussing the creation and use of polyhedral models care must be exercised since a polyhedral model 

must be a universal model capable of handling any general polyhedral solid. A suitable data structure must 

be defined in order to handle the complex shapes that may be created by intersection joints where the 

intersections may truncate one or both of the joints. 

3 Polyhedral models 

A polyhedral rock mass model is one in which the rock mass volume is partitioned into individual 3D 

sections and in which the surface of each section is a closed polyhedron. As such, each polyhedron is 

described by a set of faces or polygons. Each polygon consists of a set of edges and each edge is described 

by a pair of vertices. A polyhedral model does not intrinsically handle truncated joints. The ability to handle 

truncated joints is provided by the data structures and algorithms that pre-determine the intersection 

precedence between different sets of finite persistence discontinuities. Therefore, polyhedral models can be 

built with infinite persistence representations of discontinuities (yielding convex shaped blocks) or finite 

persistence discontinuities (yielding concave faces and therefore concave polyhedra or blocks). 

Once the polyhedral model has been constructed, the blocky structure of the simulated rock mass can be 

interrogated in a number of ways. For stability analyses, the limit equilibrium analysis can be used to 

evaluate the presence of potential failure prone blocks. Providing the geometry of the rock wall being studied 

has been captured accurately, the rock mass model can then be evaluated and a number of geometries 
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assessed, all utilising the same realisation of the rock block model. Finally, many realisations of 

discontinuities can be generated resulting in multiple discrete fracture networks (DFN), each yielding a 

different realisation of the rock block model.  

4 Comparative study 

In order to highlight the value of polyhedral modelling and the importance of realistic structure 

representation within such models, some simulations have been performed. Three sets of block models have 

been created. All sets represent three benches of an open pit mine with one set incorporating finite 

persistence structures (joints) and the other two using infinite persistence. The choice of a multiple-bench 

model geometry was deliberate so as to ensure the study of block structures extending beyond the traditional 

domain of study (in this context, a single bench analysis) could be analysed. The discontinuity parameters 

were chosen so as to generate a significant number of daylighting failures (i.e. movable blocks at the free 

surface of the model). The DFN were generated using a Baecher joint model (Baecher and Einstein, 1977) 

which assumes log-normally distributed radii, Poisson distributed joint centres and normally distributed 

orientations. The joint set parameters are shown in Table 1. 

Table 1 Discontinuity information. For IP models, the joint radii generated using these parameters 

were rescaled to ensure they became fully through-going 

Dip  

 

() 

Dip 

Direction 

() 

Expectation 

Trace 

Length (m) 

Spacing  

 

(m) 

Friction 

Angle  

() 

455 455 10 random 30 

705 1355 10 10 30 

855 2655 10 random 30 

 

As previously stated, three sets of 3D block models have been generated using this discontinuity data. The 

first set utilises 100 realisations of the finite persistent joints (FP), therefore yielding 100 block models. The 

second set utilises 100 realisations based on the same joint set data except that the persistence of the joints is 

now infinite (IP). More accurately, the joints have been rescaled so that they are fully through-going with 

respect to the three-bench geometry. This clearly alters the intensity of discontinuities as determined using, 

say, a scan-line technique to determine the number of discontinuity traces per unit length or the so-called P11 

fracture frequency (Dershowitz and Herda, 1992). Therefore, the IP models have been used to generate a 

third set of models, however now with reduced joint numbers so as to keep the fracture frequency constant. 

These models will be referred to as IPff. An example model from each of these sets and sourced from the 

same DFN realisation is shown in Figure 1. The geometry used for the construction of the benches is shown 

in Table 2. 
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Figure 1 Examples of the three bench models built using the same DFN realisation and 

incorporating discontinuities of type FP (top), IPff (middle) and IP (bottom). Only 

removable blocks are shown as solids 

A number of analysis techniques have been used to assess the three model types. Further, for some data, the 

more traditional plane and wedge failure models have also been assessed. Note that the stability of blocks 

has been classified using the Goodman and Shi schema (Goodman and Shi, 1985) whereby black blocks 

indicate Type I (unstable), dark gray blocks indicate Type II (stable given the assumed surface properties) 

and light gray blocks indicate Type III (geometrically stable). 
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Table 2 The bench geometry 

Number of benches 3 

Bench length 100 m 

Bench strike 270 

Face angle 75 

Face height 15 m 

Berm width 15 m 

Berm angle 10 

4.1 Rock block morphology 

As discussed earlier, only the representation of joints as finite persistence structures can replicate the 

complex, concave rock block structures seen in nature. The use of infinite persistent structures yields convex 

rock blocks. Figure 2 shows an example of a rock block formed from the finite persistent joints and the 

equivalent volume of rock mass formed from the infinite persistence counterparts to those very same joints. 

Clearly, aside from the morphological difference, there are implications to the estimates block numbers, 

volumes and behaviours that result from this discrepancy and these are discussed later. Further, the 

investigation of block-internal fracture density or frequency is impossible if one adopts a model based on 

infinite persistence joints. 

  

 

Figure 2 A concave rock block (top) from an FP model decomposed into its corresponding convex 

components as constructed in the IPff or IP model (bottom) 

Figure 3 shows the histograms of block numbers for the various model types. The distribution for the FP 

model is centred around 500 blocks, for the IPff it is around 800 blocks and for the IP is it 12,000 blocks. 

The use of infinite persistence discontinuities changes both the peak and distribution shape associated with 

the number of blocks. 
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Figure 3 Histograms comparing the number of blocks generated by the FP (top), the IPff (middle) 

and the IP models (bottom) 
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4.2 Accommodation of complex free surfaces 

Traditional planar and wedge failure analysis has been limited to single bench analysis. This is because the 

techniques used in such an analysis to determine the presence of unstable rock blocks are limited to the use 

of idealised infinitely persistent structures and to the consideration of two or perhaps three intersecting 

discontinuities with a simple free surface. The modelling of the rock mass associated with arbitrary numbers 

of interacting joints and a complex free surface necessitates the use of a polyhedral modelling technique (FP, 

IPff or IP) which can incorporate the geometry of the local surface in any stability analysis. This is certainly 

the case when modelling the open-pit environment (Figure 4). Unless one limits an analysis to single bench 

mechanisms and failures, concave rock blocks which form at the free surface need to be accommodated. 

Failure to do this will render an analysis insensitive to multiple bench phenomena. This is discussed again in 

Section 4.5. 

 

Figure 4 An example of a failure daylighting across multiple benches 

4.3 Potential failures of non-daylighting structures 

Another limitation of traditional techniques is that they are restricted to studying the structures that intersect 

with the free surface, whereas predictions of the internal rock mass structure are invaluable for: 

 Determining how the model predicts the interaction of stochastically generated structures with 

deterministic structures (e.g. beds and faults). 

 Assessing how ‘progressive failures’ may develop – that is, failures of previously stable and non-

daylighting structures. 

Only by the construction of the full polyhedral model (FP, IPff or IP) can those interactions be properly 

investigated. Figure 5 shows the identification of further potential failures (for example, the grey and black 

blocks towards the right side of the model) when one considers the failure of blocks now deemed removable 

after the initial failure has taken place. Such analysis can be performed using an iterative procedure involving 

the removal of unstable blocks at the free surface, recomputing a new free surface and removing the newly 

exposed unstable blocks This can continue until no further instabilities are found. 
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Figure 5 Comparison of identified instabilities assessing only daylighting failures (top) versus 

assessing all potential failures (bottom) 

4.4 In situ block size estimation 

Various methods have been outlined for estimating the in situ block size distribution within a rock mass 

including the use of sieve analysis (Jern, 2004) and traditional equation methods modified to incorporate 

finite persistence and several joint parameter distribution types (Lu and Latham, 1999; Latham et al., 2006). 

The value of polyhedral models to alleviate the need to over-simplify the statistics and geometry associated 

with joint interactivity has been previously noted (Maerz and Germain, 1996).  

The prediction of block size distributions is strongly correlated with the persistence of discontinuities.  

Figure 6 clearly indicates that, as one would expect, large block volumes are severely under-represented (or 

absent) from the IP models (less so in the IPff models). Further, the scatter in distributions associated with 

the FP models indicates that the degree of uncertainty associated with such predictions is actually much 

larger than the both IP model types would suggest. Thus the use of infinite persistence can lead to an under-

estimation of parameter variance even when a multiple realisation study is performed. 
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Figure 6 Block size distributions for the 100 realisations of the FP (top), IPff (middle) and IP 

(bottom) models. Only data for block sizes greater than 0.1 m3 are shown 
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4.5 Backbreak analysis 

Analysis of the predicted backbreak or crest damage of an open pit bench can serve to refine the design of 

bench dimensions and catch bench locations (Ryan and Pryor, 2000). A comparison of the results obtained 

when using the three model types is shown in Figure 7. In all cases, the analyses focus on failures involving 

bench two of this three-bench geometry. For further comparison, backbreak curves have been generated 

using the standard single bench analysis technique similar to that outlined by Ryan and Pryor (2000) and 

these are shown in Figure 8. 

 

 

 

Figure 7 Average backbreak predictions for the 100 FP (top), IPff (middle) and IP (bottom) models. 

The dotted curves indicate all removable blocks (Type I, II and III), the solid only Type I 
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The polyhedral models predict much greater backbreaks to occur than the traditional analysis, with the FP 

models deviating the most. This can be explained as follows: 

 The traditional analysis will underestimate the formation of large failures, as it is limited to single 

bench analysis and will therefore miss failures that daylight across multiple benches (Figure 4). 

 The traditional analysis is also limited to the study of simple tetrahedral wedges and trapezoidal, 

laterally persistent blocks (i.e. along the bench strike). It will therefore underestimate the formation 

of smaller, more complex shaped failures that rely on multiple discontinuities to interact. 

Examination of the curves shows that the IP models predict 5% of backbreaks to be multiple bench (> 15 m) 

events, whereas the FP model predicts 15%. Interestingly, the IPff models agree with the FP models and also 

predict around 15% of failures to be multiple bench events. At least for the geometry used in these 

simulations, the fracture frequency adjustment has captured the presence of the larger, multiple bench blocks. 

 

Figure 8 Back break estimates using the standard single bench analysis  

4.6 Bench retention 

The polyhedral models can be used to assess the retention of unstable blocks. Such analyses rely on 

assumptions regarding the behaviour of the failed rock mass in a catch bench scenario (Gibson et al., 2006). 

The data shown in Figure 9 clearly shows the marked differences between the FP and the IP model. The IP 

model predicts much more failure (of lower volume material), as expected. Therefore, derived quantities 

such as the spill widths predicted by the FP model will also differ. Note that once again, the IPff model 

shows some similarity to the FP model although the predicted variation in failure numbers is not seen. 
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Figure 9 Average bench retention data for 100 realisations using the FP (top), the IPff (middle) and 

IP models (bottom) 

4.7 Stability analysis 

Stability analysis can be performed utilising the technique of stability isoplethogram (Windsor and 

Thompson, 1996). This is a contour diagram representing the stability of a rock mass assessed along multiple 

excavation planes with differing orientations. This analysis has been performed for each type of model and 
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utilises data from 10 realisations for each model type. The sampling intervals were 15 degrees in dip and 

90 degrees in dip direction, and the excavation planes were anchored at the top crest. The isoplethograms 

show failures to occur predominantly for excavation planes parallel to these benches. This is due to the use 

of joint set parameters which maximise failures for the model bench orientations (strikes). The IPff and IP 

models consist of more densely spaced, smaller volume blocks and hence larger numbers of failures. More 

significantly, however, the IP models predict much more failure to occur and the range of excavation planes 

orientations for which this occurs is also greater. Therefore, the IP models yield an overly pessimistic 

stability scenario. 

 

 

 

Figure 10 Stability isoplethograms for the FP (top) and IPff (middle) and IP models 
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5 Conclusion 

This paper has outlined the importance of the polyhedral representation of rock mass structure over 

traditional techniques. The use of finite persistence discontinuity structures has also been discussed. Several 

analysis techniques have been used to assess the various model types and most have shown marked 

differences in predicted failure mechanisms and frequencies, thus supporting the argument that a polyhedral 

model incorporating finite persistence structures should be used whenever possible. 
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