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ABSTRACT: The ability to predict surface subsidence associated with block caving mining is important for both environmental impact and operational hazard assessments. Use of numerical modelling provides an opportunity to enhance understanding of the surface subsidence phenomenon and develop improved methodologies for subsidence prediction. Previous numerical studies were primarily focused on site specific predictive modelling. A conceptual modelling study employing combined continuum-discrete element method is planned to investigate mechanisms governing subsidence development. As a necessary prerequisite for such a study the analysis of potential modelling approaches is conducted. In a framework of combined continuum-discrete element method there are three approaches to rock mass representation: equivalent continuum, discrete network and mixed. Initial modelling illustrated that reasonable simulation of surface subsidence development can be achieved using equivalent continuum and mixed approaches.
1 Introduction

Block caving mining is characterized by caving and extraction of a massive volume of ore which translates into a formation of major surface depression or subsidence zone directly above and in the vicinity of the mining operations (see Figure 1). The block caving induced subsidence may endanger mine infrastructure and is a major concern for operational safety. Moreover, changes to surface landforms brought about by block caving subsidence can be quite dramatic and may lead to a pronounced environmental impact. Therefore the ability to predict surface subsidence associated with block caving mining is critical for both mining operational hazard and environmental impact assessments. 
Owing to problems of scale and lack of access a fundamental understanding of the complex rock mass response in block caving settings remains limited.  Block caving geomechanics is still largely an empirically based discipline. Use of numerical modelling provides an opportunity to investigate the factors governing caving mechanisms and develop improved methodologies for the prediction of associated surface subsidence.

A comprehensive numerical modelling study focused on block caving related surface subsidence is being carried out at the Simon Fraser University in collaboration with the University of British Columbia. A state-of-the-art combined continuum-discrete element code ELFEN (Rockfield, 2006) is employed as the principal modelling tool. This paper reviews the existing methods of subsidence prediction, provides the rational basis for the methodology of subsidence analysis adopted in the current research and oulines three different modelling approaches.
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Figure 1: Conceptual representation of surface subsidence associate with block caving mining, subsidence characterization terminology, after  van As ( 2003). 

2 TRADITIONAL TECHNIQUES OF BLOCK CAVING SUBSIDENCE ANALYSIS
2.1 Empirical
The most commonly used empirical method for estimating subsidence parameters in cave mining is Laubscher’s method (Laubscher, 2000). Laubscher proposed a design chart that relates the predicted cave angle to the MRMR (Mining Rock Mass Rating), density of the caved rock, height of the caved rock and mine geometry (minimum and maximum span of a footprint). Here it should be noted that it is quite difficult to determine the density of the caved rock which is an important parameter in the analysis.  Moreover, Laubscher’s chart does not take into account the effect of geological structures which may influence the dip of the cave angle. Therefore the estimates of the angle of break should be adjusted for local geological conditions which require sound engineering judgment and experience in similar geotechnical settings. Although Laubscher’s design chart is a useful tool for preliminary estimates of the angle of break, it is too general to rely solely upon in design.
2.2 Analytical
The limit equilibrium technique is the most commonly used analytical method for subsidence assessment in caving settings. The initial limit equilibrium model for the analysis of surface cracking associated with the progressive sub-level caving of an inclined orebody was developed by Hoek (1974) for the analysis of subsidence at Grängesberg mine in Sweden. He proposed a conceptual mechanism of hanging wall failure during progressing downhole mining as illustrated in Figure 3.
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Figure 2: Progressive hanging wall failure sequence with increasing depth of mining (Hoek, 1974): (a) mining from outcrop; (b) failure of overhanging wedge; (c) formation of steep face; (d) development of tension crack and failure surface; (e) development of second tension crack and failure surface 
It was assumed that at each stage of vertical retreat a tension crack and a failure surface form in the hanging wall rock mass at a critical location determined by the strength of the rock mass and the imposed stresses (Figures 2d and 2e). A limit equilibrium solution was developed to determine the stability of the block of rock isolated by the new tension crack and the failure surface formed at each stage of mining. Using Hoek’s analysis it is possible to predict the angle of inclination of the new failure surface, the new tension crack depth and the angle of break as the depth of mining increases. The analysis assumes a flat ground surface and full drainage throughout the caving mass. Hoek’s method is applicable to progressive hanging wall failure only, and requires input of initial subsidence conditions. Brown & Ferguson (1979), Kvapil et al (1989), Karzulovic (1990), Herdocia (1991), Lupo (1996), Flores & Karzulovic (2004) have modified Hoek’s method to incorporate various additional parameters and mining geometries.
Heslop and Laubscher (1981) indicated that a governing factor in hanging wall failure is rock structure. Presence of faults may provide preferential shear failure planes. Persistent discontinuities having similar dip to the orebody may create a tendency for toppling failure.  Woodruff (1966) postulated that the tension cracks surrounding a caved or subsidence area do not necessarily represent planes of movement extending from ground surface to undercut level.  Therefore the mechanism of failure behind Hoek’s (1974) limit equilibrium approach may not be applicable in all cases.
Overall, the limit equilibrium approach is restrictive – it is based on Hoek’s (1974) assumption of failure mechanism and is able to provide estimates for the angle of break only. 

2.3 Numerical 

Numerical techniques being inherently more flexible and sophisticated provide an opportunity to improve understanding of subsidence phenomena and increase accuracy in subsidence predictions. 
Numerical analysis strategies typically employed in the analysis of block caving subsidence include:

· large strain continuum approaches (LSC)

· discontinuum approaches (D)
Table 1 summarizes published accounts of numerical analysis of surface subsidence. Overall, with the exception of Flores & Karzulovic (2004) study, all reviewed accounts have generaly focused on back analysis or predictive modelling of particular mine sites. The modelling study by Flores & Karzulovic (2004) is arguably the first attempt after Laubscher (2000) to provide general guidance for subsidence analysis. These authors conducted conceptual FLAC/FLAC3D modelling of the surface subsidence associated with block caving, for the case with an existing open pit, varying rock mass strength, open pit depth and undercut level depth.  Based on their modelling results complemented by limit equilibrium analysis 
a series of design charts were developed correlating angle of break and zone of influence of caving with undercut level depth and crater depth for rock with various rock mass geotechnical quality. The validity of these charts is yet to be confirmed by mining experience. It should be noted that the study by Flores & Karzulovic 
(2004) was not focused on providing clues to the essence of rock mass response in block caving setting and subsidence development.  Therefore, in light of increasing use of the block caving mining method and the importance of increasing knowledge of potential surface subsidence there is a genuine need for a comprehensive numerical study on the general principles of surface subsidence development associated with block caving mining.
Table 1: Numerical studies of surface subsidence.
	Author
	Approach
	Type of analysis

	Singh et al.

(1993)
	LSC (FLAC)
	Site specific: Rajpura Dariba and Kiruna mines

	Karzulovic et al.  (1999)
	LSC (FLAC)
	Site specific: 
El Teniente mine

	Flores & Karzulovic (2004)
	LSC (FLAC/
FLAC3D)
	Conceptual

	Li & Brummer, (2005)
	D 

(3DEC)
	Site specific: 
Palabora mine

	Gilbride et al. (2005)
	D 

(PFC3D)
	Site specific: 
Questa mine


3 A NEW APPROACH to subsidence ANALYSIS 

3.1 Importance of consideration of brittle failure 

Block caving subsidence is the product of a complex rock mass response to caving
. This response comprises global failure of the rock mass in both tension and compression, along existing discontinuities and through intact rock bridges. It appears that the ability of numerical modeling to capture the essence of rock mass response during caving is the key to successful analysis of subsequent surface subsidence.

Most natural rocks subjected to engineering analysis are quasi-brittle; failure in such rocks is a result of brittle fracture initiation and propagation.  The brittle fracture is the process by which sudden loss of strength occurs across a plane following little or no permanent deformations.

In continuum based numerical approaches the effect of brittle fracturing is typically incorporated into constitutive models, such as Hoek-Brown’s failure criterion (2002), or, by the assumption of predefined ubiquitous planes of weakness. In discontinuum particle based approaches the effect of brittle fracturing is simulated by breaking the contacts of bonded discrete elements. Both approaches provide approximations of brittle fracturing to some degree, none however offer a true representation of the actual brittle fracturing phenomena which involves fracture growth, propagation and material fragmentation - in other words transformation from a continuum to a discontinuum state and subsequent interaction of discrete systems.
In the current study the authors adopt a fracture mechanics based state-of-the-art numerical code ELFEN (Rockfield Technology Ltd., UK) that incorporates a combined continuum-discrete element approach with an assumed fracture criterion.  ELFEN allows the simulation of fracture process initiation, fracture growth and extension in both intact and pre-fractured rock material and is able to simulate rock fragmentation and fragment interaction. Using ELFEN the caving process can be simulated as a brittle fracture driven continuum-discontinuum transition.

3.2 Hybrid finite/discrete element code ELFEN
3.2.1 Constitutive models for rock
The simulation of fracturing, damage and associated softening in ELFEN is achieved by employing a fracture energy approach controlled by a designated constitutive fracture criterion. There are two constitutive fracture models implemented in the code:

· Rankine rotating crack model; 

· Mohr-Coulomb model with a Rankine cut-off. 

The Rankine rotating crack model is used to simulate crack formation under tensile conditions. In this approach, cracks are initiated in three directions normal to the principal strains which are presumed to rotate to maintain their orthogonality condition upon further loading. Cracks are initiated when a limiting tensile stress is reached, after which the material follows a softening/damaging response. The softening slope is related to the fracture energy release rate, Gf.

For combined tension/compression regimes, the above model is complemented by a constitutive description based on a Mohr-Coulomb type material model with a limiting compressive cap. The compressive post-failure behavior is coupled to the tensile softening response and a feature of the model is the ability of the material to independently soften in the three principal stress directions. This constitutive algorithm is capable of predicting fracture for arbitrary tensile/tensile or tensile/compressive stress states (May et al., 2005). Detailed descriptions of these constitutive models can be found in Klerck (2000) and Owen et al. (2004).
In a block caving setting both compressive and tensile stress fields are anticipated, hence for the current study a Mohr-Coulomb model with a Rankine cut-off is employed.

3.2.2 Continuum to discontinuum transformation

One of the important issues of fracture modeling is how to transform the continuous finite element mesh to one with discontinuous fractures and to deal with the subsequent interactions between the fracture surfaces. The fracture algorithm employed in ELFEN inserts physical fractures into a finite element mesh such that the initial continuum is gradually degraded into discrete blocks.
A discrete fracture is introduced when the tensile strength in a principal stress direction reaches zero and is oriented orthogonal to this direction. The fracture is inserted along failure plane (Figure 3a). The failure plane is defined in terms of a weighted average of the maximum failure strain directions of all elements connected to the node.  A fracture can be inserted either exactly through the failure plane - resulting in formation of new elements (Figure 3b) or along the boundaries of the existing elements (Figure 3c).

Fracture development and potential material degradation into discrete particles requires special treatment of mechanical forces on the contact interfaces. In ELFEN contact interaction laws are adopted in terms of a penalty method. Surface penetration that violates the impenetrability constraint invokes normal penalty (contact) forces that prompt surface separation. Similarly, tangential penalty forces are invoked by the relative tangential displacement between contacting surface entities. These tangential penalty forces are set to zero in the case of a frictionless contact or appropriately relaxed in the case of a slipping contact (Klerk, 2000). Elmo (2006) reviewed the correlation between joint stiffness parameters and penalty coefficients in ELFEN. He showed that the normal stiffness 
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Figure 3: (a) weighted average nodal failure direction; (b) intra-element fracture; (c) inter-element fracture (after Klerk, 2000)
Strength parameters on the fractures interfaces are defined in ELFEN in terms of cohesion (
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) based on a linear Mohr-Coulomb criterion.
3.2.3 ELFEN applications  in rock engineering

Developed in the early 1990s ELFEN was initially applied to impact analysis on brittle materials including ceramics. However, in the recent years it has found wider use in rock engineering modeling. Research by Klerck (2000), Coggan et al. (2003), Cai & Kaiser (2004), Stead et al. (2004), Eberhardt et al. (2004), Elmo et al. (2005), Stead & Coggan (2006) and Elmo (2006) demonstrated the capabilities of the code for the analysis of various rock mechanics problems involving brittle failure, including analysis of Brazilian, UCS and shear laboratory tests, analysis of slope failures and underground pillars stability. Initial applications of the code for the analysis of block caving by Esci & Dutko (2003) and Pine et al. (2006) showed encouraging results.
4 application of a Combined finite/discrete element method TO subsidence analysis
4.1 Modelling approaches
The main objective of the current study is to improve our general understanding of the mechanisms controlling subsidence development.
Due to the complexity of model setup and the significant computational time required to run mine scale subsidence problems a conceptual 2D analysis is adopted. A series of numerical experiments is being conducted to establish a link between rock mass properties, in-situ stress ratio, jointing, major geological structures, surface topography, mining sequence, and the resultant subsidence.
One important factor that must be considered during the modeling is adequate representation of the rock mass
. In the context of finite/discrete element method three possible approaches to the representation of the rock mass include: 

· Equivalent Continuum 
· Discrete network
· Mixed discrete/equivalent continuum approach
In the equivalent continuum approach the jointed intact rock mass system is represented as a continuum with reduced intact rock properties to account for presence of discontinuities. The rock mass properties can be deduced from one of the rock mass classification systems such as RMR or GSI
. It should be noted that discontinuities add kinematic controls to the failure mechanism and may provide preferred orientation to the failure.  

In this sense the discrete network approach, where the rock mass is represented as an assembly of discontinuities and intact rock regions, is closer to reality.  The intact rock properties can be established based on scaled laboratory tests and the pattern of discontinuities can be determined from field mapping/borehole logging data or stochastic modeling. Fracture representation must be adequate for the problem studied. Clearly it is not feasible to consider every single flaw fracture within the rock mass, however the resolution of fractures should be sufficient to capture salient features of the simulated behavior.
In some circumstances, such as when simulating large scale problems, to achieve reasonable computational efficiency, discontinuities must be placed fairly sparsely. In this context representation of the rock between fractures as an intact material may produce an overly stiff response. A mixed approach, where the rock mass is represented as an assembly of sparsely spaced discontinuities and regions with reduced intact properties, is a necessary compromise between the first two approaches allowing consideration of the effect of discontinuities and computational efficiency. In this approach the appropriate combination of fracture network/reduced intact rock properties should be chosen so that the salient features of the simulated response are captured.
This paper presents examples of conceptual ELFEN models simulating surface subsidence development due to block caving mining using equivalent continuum, discrete network and mixed approaches. The applicability of these approaches to subsidence analysis is discussed.
4.2 Surface subsidence modelling using an equivalent continuum approach

4.2.1 Model setup
A 800m x 204m model sub-divided into non-fracturing and fracturing regions was used, Figure 4. The fracturing region covers the principal area where fractures may potentially develop and has a higher mesh resolution. The non-fracturing region has a lower mesh resolution and is required to extend the model boundaries to minimize potential boundary effects on simulation results.
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Figure 4: ELFEN model geometry and boundary conditions.

Table 2: Input parameters for ELFEN modelling. 
	Parameter
	Unit
	Int. rock
	Equivalent continuum

	Rock mass
	
	
	

	Young’s Modulus, E
	GPa
	60
	18

	Poisson’s ratio, (
	
	0.25
	0.25

	Density, ρ
	kgm-3
	3100
	3100

	Tensile strength, (t
	MPa
	10
	0.33

	Fracture energy, Gf
	Jm-2
	63
	63

	Internal cohesion, ci
	MPa
	15
	0.3

	Internal friction, (i
	degrees
	60
	35

	Dilation, ψ
	degrees
	9
	9


	Preinserted or newly generated fractures

	Fracture cohesion, cf
	MPa
	0

	Fracture friction, (f
	degrees
	35

	Normal penalty, 
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	GPa/m
	1

	Tangential penalty,
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	GPa/m
	0.1

	In-situ stress ratio, K
	
	1


Block caving mining is simulated by undercutting and full extraction of a block of ore 100m x 100m located within the fracturing region. The undercut (100m x 4 m) is developed in five stages - 20m at each stage. A uniform draw of ore is assumed. The ore extraction is simulated by looped deletion of the discrete elements within the full length of the undercut level.

The rock mass in the model is represented as an equivalent continuum with the properties corresponding to RMR 60. The preliminary model input parameters are given in Table 2.
4.2.2 Modelling results
Figure 5 shows cave development during undercutting.
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Figure 5: Simulation of cave development during undercutting using an equivalent continuum approach.
The rock mass begins to cave when the undercut reaches 40m (hydraulic radius of 20m). However, continuous caving is achieved only when the undercut exceeds 80m (40m hydraulic radius). Assuming that MRMR≈0.9RMR (Flores & Karzulovic, 2002) the simulated phases of cave initiation shown in Figure 5 can be plotted on Laubscher’s caveability chart - see Figure 6. Close agreement is observed with empirical observations. 

Afetr undercutting the cave back extends as far as 60 m above the undercut level  causing formation of a stepped depression at the surface, with the maximum subsidence of 0.7m above the center of the undercut.

Figure 7 shows the development of surface subsidence during ore extraction.  The cave back reached the surface at about 17% of ore extraction
, as shown in Figure 7a.  Continuing extraction of the ore resulted in formation of the subsidence crater as shown in Figure 7b. Deepening of the crater leads to gradual collapse of the crater’s walls through toppling and rotational failures. The final surface profile at full ore extraction is shown in Figure 7c.
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Figure 6: ELFEN modeling results plotted on Laubscher’s caveability chart.
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Figure 7: Simulation of subsidence development during ore extraction using an equivalent continuum approach: a- cave breaks through the surface at 17% ore extraction; b – 50% ore extraction; c – contours of vertical displacements (m) at 100% ore extraction.


Flores & Karzulovic (2002) summarized the geotechnical data from 18 block and panel caving operations around the world.  They reported that in the studied mines for RMR<70 the angle of break is typically more than 45˚ and for RMR>70 more than 60˚. The minimum angle of break inferred from the model shown in Figure 7c is 56˚, which appears to be reasonable for a rock mass with RMR 60. The minimum angle of fracture initiation for the same model is 50˚ and the maximum extent of the zone of influence (with the assumption of critical settlement threshold of 5mm
) is 110m.
Overall, initial results of modelling of block caving mining using an equivalent continuum approach appear to be reasonable.  The model was able to capture the salient features of the caving process and surface subsidence development.
4.3 Surface subsidence modelling using discrete network and mixed approaches

4.3.1 Model setup
The model setup is similar to that shown in Figure 4, with the exception that a predefined fracture pattern is inserted (Figure 8).  

Generally, to achieve progressive caving, two orthogonal vertical to steeply joint sets and a third sub-horizontal set are required. 2-D caving analysis assumes that one of the subvertical sets is strictly vertical and is parallel to the plane of the cross section..

The fracture network can be developed using the proprietary code FRACMAN (Golder, 2006) and exported into ELFEN. A sample 2-D FRACMAN generated discrete fracture network, DFN, model integrated into ELFEN model is shown in Figure 8. The DFN model was generated assuming a 70˚ steeply dipping joint set and a sub-horizontal joint set with a dip of 10˚.

The intact rock properties for the discrete network approach are shown in Table 2. The reduced rock mass properties for the mixed approach were assumed the same as for the equivalent continuum approach.
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Figure 8: ELFEN model coupled with DFN model. 
4.3.2 Modelling results

Figure 9 illustrates the discrete network approach of modelling of block caving.  It can be seen that the undercutting results in a formation of massive blocks which tend to slide into the undercut along steeply dipping joints. Evidently, the rock mass is too strong to develop continuous caving.
 Additional modelling trials carried out using this approach have indicated that in order to achieve continuous caving for the simulations with intact rock properties a blocky fracture pattern should be assumed and the spacing of discontinuities should not exceed 0.5m. However, such a geometrical domain requires fine mesh discretization resulting in extensive computational times, making this approach not currently feasible to consider for routine block caving analysis.
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Figure 9: Simulation of caving using discrete network approach, end of undercutting.
Results of application of the mixed approach to the block caving subsidence analysis are shown in Figures 10 and 11. It appears that the release surfaces formed by discontinuities facilitated cave development and “softened” systems response. As shown in Figure 10, in contrast with equivalent continuum modelling (Figure 5) the caving is initiated at the very first stage of undercutting, 20m. Continuous caving was reached at an undercut of 40m. By the end of undercutting the cave breaks through the surface. Interestingly, fracturing development is somewhat assymetrical due to the steeply dipping joint set. Comparison of caving simulation observations for equivalent continuum and mixed approaches, plotted on Laubscher’s chart (Figure 6), shows that mixed approach model is more susceptible to caving and deviates from the trend observed in caving practice. 
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Figure 10: Simulation of cave development during undercutting using a mixed discrete/equivalent continuum approach.

Discontinuities also played an important role in subsidence development. If in the equivalent continuum approach tensile cracks must be formed for toppling to occur, in the mixed approach the kinematic conditions for toppling were already in place, so that subsidence developed preferentially in a direction of the hanging wall. The following subsidence parameters can be inferred from Figure 11: the angle of break at the end of ore extraction is 49˚, the minimum angle of fracture initiation is 38˚ and the maximum extent of the zone of influence (with the assumption of critical settlement threshold of 5mm) is 150m.
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Figure 11: Simulation of subsidence development using a mixed discrete/equivalent continuum approach. Contours of vertical displacements (m) at 100% ore extraction.
Overall, the mixed approach highlighted the effect of discontinuities on the subsidence development. It appears that the assumed combination of fracture pattern and reduced intact rock properties leads to an overly soft system response and as a result subsidence parameters were overestimated. Clearly the equivalent continuum properties for the regions in between fractures assumed in the mixed approach must be higher than for the equivalent continuum modelling approach.

5 DISCUSSION and conclusionS

The conducted ELFEN modelling trials indicated a general applicability of the equivalent continuum and mixed approaches. The discrete network approach is generally the most realistic for block caving subsidence analysis, however currently it requires excessively long computation times.
The modelling based on equivalent continuum approach demonstrated results which corresponded reasonably well with the typical trends observed at actual block caving mines. It should be noted that the equivalent continuum properties derived using RMR were quite low. It is suggested that subsidence predictions using this approach could be improved by utilizing a constitutive model that allows directional strength weakening, so that effect of presence of discontinuities can be simulated to some degree. However, true kinematic controls of discontinuities cannot be captured without including pre-inserted fractures in the models. 
The mixed approach allows simulation of the kinematics involved in block caving.  The conducted modelling using this approach showed some interesting results. However application of the mixed approach is somewhat complicated by a need to assume scale dependant rock mass properties and requires further research. The assumptions of representative fracture pattern and the material properties will govern modelling results. Fracture networks  should be either assumed or generated using stochastic modelling. The material properties should be linked with the fracture network. A calibration of the rock mass properties is required to ensure that simulated caving behaviour corresponds to the trends observed in-situ. The GSI system provides some guidance on establishing material properties based on rock structure and joint surface conditions. However, it demands uniform blocky fracture pattern. Research is underway to develop a correlation between rock mass properties and specific fracture patterns.
Overall, the initial combined finite/discrete modelling of block caving induced surface subsidence shows encouraging results. It is anticipated that the detailed conceptual modelling study of the factors controlling subsidence development, carried out as part of the current study, will enhance our understanding of the rock mass behaviour in block caving and will lead to development of improved methodologies for subsidence prediction.
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�Is there any range or order of magnitude that could make evident this final statement


�Could you please expand on how limit equilibrium was used in the anlysis


�One of the problems of this approach is that rock mass is taken as a whole so there is no significant considerations made regarding structural controlled failure


�Is it rock mass or structural controlled failure or both


�This is true in highly competent deep ore bodies. It could be that caving is mainly controlled by join failure in which the behaviour is rather plastic. 


�I recommend to add a reference here


�Why is it so important to adequate represent rock mass and no geometry as you are using 2D models


�reference


�at an operational level how would you estimate these parameters specially the fracture energy and the dilation angle


�it is not clear what the 0.7 m is 


�in volume or tons?. It would be interesting to see the percentage of the block height at which the cave back reached the surface. This is called the caving ratio


�it would be of much interest to see a chart that shows the angle of break and the zone of displacement in m for every 10% of volume extraction of the in situ ore block


�is this a parameter in the model or just a post process analysis 


�Nevertheless it would be worthwhile to test at the scale of the experimental modeling tht you are performing


�Why are you using a reduced intact rock properties if you are explicitly introducing join sets through Fracman. Rock between fractures should be taken as intact. 
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