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Abstract 
Numerous mining operations are considering the move from surface to underground mining in order to 
economically mine deeper resources particularly where open pit mine lives are nearing an end. However, 
the body of practical knowledge related to the impacts of underground mining on the surface environment in 
terms of induced differential strains, surface subsidence and slope stability is limited, imposing both 
economic risks to the mine and safety risks to mine personnel. This paper describes the framework of a large 
collaborative research initiative between the University of British Columbia (UBC), Simon Fraser University 
(SFU), Rio Tinto plc and Diavik Diamond Mines. The main objective of this work is to develop a 
methodology to characterise and better understand the complex rock mass interactions between 
underground mass mining operations and strain-sensitive surface structures through the integration of 
advanced numerical modelling methods, rock mass characterisation and deformation monitoring.  

1 Introduction 
With ever-increasing global demand for mineral resources, numerous mines are moving towards developing 
deeper, more complex and lower grade ore bodies. Recent years have seen the transition from surface to 
underground mass mining operations at several major mines worldwide in order to access deeper resources. 
Canadian examples include the Porcupine Joint Venture gold mines (Timmins, Ontario), Lac des Iles 
palladium mine (Thunder Bay, Ontario) and the QR gold mine (Quesnel, British Columbia), with the Diavik 
diamond mine (Northwest Territories), Highland Valley copper mine (Kamloops, British Columbia) and 
Afton copper-gold mine (Kamloops, British Columbia) considering similar moves.  

The rock engineering interactions involved with such plans are complex and challenging. On surface, pit 
wall slopes are exceeding heights of several hundred metres for which the potential for deep-seated, stress-
controlled rock slope failures is becoming more of an issue than bench-scale, structurally-controlled wedge 
failures. Underground, mass mining methods such as block caving are being promoted due to the favourable 
economics such mining methods afford when dealing with lower grade ore. Block caving by its very design 
results in a near-immediate response of the rock mass leading to deformation and surface subsidence. This 
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effect may be localised to the surface area directly above the footprint of the cave, often observed as 
concentric lines of surface fractures stepping outwards from a central glory hole, or extend even further as 
tilting/sliding blocks and small strain subsidence over a significantly larger area (e.g. Figure 1).  

Within the caved zone, obvious geotechnical hazards may arise from unexpected propagation of a stope back 
or cave breaking through to surface; e.g. the hangingwall wedge failure at the Kidd Creek mine in Canada 
(Board et al., 2000), the 800 m high pit wall failure at Palabora in South Africa (Brummer et al., 2006), or 
the fatal air blast caused by sudden caving at the Northparkes mine in Australia (Hebblewhite, 2003). The 
consequences of unexpected or underestimated differential strains outside the caved and fractured zones 
(Figure 1), however, may also have a negative impact on the integrity of strain-sensitive surface structures. 
Recent studies by Benko and Stead (1998), Hajiabdolmajid and Kaiser (2002) and Eberhardt et al. (2004) 
highlight the relevance of small strains (<1 %) on the destabilisation of open pit, engineered and natural 
slopes.  

Given the ecological sensitivity of the northern regions of Canada, sustainable mining practices are a key 
priority – i.e. maximising mining of the resources, while reducing adverse effects. Diamond mines in the 
Northwest Territories (NWT) are facing such questions, primarily the effects that new underground 
developments may have on the stability of protective earth dikes, open pit mine slopes and other strain-
sensitive surface structures. Owing to problems of scale, geological uncertainty and data quality, a 
fundamental understanding of the complex rock mass response in underground mass mining settings remains 
limited. Few reliable methods for subsidence prediction are available, as traditionally, little consideration has 
been given to surface impacts, even though underground mining operations induce considerable changes 
over vast areas (Laubscher, 1994). 

 

 

Figure 1 Surface subsidence associated with block cave mining (modified after van As, 2003 and 
Gilbride et al., 2005) 

This paper presents an overview of a large collaborative research programme, the Canadian Block Caving 
Subsidence study, between the University of British Columbia (UBC), Simon Fraser University (SFU), Rio 
Tinto plc, Diavik Diamond mines and the Natural Sciences and Engineering Research Council of Canada 
(NSERC). The framework is focussed on examining the rock mass response between surface and 
underground mining operations and the impacts of differential strains on the destabilisation of open pit mine 
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slopes by integrating advanced numerical modelling methods, state-of-the-art deformation monitoring 
systems and rock mass characterisation databases. 

2 Subsidence prediction in block cave mining 
Current practice in predicting the effects of underground mining on surface displacements is largely founded 
on empirical estimates. Much of this work has been directed towards longwall mining and continuous 
subsidence, for which empirical procedures and guidelines are relatively well established (Whittaker and 
Reddish, 1989). In block cave mining, relationships have been developed that correlate the mining rock mass 
rating (MRMR), height of caved rock and mine geometry to the break angle (Laubscher, 1990). Typical 
values of break angle (see Figure 1) are reported by Laubscher as ranging from 75 to 90°. This approach, 
however, does not account for the effects of major geological structures which may influence cave 
propagation and the symmetry and continuity of the resulting subsidence; estimates need to be adjusted for 
local geological conditions requiring sound engineering judgment and experience in similar geotechnical 
settings (Elmo et al., 2007a).  

The influence of such factors as geological heterogeneity and surface topography (e.g. where a steep natural 
or open pit slope may be present) has led to a need for numerical methods, which are more ideally suited for 
treating problems involving complex geometries and material behaviour. Several techniques have been 
applied to the analysis of block caving subsidence (see review by Elmo et al., 2007a), ranging from those 
that treat the problem domain as a continuum (or equivalent continuum in the case of fractured rock) to those 
where key discontinuity sets and their influence on the caving and subsidence process can be modelled 
explicitly. Recent developments have seen the extension of these techniques to allow for the modelling of the 
transition from continuum to discontinuum through fragmentation during the caving process based either on 
brittle fracture constitutive relationships and discrete crack insertion algorithms (e.g. Elmo et al., 2007b; 
Vyazmensky et al., 2007; Stead et al., 2007) or through the rupturing of particle bonds (e.g. Gilbride et al., 
2005; Pierce et al., 2007). 

One of the primary objectives of the Canadian Block Caving Subsidence study is to develop guidelines 
related to the use and integration of advanced numerical modelling methods to characterise complex rock 
mass behaviour above block cave mines. Emphasis will be placed on answering questions related to both 
parameter and model uncertainty in order to gain a deeper understanding of the roles geological structure and 
brittle fracture play in the development and distribution of surface subsidence and how best to incorporate 
their influence in predictive models.  

2.1 Parameter uncertainty 
The numerical method chosen (continuum, discontinuum, etc.) depends on the varying strengths and 
limitations inherent in each of the different methodologies relative to the data available and the key 
objectives of the analysis. Models can be simple, focussing on specific questions to gain a basic 
understanding of the contributing subsidence mechanisms, and then increase in complexity to improve 
confidence in subsidence predictions. Figure 2 shows the progressive failure of a 45° pit slope wall during 
the upward advancement of a block cave mine using the finite difference continuum code FLAC (Itasca, 
2005). The model is relatively simple and only includes the effects of volume loss at depth on the stability of 
the slope assuming a Mohr-Coulomb yield criterion. The model shows that with increasing cave height the 
amount of vertical displacement at surface increases and that the stability state of the slope is sensitive to 
small strains. 

This sensitivity is a function of the elasto-plastic shear strength yield properties chosen for the rock mass, in 
this case, cohesion = 1.25 MPa and bulk friction = 40° assuming an elastic-perfectly plastic constitutive 
model. The nature of the continuum model requires that the rock mass properties reflect those of an 
equivalent continuum that treats any discontinuities or planes of weakness in the material implicitly. Lower 
strength properties will result in the slope failing sooner with a reduced cave height (the cave height shown 
in Figure 2e is 400 m with a crown pillar thickness of 400 m), and higher strength properties will result in a 
stable slope or require the cave to daylight in the pit floor bottom for slope failure to occur. Sensitivity 
analyses are common practice when performing a numerical analysis, providing an improved understanding 
of the influence of uncertainty in the material input parameters on the model results (e.g. Figure 3). 
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The modelling process becomes an incremental and iterative process, with other key factors being added to 
the model to increase its complexity and to approach a better representation of the in situ conditions. This 
enables an evaluation of the confidence in the model, assessing the uncertainties associated with the 
modelling process and the influence of various factors on the predictive outcome (e.g. geological 
heterogeneity, in situ stress, role of bulking factors, influence of pore pressures, undercut sequencing, etc.).  

 

 
 

Figure 2 FLAC continuum model of a developing rock slope failure due to small strains associated 
with block cave mining: a) pre-caving, b-e) cave heights of 100, 200, 300 and 400 m, 
respectively. Assumed equivalent continuum rock mass properties are c = 1.25 MPa and φ 
= 40° 

2.2 Model uncertainty  
The modelled interaction between an advancing block cave and open pit slope can be viewed from a number 
of perspectives: the influence of the caving process on the stability state of the pit slope, as well as the 
influence of the pit slope on the stresses in the crown pillar and their influence on the caving process. Thus 
the modelling method and required degree of complexity typically relate to the specific objectives for which 
the analysis is being carried out. The degree of model complexity is also constrained through a balance 
between computational efficiency and solution runtimes. Mine-scale models in 3-D generally necessitate 
simplifying assumptions such as treating the rock mass as an equivalent continuum (e.g. Elmo et al., 2007a).  
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Figure 3 Sensitivity analysis of pit wall stability as a function of rock mass cohesion based on the 
continuum analysis shown in Figure 2 (bulk friction = 40°, cave height = 400 m, crown 
pillar thickness = 400 m, slope angle = 45°). Note that catastrophic failure of the slope 
occurs for a cohesion value of 1.25 MPa 

This raises the question of model uncertainty; are we employing the correct numerical techniques or 
constitutive models to properly represent the physics and behaviour of the rock mass system (e.g. Stead et 
al., 2007)? In block cave mining, the heterogeneous and discontinuous nature of the rock where fractures 
open, slip, propagate and shear, often dominates and controls its behaviour. Brown (2003) summarises the 
current state of practice for discontinuous subsidence related to hard rock mining and block caving in 
fractured rock. In both cases, established methods are predominantly based on continuum mechanics and 
assumptions of geological homogeneity for which the subsidence profile calculated is largely symmetric. In 
accounting for the effects of rock mass heterogeneity and discontinuities, the procedural steps outlined by 
Brown (2003) state that the break angle should be “modified” accordingly. The vagueness of such guidelines 
and brief treatment of “subsidence prediction in practice” in the International Caving Study monograph 
(Brown 2003) underscore the need for further research. 

The interaction between discontinuous mining-induced subsidence and the ground surface/open pit slopes 
has defied empirical attempts of characterisation. Continuum-based finite-element/finite-difference analyses 
are equally deficient. Eberhardt et al. (2007) demonstrated for the case of consolidation subsidence over a 
deep hard-rock tunnel that although the maximum subsidence could be predicted using a finite-element 
solution, the fit to the overall shape of the subsidence trough was poor, and for the most part, the magnitudes 
of vertical displacements were under predicted. A better fit of the width and asymmetry of the subsidence 
profile was instead achieved through a discontinuum-based distinct-element analysis where mapped 
geological structures within and above the tunnel could be explicitly included.  

Figure 4 shows a similar comparison for the block cave/open pit interaction example previously described. 
Continuum-based surface subsidence profiles along a 45° pit slope above an advancing block cave (cave 
height = 400 m, crown pillar thickness = 400 m) are compared to those from a discontinuum-based analysis 
using the distinct-element code UDEC (Itasca, 2004). The discontinuum models differ based on the dip and 
shape of the blocks formed by a series of persistent joints cross-cut by a series of orthogonal joints. The same 
Mohr-Coulomb shear strength properties, corresponding to the stable slope condition determined in Figure 3 
(c = 1.5 MPa, φ = 40°), are used for the equivalent continuum rock mass blocks in the different models. The 
discontinuities in the discontinuum models are assumed to be cohesionless with a joint friction angle of 40°.  
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The results shown in Figure 4 demonstrate that both the magnitude and shape of the subsidence profile 
modelled can vary as a function of modelling approach (continuum vs. discontinuum), constitutive model 
(elastic vs. elasto-plastic), and geometry of the discontinuity network. Figure 5 shows the distribution of 
shear and tensile plasticity indicators for several different discontinuity network configurations if the block 
cohesion value is lowered to that which resulted in catastrophic failure for the continuum-based models 
(Figure 3, c = 1.25 MPa). The explicit inclusion of discontinuities in the UDEC models result in 
deformations that are irregular, asymmetric and discontinuous owing to their changing influence on the 
kinematics of the slope. By discounting the influence of geological structure in promoting asymmetry in the 
shape of the subsidence profile, the magnitudes and reach of displacements affecting the pit slope may be 
under predicted. 

 

 

Figure 4 Comparison of continuum and discontinuum derived subsidence profiles (slope angle = 
45°). The dip angles of the joints in the two UDEC models are 55 and 145°, counter-
clockwise from horizontal, with varying joint persistence and spacings (see Figure 5) 

2.3 Brittle fracture modelling  
The results in Figure 5 emphasise the role of intact rock fracture/continuity in induced slope failure. One 
significant limitation of conventional continuum and discontinuum numerical analyses is their inability to 
explicitly account for brittle fracture processes, and their subsequent role in underground-surface mine 
interactions. The caving process from which the complex combination of discontinuous/continuous ground 
relaxation occurs, is largely controlled by the initiation and propagation of brittle fractures through intact 
rock bridges separating non-persistent discontinuities (see also Elmo et al., 2007c). Following an undercut 
and initiation of the caving process, the cave will propagate upwards and will continue to do so as long as 
shear and/or tensile yield in the cave back is sufficient to prevent the formation of a stable arch. The rock 
mass interactions involved thus comprise global failure of the rock mass in both tension and compression, 
along existing discontinuities and through intact rock bridges.  
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Figure 5 Distribution of shear (*) and tensile (o) plasticity indicators for several different 
discontinuity network configurations (slope angle = 45°)  

Within the scope of the Canadian Block Caving Subsidence study, work in the Resource Geotechnics group 
at Simon Fraser University is concentrating on the applicability of state-of-the-art hybrid finite-/discrete-
element brittle fracture codes in modelling complex subsurface-surface mine interactions. For this, the 
commercial code ELFEN (Rockfield, 2004) is being used, which combines the advantages of both 
continuum and discontinuum techniques to model intact rock behaviour, interactions along existing 
discontinuities and the initiation and propagation of new stress-induced fractures based on fracture 
mechanics principles (Figure 6; Elmo et al., 2007b). Brittle fracture and fragmentation in these models is 
enabled through an adaptive remeshing procedure coupled with contact search algorithms. A detailed 
description of the method can be found in Owen et al. (2004, 2007), and is summarised below.  

The rock mass in ELFEN can be represented using a variety of constitutive criteria including a Rankine 
rotating crack model, which uses tensile strain-softening to represent material degradation. For 
tension/compression stress states, the Rankine model is combined with a capped Mohr-Coulomb criterion in 
which the softening response is coupled to the tensile model (Klerck et al., 2004; Owen et al., 2004). After 
initial yield, the constitutive model introduces damage by degrading the elastic modulus in the direction of 
the principal stress invariant. This leads to localisation in individual elements followed by insertion of a 
discrete crack once the elastic modulus within the localisation zone has degraded to zero. The fracture is 
inserted together with additional nodes into the domain and an adaptive remeshing procedure is used to 
update the necessary elemental connectivities and refine the mesh. Contact interaction laws are implemented 
and the solution moves to the next time step.       
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This combined finite-/discrete-element approach thus allows an initial continuum to be gradually degraded 
into discrete blocks as fractures are inserted. Fracture propagation and coalescence occurs in the directions 
that attempt to maximise the subsequent energy release rate and minimise the strain energy density; i.e. the 
optimum propagation path maintains an orientation normal to the maximum extension strains (Owen et al., 
2004).  

 

 

Figure 6  Hybrid finite-/discrete-element modelling of a pit wall slope failure above a block cave 
mine (after Elmo et al., 2007b). The two figures show progressive stages in fracture 
development following a 150 m undercut 100 m below the pit floor 

For the model run shown in Figure 6, horizontal and vertical displacements of the pit walls were analysed as 
a function of the undercut sequence (taken in 30 m stages and terminating at a width of 150 m). Input for the 
geometry of the joint network was generated using the Discrete Fracture Network program FracMan (as 
reported in Elmo et al., 2007b, and discussed below and in detail in Stead et al., 2007). The results of the 
model clearly show that progressive block caving results in an increased inward horizontal movement of the 
pit wall slope with time, ultimately resulting in a relatively large slope failure characterised by a combined 
sliding-toppling mechanism. The dashed line in Figure 5 represents the failure surface which formed as a 
result of extension of pre-existing fractures and step-path fracture through intact rock material.  

The initial 2-D conceptual models of the interaction between open-pit and block-caving mining shown in the 
work of Elmo et al. (2007b) and Vyazmensky et al. (2007) constitute a required and important precursor to 
more complex and larger-scale simulations (i.e. with extended model boundaries and more details related to 
undercut sequencing, cave propagation, etc.). Future work within the context of this study will focus on 
calibrating the model parameters to ensure that simulated caving behaviour corresponds to the trends 
observed in situ and to develop a correlation between rock mass properties and specific fracture patterns.  

3 Integration of discrete fracture networks and monitoring discontinuous 
subsidence 

The increasing complexity of these numerical techniques necessitates the need for balance with the quantity 
and quality of the engineering geological field data collected to help minimise geological uncertainty. There 
have been considerable developments in the characterisation of rock slopes using remote sensing techniques 
such as laser scanning and digital photogrammetry. As such, the broader framework of the Canadian Block 
Caving Subsidence study will focus not only on the integration of different modelling techniques, but also 
their integration with rock mass characterisation tools and deformation monitoring systems (Figure 7).   

Characterisation efforts will examine the use of laser scanning and digital photogrammetry in determining: 
digital structural domains; kinematic admissibility of rock slope failure mechanisms; discontinuity spacing, 
persistence, offset and block size volume distributions; “step-path” and intact rock bridge characteristics; 
digital rock mass quality measures; and integration of data with discrete fracture network codes (DFN). DFN 
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codes like FracMan (Golder, 2006) provide a powerful means with which to synthesise realistic fracture 
network models from digitally and conventionally mapped data, and several studies have begun to explore 
their applicability to a range of problems related to block cave mining (e.g. Rogers et al., 2007).  

Figure 8 provides an example of the combined use of FracMan together with a block theory analysis (using 
the FracMan module RockBlock; Golder, 2006). Through collaboration with Golder Associates, FracMan 
will be used to quantify the effects of discontinuity connectivity, persistence and intact rock bridges on 
caving mechanisms, and to link rock mass characterisation data sets with correlations between cave 
propagation and subsidence (see Elmo et al., 2007c). This work continues that by Elmo (2006) to develop 
fracture trace maps based on regularly defined joint sets to import into ELFEN to study the effects of varying 
fracture orientation and intensity on stress-induced fracture propagation (as demonstrated in Figure 6 with 
respect to rock slope interactions with block cave mines; see also Stead et al., 2007). 

 

Figure 7 Integration of study components to investigate complex rock mass interactions between 
underground and surface mining excavations 

To complement the rock mass characterisation studies, remote sensing data, geodetic measurements and 
high-resolution tiltmeters and crackmeters will be used to measure and characterise the effects of geological 
heterogeneity on underground-surface mine interactions and surface subsidence. Existing data from several 
operating mine sites will be used together with new data sources to provide the necessary resolution and 
spatial/temporal coverage required. Satellite imagery and air photos will be used to characterise macro-
deformations where ground collapse has occurred and surface tiltmeters, crackmeters and geodetic 
measurements will be used to analyse small strain microdeformations and surface subsidence profiles. 
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Figure 8 FracMan Discrete Fracture Network (DFN) model integrated with a block theory analysis 
to characterise block shape/volume for pit slope and block caving applications (after Elmo 
et al., 2007c) 

Figure 9 provides an example of a Differential Interferometric Synthetic Aperture Radar (DInSAR) trial 
assessment performed at the Palabora block cave operations in South Africa (AMEC, 2005). Deformation 
maps were prepared for several consecutive time periods and compared to weekly ground survey data. The 
general trend and magnitude of deformations indicated by the ground survey data correlated well with the 
DInSAR data. One of the major studies to be carried out as part of the deformation characterisation work will 
be to integrate and compare DInSAR datasets with surface-based geodetic measurements. Further 
applications of DInSAR to the measurement of subsidence will be explored and undertaken, integrating 
further data from surface tilt meters, GPS and microseismic arrays.  

Existing microseismic data, including event frequency (temporal control), source location (spatial control) 
and source characteristic data, will further be integrated into the combined data set. A detailed review paper 
on microseismic monitoring of open pit slopes is given by Lynch and Malovichko (2006). Comparisons will 
be made between seismic and aseismic zones, and their rock mass characteristics to gain insights into the 
role of geological and structural controls as a function of the induced/disturbed stresses. Source 
characteristics will be analysed to delineate tensile and shear activity and sources within the seismogenic 
zone (i.e. separating brittle fracture events from those related to slip along existing joints or newly formed 
fracture planes. Further correlations will be made with the layout and progress of mine operations and 
measured surface displacements.  

 

Figure 9 Comparison of two months of pit wall movement in 2004 due to block cave mining at the 
Palabora mine in South Africa (AMEC, 2005). July 22 to August 15 (left) and August 15 to 
September 8 (right) 
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The large number of data sets involved in this project, ranging from numerical to satellite imagery to ground-
based measurements, will require that they be stored and interpreted in an efficient manner. For this, state-of-
the-art computer visualisation techniques will be adopted using Virtual Reality (VR) technology. The 
ELFEN software already allows data visualisation in Virtual Reality Modelling Language (VRML) and it is 
intended to extend these capabilities through this project. VR facilities combine large format spherical 
stereoscopic projection with advanced earth modelling software that enable the mapping of numerous data 
sets to a single, world coordinate system (Kaiser et al., 2002). Kaiser et al. (2002) note that this “fusion” of 
data when viewed in the VR setting enables the identification of hidden relationships, discovery and 
explanation of complex data interdependencies, and means to compare and resolve differing interpretations.    

4 Conclusions and future work 
Owing to problems of scale and lack of access, a fundamental understanding of the complex rock mass 
response in block caving settings remains limited. Issues related to geological complexity and both parameter 
and model uncertainty represent a significant obstacle to better predicting the spatial and temporal evolution 
of catastrophic rock slope failures. This paper describes the framework and initial results from a large 
collaborative research initiative whose main objectives are to better understand and characterise the complex 
rock mass interactions leading to surface subsidence above block cave mines and their impact on strain-
sensitive surface structures. The use of state-of-the-art continuum, discontinuum and hybrid finite-/discrete-
element techniques forms a fundamental part of the ongoing research. 

The framework presented in this paper emphasises the need to better integrate the various data sets collected 
through both field-based investigations and analytical/numerical modelling studies in order to overcome the 
challenges of geological complexity and uncertainty and bring better understanding of the controlling slope 
destabilising mechanisms into the engineering decision-making process.   
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