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Abstract 

The accurate assessment of cave initiation and propagation is of critical importance to the planning of any 

new caving operation. For this reason, the use of numerical models for simulation of the undercutting, draw, 

propagation and surface subsidence processes are becoming more commonplace. This paper describes the 

application of a numerical caving algorithm that has been developed within the industry funded Mass 

Mining Technology (MMT) project. The caving algorithm allows a cave volume to evolve as a result of the in 

situ geomechanical conditions and the imposed production schedule. It has been validated at a number of 

different caving operations. The effect of the in situ geomechanical conditions and imposed production 

schedule on cave behaviour has been studied by conducting a series of numerical simulations of a 

conceptual block cave mine. The results are compared to traditional empirical methods for predicting 

caveability. 

1 Introduction 

It has long been recognised that the ability of an in situ rock mass to cave (or fragment) is a function of its 

strength in tension and shear and the value of the applied forces (after Brady and Brown, 2004). Cundall 

(2005) suggests that in order for a cave to propagate, the rock mass must be able to move downwards, which 

implies that the following events must occur; separation and or loosening in the crown, and; shearing 

distortion between the caved mass and the abutments. Both of these failure mechanisms require shear or 

tensile failure of the intact rock bridges as well as shearing and dislocation along pre-existing joints within a 

rock mass. 

In recent years a numerical approach to the assessment of cave propagation has been developed in 

conjunction with the MMT project (Sainsbury et al., 2008a; Board and Pierce, 2009; Chitombo, 2010). The 

approach simulates cave propagation as a function of the specified draw strategy, evolving induced stress 

conditions and the simulated constitutive behaviour of the rock mass, without assumptions having to be 

made by the modeller regarding cave shape and the rock mass dilatation (bulking) response.  

The numerical approach has been applied to a number of cave scenarios to provide an understanding of the 

sensitivities of a propagating cave to: a) rock mass strength; b) in situ stress; and c) simulated production 

draw. The results are presented in terms of propagation rate, bulking/dilation of the caved material, 

abutments stresses and predicted seismic potential. 

2 Background 

A conceptual model of caving has been developed by Duplancic and Brady (1999). The model includes four 

main behavioural regions that have also been defined within the numerical model of caving. A schematic 

diagram representing the relationship between the regions is presented in Figure 1. The characteristics of 

each region are: 

 Elastic Region – The host rock mass around the caving region behaves mainly elastically. Rock mass 

behaviour and properties are those of an ‘undisturbed’ rock mass. Induced stresses in this region may 

be high enough to impact infrastructure. 

 Seismogenic Zone – Microseismic (and sometimes seismic) activity will be concentrated in the 

region primarily due to discontinuity damage (discontinuities going from peak to residual strength) 

and the initiation of new fractures. Within the numerical model, the seismogenic zone is depicted by 

an empirically derived criterion developed by Diederichs (2000) and is described in detail in Reyes-

Montes et al. (2010).  
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 Yielded Zone – The rock mass in this region is fractured and has lost some or all of its cohesive 

strength and provides minimal support to the overlying rock mass. Rock mass within the yielded 

zone will be subject to significant damage i.e. open holes will be cutoff, TDRs will break and 

cracking will be observable in infrastructure. Stress components within this region are typically low 

in magnitude.  

 Mobilised Zone – This zone gives an estimate as to the portion of the orebody that has moved in 

response to the production draw and may be recoverable. Within the numerical model this has been 

defined as the 2 m displacement contour. 

 Air Gap – The air gap shown in Figure 1A will exist only if the overlying yielded zone retains some 

level of cohesion. In caves under lower stress conditions, an air gap is interpreted to form within the 

numerical model when the yield zone becomes stationary and is coincident with the mobilised zone. 

 

Figure 1 Main behavioural regions of a propagating cave 

3 Rock mass constitutive behaviour 

There is significant uncertainty regarding post-peak rock mass behaviour during the failure process and the 

manner in which the rock mass transitions from an intact to a caved material. In this complex process, 

creation of a propagating cave results in: a) deformation and stress redistribution of the rock mass above the 

undercut; b) failure of the rock mass in advance of the cave – with associated progressive reduction in 

strength from peak to residual levels; and c) dilation, bulking, fragmentation and mobilisation of the caved 

material. This overall response is often termed a ‘strain-softening’ process, and is the result of strain-

dependent material properties.  

In the caving model described herein, the strain-softening material is described by the Mohr–Coulomb 

failure criteria in which the post-peak strength behaviour is a function of plastic shear-strain-dependent rock 

mass cohesion and friction. The plastic shear strain required in going from peak strength to a fragmented 

rock mass (termed here the ‘critical plastic strain’) in the periphery of the cave defines the brittleness of the 

rock mass failure, and may be related to the Geological Strength Index (GSI) of the material and zone size 

within the model. 

The bulking/dilation of rock mass that accompanies softening (resulting from the creation and opening of 

new fracture surfaces), as well as the corresponding decrease in density and modulus are accounted for 

within the model to ensure mass conservation (i.e. no mass is created or destroyed during the failure 

process). To achieve this balance, the density, modulus and dilatational response of the rock mass within the 

evolving cave volume are adjusted automatically to reflect the volumetric changes. 

Large-scale numerical laboratory simulations with a strain softening model shows the progressive 

degradation of cohesion at various stages of unconfined compressive stress (UCS) sample loading, as 

illustrated in Figure 2(a). Previous simulations conducted by Sainsbury et al. (2008b) show how a numerical 

strain-softening response can be calibrated to observed failure modes and estimates of the complete rock 

mass stress–strain response derived from synthetic rock mass (SRM) testing. In lieu of SRM testing, peak 
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strength properties for the strain-softening material model can be estimated based on the measurable values 

of GSI, UCS, and mi that may be used to develop a Hoek–Brown failure envelope and equivalent  

Mohr–Coulomb material properties. A bi-linear Mohr–Coulomb fit (presented in Figure 2(b)) to the  

Hoek–Brown curve can be used to more accurately represent the actual non-linearity of the failure envelope. 

In addition, the range of stress over which the Mohr–Coulomb properties are fit is limited to ensure a better 

match over the range of expected induced stresses during caving (as presented in Figure 2(c)).  

 

Figure 2 a) Stages of damage within a strain-softening specimen; b) and c) development of  

Mohr–Coulomb strain-softening property estimates 

4 Caveability sensitivity studies 

Using the numerical model of caving, the sensitivity of cave behaviour in the early stages of production draw 

has been assessed based on variations in peak strength, post-peak response and production controls. The 

evolving cave behaviour has been analysed in terms of propagation rate, bulking/dilation of the caved rock 

mass, abutment stresses and seismic potential based on a criterion developed by Diederichs (2000) 

(discussed in Reyes-Montes et al. (2010)). It is important to note that a numerically derived seismogenic 

zone refers to the region in which intact rock failure may create acoustic output and does not necessarily 

represent the seismic response of known fault planes. 

To investigate the effect of the in situ geomechanical conditions and imposed production schedule on cave 

behaviour, a simplified conceptual block cave mine has been simulated within the numerical modelling code 

FLAC3D (Itasca, 2009). The mining footprint has dimensions of 120 × 120 m (hydraulic radius (HR) of 30) 

and is located at a depth of 600 m below the ground surface. The maximum principal horizontal stress has 

been simulated at twice the vertical stress. Production has been simulated as a total height of draw (HOD) of 

10 m. 

To simulate the undercutting and production process within the numerical model, at the start of each advance 

increment, undercut zones are simulated with properties consistent with a fully fragmented and bulked caved 

material. Draw is simulated by applying a small downward oriented velocity to all grid points in the back of 

the undercut. This velocity is set low enough to ensure pseudo-static equilibrium throughout the model. By 

summing the masses drawn by all the grid points, the total production from the cave within the model can be 

calculated. Variability in the average draw velocity of 50% has been simulated over the entire mining 

footprint to simulate variations in drawbell production. A detailed description of the implementation of the 
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numerical caving algorithm is provided by Sainsbury et al. (2008b) and Board and Pierce (2009). A 

schematic representation of the conceptual numerical mine is provided in Figure 3(a).  

 

Figure 3 a) Conceptual block cave mine; b) empirical estimates of rock mass caveability 

4.1 Rock mass peak strength 

Four different strength rock masses have been defined (RM1, RM2, RM3 and RM4) and bi-linear, strain 

softening material responses have been developed for each based on the methodology described in Section 3. 

A summary of the measurable material properties and Mohr–Coulomb strength estimates for each of the rock 

masses are provided in Table 1 based on a maximum, minor principal stress fit of 15 MPa. The Hoek–Brown 

failure envelopes for each of the rock masses and stress–strain material responses at different confinement 

levels are provided in Figure 4. 

Table 1 Estimate of Hoek–Brown and equivalent Mohr–Coulomb rock mass strength properties 

       Seg. 1 Seg. 2 

 

σci 

(MPa) GSI MRMR mi 

Erm 

(GPa) v 

Tens. 

(MPa) 

Coh. 

(MPa) 

ϕ 

(Deg.) 

Coh. 

(MPa) 

ϕ 

(Deg.) 

RM1 120 48 52 12 8.9 0.25 0.2 1.7 50 5.8 35 

RM2 120 55 58 14 13.3 0.25 0.3 2.2 52 6.8 38 

RM3 145 59 64 16 16.7 0.25 0.4 3.0 54 8.1 42 

RM4 170 70 75 20 31.6 0.25 0.9 5.2 57 11.4 47 

 

Figure 4 Hoek–Brown failure envelopes and simulated rock mass stress–strain curves  
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The empirical estimates of caveability (after Laubscher, 2000) for each of the rock masses are provided in 

Figure 3(b). Each of the rock masses are classified as having a different caveability potential based on their 

mining rock mass ration (MRMR) values — assuming the simulated conceptual mine HR of 30. The RM4 

rock mass falls within the stable region which suggests that cave initiation and propagation may be 

problematic (based on operational experience with similar rock mass types at other mines). Caving in the 

RM1 and RM2 rock masses is not expected to be problematic. Based on previous experience with similar 

type rock masses to RM3, the caveability is unable to be determined since it falls within the Transitional 

Zone. The numerical simulations results for a block cave developed within each of the rock masses are 

provided in Figure 5.  

 

Figure 5 Cave simulation results for variable peak strength rock masses 
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It can be seen that as the rock mass strength increases, the propagation rate decreases. Continuous cave 

propagation in the lower strength RM1 and RM2 rock masses is predicted. Stalling is seen in the simulation 

of caving in RM3 (depicted by the coincident cave and yield zones in Figure 5A). The cave fails to initiate in 

RM4. The propagation rates simulated in the numerical model are consistent with those that have been 

reported at operating mines around the world (presented in Table 2). 

Table 2 Summary of published propagation rates from operating mines 

Operation  

Cave 

Method 

Yield 

Propagation 

Rate Reference 

El Teniente, Chile Panel 5:1 

Villegas (2009, written 

comm.) 

Henderson Mine, Colorado, USA Panel 7:1 Board and Pierce (2009) 

Grace Mine, Pennsylvannia, USA Panel 8.2:1 Sainsbury (2005) 

Australian Coal Mines Longwall 8.9:1 UNSW (1995) 

Deep Ore Zone Mine, Indonesia Block 6–10:1  Szwedzicki et al. (2005) 

Kimberley Mines, South Africa Block 6–12:1  

Guest (2009, written 

comm.) 

Lakeshore Mine, Arizona USA Block 10:1 Panek (1984) 

Questa Mine, New Mexico, USA Block 10:1 Gilbride et al. (2005) 

San Manuel Mine, Arizona, USA Panel 10:1 Gilbride et al. (2005) 

Athens Mine, Michigan, USA Block 14:1  Boyum (1961) 

Palabora Mine, South Africa Block 15:1  Sainsbury et al. (2008b) 

Northparkes Lift 2 Mine, Australia Block 20:1  Pierce et al. (2006) 

Chinese Coal Mine Longwall 31.3:1  Liu (1981) 

The evolution of the bulked caved mass for each rock mass is presented in Figure 5B. It can be seen that 

bulking is not uniform within the caved mass. Higher bulking (lower densities) can be seen at the edges of 

the cave. Results of the RM4 model provide a full-bulked caved rock across the entire mining footprint, 

while the RM1 and RM2 rock masses only reach a maximum bulked rock mass density around the cave 

periphery – where the shearing stress is at a maximum. These results are considered to represent more 

closely the actual dilatational response of a rock mass during caving than assuming a constant reduced 

density for production calculations. 

Maximum principal stress magnitudes (shown in Figure 5C) in the mining abutments of the lower strength 

RM1 and RM2 rock masses reach larger values than the higher strength RM3 and RM4, minimal stress 

redistribution has occurred in the high strength cases. It is expected with the additional simulation of 

production draw, abutments stresses will continue to increase in the RM1 and RM2 models until the cave 

intersects the ground surface. 

The Damage Threshold values plotted for each of the rock masses provide two important pieces of 

information that include a) if damage is occurring in the rock mass and b) where this damage is occurring. 

This is important in understanding the ongoing caveability of the rock mass and where the cave shape is 

likely to evolve. The results provided in Figure 5D shows that seismicity within the lower strength rock mass 

is higher (since the damage threshold will be reached at lower induced stresses) both in the cave back 

(suggesting continued propagation of the cave), and at the extraction level.  

The simulation of caving in each of the rock mass types agree with the initial estimates of caveability based 

on Laubscher’s (2000) caveability chart for a simplified conceptual cave. However, as shown through the 
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subsequent sensitivity analyses, simulated cave behaviour can vary significantly based on the variation of the 

in situ geomechanical conditions and imposed mining strategy.  

4.2 Post-peak softening rate 

The rate at which the degradation from the in situ to caved state occurs within a rock mass is referred to as 

the post-peak brittleness. Lorig (2004) has shown, through numerical simulations of caving in 2D, that cave 

height is strongly dependant on the brittleness of the rock mass. In lieu of SRM testing (Pierce et al., 2006) 

results to provide an estimate of post-peak brittleness, the response can be estimated based on a relationship 

with GSI and zone size within the numerical model. In general it is assumed that high GSI values will 

correlate to a more brittle post-peak response since more intact failure will be involved in the failure process. 

The effect of variable post-peak brittleness on cave performance has been studied by modifying the 

post-peak response of the RM1 rock mass. The stress–strain results of large-scale laboratory simulations that 

represent a ductile, average, and brittle post-peak response for RM1 are provided in Figure 8. Each of the 

rock mass responses have been developed based on the same peak strength properties (i.e. same  

Hoek–Brown failure envelope and Mohr–Coulomb properties). The only difference is the plastic shear strain 

required to reduce the strength of the rock mass from a peak to residual value.  

 

Figure 6 a) Simulated variable post-peak softening responses; b) critical plastic strain variance 

It can be seen in Figure 7A that the cave propagation rate is strongly influenced by the post-peak response of 

the rock mass. The propagation rate within the numerical model is calculated based on the ratio of cave back 

height to simulated production HOD. Problematic cave initiation and propagation is simulated with a ductile 

post-peak response for RM1. Similar propagation rates are simulated for the average and brittle post-peak 

responses, however, it can been seen that, as the brittleness increases, the advance of the yield zone in front 

of the mobilised zone also increases from 10–30 m up to 40–50 m. The lateral extents of the yield zone 

(beyond the mining footprint) are also increased in the case of the brittle response.  
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Figure 7 Cave simulation results for variable post-peak softening rates 

4.3 Estimate of mi value  

The Hoek–Brown mi constant is an intact property that varies with rock type and is used to estimate rock 

mass strength. It is a measure of strength gain with confinement and can be determined from laboratory 

triaxial testing. This parameter can be difficult to define, and is often estimated based upon empirical values 

which have significant variance. The effect of the assumed mi value on the simulated caving response has 

been studied by modifying the failure envelope for the RM1 rock mass to reflect mi material constant values 

of 5, 12 and 25. The resultant Hoek–Brown failure envelopes and equivalent bi-linear Mohr–Coulomb 

strength properties are presented in Figure 8.  
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Figure 8 a) Hoek–Brown curves; b) equivalent bi-linear Mohr–Coulomb property estimates 

Figure 9A illustrates that an increase in the estimated mi reduces (marginally) the propagation rate of a cave. 

This decrease can be attributed to the increased stress at which failure must occur (based on Figure 8) with 

increasing mi values. In each case, the bulked cave mass profiles (Figure 9B) are similar. Increased seismic 

potential — based on the empirically derived equation developed by Diederichs (2000) — within the cave 

back is predicted with an increased mi (Figure 9D). This reflects the stress caving mechanism associated with 

the propagation of strong rock masses.  

  

Figure 9 Effect of mi on the caveability of a rock mass 
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4.4  Effect of stress/depth 

During cave propagation, in situ stresses are redistributed around the evolving caved mass. The effect that 

the in situ stress magnitude has on the evolving cave has been investigated by simulating the base case 

mining scenario (where the in situ horizontal stresses were 1.5 and two times the vertical stress) at different 

depths. The RM1 rock mass properties have been simulated. It can be seen from Figure 10A and Figure 10D 

that, the cave propagation rate, and seismic potential increases with increased stress/depth. In addition, as the 

stress magnitude increases, the rate of the advance of the yield zone in front of the mobilised zone also 

increases (Figure 10A). 

 

Figure 10 Cave simulation results for increasing stress/depth 

4.5 Maximum bulking potential 

When caving occurs, due to the translation and rotation of rock blocks, the rock mass bulks/dilates and 

occupies a greater volume than its in situ state. The term bulking factor (B) defines the volumetric ratio of 

the bulked (or broken) rock to solid in situ rock and is known to vary with rock mass type. Highly laminated 

rocks like mudstone or shale typically have a low B value whereas; stronger more massive rock mass types 

like sandstone generally have a higher B value. When rock is drawn from a propagating cave, confinement is 

progressively removed from the rock mass and it displaces into the excavation (becomes part of the 

mobilised zone). The effect that the maximum bulking factor has on the cave shape has been investigated by 

reducing the maximum allowable bulking factor of RM1. The results of the simulations are provided in 

Figure 11. 
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Figure 11 Cave simulation results for variable maximum bulking rates 

It can be seen from Figure 11A, that as the maximum bulking factor of a rock mass decreases, the cave 

propagation rate increases.  

4.6 Effect of draw strategy 

When planning a cave mine, there are a number of production controls that can be implemented to ensure 

optimum cave performance. The effect that the implemented production schedule has on cave performance 

has been considered by simulating a) uniform draw and b) incremental draw. For each of these scenarios an 

average height of draw of 10 m has been achieved across the entire mining footprint. The simulation results 

are provided in Figure 12.  

By simulating perfectly uniform draw (zero variability in drawbell production), an increase in the 

propagation rate is seen in Figure 12A since; shear stresses within the caved mass will be decreased, 

resulting in a reduction of the bulking of the rock mass. The effect that a uniform draw strategy has on a cave 

propagation rate has been documented by Pierce et al. (2006) during a numerical back analysis of the 

Northparkes Lift 2 cave behaviour. In addition, by staggering production and simulating an incremental draw 

strategy (where mining areas are progressively brought online) the resulting propagating cave rate is 

decreased as this induces greater shear stresses within the caved mass, resulting in increased rock mass 

bulking. 
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Figure 12 Effect of draw strategy on the caveability of a rock mass 

5  Conclusions 

A numerical approach to modelling of caving has been developed within the industry funded MMT project. 

The caving algorithm, allows cave propagate to evolve as a function of the constitutive behaviour of the rock 

mass, induced stress conditions and the specified draw strategy.  

The cave behaviour of a conceptual block cave mine has been simulated with different rock masses with 

increasing strength. The numerical simulations provide a good correlation with empirical estimates of 

caveability. However, the numerical assessment of caving provides a much greater understanding of cave 

propagation and the effect of various geomechanical parameters not considered in empirical caveability 

techniques.  

It has been demonstrated that variations in the in situ stress, post-peak brittleness, mi values, maximum 

bulking factors and simulated draw strategy can have a significant effect on the cave behaviour of a 

particular rock mass.  
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