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EXECUTIVE SUMMARY 

 

Beck Engineering Pty Ltd (BE) has conducted a life-of-mine (LOM) assessment of surface subsidence at the 

Lake Cowal mine. The main aims of this project were to: 

1. Simulate open pit and planned underground mining using a 3D finite element model. 

2. Forecast surface subsidence during planned underground mining up to the end of mine life. 

Our assessment method is based on three-dimensional numerical modelling using finite element methods, 

including calibration. The calibration is qualitative, and in our view, the model can be used to forecast 

conditions over the mine life with moderate reliability. 

 

 

Main findings 

This report details the findings from model iteration R07. This simulation includes the most recent mine 

underground mine design, including a box cut, portal and additional decline. A review of the mine design 

provided identified 19 stopes that were located in close proximity to the weathered cover sequence geology, 

or within the cover sequence layers. These stopes have a significantly elevated risk of chimneying to surface 

due to the close proximity of the weak cover layers. Prior to building the numerical model, it was 

recommended that that a minimum crown pillar thickness between the top of any planned stope and the 

top of the fresh rock surface be used to update the current design. A minimum stope width to crown pillar 

thickness of 1:2 was recommended. This corresponds to a minimum crown pillar thickness of ~20m to 30m 

for the 10 to 15m wide stopes. The mine design as subsequently updated by Evolution and the 19 stopes 

removed from the mine plan used for the R07 numerical model.  

 

Our main findings for the latest model iteration (R07) are: 

1. Vertical displacement forecasts on the surface above the proposed underground mine are generally 

less than 15mm and considered negligible. This amount of displacement is well within the limits and 

precision of current geological understanding, material properties and capabilities of a mine-scale 

model. 

2. Forecast surface movement is slightly upwards (upsidence, not subsidence). This is due to 

displacement along the Glenfiddich fault, which becomes slightly mobilised due to nearby 

underground mining. There is also minor uplift in proximity to the pit due to continued mining of 

the pit and removal of ‘dead-weight’ (or overburden pressure). 

3. Unlike caving methods or mining methods used for underground coal mining, such as longwall 

mining, surface subsidence is generally minimal, and often negligible for most stoping operations, 

particularly stoping operations targeting near vertical and relatively thin gold orebodies such as 

Lake Cowal underground. 

4. The updated underground mine design and layout is appropriate for minimising (potential) surface 

subsidence. This is because of the planned sequence, relatively small stope dimensions with planned 

paste backfill, 20-30m crown pillar thickness in fresh rock and planned cablebolt ground support for 

the stope crowns. Of course, these controls do not completely eliminate the potential for any impact 

to surface as there are potentially unknown geological conditions present. The proposed 

underground mine design is considered feasible for minimising any impacts to surface and is 

forecast to have negligible impact to the surface topology provided stopes/crown pillars do not fail. 

It is noted that some geological conditions cannot be completely characterised and understood 

until development in planned mining blocks, particularly the upper stoping blocks, has been 

completed. Additional monitoring, measurement and risk mitigation measures addressing stope 
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stability are addressed in the recommendations section. Failure of stope crown pillars is a key hazard 

that must be managed by the mine.  

5. A potential hazard for the underground mine is stope failure or chimney failure of the upper stopes 

in the mine. The model does not forecast significant rockmass damage or major instability above 

these stopes. However, local geological conditions encountered in this domain may be different 

from the current understanding. Chimney failure and stope instability is a potential hazard in all 

stoping mines and must be managed appropriately. Chimney failure of a stope to surface at Lake 

Cowal would likely result in any surface water in the lake to report to the underground workings. 

The mine will need to carefully manage this hazard through mine design, sequence, timely paste fill 

and (possibly) cablebolt stope walls and crowns. We have provided recommendations to mitigate 

this hazard. 

6. Some stope hangingwalls are in close proximity to the Glenfiddich fault, which is in proximity to 

much of the mineralised zone on the hangingwall side. There is increased potential for hangingwall 

overbreak and stope failure / chimneying along the Glenfiddich fault, and other faults in proximity 

to mining that intersect with the weak oxide and transported material, such as the Galways splays. 

7. There is potential for (increased) water inflow into underground workings along faults (i.e. 

Glenfiddich and Galway splay faults) that are slightly mobilised in proximity to the underground 

workings. Water inflow to the underground will depend on degree of saturation of overlying cover 

sediments in proximity to these faults, and the hydraulic conductivity of the individual faults. 

8. There is minimal interaction between the underground and open pit mine. The interaction for stress, 

strain and displacement are considered negligible. This is due to the small footprint of the 

underground mine in proximity to the pit. 

 

Recommendations 

Our recommendations arising from this project are outlined below. BE would be pleased to assist EMM and 

Evolution with implementing the recommendations if required. 

1. Stopes within the oxide and transported layers are not likely to be stable and should not be planned 

at this stage of the project. Current geological interpretation demonstrates the depth and thickness 

of the transported and oxide layers is variable. The mine should continue to update the 

interpretation of these boundaries with information from ongoing drilling programmes. The location 

of the top of fresh rock is most important for the underground mine design.  

2. Geotechnical characterisation and development of a detailed geotechnical domains model and 

structural model, particularly in the upper mining areas of the underground mine. The geotechnical 

and structural models will require on-going refinement over the mine life which is the normal 

practice in any mine. 

3. The mine should review the planned mining sequence and consider delaying the mining of the 

upper most row of stopes in the upper most stoping blocks. Mining these stopes first, or very early 

in the mine life is when the mine has the least geological knowledge and understanding of stope 

performance (relative to other stages of underground mining). This includes the understanding of 

the hydraulic properties of the faults and (potential) water inflows to the underground mine.   

4. Other recommendations and control measures to minimise the potential for stope overbreak or 

chimney failure that may impact the surface are listed below. Depending on local geological 

conditions encountered, the mine should review the list below, and select the controls appropriate 

to the conditions encountered. We understand some of these controls are currently being planned. 

Additional controls, if required would normally be identified and planned as part of the risk 

assessment and detailed design process. 
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a. A detailed crown pillar stability assessment must be conducted for each stope on the upper 

mining levels. We recommend the use of empirical methods as a minimum, or a 

combination of empirical and numerical methods. The mine must ensure the risk of crown 

pillar failure is suitably controlled. 

b. Mine single lift stopes in the upper stoping block. Smaller stopes are more stable than large 

stopes. A smaller stope void increases the potential for stope overbreak and failure material 

to fill the void due to the swell of the broken material, prior to extensive failure or 

chimneying to surface. 

c. Stope sequencing to minimise risk of failure and unravelling along faults, particularly where 

stopes are bounded by multiple faults. Multiple stopes in close proximity should not be 

mined at the same time.  

d. Top down drilling of the upper stopes will provide access to the top of the stope (the overcut 

drive) which enables cablebolting of the stope crown and hangingwall and access for rapid 

tight filling with paste. 

e. Tight fill stopes, as far as practical. 

f. Backfilling stopes in a timely manner. 

g. Developing the overcut drive with a downwards grade from the access. This will enable the 

stopes to be tight filled to the backs with paste. 

h. Ensuring paste lines and other backfill infrastructure is in place prior to firing stopes with 

potential for instability or in proximity to major faults. 

i. Reducing the strike length and width of stopes to reduce potential instability. A review of 

the stope dimensions should be conducted following stope development and structural 

mapping of the area. 

j. Cablebolting of stope crowns, when appropriate. 

k. Review of a stand-off between stope walls and major faults, such as the Glenfiddich fault is 

appropriate based on local conditions 

l. Employing a continuous mining sequence. Secondary stopes have a higher risk of instability 

(generally). 

m. Avoid mining stopes where major faults confluence in proximity to the stope, particularly 

near sub-vertical faults such as the Glenfiddich fault and Galway splays.  

n. Mine stopes on the upper levels when Lake Cowal is dry. 

5. Detailed stope stability assessments using geotechnical information from future drilling 

programmes, laboratory testing and rock mass characterisation from underground exposures. 

6. Stability monitoring of stopes and TARP to backfill stopes that show early signs of large scale 

instability. 

7. The mine should develop a TARP and undertake a detailed risk assessment for potential stope 

instability in areas deemed to have elevated risk or potential for surface break through. 

8. Subsidence monitoring above the underground mining precinct. 

9. In situ stress measurement. 

10. Additional laboratory strength testing of each rock type.  
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11. Characterisation of the major faults, including strength properties and hydraulic conductivity/water 

inflow rates. 

12. Ground water characterisation, including an assessment of the impact of the mechanical rockmass 

response on ground water flow paths and hydraulic conductivity. 

 

Limitations 

In addition to the normal resolution limitations associated with the current mine-scale finite element model, 

the main limitations of this project are: 

1. The structural model provided is of “low” resolution. We understand there are a large number of 

mapped faults within the open pit that were not provided for the assessment of the underground 

mine. A detailed pit stability assessment has not been completed as part of this assessment. 

2. The early stage of underground mining at Lake Cowal precludes detailed calibration, which limits 

the reliability of the forecasts at this stage. This is normal for a mine at this early stage of pre-

production development. Despite the lack of calibration, the results are generally consistent with 

our expectations based on the current interpretation of the conditions. 

3. Sensitivity analyses have not been performed to bracket the range of likely outcomes for the surface 

impacts to mining. 

4. Stope crown pillar stability assessment has not been conducted as sufficiently detailed information 

at present and is outside the scope of the subsidence assessment. Preliminary recommendations for 

crown pillar thickness have been integrated into the revised underground mine design.  

5. The in-situ stress regime has been assumed using data from a nearby mine as there has been no 

insitu stress testing to date at Lake Cowal. Local conditions may have a different insitu stress 

orientation and/or gradient. 

6. The impact of ground water inflow to the underground mine has not been included in the model. 

The model does not include: 

a. Stress increase from porewater pressure 

b. Overburden pressure from seasonal surface water (although this effect would be small) 

c. An assessment of changes to ground water flow or surface water percolation due to rock 

mass damage, including damage within the major faults, caused by underground mining. 

We note that small amounts of strain above planned stoping or on structures will increase 

the hydraulic conductivity of the rock mass and may lead to (increased) water inflow to the 

underground mine.  

It is essential to note that the current forecasts of LOM behaviour are still subject to considerable uncertainty 

due to the limited quantitative data available for model calibration at this early stage of the underground. 

This is the normal situation for mines in the early stages of underground mining. On-going data collection 

and further direct experience with stoping at Lake Cowal and improved calibration will help reduce 

uncertainty. 

 

Enquiries 

Please direct further enquiries to the undersigned. 

 

Sincerely, 
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Alex Campbell  

PhD, MEngSc (Mining Geomechanics), BE (Civil), BE (Mining Hons I) MAusIMM (CP), RPEQ 

Principal Engineer, Mining & Rock Mechanics 
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1 INTRODUCTION 

Beck Engineering Pty Ltd (BE) has conducted a life-of-mine (LOM) assessment of surface subsidence at Cowal 

Gold Operations (CGO) as part of the EIS process for the proposed Underground Mine. The main aims of 

this project were to: 

1. Simulate open pit and planned underground mining using a 3D finite element model. 

2. Forecast surface subsidence during planned underground mining up to the end of mine life. 

Our assessment method is based on three-dimensional numerical modelling using finite element methods, 

including calibration. The underground and open pit mine geometry for this project is shown in Figure 1-1. 

This report documents our findings and our recommendations for EMM and Evolution Mining’s 

consideration. 

The subsidence assessment at Lake Cowal has undergone several iterations. These assessments include: 

• July 2019 – Subsidence assessment of the original underground mine design and rock mass 

properties provided by Evolution 

• October 2019 - Subsidence assessment of the original underground mine design using revised rock 

mass properties provided by Evolution 

• November 2019 – Same model inputs as the October 2019 assessment but with an alternate fresh 

air in-take design 

• May/June 2020 – Assessment of the revised underground mine design. A review of the mine design 

prior to model simulation identified 19 stopes on the upper levels within the weak oxide layers. 

These stopes were removed from the mine design by Evolution and not included in the model 

simulation.  

 

 

Figure 1-1: Perspective view showing LOM geometry. 
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Figure 1-2: Perspective view showing the model geometry.  



EVOLUTION:  LAKE COWAL UNDERGROUND MINE SUBSIDENCE ASSESSMENT 

Page 14 of 79 

2 PROJECT WORKFLOW, BACKGROUND DATA & MODEL COMPOSITION 

This section summarises the available background data and assumptions relevant to the project and 

describes how these data and assumptions have been incorporated into the workflow.  

1. Modelling workflow. 

2. Geological interpretation and topography. 

3. In situ stress field.  

4. Stope filling methodology and fill properties. 

5. Hydrogeological conditions and simulation parameters.  

 

2.1 Project workflow & modelling framework 

This workflow for the FE modelling undertaken as part of this project was: 

1. Initial mining engineering and rock mechanics appreciation of the project including compilation of 

all relevant geometric data into a 3D CAD database using commercial software. 

2. Discontinuum finite element (FE) mesh construction using commercial software and in-house 

scripting tools. Higher-order finite elements were used for all volume elements. 

3. Assignment of geotechnical domains, material properties, initial conditions, boundary conditions 

and the mining and fill sequences to the FE mesh. 

4. Solution of the stress, strain and displacement fields and released elastic energy for each step in the 

modelled mining sequence using the Abaqus Explicit FE solver. Abaqus Explicit is a commercial, 

general purpose, 3D, non-linear, continuum or discontinuum FE analysis package designed 

specifically for analysing problems with significant plasticity, large strain gradients, high deformation 

levels and large numbers of material domains. Commercial software and in-house post-processing 

scripts are used to process the Abaqus output and visualise the results. 

The Levkovitch-Reusch 2 (LR2) discontinuum constitutive framework was applied in Abaqus to describe the 

mechanical behaviour of the rockmass and structures. The Appendix contains further details of the LR2 

framework. In summary, the LR2 framework includes: 

1. 3D geometry, with excavations sequenced in a sufficient number of separate excavation steps to 

capture the necessary temporal resolution for the project scope. 

2. Strain-softening dilatant constitutive model for the rockmass and structures with a generalised 

Hoek-Brown yield criterion. Different material properties are assigned to each geotechnical domain. 

3. Discontinuum formulation using cohesive finite elements to simulate discrete structures. Cohesive 

finite elements are free to dislocate and dilate and can realistically capture the behaviour of thin 

structures which tetrahedral finite elements cannot achieve as effectively. The complete interpreted 

structural model at the required resolution can be included, and where appropriate, can be 

supplemented with one or more discrete fracture networks (DFNs) to improve the structural 

resolution. 

4. Structures less persistent than those modelled explicitly can be represented by “smearing” the 

effects of structures within the continuum regions of the modelled rockmass. 

5. Hydromechanical coupling, where necessary, to capture the effects of pore water pressure on the 

rockmass yield surface, or to estimate water flow rates. Hydro-couplingwas not  
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The LR2 modelling framework aims for physical similitude, by making the fewest possible assumptions about 

the governing physics of the entire mine system within a single physics-based numerical model, at the 

required scale of the analysis. This results in a realistic but complex model, since complexity is the reality of 

all mines. Building a realistic mine model by including the governing physics means that rockmass behaviour 

evolves naturally in the model, and is therefore essential for developing a detailed understanding of the 

likely rockmass response to mining. 

 

2.2 Geological setting 

The geological domains provided by Evolution Mining are shown in Figure 2-1. The same lithology 

boundaries provided by Evolution Mining were built into the numerical model as shown in Figure 2-2. 

 

 
 

 

Figure 2-1: Cross section through the open pit showing geological domains at Lake Cowal. 
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Figure 2-2: Cross section through the numerical model showing lithology domains in the underground mining 

precinct.  

 

2.3 Structures 

A description of each fault was provided by Evolution Mining as shown in Figure 2-3.  Figure 2-4 shows the 

structures as built in the FE mesh.  

 

 

Figure 2-3: Fault details provided by Evolution Mining. 
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Figure 2-4: Perspective views showing structures built in FE mesh together with meshed LOM geometry. 
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The resolution of the available structural information allows mine-scale interpretations of the model results. 

This means that average strains across the rockmass between modelled structures can be simulated and 

interpreted, but locally higher strains due to structures smaller than those modelled explicitly cannot develop 

in the model. For interpretations of potential peak strains, which may be needed to assess the potential for 

locally high deformation levels around individual stopes for example, a model incorporating structures with 

persistence smaller than the scale of the stopes themselves would be needed. 

With the current model, we therefore cannot forecast the stability of individual stopes, because stope 

stability forecasts depend largely on stope-scale structures1. Likewise, we cannot forecast the stability of 

individual drives because such forecasts depend on drive-scale2 structures. The model does allow general 

interpretations of stope and drive stability based on, for example, forecast deformation arising from weaker 

rockmass conditions, adverse geometric configurations and sequences, but explicit forecasts are not 

possible. 

 

2.4 Estimated material properties for modelling 

The material properties used in the model are given in Table 2-1. The following nomenclature is used in 

Table 2-1: 

UCS = uniaxial compressive strength. 

GSI = geological strength index. 

𝜖0 = 0 = plastic strain at start of peak strength stage (see Figure 2-6). 

𝜖1 = plastic strain at start of transitional strength stage (see Figure 2-6). 

𝜖2 = plastic strain at start of residual strength stage (see Figure 2-6). 

𝐸 = Young’s modulus for the rockmass. 

𝜈 = Poisson’s ratio for the rockmass. 

𝑠,𝑚, 𝑎 = generalised HB yield parameter for the rockmass. 

𝑑 = rockmass dilation parameter. 

𝜅 = 𝑠𝜎𝑐
1/𝑎 = Generalised HB cohesion parameter for the rockmass. Units are MPa1/a. 

Φ = 𝑚𝜎𝑐
1/𝑎−1 = Generalised HB friction parameter for the rockmass. Units are MPa1/a-1. 

 

 

Material properties for this project were taken from previously modelling projects by AMC and Itasca (see 

Figure 2-5). We note the previously developed fault properties do not necessarily match the description 

provided in Figure 2-3.  

The material properties for this project were taken from those developed by AMC and Itasca as part of 

previous open pit assessments, as advised by Evolution mining. The faults, transported and soft oxide 

material properties previously described use a Mohr-Coulomb strength criterion. A Hoek-Brown strength 

criterion was applied in the FE material model framework with input parameters closely matched to the 

Mohr-Coulomb strength criterion developed by Itasca as shown in Figure 2-5. 

 

 

 

 

 

 

 

1 Stope-scale structures have a persistence similar to the stope dimensions.  
2 Drive-scale structures have a persistence of ~5m and larger. 
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Figure 2-5: Material properties used by Itasca (and AMC) for numerical modelling undertaken in 2015/16 

 

 

Figure 2-6: Indicative rockmass softening curve demonstrating the plastic strain transition points 𝝐𝟏 and 𝝐𝟐. 
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Table 2-1: Rock mass properties used in the FE model.  

 

Cover sequence 

The properties listed below were applied to the weathered cover sequence domains as specified by 

Evolution (2019): 

 

Transported (inputs from Figure 2-5) 

c = 26 kPa, phi = 26.7 deg, E(rm)  = 0.4 GPa, v = 0.3 

 

Soft Oxide (inputs from Figure 2-5) 

c = 28 kPa, phi = 24 deg, E(rm) = 0.4 GPa, v = 0.3 

 

Hard Oxide 

GSI = 35, UCS = 60, Mi = 14, E(intact) = 20 GPa,  

 

Note the UCS values provided here differ significantly from the data used the AMC and ITASCA modelling 

of 2014 and 2015. This change was requested by Evolution’s Group Geotechnical Engineer following 

discussions of the relative strength of the hard oxide compared to the fresh rock.  

 

Fault properties 

Strength properties for faults were grouped into two categories following discussions with Evolution’s Group 

Geotechnical Engineer. Previously, only one set of strength parameters were applied to all of the faults at 

Lake Cowal. However, this is counter intuitive as the faults have significantly different strength characteristics 
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and applying a single strength criterion would be contradictory to the information and range of fault 

properties provided in Figure 2-3. A complete catalogue of fault properties was not provided for the project. 

Following discussion with Evolution’s Group Geotechnical Engineer, it was decided that two sets of fault 

properties would be adopted in the fresh rock, and a weaker fault strength applied for the faults in the oxide 

domain. The two sets of properties in fresh rock were for the “weak” and “moderate/strong faults” as 

described in Figure 2-3. All faults described as weak or moderate to weak, were given the properties of 

“weak” faults listed below. Faults categorised as moderate or strong to moderate, were given the “strong” 

properties listed below. Please note the terminology is in relative terms only and may not be comparable to 

fault properties at other mines.   

 

Faults in the weathered oxide zone are known to be weaker compared to fresh rock. BE noted that the fault 

properties used in previous modelling in 2014 and 2015 were actually stronger than the soft oxide, which is 

counter intuitive and unrealistic. Discussions with Evolution’s Group Geotechnical Engineer lead to the fault 

properties in the oxide domains as listed below: 

 

• Faults in the oxide zone – Cohesion = 25 kPa, friction angle = 20 degrees 

• “Weak” faults – Cohesion = 50 kPa, friction angle = 30 degrees 

• “Moderate/Strong” faults – Cohesion = 85 kPa, friction angle = 38 degrees 

 

The Wilga fault was found to be an important fault with significant response in the previous model iterations. 

The Wilga fault is not listed in Figure 2-3. The moderate/strong properties were applied to the Wilga fault. 

A Mohr-Coulomb strength criterion for the faults was used for the simulation at the request of Evolution.  

 

Rockmass properties 

The intact rock properties applied for the fresh rock domains have been taken from the 2014 and 2015 

simulations conducted by AMC and ITASCA (respectively). One difference is that a D factor, or blasting factor 

has not been applied in the BE model simulation. The D factor is an empirical factor used to reduce the 

strength of a rockmass due to blasting damage or disturbance.  

This factor is not relevant for the subsidence assessment conducted as the area of interest is not subject to 

blast damage. The D factor has been used successfully in literature for downgrading rockmass properties 

close to the excavation boundary, such as pit wall and for slope stability assessments. However, the factor 

should not be applied prior to mining or throughout all of the rockmass within the model (regardless the 

distance from blasting), as per previous model simulations. This point was discussed and agreed with 

Evolution prior to model simulation. 
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2.5 Stress field 

No in-situ stress testing has been undertaken at the CGO to date. The stress field applied in the numerical 

model was taken from a nearby underground mine with extensive in situ stress testing. The in-situ stress 

regime for the nearby mine is provided in Figure 2-7. The major principal stress direction also corresponds 

to the regional stress regime for the district, as shown in Figure 2-8.  

 

 

Figure 2-7: In situ stress applied in the FE model 
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Figure 2-8: Stress provinces in the Australian continent (after Lee et al. 2010) 

 

2.6 Hydrogeological conditions 

The effects of groundwater drawdown on surface subsidence have not been included in the numerical 

simulation to assess surface subsidence as we understand the underground mining sequence is effectively 

drained due to open pit drawdown of the water table.  
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2.7 Stope filling methodology and fill properties 

In the model, stopes to be mined in frame 𝑖 starting at time 𝑡𝑖 are excavated over the period 𝑡𝑖 to 𝑡𝑖 + 0.1s 

by ramping down the Young’s modulus from the rockmass value to the void value of 0.1 MPa. Stopes are 

filled at the end of the frame (at 𝑡𝑖 + 3.0s) by setting the elastic constants of the stope void to fill properties. 

In practice, the mine could leave stopes open for longer than modelled and may not always achieve tight-

filling. 

The following elastic constants were applied for fill: 

• Young’s modulus 𝐸fill = 100 MPa. 

• Poisson’s ratio 𝜈fill = 0.25. 

 

2.8 Mining geometry and sequence 

The model included the complete as-built and planned geometry for CGO’s UG, comprising: 

• The current as-built open pit and future open pit mining. 

• All underground lateral and vertical development.  

• All stopes. 

• Surface dumps, tailings dam and the dam wall for the lake. 

Table 2-2 summarises the modelled sequence. 

 

Table 2-2: Summary of model sequence Q01 with corresponding calendar dates.  
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Review of the latest mine design identified 19 stopes that were located in close proximity to the weathered 

cover sequence geology, or within the cover sequence layers (see Figure 2-9 and Figure 2-10). Seven of 

these stopes extend into the hard oxide (a weak to moderate strength rockmass that has been weathered) 

and some are in close proximity to the top of fresh rock contact with a small crown pillar thickness in strong 

fresh rock. Some stopes also extend close to the base of the soft oxide, which is very weak. These stopes 

have a significantly elevated risk of chimneying to surface due to the close proximity of the weak cover 

layers. Chimneying to surface would have potentially catastrophic effects to the lake and to the underground 

mine should stope failure reach the surface or groundwater table. Furthermore, these stopes do not have 

planned top access for cablebolting or to ensure tight filling, which are two of the recommended controls 

for mitigating stope overbreak and chimneying hazard. Due to the elevated risk of crown pillar instability 

and chimneying potential of these stopes, BE recommended these stopes be removed form the mine design. 

This recommendation was followed and an updated mine design without these stopes was provided. The 

updated mine design was used for this assessment.   

We also note the groundwater table is likely to be present in the soft oxide and possibly into the hard oxide. 

We understand groundwater modelling is being completed as part of the EIS to confirm the phoretic surface 

during underground mining. Stope interaction with groundwater has two potential impacts to underground 

mining. One is an increase in pumping due to drainage of groundwater into the mine, the other is stope 

instability due to the presence of water. 

Prior to building the latest numerical model, it was recommended that that a minimum crown pillar thickness 

between the top of any planned stope and the top of the fresh rock surface be used to update the current 

design. A minimum stope width to crown pillar thickness of 1:2 was recommended. This corresponds to a 

minim crown pillar thickness of ~20m to 30m for the 10 to 15m wide stopes. We note that some stopes are 

up to 20m wide and the crown pillar thickness should be adjusted, or the stope dimensions on upper levels 

reduced (i.e. large stopes split into two smaller stopes).  The crown pillar is to be in fresh rock, and not within 

the oxide layers.  It is noted this crown pillar requirements is preliminary only and additional geotechnical 

assessment would be required during the detailed mine design and mine operation once more geotechnical 

information is available, such as additional drilling information, development mapping and experience in the 

general underground mining conditions. It was recommended that a total of 19 stopes be removed from 

the proposed mine design on the two upper most production levels. The mine design was subsequently 

updated by Evolution following communication of this issue in mid May 2020. As a result, the 19 stopes 

shown in green in Figure 2-11 have not been included in the model geometry or subsidence assessment in 

this report. The adjusted mine design has a similar depth of stoping below the top of fresh rock layer as the 

previous underground mine design.  
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Figure 2-9: Stopes in proximity and intersecting the weathered layers in the latest underground mine design 

 

Figure 2-10: Upper levels of stoping intersecting the top of fresh rock boundary  
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Figure 2-11: Stopes shown in green were recommended not to be included in the underground mine design due 

to chimneying potential 

 

2.9 Rockmass damage scale 

The rockmass damage scale is used to describe (plastic) strain in the rockmass The damage scale is shown 

in Figure 2-12. It uses a logarithmic quantity, called logP, defined by 

logP = log10(1000𝜖𝑝 + 1). 

Here, 𝜖𝑝 is the deviatoric equivalent plastic strain. Damage levels in development are well defined by Sandy 

et al. (2010). In open stopes: 

1. Minor rockmass damage indicates a low likelihood of instability. 

2. Moderate rockmass damage indicates an increased likelihood of instability, particularly in 

hangingwalls and crowns. 

3. Significant rockmass damage is characterised by relatively high frequency of instability, leading to 

reduced recovery and productivity and higher dilution and costs. 

4. Very significant rockmass damage is characterised by severe stability problems for open stopes and 

usually necessitates other mining methods. 

It is essential to note that these damage categories are indicative only because persistent structures usually 

control the stability of open stopes. 

 

 
logP ≈ 0.65 logP ≈ 0.90 logP ≈ 1.2 logP ≈ 1.5 logP > 1.7 

Figure 2-12: Rockmass damage scale. 
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3 FORECASTS, INTERPRETATION & DISCUSSION 

This section summarises the model results and our interpretation of the surface impacts due to underground 

mining and extension of the open pit over the mine life according to the current LOM plan. The results are 

best reviewed and interpreted using 3D visualisation software such as Voxler, so here we present a 

comparatively brief summary of the results and our interpretation of the expected behaviour, possible 

impacts on mining activities and possible risk mitigation measures. 

 

3.1 Surface impacts 

The underground mine is to the north of the existing open pit and below Lake Cowal, which is periodically 

filled with water after seasonal / heavy rainfall. The underground mine is approximately 130m to 150m below 

the surface on the uppermost level. This does not include the 19 planned stopes and access development 

removed by Evolution from the preliminary mine design provided for the numerical model and subsidence 

assessment. The cover above the underground mine consists of transported sediments, soft oxide and hard 

oxide material and then fresh rock as shown in Figure 3-1 and Figure 3-2. The underground mine precinct 

relative to the pit and lake is shown in Figure 3-3.   

 

Forecasts for surface deformation and subsidence include: 

1. Forecast vertical movement above the underground mining precinct from 2019 to end of mine life 

are negligible and generally less than 15mm. Maximum vertical displacement of 25mm are forecast 

in isolated areas above the underground.  This movement is upwards (upsidence, or uplift) is due to 

displacement along the Glenfiddich fault, which becomes slightly mobilised in the model forecasts 

due to nearby underground mining. Vertical displacement and total displacement forecasts are 

shown in Figure 3-6 to Figure 3-10 

2. Most surface deformation is elastic in nature and was caused by open pit mining prior to 2019. This 

is due to the large volume of material removed in the open pit to date, relative to planned mining 

in the future.   

3. Surface displacements are considered negligible (see reference in Figure 3-4) and are within the 

same order of magnitude as the effects of water (shrink/swell action) and erosion. The forecast levels 

of surface movement are well within the limits and precision of current geological understanding, 

material properties and model capabilities at a mine-scale.  

4. The model forecasts the Glenfiddich fault is activated by underground mining. Extraction of stopes 

results in slight upwards displacement of the hangingwall (~15mm) as shown in Figure 3-10 

movement is due to a reduction in confinement on the fault as a result of nearby stoping.  

5. A plot of total displacement and displacement vectors demonstrates that most movement in 

proximity to the underground mine is horizontal closure, where the hangingwall and footwall of the 

underground mine move closer together due to extraction of the orebody (see Figure 3-11). The 

horizontal displacement forecast is low, but significantly higher than the vertical component. This is 

normal for long and relatively narrow underground gold mines.  

6. Figure 3-12 to Figure 3-16 show examples of surface movement and damage forecast in the model 

for specific locations along the dam wall and above the underground mine. These reports provide 

details of forecast movement throughout the planned life of mine for each location indicated on 

the map. The damage classification scheme is provided in Figure 3-5. 
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Figure 3-1: Cross section through the proposed underground mine showing indicative thickness of the cover 

units relative to the underground mine.  
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Figure 3-2: Cross section through the proposed underground mine showing indicative thickness of the 

transported material and soft oxide cover units relative to the underground mine.  
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Figure 3-3: Aerial photo of the pit and Lake Cowal, with respect to the planned underground mine footprint
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Figure 3-4: Subsidence classes and criteria 

 

 

Figure 3-5: Damage limits and classification for surface infrastructure (after Harrison) 
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Figure 3-6: Forecasts vertical displacement from the end of 2019 to the end of mine life above the proposed underground mine (horizontal and vertical cross sections 

through the model) 
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Figure 3-7: Forecasts vertical displacement from the end of 2019 to the end of mine life above the proposed underground mine (horizontal and vertical cross sections 

through the model) 



EVOLUTION:  LAKE COWAL UNDERGROUND MINE SUBSIDENCE ASSESSMENT 

Page 35 of 79 

 

Figure 3-8: Forecasts vertical displacement from the end of 2019 to the end of mine life above the proposed underground mine (vertical cross section through the model). 

Arrows indicate the direction of movement 
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Figure 3-9: Forecasts vertical displacement from the end of 2019 to the end of mine life above the proposed underground mine (plan view on surface) 
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Figure 3-10: Vertical movement forecast from the end of 2019 to the end of mine life. Movement is between the Galway splays and Glenfiddich fault which bound the 

proposed underground stope production. 
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Figure 3-11: Cross section through the model showing forecast total displacement from the end of 2019 to the end of mine life for the proposed underground mine 
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Figure 3-12: Detailed report for movement and damage over time above the planned underground mine 
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Figure 3-13: Detailed report for movement and damage over time above the planned underground mine 
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Figure 3-14: Detailed report for movement and damage over time on the dam wall to the north of the open pit 
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Figure 3-15: Detailed report for movement and damage over time on the dam wall  
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Figure 3-16: Detailed report for movement and damage over time on the dam wall to the east of the open pit  
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3.2 Open pit and underground interaction 

Forecasts for open pit and underground mine interaction include: 

1. Figure 3-17 to Figure 3-19 show cross sections through the underground mine showing total 

displacement forecast in the model. As expected, minor levels of horizontal closure are forecast in 

the underground mine, particularly in deeper and thicker sections of planned stoping. Displacement 

in proximity to the pit is inwards (horizontal closure) and slightly upwards due to removal of open 

pit material.  

2. Rockmass damage (a function of plastic strain in the FE model) and major principal stress are shown 

in Figure 3-20 to Figure 3-24 . The model forecasts show: 

a. Low damage in the rockmass above the upper stoping levels. 

b. Moderate to locally significant damage and displacement along faults in the immediate 

vicinity of the open pit. This damage does not extend as far as the underground workings. 

c. Generally minor to moderate levels of damage are forecast around underground workings. 

This is normal and would normally be controlled using ground support and via design 

modifications during mine construction as additional geological data becomes available. 

d. Some locally significant deformation and rockmass damage is forecast in close out pillars 

close to the central access drives due to the diminishing pillars in the current mining 

sequence. 

e. Moderate to significant levels of rockmass damage are forecast along the boundary 

between bottom of the hard oxide and the top of fresh rock, as well as the weak cover 

sequence units in proximity to the pit.  This does not impact the stability of the underground 

mine, but may correspond to an increase in the hydraulic conductivity of the damaged zone.  

f. Low to moderate stress above upper stopes in each block. Forecast stress conditions are 

unlikely to result in significant crown overbreak or stope instability unless impacted by 

major faults such as the Glenfiddich fault in the hangingwall or intermediate scale structures 

at a local scale that are not included in the model. A detailed crown pillar stability 

assessment should be conducted to confirm crown pillar stability.  

3. Assessment of model forecasts for displacement, rockmass damage (plastic strain) and stress 

demonstrates very low and negligible interaction between the open pit and underground mine. We 

note some minor interaction occurs in the weak sediments and soft oxide layers, however these 

effects are mostly due to previous open pit mining.  
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Figure 3-17: Cross section of total displacement through the underground mine (displacement shown is from end of 2019 to end of mine life) 
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Figure 3-18: Cross section of total displacement through the underground mine (displacement shown is from end of 2019 to end of mine life) 
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Figure 3-19: Cross section of total displacement through the underground mine (displacement shown is from end of 2019 to end of mine life) 
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Figure 3-20: Cross section of rockmass damage forecast in the underground mine precinct. Note the most significant damage is in the transported and soft oxide layers in 

proximity to the open pit  
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Figure 3-21: Rockmass damage forecast in the underground mine precinct. 
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Figure 3-22: Rockmass damage forecast in the underground mine precinct. 
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Figure 3-23: Cross section showing major principal stress. 
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Figure 3-24: Cross section showing major principal stress. 
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3.3 Stope overbreak and chimney failure potential  

Stope failure to surface is a hazard for all underground (stoping) mines. An example of a stope that has 

chimneyed to surface is provided in Figure 3-25. This stope chimneyed approximately 200m (sub vertically) 

along a major fault to break through to surface. Breakthrough was unplanned and occurred ~1 month after 

the stope had failed and was partially backfilled. Backfilling was delayed due to the unplanned failure and 

stope was only partially filled due to the level of the filling horizon. The stope continued to fail along the 

fault and broke through to surface near an access road, haul road and surface infrastructure. The 

breakthrough was around 10m x 15m wide and widened to approximately 20m prior to being filled from 

surface. Notably, this stope was larger than the planned stopes at Lake Cowal, but also considerably deeper 

and in stronger rock. 

Chimneying failure of stopes at Lake Cowal must be appropriately addressed to mitigate the potential for 

stope failure to surface. This is particularly important given the presence of Lake Cowal above the 

underground mining precinct. In our opinion, the most likely cause of (potential) chimney failure of the 

stopes closest to surface are the major faults in proximity to planned stopes. These faults include the 

Glenfiddich fault, Galway splay faults (see Figure 3-26) and any other larger to intermediate scale structures 

that have not been identified to date. Although the likelihood of stope overbreak and chimneying to failure 

is very low (with appropriate controls), the consequence to the underground mine would be catastrophic.  

We note the rockmass in proximity to the underground mine is generally strong with weak fault conditions. 

Low rockmass damage is forecast in proximity to the uppermost stoping block and very low damage is 

forecast in the stope crowns (see Figure 3-27). Failure and chimney potential will likely be governed by faults 

in proximity to planned stoping and also effected by any weak or jointed rockmass conditions, ground water, 

stress among other factors.  

We note the potential for the rockmass in proximity to stoping to be bedded and highly anisotropic based 

on the faulting in the geological model provided. This rockmass condition would result in stopes being more 

prone to unravelling and chimney type failures, as shown in Figure 3-28 and Figure 3-29. We also note the 

potential for ground water to weaken the faults and the rockmass in the crown pillar region, as shown in 

Figure 3-30.  

A detailed crown pillar stability assessment must be conducted for each stope on the upper mining levels. 

We note that 19 high risk stopes in the preliminary mine design update were recommended to be removed 

from the mine design. These 19 stopes are not part of this assessment following a design update by 

Evolution and should not be planned unless it is demonstrated the crown pillars will remain stable. Stopes 

within the oxide and transported layers are not likely to be stable and should not be planned at this stage 

of the project.  

A number of empirical and numerical methods exist for assessing crown pillar stability. A schematic of key 

components of a crown pillar stability assessment is provided in Figure 3-31. A useful guideline for assessing 

risk of crown pillars is provided by Carter and shown in Table 3-1. It is recommended that crown pillar 

stability of the uppermost stopes be continuously evaluated during mine design updates and as additional 

geological information becomes available.  

The mine should also consider delaying the mining of the upper most row of stopes in the upper most 

stoping blocks. Mining these stopes first, or very early in the mine life is when the mine has the least 

geological knowledge (relative to other stages of underground mining). This includes the understanding of 

the hydraulic properties of the faults and water inflows.   

Other recommendations and control measures to minimise the potential for stope overbreak or chimney 

failure are listed below. Depending on local geological conditions encountered, the mine should review the 

list below, and select the controls appropriate to the conditions encountered.  

• Detailed crown pillar stability assessment for each stope and panels of stopes on the 

uppermost production levels 
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• Mine single lift stopes in the upper levels. A smaller stope void increases the potential for 

stope overbreak and failure material to fill the void due to the swell of the broken material, 

prior to extensive failure or chimneying to surface. 

• Stope sequencing to minimise risk of failure and unravelling along faults, particularly where 

stopes are bounded by multiple faults. Multiple stopes in close proximity should not be 

mined at the same time.  

• Top down drilling of the upper stopes will provide access to the top of the stope (the overcut 

drive) which enables cablebolting of the stope crown and hangingwall and access for rapid 

tight filling with paste. 

• Tight fill stopes, as far as practical. 

• Developing the overcut drive with a downwards grade from the access. This will enable the 

stopes to be tight filled to the backs with paste. 

• Backfilling stopes in a timely manner. 

• Ensuring paste lines and other backfill infrastructure is in place prior to firing stopes with 

potential for instability or in proximity to major faults. 

• Reducing the strike length of stopes to reduce potential instability. A review of the stope 

dimensions should be conducted following stope development and structural mapping of 

the area. 

• Cablebolting of stope crowns, when appropriate. 

• Review of a stand-off between stope walls and major faults, such as the Glenfiddich fault is 

appropriate based on local conditions 

• Employing a continuous mining sequence. Secondary stopes have a higher risk of instability 

(generally). 

• Avoid mining stopes where major faults confluence in proximity to the stope, particularly 

near vertical faults such as the Glenfiddich fault and Galway splays.  

• Mine stopes on the upper levels when Lake Cowal is dry. 

We note than many stope failures at other mines are self arrested and do not propagate to surface due to 

the bulking of the broken overbreak material. However, this does not always occur and some stopes unravel 

with a very low bulking factor. The example shown in Figure 3-25 is an example where site engineers were 

aware of the stope failure, filled the stope with paste as high as possible and expected the remaining void 

to be filled with the bulked overbreak material. The stope breakthrough to surface occurred approximately 

1 month later in proximity to a haul road, access road and critical infrastructure.  
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Figure 3-25: A stope that has chimneyed approximately 200m vertically through to surface at an underground 

mine in QLD. The surface breakthrough was approximately 10m x 20m across 
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Figure 3-26: Cross section through the proposed underground mine showing indicative thickness of the cover 

units relative to the underground mine.  
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Figure 3-27: Forecast rock mass damage in the vicinity of the upper stoping blocks (showing the Galway and 

Glenfiddich faults) 
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Figure 3-28: Example of crown pillar failure mechanism in steeply dipping rockmass (After Carter) 

 



EVOLUTION:  LAKE COWAL UNDERGROUND MINE SUBSIDENCE ASSESSMENT 

Page 59 of 79 

 

Figure 3-29: Principal surface crown pillar failure mechanisms (after Carter) 
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Figure 3-30: Schematic of groundwater distribution at Lake Cowal, showing potential effects of underground mining and water flow along faults intersecting the water 

bearing cover units and the underground workings.  
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Figure 3-31: Schematic of crown pillar with nomenclature  
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Table 3-1. Acceptable risk exposure guidelines (after Carter et al, 2008) 
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4 CONCLUSIONS, RECOMMENDATIONS & LIMITATIONS 

The main conclusions and recommendations arising from this project are outlined below, as well as the main 

limitations. 

 

Main findings 

This report details the findings from model iteration R07. This simulation includes the most recent mine 

underground mine design, including a box cut, portal and additional decline. A review of the mine design 

provided identified 19 stopes that were located in close proximity to the weathered cover sequence geology, 

or within the cover sequence layers. These stopes have a significantly elevated risk of chimneying to surface 

due to the close proximity of the weak cover layers. Prior to building the numerical model, it was 

recommended that that a minimum crown pillar thickness between the top of any planned stope and the 

top of the fresh rock surface be used to update the current design. A minimum stope width to crown pillar 

thickness of 1:2 was recommended. This corresponds to a minimum crown pillar thickness of ~20m to 30m 

for the 10 to 15m wide stopes. The mine design as subsequently updated by Evolution and the 19 stopes 

removed from the mine plan used for the R07 numerical model.  

 

Our main findings for the latest model iteration (R07) are: 

1. Vertical displacement forecasts on the surface above the proposed underground mine are generally 

less than 15mm and considered negligible. This amount of displacement is well within the limits and 

precision of current geological understanding, material properties and capabilities of a mine-scale 

model. 

2. Forecast surface movement is slightly upwards (upsidence, not subsidence). This is due to 

displacement along the Glenfiddich fault, which becomes slightly mobilised due to nearby 

underground mining. There is also minor uplift in proximity to the pit due to continued mining of 

the pit and removal of ‘dead-weight’ (or overburden pressure). 

3. Unlike caving methods or mining methods used for underground coal mining, such as longwall 

mining, surface subsidence is generally minimal, and often negligible for most stoping operations, 

particularly stoping operations targeting near vertical and relatively thin gold orebodies such as 

Lake Cowal underground. 

4. The updated underground mine design and layout is appropriate for minimising (potential) surface 

subsidence. This is because of the planned sequence, relatively small stope dimensions with planned 

paste backfill, 20-30m crown pillar thickness in fresh rock and planned cablebolt ground support for 

the stope crowns. Of course, these controls do not completely eliminate the potential for any impact 

to surface as there are potentially unknown geological conditions present. The proposed 

underground mine design is considered feasible for minimising any impacts to surface and is 

forecast to have negligible impact to the surface topology provided stopes/crown pillars do not fail. 

It is noted that some geological conditions cannot be completely characterised and understood 

until development in planned mining blocks, particularly the upper stoping blocks, has been 

completed. Additional monitoring, measurement and risk mitigation measures addressing stope 

stability are addressed in the recommendations section. Failure of stope crown pillars is a key hazard 

that must be managed by the mine.  

5. A potential hazard for the underground mine is stope failure or chimney failure of the upper stopes 

in the mine. The model does not forecast significant rockmass damage or major instability above 

these stopes. However, local geological conditions encountered in this domain may be different 

from the current understanding. Chimney failure and stope instability is a potential hazard in all 

stoping mines and must be managed appropriately. Chimney failure of a stope to surface at Lake 

Cowal would likely result in any surface water in the lake to report to the underground workings. 
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The mine will need to carefully manage this hazard through mine design, sequence, timely paste fill 

and (possibly) cablebolt stope walls and crowns. We have provided recommendations to mitigate 

this hazard. 

6. Some stope hangingwalls are in close proximity to the Glenfiddich fault, which is in proximity to 

much of the mineralised zone on the hangingwall side. There is increased potential for hangingwall 

overbreak and stope failure / chimneying along the Glenfiddich fault, and other faults in proximity 

to mining that intersect with the weak oxide and transported material, such as the Galways splays. 

7. There is potential for (increased) water inflow into underground workings along faults (i.e. 

Glenfiddich and Galway splay faults) that are slightly mobilised in proximity to the underground 

workings. Water inflow to the underground will depend on degree of saturation of overlying cover 

sediments in proximity to these faults, and the hydraulic conductivity of the individual faults. 

8. There is minimal interaction between the underground and open pit mine. The interaction for stress, 

strain and displacement are considered negligible. This is due to the small footprint of the 

underground mine in proximity to the pit. 

 

Recommendations 

Our recommendations arising from this project are outlined below. BE would be pleased to assist EMM and 

Evolution with implementing the recommendations if required. 

1. Stopes within the oxide and transported layers are not likely to be stable and should not be planned 

at this stage of the project. Current geological interpretation demonstrates the depth and thickness 

of the transported and oxide layers is variable. The mine should continue to update the 

interpretation of these boundaries with information from ongoing drilling programmes. The location 

of the top of fresh rock is most important for the underground mine design.  

2. Geotechnical characterisation and development of a detailed geotechnical domains model and 

structural model, particularly in the upper mining areas of the underground mine. The geotechnical 

and structural models will require on-going refinement over the mine life which is the normal 

practice in any mine. 

3. The mine should review the planned mining sequence and consider delaying the mining of the 

upper most row of stopes in the upper most stoping blocks. Mining these stopes first, or very early 

in the mine life is when the mine has the least geological knowledge and understanding of stope 

performance (relative to other stages of underground mining). This includes the understanding of 

the hydraulic properties of the faults and (potential) water inflows to the underground mine.   

4. Other recommendations and control measures to minimise the potential for stope overbreak or 

chimney failure that may impact the surface are listed below. Depending on local geological 

conditions encountered, the mine should review the list below, and select the controls appropriate 

to the conditions encountered. We understand some of these controls are currently being planned. 

Additional controls, if required would normally be identified and planned as part of the risk 

assessment and detailed design process. 

a. A detailed crown pillar stability assessment must be conducted for each stope on the upper 

mining levels. We recommend the use of empirical methods as a minimum, or a 

combination of empirical and numerical methods. The mine must ensure the risk of crown 

pillar failure is suitably controlled. 

b. Mine single lift stopes in the upper stoping block. Smaller stopes are more stable than large 

stopes. A smaller stope void increases the potential for stope overbreak and failure material 

to fill the void due to the swell of the broken material, prior to extensive failure or 

chimneying to surface. 
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c. Stope sequencing to minimise risk of failure and unravelling along faults, particularly where 

stopes are bounded by multiple faults. Multiple stopes in close proximity should not be 

mined at the same time.  

d. Top down drilling of the upper stopes will provide access to the top of the stope (the overcut 

drive) which enables cablebolting of the stope crown and hangingwall and access for rapid 

tight filling with paste. 

e. Tight fill stopes, as far as practical. 

f. Backfilling stopes in a timely manner. 

g. Developing the overcut drive with a downwards grade from the access. This will enable the 

stopes to be tight filled to the backs with paste. 

h. Ensuring paste lines and other backfill infrastructure is in place prior to firing stopes with 

potential for instability or in proximity to major faults. 

i. Reducing the strike length and width of stopes to reduce potential instability. A review of 

the stope dimensions should be conducted following stope development and structural 

mapping of the area. 

j. Cablebolting of stope crowns, when appropriate. 

k. Review of a stand-off between stope walls and major faults, such as the Glenfiddich fault is 

appropriate based on local conditions 

l. Employing a continuous mining sequence. Secondary stopes have a higher risk of instability 

(generally). 

m. Avoid mining stopes where major faults confluence in proximity to the stope, particularly 

near sub-vertical faults such as the Glenfiddich fault and Galway splays.  

n. Mine stopes on the upper levels when Lake Cowal is dry. 

5. Detailed stope stability assessments using geotechnical information from future drilling 

programmes, laboratory testing and rock mass characterisation from underground exposures. 

6. Stability monitoring of stopes and TARP to backfill stopes that show early signs of large scale 

instability. 

7. The mine should develop a TARP and undertake a detailed risk assessment for potential stope 

instability in areas deemed to have elevated risk or potential for surface break through. 

8. Subsidence monitoring above the underground mining precinct. 

9. In situ stress measurement. 

10. Additional laboratory strength testing of each rock type.  

11. Characterisation of the major faults, including strength properties and hydraulic conductivity/water 

inflow rates. 

12. Ground water characterisation, including an assessment of the impact of the mechanical rockmass 

response on ground water flow paths and hydraulic conductivity. 

 

Limitations 

In addition to the normal resolution limitations associated with the current mine-scale finite element model, 

the main limitations of this project are: 
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1. The structural model provided is of “low” resolution. We understand there are a large number of 

mapped faults within the open pit that were not provided for the assessment of the underground 

mine. A detailed pit stability assessment has not been completed as part of this assessment. 

2. The early stage of underground mining at Lake Cowal precludes detailed calibration, which limits 

the reliability of the forecasts at this stage. This is normal for a mine at this early stage of pre-

production development. Despite the lack of calibration, the results are generally consistent with 

our expectations based on the current interpretation of the conditions. 

3. Sensitivity analyses have not been performed to bracket the range of likely outcomes for the surface 

impacts to mining. 

4. Stope crown pillar stability assessment has not been conducted as sufficiently detailed information 

at present and is outside the scope of the subsidence assessment. Preliminary recommendations for 

crown pillar thickness have been integrated into the revised underground mine design.  

5. The in-situ stress regime has been assumed using data from a nearby mine as there has been no 

insitu stress testing to date at Lake Cowal. Local conditions may have a different insitu stress 

orientation and/or gradient. 

6. The impact of ground water inflow to the underground mine has not been included in the model. 

The model does not include: 

a. Stress increase from porewater pressure 

b. Overburden pressure from seasonal surface water (although this effect would be small) 

c. An assessment of changes to ground water flow or surface water percolation due to rock 

mass damage, including damage within the major faults, caused by underground mining. 

We note that small amounts of strain above planned stoping or on structures will increase 

the hydraulic conductivity of the rock mass and may lead to (increased) water inflow to the 

underground mine.  

It is essential to note that the current forecasts of LOM behaviour are still subject to considerable uncertainty 

due to the limited quantitative data available for model calibration at this early stage of the underground. 

This is the normal situation for mines in the early stages of underground mining. On-going data collection 

and further direct experience with stoping at Lake Cowal and improved calibration will help reduce 

uncertainty. 

 

Enquiries 

Please direct further enquiries to the undersigned. 

 

Sincerely, 

 

Alex Campbell  

PhD, MEngSc (Mining Geomechanics), BE (Civil), BE (Mining Hons I) MAusIMM (CP), RPEQ 

Principal Engineer, Mining & Rock Mechanics 
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6 APPENDIX – LR2 FRAMEWORK 
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A.1. CONSTITUTIVE MODEL AND PHYSICAL COMPOSITION 

A.1.1. The LR2 constitutive framework 

The Levkovitch-Reusch 2 (LR2) constitutive framework is a package of tools that describe the stress-strain 

behaviour of rock masses and structures. The main features of LR2 are: 

• The continuum regions of the rockmass are modelled as strain-softening dilatant materials. This 

means that as strain increases the material softens, weakens and dilates. All parameters can vary at 

different rates with respect to strain changes, and this allows approximation of complex stress-

strain behaviour of real rock masses. A generalisation of the Hoek-Brown yield criterion (Hoek et 

al. 2002) was used for the continuous regions of the rockmass, as described below. 

• The behaviour of explicit discontinuities is approximated using cohesive elements. These elements are 

used because they can capture the mechanical response of thin structures at large deformations, which 

normal tetrahedral finite elements cannot achieve effectively. Cohesive elements allow simulation of the 

discrete behaviour associated with structures and can be used to construct a rockmass model 

compromising continuum regions separated by discontinuities. The structures are free to dislocate, dilate 

and degrade. 

• Small scale structures can be represented in detailed models explicitly as cohesive elements, or 

ubiquitously by smearing the effects of the joints within the continuum parts of the rockmass. 

• Tetrahedral higher-order elements are used for the discretization of the model geometry. These 

are considered essential for FE models where large gradients of displacements and damage are 

expected. 

• The LR2 framework includes provision for hydromechanical coupling when necessary which means 

that the material constitutive equations (governing mechanical behaviour) are solved at the same 

time as the equations governing fluid flow in porous media (Darcy's equation), or solved in 

sequential or staggered incremental schemes, depending on the problem. This means that the 

modelling framework can capture the effects of pore water pressure on the strength of the rock 

(as may caused by groundwater percolation through the rockmass itself). 

• Seismic potential can be assessed by considering the modelled rate of energy release (RER), which 

is the maximum instantaneous rate of energy release within a unit volume during a model frame. 
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RER can be correlated with seismic potential and has been successfully applied to forecast seismic 

potential in several projects. This requires calibration using seismic data for quantitative 

evaluations of seismic potential. 

Model outputs include displacement, stress, strain and pore water pressure fields, where the presence of 

pore-water pressure is implemented. Plastic strain, reported as the plastic strain tensor or as scalar equivalent 

plastic strain measure, represents the amount of plastic rockmass deformation after yield. The plastic strain 

can be interpreted as rockmass damage and usually correlates well with most engineers' visual interpretation 

and intuitive understanding of rockmass damage. BE's damage scale is based on plastic strain (see further 

below how modelled rockmass damage can be interpreted). 

 

A.1.2. Constitutive model for the continuum parts 

The relation between stress, strain, strength and degradation is described by the constitutive model. 

Generally, constitutive models consist of 3 main parts:  

(i) a stress dependent yield criterion, 

(ii) a plastic strain potential, which describes how the material will deform as a consequence of 

changes in stress due to damage and  

(iii) a description of how stress and strain are related.  

In the LR2 framework, a generic yield criterion is used that can approximate almost any common rock 

mechanics yield criterion. In BE models, Hoek-Brown is applied as the base case for most problems.  

The starting point for the generic criterion that can approximate Hoek Brown, Mohr coulomb or other criteria 

is the Menetrey/Willam strength criterion (1), described by the following function 

 [
𝑞

𝜎𝑐𝑖
]
2

+𝑚 [
1

3

𝑞

𝜎𝑐𝑖
𝑅(𝜃, 𝑒) −

𝑝

𝜎𝑐𝑖
] − 𝑠 = 0  A.1-1   

The material constants 𝑠 and 𝑚 are the measures of the cohesive and frictional strength, and 𝜎𝑐𝑖 represents 

the uniaxial compressive strength of intact rock. Further, 

 𝑝 = −
1

3
 𝑰 ∙ 𝝈  is the hydrostatic pressure, 

  𝑞 = √
3

2
 𝑺 ∙ 𝑺  the Mises equivalent stress and 

 𝑟 = [ 
9

2
 𝑺 ∙ (𝑺 𝑺) ]

1
3⁄

 the third stress invariant  

with 𝑺 being the deviatoric part of the Cauchy stress 𝝈. The dependence on the third invariant is introduced 

via the convex elliptic function in the deviatoric stress plane 

 𝑅(𝜃, 𝑒) =
4(1−𝑒2) cos2 𝜃+(2𝑒−1)2

2(1−𝑒2) cos𝜃+(2𝑒−1)√4(1−𝑒2) cos2 𝜃+5𝑒2−4𝑒
. A.1-2  

Here, the variable 𝜃, defined via cos 3𝜃 = (𝑟/𝑞)3, is the deviatoric polar angle (also known as Lode angle) 

and the material constant 𝑒 is the deviatoric eccentricity that describes the “out-of-roundedness” of the 

deviatoric trace of the function 𝑅(𝜃, 𝑒) in terms of the ratio between the Mises stress along the extension 

meridian (𝜃 = 0) and the compression meridian (𝜃 = 𝜋/3).  For  𝜃 = 0 and  𝜃 = 𝜋/3  the function becomes 

1/𝑒  and 1 respectevely. The convexity of 𝑅(𝜃, 𝑒) requires that 0.5 ≤ 𝑒 ≤ 1. 
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Figure A.1-1 Three dimensional representation of the Menetrey/Willam failure surface in the principal stress 

space 

 

In the case of 𝑒 = 0.5 the Menetrey/Willam failure function represents a circumscribed approximation of the 

Hoek-Brown (2) strength criterion 

 (
𝜎1−𝜎3

𝜎𝑐𝑖
)
2

+𝑚
𝜎3

𝜎𝑐𝑖
− 𝑠 = 0, A.1-3  

where 𝜎1 and 𝜎3 are the major and minor principal stresses at failure. In order to recognize the similarity 

between the both criteria we rewrite the principal stresses representation using the relation between the 

stress invariants and the principal stresses 

 𝜎1 = −𝑝 +
2

3
𝑞 cos 𝜃 and 𝜎3 = −𝑝 +

2

3
𝑞 cos (𝜃 +

2

3
𝜋).  

Inserting the upper expressions for the principal stresses into [3] one obtains the Hoek/Brown strength 

criterion in terms of the stress invariants 

 [
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Setting 𝑒 = 0.5  results in an exact match between the both criteria at the extension and compression 

meridians.  For  𝜃 = 0 and  𝜃 = 𝜋/3  both expressions are reduced respectively to 

 [
𝑞

𝜎𝑐𝑖
]
2

+𝑚 [
2

3

𝑞

𝜎𝑐𝑖
−

𝑝

𝜎𝑐𝑖
] − 𝑠 = 0 A.1-5  

 [
𝑞

𝜎𝑐𝑖
]
2
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] − 𝑠 = 0. A.1-6  

Thus, for 𝑒 = 0.5 the Menetrey/Willam criterion can be considered as a circumscribed approximation of the 

Hoek/Brown function (Fig.A.2-2). 
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Figure A.1-2: Comparison between the Deviatoric traces of the Menetrey/Willam failure model (smooth curves) 

and the 1980 Hoek-Brown criteria at three levels of confinement in the principal stress space 

In contrast to the Hoek/Brown model that doesn’t account for the intermediate principal stress, the 

dependence on 𝜎2  in the case of the Menetrey/Willam criterion [1] is governed by the eccentricity 

parameter 𝑒. Increasing eccentricity values cause a higher dependence on 𝜎2 with the deviatoric trace of the 

Menetrey/Willam model approaching a circle (Fig A.2-3). 

Thus, the Menetrey/Willam model possesses a material parameter that can be adjusted to match the true 

triaxial failure data if this is required. 

                

Figure A.1-3: Deviatoric traces of the Menetrey/Willam failure function for three different eccentricity values. 

In 1992 the original Hoek/Brown criterion was extended (3) by an additional parameter 𝑎 to the following 

form 
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that allows to change the curvature of the failure envelope, particularly in the very low normal stress range 

to account for very low or zero tensile strength in heavily jointed or very poor rock masses. A corresponding 

extension of the Menetrey/Willam model takes the form 
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 [
𝑞
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which is the failure criterion in the framework of the LR2 model.  

Accordingly, the above failure function [7]  can be considered as a circumscribed approximation of the 1992 

Hoek/Brown (3) criterion. 

The plastic strain potential is given by the relation 

 𝑫𝑝 = �̇�
𝜕𝐺

𝜕𝝈
, A.1-9  

where �̇� is the magnitude of the plastic strain increment and 𝐺 is the flow potential  

 𝐺 = 𝜎𝑐𝑖 [
𝑞

𝜎𝑐𝑖
]

1

𝑎 +
1

3
𝑚𝑞𝑅(𝜃, 𝑒) − 𝑑𝑔𝑝. A.1-10 

Here, 𝑑𝑔is the dilation parameter in the bulk. If the flow potential differs from the yield function the flow rule 

is non-associative which is the case for most geotechnical materials. 

The model is implemented in such a way that all the strength parameters as well as the dilation and the 

Elastic modulus can be prescribed as piecewise linear functions of the equivalent plastic strain which is the 

accumulated deviatoric plastic strain 

 𝑝𝑒𝑒𝑞𝑑𝑒𝑣 = ∫ (�̇� ‖(
𝜕𝐺

𝜕𝝈
)
𝑑𝑒𝑣
‖)𝑑𝑡

𝑡

0
 A.1-11 

to account for the stress-strain behaviour of the rock type, i.e. 𝑠 , 𝑚𝑏 , 𝑑𝑔  and the Young’s modulus are 

piecewise linear functions of 𝑝𝑒𝑒𝑞𝑑𝑒𝑣 . ‖𝑨‖ is the norm of a tensor 𝑨 and (𝑨)𝑑𝑒𝑣 the deviatoric part of a tensor 

𝑨. 

 

A.1.3. Representation of explicit structure 

The behaviour of explicit discontinuities is approximated using cohesive elements (formulation COH3D6 in 

ABAQUS). These elements are used because they can capture the mechanical response of thin structures at 

large strains, which normal tetrahedral finite elements cannot achieve effectively. Cohesive elements allow 

simulation of the discrete behaviour associated with structures and can be used to construct a rockmass 

model compromising continuum regions separated by discontinuities. The structures are free to dislocate, 

dilate and degrade. The constitutive behaviour of the cohesive elements can be defined using the LR2 

continuum-based constitutive model, or a constitutive model specified directly in terms of traction versus 

separation with Coulomb yield criterion with cohesion.  

The first approach is typically used to model layers of finite thickness, while the second approach is useful 

in applications for discontinuities of zero thickness such as fractures. Both models have the LR2 feature of 

elastic-plastic material behaviour in such a way that all the strength parameters as well as the dilation and 

the Elastic modulus can be prescribed as piecewise linear functions of accumulated plastic strain or the 

accumulated fault slip. 

Discontinuities modelled with continuum LR2 material behaviour have the same set of material properties 

as LR2 bulk materials (s. chapter A.1.2 Constitutive model for the continuum parts).  

The main feature of the traction-separation fault behavior is the onset of the fault slip is described by the 

following cohesive-frictional criterion 

 𝜏 − 𝑝𝑛 tan𝛽 − 𝑐 = 0 A.1-12 
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with 𝑐 and 𝛽 being the fault cohesion and friction angle, respectively. Further, 𝜏 is the magnitude of the shear 

stress resolved onto the fault plane and 𝑝𝑛 the normal stress acting across the fault. The kinematic of the 

fault slip deformation is described by the plastic strain rate 

 𝑫𝑝 = �̇�[sym(𝒔⊗ 𝒏) + tan𝜓  𝒏⊗ 𝒏] A.1-13 

with �̇� being the fault slip rate and 𝜓 the fault dilation angle. Further, 𝒏 is the unit normal vector of the fault 

plane (i.e. the orientation of the finite element) and 𝒔 the unit vector into the direction of the resolved shear 

stress. The constitutive fault parameters c,  and   are prescribed as piecewise linear functions of the 

accumulated fault slip . The required parameter to define the mechanical behaviour of a traction-separation 

cohesive section are: 

D Constitutive thickness  

ρ [kg/m³] Density  

E [GPa] Elastic modulus These parameters are a 

function of the 

accumulated fault slip. 
v Poisson's ratio 

d Dilation 

s Fault cohesion 

a Fault friction angle 

Table A.1-1 Material properties for traction-separation cohesive sections 

 

A.1.4. Extension for the case of transversal isotropy 

The isotropic LR2 framework is extended for the case of transversal isotropy using the theory of liner stress 

transformation. The main assumption in this theory is that the anisotropic yield function of the actual stress 

𝝈 is equivalent to an isotropic yield function of the linear transformed stress 𝝈∗ 

 𝑓𝑎𝑛𝑖𝑠𝑜(𝝈) = 𝑓𝑖𝑠𝑜(𝝈
∗) A.1-14 

With this approach the usage of an arbitrary isotropic yield function is possible. 

The linear stress transformation: 

 𝝈∗ = 𝑳𝝈 A.1-15 

is performed via a fully symmetric 4th order tensor 𝑳 that has to satisfy the material symmetry conditions 

(similar to the elastic stiffness tensor). It is also called the stress weighting tensor. Depending on the material 

anisotropy type it has different number of independent material constants. 

Rock with a population of parallel weakness planes or cracks can be considered as transverse isotropic. With 

𝑥3 axis being the symmetry axis and written in the material symmetry frame (Fig A.1-4), 
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Figure A.1-4: Material symmetry frame of a transverse isotropic material. 

𝑳 has the following form: 

 L =

(

  
 
  

n 0 0
0 n 0
0 0 1

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

n 0 0
0 s 0
0 0 s

  

)

  
 

 A.1-16 

with only two independent material constants 𝑛 and 𝑠. 

To extend the LR2 framework for the case of transverse isotropy, the actual stress in the equation [8] is 

replaced by the stress transformed via [16] 

 𝝈∗ = 𝑳𝝈 =

(

  
 
  

𝜎11𝑛
𝜎22𝑛
𝜎33
𝜎12𝑛
𝜎23𝑠
𝜎13𝑠

  

)

  
 

 A.1-17  

The meaning of the anisotropy constants 𝑠 and 𝑛 becomes clear if the yield function is analysed for the case 

of pure shear loading parallel to the cracks and of uniaxial compressive loading parallel to the cracks, 

respectively. 

In the case of pure shear loading parallel to the cracks the yield condition reads: 

𝑓𝑖𝑠𝑜(𝑳𝝈) = 𝑓𝑖𝑠𝑜(𝜎13𝑠) = 0 

and 𝜎13𝑠 = 𝐶𝑆𝑖𝑠𝑜 follows. Accordingly, parameter 𝑠 represents the reduction factor of the cohesive strength 

with respect to the isotropic case if shear loading is applied parallel to the cracks. 

For the case of uniaxial compressive loading parallel to the cracks (loading direction 𝑥1  or 𝑥2) the yield 

criterion reads 

𝑓𝑖𝑠𝑜(𝑳𝝈) = 𝑓𝑖𝑠𝑜(𝜎11𝑛) = 0 

and 𝜎11𝑛 = 𝑈𝐶𝑆𝑖𝑠𝑜  follows. Accordingly, parameter 𝑛  represents the reduction factor of the uniaxial 

compressive strength with respect to the isotropic case if the uniaxial compressive load is applied parallel to 

the cracks. If compressive load is applied in 𝑥3 direction  𝜎33 = 𝑈𝐶𝑆𝑖𝑠𝑜 follows which means that the uniaxial 

compressive strength perpendicular to the cracks is not influenced by them. 

For an arbitrary direction of the uniaxial compressive load with respect to the material symmetry frame the 

stress weighting tensor 𝑳 has to be transformed into the loading coordinate system. As a result, the simple 

diagonal shape is lost and the components of the transformed stress tensor  𝝈∗ = 𝑳𝝈  attains shear 

components that depends also on constant 𝑠. Accordingly, the uniaxial compressive strength for such a 

transverse isotropic material depends on both anisotropy constants. 
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The pictures below show the dependence of UCS from the rotation angle of the load axis relative to x3 axis 

for load direction varying from 00 (perpendicular to the cracks) to 900 (parallel to the cracks) for different 

combinations of s and n values. 

 

Figure A.1-5: Influence of the loading direction on UCS for different combinations of 𝒏 and 𝒔 values 

 

A.1.5. Model parameter to determine rock strength 

The application of the constitutive model for a particular rock type or the mechanical behaviour of a 

discontinuity requires the determination of a set of model parameters. One common approach is to 

determine the model parameter with help of the GSI (geological strength index) system (see (3) and (4) for 

the application) and the value mi (frictional strength of the intact rock mass): This allows an initial 

determination of elastic properties E and v, the frictional strength of the broken rock mb and the cohesive 

strength s as well as the dilation. 

UCS [MPa] Uniaxial Compressive Strength  

GSI Geological Strength Index  

mi Frictional strength of intact rock  

D Damage parameter (Hoek-Brown)  

ρ [kg/m³] Plastic strain  

   

mb HB parameter for frictional strength of broken rock  

These parameters are a 

piecewise linear function 

of the accumulated 

plastic strain. 

E [GPa] Elastic modulus 

v Poisson's ration 

d Dilation 

s cohesive strength parameter 

a strength parameter  

Table A.1-2 Material properties for continuum LR2 material 

A set of these parameters describes the onset of yielding for a rock type. To describe the post-yield 

behaviour of stress-strain relation of the rock the implementation of the constitutive model allows an 

arbitrary number of characteristic points to describe the stress-strain curve of the material. An example for 

the documentation of material properties is provided in the next figure: 
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Figure A.1-6: Example for documentation of material properties of the LR2 framework. 

 

A.1.6. Modelling softening behaviour 

The image below shows frequently used idealizations for the softening behaviour of the rock materials. (P) 

denotes the peak strength material, (T) indicates the onset of softening and (R) examples for the residual 

strength level. 

 
Figure A.1-7: Idealizations for the softening behaviour of the rock materials. (P) denotes the peak 

strength material, (T) indicates the onset of softening and (R) examples for the residual strength 

level. 

In the LR2 framework the softening behaviour is introduced in such a way that all the strength parameters 

as well as the dilation and the Elastic modulus can be prescribed as piecewise linear functions of accumulated 

plastic strain to account for the stress-strain behaviour of the rock type, i.e. 𝑑𝑔, 𝑠 and 𝑚𝑏and the Young’s 
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modulus can evolve independently according to the available laboratory data or available description of the 

deformation and damage behaviour rock mass. 

 

A.1.7. The common damage scale 

As a purely phenomenological model the constitutive equations do not incorporate a damage variable that 

allows the direct quantification of the damage state of the rock.  

For non-linear elastic-plastic models as used in the LR2 framework the rock mass damage is related to the 

amount of accumulated equivalent plastic strain, which is the amount of permanent (irreversible) rockmass 

deformation after yield. The table below shows a possible correlation of plastic strain values with the damage 

state of the rock. The specific correlation of plastic strain levels with damage states is often referred to as 

the “common damage scale (CSD)”, which can vary depending of the softening behaviour of the investigated 

rock. 

 

Plastic strain Damage state Observed behaviour 
>5% Very significant Gross distortion and comminution. 
~3% Significant Extensive fracturing of intact rock. 
~1.5% Moderate Constant load leads to increasing deformation. 
~0.7% Minor No significant decrease in strength or stiffness. 
<0.35% None to very minor Undisturbed in situ conditions. 

 

Table A.1-8 Correlation of plastic strain values with the damage state of the rock 

 

A.1.8. Assessing seismic potential with RER 

The mining of excavations in rock re-distributes stress and causes damage to the rock mass and 

discontinuities. The resulting reduction in strength and degradation in stiffness of the damaged rock and 

structures leads to further deformation and release of stored elastic strain energy.  

One portion of this released energy is consumed by the damage process - frictional sliding and the creation 

of new surfaces. This energy cannot be retrieved, so is counted as ‘dissipated’. If the value of the released 

elastic energy is higher than the energy dissipated by the irreversible damage, the surplus is emitted into 

the surrounding rock. These release events are seismic events.  

The magnitude (and/or the rate) of the released energy during these events can be measured in a mine 

using a seismic monitoring system or calculated using a model.  The instantaneous, peak (i.e. maximum) rate 

of energy release from a volume of rock (i.e. the energy that is not dissipated) is the Rate of Energy Release 

(RER). 

The calculated rate of energy release (RER) is used to represent seismic potential in the model. Levkovitch 

et al. (2013) describe RER in some detail. RER is calculated as follows: 

Each model frame comprises many numerical time steps as part of the explicit FE solution procedure. For 

each time step, the instantaneous rate of energy release is calculated for each finite element. This is the 

change in elastic strain energy less the dissipated plastic energy, and represents the energy radiated from 

V. Minor ~ 0.35%

8

m

Minor ~ 0.7% Moderate ~ 1.5% Significant ~ 3% Very Sign. > 5%
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the element out into the surrounding environment. The dissipated plastic energy represents irreversible 

work done on the rockmass through processes such as friction on joint surfaces and creation of new fractures, 

and is calculated from the plastic strain condition of the element.  

The RER is the maximum value of the instantaneous rate of energy release calculated all the time steps 

during a model frame. 

RER is recorded for every tetrahedral element and every cohesive element in the FE simulation at every frame. 

This allows RER to be calculated for the homogenised rockmass (represented with tetrahedral elements), 

and for the explicit structures (represented with cohesive elements). Both are important: The largest events 

are expected on structures, but many lower magnitude events are expected in the homogenised rockmass. 

 

A.1.9. Mechanical response in the presence of pore-water pressure 

In the LR2 framework the governing rock or soil is regarded as a deformable porous medium, consisting of 

a solid skeleton and a pore space. A fluid (e.g., water) may partially or fully saturate this pore space and is 

allowed to flow through connected pores, i.e, to permeate through the rockmass. Within the conceptual 

modelling approach both the skeleton and the voids are considered to be homogeneously smeared within 

the Representative Volume Element (RVE), where the proportion of pore volume space to the bulk volume 

is denoted as porosity.  

At any material point in the model, the fluid is subjected to a fluid pressure. The spatial distribution of the 

fluid pressure does vary and results from the respective hydro-geological setting. This pressure is obtained 

as a result of a separate hydrological analysis. 

The fluid interacts with the solid rock skeleton. In case of a single-phase water flow the respective fluid 

pressure acting on the solid skeleton is referred to as pore-water-pressure 𝑝𝑤, or, in case of a multi-phase 

flow, as wetting phase pressure.  

The stresses of the entire RVE, denoted as total stresses, can be decomposed in two parts. One part is 

represented by the effective stresses of the solid skeleton, and the other part by the fluid pressure acting 

onto the solid skeleton. This is referred to as effective stress concept of Terzaghi (1936): 

𝝈𝑡𝑜𝑡 = 𝝈𝑒𝑓𝑓 + 𝛼𝐵𝑝𝑤𝟏 . (A.1-18) 

The sign convention is such that 𝑝𝑤 being positive in compression, and of 𝝈 negative in compression, i.e., 

𝑝 = −1 3⁄ tr(𝝈). Further, 𝛼𝐵 denotes the Biot coefficient which is a material parameter depending on the 

rock type that is generally bound between 0 < 𝛼𝐵 ≤ 1. Typical values for the Biot coefficient are summarized 

in the literature for a range of materials. Total stresses are always used to fulfil the linear momentum 

(equilibrium). The constitutive response of the porous material, however, is always updated using the 

effective stresses. Hence, the presence of pore-water pressure reduces the skeleton stresses such that the 

effective confinement pressure is reduced and the material may be subject to earlier yielding. As a special 

case, a pore-water pressure exceeding the total confining pressure, i.e., 𝑝𝑤 > −1 3⁄ tr(𝝈𝑡𝑜𝑡), results in a 

plastic apex-mode deformation, also referred to as tensile cracking. This situation may arise in cases where 

a large 𝑝𝑤 is present in a de-stressed material region, such as near a free surface. 
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