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Abstract 

The objective of this research is to develop tools and methodologies to achieve more reliable 

information about the stress field in deep mines, especially around mining excavations by using the 

method of seismic stress inversion.  

After investigating several stress inversion algorithms, one method, MOTSI, has been applied to 

the seismic data collected from Nickel Rim South Mine (NRS) located in Sudbury, Canada. Although 

NRS hosts relatively massive rock mass with high strength, it is structurally complicated. There are many 

faults located in the mine, which can both influence the stress field and be the source of seismic events. 

The seismic array has good coverage over the active volume of the mine and consists of a number of 

sensors with different types (uniaxial and triaxial geophones and accelerometers). This combination of 

sensors covers the seismic events with a range of moment magnitudes between -3 and 3. Extensive 

filtering has been applied to the seismic data and finally, for mapping the stress field, more than 1000 

seismic events were manually processed and after removing noise and applying different filters, it was 

possible to determine the orientation of the principal stresses through seismic stress inversion from the 

middle level of the mine. The aggregate of the inversions inferred a north–south, northeast/southwest 

orientation of the maximum principal stress and near vertical minimum principal stress.  In each inversion 

processed, several events were tagged as outliers according to the MOTSI software criteria. Several 

statistical analyses including mean, standard deviation, variance, t-test, box plot, Kruskal–Wallis test, and 

principal component analysis (PCA) were conducted over 10 seismic source parameters (i.e. source 

radius, seismic moment, etc.) to determine the relation between outliers and used data. Finally, a relation 

between principal stresses and relative stress ratio has been described and the application of this relation 

and the overcoring stress measurements for determining the far-field stresses are explained.   

Based on the results of this research, guidelines are prepared outlining how the stress inversion 

technique can be applied to mining seismicity to extract information about the stress field. 



iii 

 

Acknowledgements 

First and foremost, I would like to thank Dr. Steve McKinnon for his trust, patience, support, and 

valuable suggestions at all stages of this research.  

I am greatly indebted to my parents, Sari and Ghaffar, and my brother and sister-in-law, Emad 

and Mehrnaz.   

This thesis would not have been possible without financial support from the Natural Sciences and 

Research Council Collaborative Research and Development Project (NSERC CRD) and Glencore. I 

sincerely thank Glencore for sharing rock mechanics data, seismic data, and technical documents from the 

Nickel Rim South Mine. In particular, I would like to acknowledge the support of Mr. Brad Simser.  

I thank ESG Solutions for the use and support of their seismic analysis software, and especially 

Dr. Dave Collins and Dr. Zara Anderson. 

Life does not make sense without friends. Acknowledgment goes to the following friends for 

their continuous support and encouragement during my studies; Pooneh, T., Mehdi, F., Rouzbeh, R., Sina, 

J., Sepideh, D., Fazel, J. Fatemeh, M., Milad, A., Maoon, N., Galia, M., Parisa, K., Hessam, M., Hossein, 

Kh., Amir, Kh., Sadaf, S.,Omid, M., Hessam,  E., Sina, T(RIP)., Ali, S., Neda, D., Denver, C., Kim, F., 

Andrew, M., Kris, L., Anna, P., Sophie, LP., Behrad, M., William, M., and Parwin, N. 

I also want to acknowledge the support and friendship of the employees of the Department of 

Mining at Queen’s University. Specifically, I want to thank Oscar Rielo, Wanda Badger, Kate 

Cowperthwaite, and Tina McKenna. 

 



iv 

 

Table of Contents 

Abstract ......................................................................................................................................................... ii 

Acknowledgements ...................................................................................................................................... iii 

List of Figures ............................................................................................................................................. vii 

List of Tables ............................................................................................................................................... xi 

Chapter 1 Introduction .................................................................................................................................. 1 

1.1 Seismicity ............................................................................................................................................ 1 

1.2 Problem ............................................................................................................................................... 2 

1.3 Motivation ........................................................................................................................................... 4 

1.4 Objective ............................................................................................................................................. 4 

1.5 Organization of Thesis ........................................................................................................................ 5 

Chapter 2 Background .................................................................................................................................. 6 

2.1 Stress Measurement Techniques ......................................................................................................... 6 

2.1.1 Hydraulic Fracturing .................................................................................................................... 6 

2.1.2 Flat Jack Technique ..................................................................................................................... 7 

2.1.3 Surface/Borehole/Rock Mass Relief Methods ............................................................................. 7 

2.2 Seismic Source Parameters ............................................................................................................... 10 

2.2.1 Seismic Moment ........................................................................................................................ 11 

2.2.2 Moment Magnitude .................................................................................................................... 12 

2.2.3 Seismic Energy .......................................................................................................................... 12 

2.2.4 Static Stress Drop ....................................................................................................................... 13 

2.2.5 Dynamic stress drop ................................................................................................................... 13 

2.2.6 Apparent Stress .......................................................................................................................... 14 

2.2.7 Es/Ep ratio .................................................................................................................................. 14 

2.2.8 Source radius .............................................................................................................................. 15 

2.2.9 Asperity radius (McGarr, 1991) ................................................................................................. 15 

2.2.10 Peak Particle Velocity .............................................................................................................. 15 

2.2.11 Peak Velocity Parameter (PVP) ............................................................................................... 17 

2.2.12 Peak Particle Acceleration (PPA) ............................................................................................ 17 

2.2.13 Peak Acceleration Parameter (PAP) ........................................................................................ 18 

2.3 Seismic Inversion Techniques .......................................................................................................... 19 

2.3.1 How does seismic stress inversion work? .................................................................................. 20 

2.3.2 Stress Inversion Algorithms ....................................................................................................... 24 



v 

 

2.3.3 FMSI .......................................................................................................................................... 25 

2.3.4 MOTSI ....................................................................................................................................... 26 

2.3.5 Engineering Seismicity Group (ESG) Package .......................................................................... 31 

2.3.5.1 WaveVis .............................................................................................................................. 31 

2.3.5.2 Event Location .................................................................................................................... 33 

2.3.5.3 SeisVis ................................................................................................................................ 36 

2.3.5.4 SMTI ................................................................................................................................... 38 

2.4 Limitations of Seismic Stress Inversion ............................................................................................ 40 

2.5 Numerical Modelling ........................................................................................................................ 42 

2.5.1 Background ................................................................................................................................ 42 

2.5.2 Finite Difference Methods (FDM) ............................................................................................. 45 

2.5.3 Distinct Element Methods (DEM) ............................................................................................. 46 

2.5.3.1 3DEC ................................................................................................................................... 47 

2.5.4 Conclusions ................................................................................................................................ 48 

Chapter 3 Nickel Rim South Mine .............................................................................................................. 49 

3.1 Description of the Nickel Rim South Mine ...................................................................................... 49 

3.2 Faults and Dykes ............................................................................................................................... 51 

3.3 Stope Layout ..................................................................................................................................... 52 

3.4 History of Stress Measurement at NRS ............................................................................................ 53 

3.5 Seismicity at NRS ............................................................................................................................. 54 

3.6 Sensors Deployed in NRS ................................................................................................................. 55 

3.7 Potential ESG Solution Software Issue ............................................................................................. 57 

Chapter 4 Seismic Stress Inversion Preliminary Results ............................................................................ 58 

4.1 Paper 1: Research Methodology and Checking Data Quality at NRS .............................................. 58 

4.1.1 Abstract ...................................................................................................................................... 58 

4.1.2 Introduction ................................................................................................................................ 58 

4.1.3 Data Quality Checking at NRS Mine ......................................................................................... 60 

4.2 Paper 2: Stress Field Characterization in Nickel Rim South Mine Using Seismic Stress Inversion 63 

4.2.1 Abstract ...................................................................................................................................... 63 

4.2.2 Introduction ................................................................................................................................ 63 

4.2.3 Filtering Input Data .................................................................................................................... 64 

4.2.4 Results ........................................................................................................................................ 69 

4.2.5 Discussion .................................................................................................................................. 72 

4.2.6 Concluding Remarks .................................................................................................................. 74 



vi 

 

4.3 Paper 3: Statistical Analysis of the Outlier Events from Seismic Stress Inversion .......................... 75 

4.3.1 Abstract ...................................................................................................................................... 75 

4.3.2 Methodology .............................................................................................................................. 75 

4.3.3 Results ........................................................................................................................................ 77 

4.3.4 Conclusions ................................................................................................................................ 90 

Chapter 5 Relation Between Stress Ratio and Principal Stresses (Paper 4) ................................................ 92 

5.1 Abstract ............................................................................................................................................. 92 

5.2 Introduction ....................................................................................................................................... 92 

5.3 Definition of R .................................................................................................................................. 95 

5.4 R Histogram from Stress Measurements ........................................................................................... 96 

5.5 Relation Between R and σ1/σ2 and σ2/σ3 ............................................................................................ 99 

5.6 R Values Predicted by Empirical Stress-depth Relationships ......................................................... 102 

5.7 Conclusion ...................................................................................................................................... 105 

5.8 Far-Field Stress Determination Using Seismic Stress Inversion and Overcoring (Paper 5) ........... 107 

5.9 Abstract ........................................................................................................................................... 107 

5.10 Introduction ................................................................................................................................... 108 

5.11 Description of the Numerical Model Used ................................................................................... 108 

5.12 Description of the Analysis Method ............................................................................................. 110 

5.13 Predicting the Magnitude Ratio Between the Principal Stresses According to R Value .............. 112 

5.14 Results ........................................................................................................................................... 113 

5.15 Discussion ..................................................................................................................................... 125 

5.16 Concluding Remarks ..................................................................................................................... 125 

Chapter 6 Conclusions and Future Work .................................................................................................. 127 

6.1 Main Contributions ......................................................................................................................... 127 

6.2 General Conclusions ....................................................................................................................... 128 

6.3 Recommendations for Future Work ................................................................................................ 132 

Bibliography ............................................................................................................................................. 135 

Appendix A Data Quality Checking ......................................................................................................... 148 

Appendix B Inversion Procedure .............................................................................................................. 154 

Appendix C Numerical Modelling ............................................................................................................ 171 

  

  



vii 

 

List of Figures 

Figure 1 The four ISRM suggested methods for rock stress determination (Hudson and Harrison, 1997) .. 8 

Figure 2 Illustration of the concept of the Representative Elemental Volume (REV), and how stress 

sampling larger volumes would average to the mean in situ (Harrison and Hudson, 2000)......................... 9 

Figure 3 Stress field variations around a fault system (McKinnon, 2006) ................................................. 10 

Figure 4 Relation between the Richter magnitudes, distance from the source and PPV (Kaiser et al., 1995)

 .................................................................................................................................................................... 16 

Figure 5 Different types of force couples that can cause fault slip: single and double couple components 

with and without torque (Havskov and Ottemöller, 2010) ......................................................................... 19 

Figure 6 P and S-wave radiation patterns: Left: fault and auxiliary planes, Middle: distribution of P and S-

wave amplitudes near nodal planes, right: P and S-wave displacement patterns (Stein and Wysession, 

2003) ........................................................................................................................................................... 20 

Figure 7 Geometry of fault plane and coordinate systems for seismic stress inversion process (after 

Allmendinger and Gephart, 1989) .............................................................................................................. 21 

Figure 8 Characteristic of a double couple event and radiated waveforms (left), polarities and focal plane 

solutions (middle), and P-T axes (right) ..................................................................................................... 23 

Figure 9 Left: stereonet shows the essential parameters for running the FMSI code, right: searching 

procedure in FMSI (Gephart, 1990b) .......................................................................................................... 26 

Figure 10 dS versus dM plots for two different clusters. Left cluster has more consistent fault plane 

solutions compared to the right cluster ....................................................................................................... 27 

Figure 11 Three main steps for finding the best stress model in MOTSI (Abers, 2001) ............................ 29 

Figure 12 A comparison of the confidence limits produced by FMSI (left) versus MOTSI (right), it is 

clear that the confidence limits of MOTSI are larger than FMSI. The R value and its marginal probability 

density function, with 68% and 95% confidence region, is represented by shaded and open bars, 

respectively. The orientation of the σ1 and σ3, solid symbols, shows the best model; shaded and open 

regions show 68% and 95% confidence limits, respectively ...................................................................... 30 

Figure 13 An interface of the WaveVis program ........................................................................................ 33 

Figure 14 Three steps in determining event location (ESG Solutions, 2012) ............................................. 35 

Figure 15 WaveVis program interface ........................................................................................................ 37 

Figure 16 Using “beachball” for representing the different modes of failure which produce different 

moment tensors (ESG Solutions, 2012) ...................................................................................................... 39 

Figure 17 Outcome of the SMTI software for 11 events ............................................................................ 40 



viii 

 

Figure 18 Illustration of a hybrid model. To reduce the time of calculation, DEM and BEM are used for 

the near-field and far-field regions, respectively (Jing, 2003) .................................................................... 43 

Figure 19 One cycle of solution in FDM (after McKinnon, 2014) ............................................................. 46 

Figure 20 Sudbury Basin, City of Sudbury and the location of the Nickel Rim South Mine ..................... 49 

Figure 21 Left: Nickel (HW) and Copper (FW) orebodies, looking west. Right: Blast-hole open stoping 

layout, looking north ................................................................................................................................... 50 

Figure 22 Subvertical and subhorizontal faults in Nickel Rim South Mine. They extend from upper level 

(1,160 m) to the lower level (1,730 m) ....................................................................................................... 51 

Figure 23 Different patterns of mining sequencing at the Nickel Rim South Mine, left: nickel zone, right: 

copper zone ................................................................................................................................................. 52 

Figure 24 Sensor distribution around mining layout, uniaxial (grey) and triaxial (blue, red, and green): 

left: looking north; and, right: looking west ............................................................................................... 53 

Figure 25 Orientation of major principal stresses obtained based on overcoring data from the test on 1480 

level in: (A) 2006; and, (B) 2008 (Turichshev and Brummer 2008). (C) Rose diagram for orientations of 

the borehole breakouts in 2016 (Glencore, 2016) ....................................................................................... 54 

Figure 26 Seismic moment versus frequency for different sensors ............................................................ 56 

Figure 27 ESG Solutions sensors coverage (ESG Solutions, 2012) ........................................................... 57 

Figure 28 Magnitude-Time history of seismic events from mid-February to mid-September 2011 .......... 60 

Figure 29 Log of seismic moment versus log of seismic energy from mid-February to mid-September 

2011 ............................................................................................................................................................ 61 

Figure 30 Frequency Magnitude chart for the data collected from mid-February to mid-September 2011 

with the seismic system sensitivity of -2.1 Mw ........................................................................................... 62 

Figure 31 Uniaxial (red) and triaxial (blue) traces of low magnitude event. Only three geophones could 

detect the event with magnitude less than -1.5 (left). Six geophones detected the event with magnitude 

greater than -1.3 (Right) .............................................................................................................................. 65 

Figure 32 Different distributions of polarities on lower hemisphere with respect to cluster location.  

Clusters that are located on the corners of seismic array (right hemispheres) have biased distribution. 

Location of the seismic events (purple circles), final layout of the sublevel stoping (blue rectangles), 

looking north ............................................................................................................................................... 66 

Figure 33 Nickel (HW) and Copper (FW) orebodies, looking west. Distribution of uniaxial (grey 

cylinders) and triaxial (blue, green and red cylinders) accelerometers and geophones and the middle level 

limited by the black rectangle (image courtesy of ESG Solutions and NRS) ............................................. 67 

Figure 34 Seismic stress inversion results of the events recorded from the middle level, SMTI (colored 

lower hemisphere) versus MOTSI (black and white). Orange ellipsoids show the clusters. Red area on the 



ix 

 

lower hemispheres shows the possible orientation of the maximum principal stress and the blue area 

represents the possible location of the minimum principal stress. Black square and circle on the lower 

hemisphere, represent maximum and minimum principal stresses, respectively ....................................... 68 

Figure 35 Location of the seismic events (purple circles), selected cluster (white circles inside the orange 

ellipsoid), final layout of the sublevel stoping (blue rectangles), the extracted stopes (yellow rectangles): 

(top left) looking north; (bottom left) looking west; (top right) R value and its marginal probability 

density function, with 68% and 95% confidence region represented by shaded and open bars, 

respectively. And the orientation of the σ1 and σ3, solid shows best model, shaded and open regions show 

68% and 95% confidence limits, respectively; and, (bottom right) dS versus dM) .................................... 70 

Figure 36 Location of the seismic events (purple circles), selected clusters (orange ellipsoids), final layout 

of the sublevel caving (blue rectangles), the extracted stopes (yellow rectangles), MOTSI inversion results 

(red arrows show σ1 orientation) ................................................................................................................. 71 

Figure 37 Comparison of a cluster of events before (left) and after (right) filtering .................................. 73 

Figure 38 dS versus dM plotting of the cluster with 28 events ................................................................... 73 

Figure 39 Middle level seismic events (purple circles), clusters assessed (B and G), final layout of the 

sublevel open stoping (blue rectangles), and the extracted stopes (yellow rectangles), looking north ....... 76 

Figure 40 Quartile comparisons of the used (blue) and outlier (red) events parameters for all events....... 81 

Figure 41 Quartile comparisons of the used (blue) and outlier (red) events parameters for group B ......... 82 

Figure 42 Quartile comparisons of the used (blue) and outlier (red) events parameters for group G ........ 83 

Figure 43  R values and their correspondence unscaled Mohr-circles ........................................................ 96 

Figure 44 R distribution from stress measurements in different mines....................................................... 97 

Figure 45 R distribution calculated from empirical relationships of CANMET (Arjang and Herget, 1997)

 .................................................................................................................................................................... 98 

Figure 46 R distribution calculated from linear empirical relationships of Canada (Martin et al., 2003) .. 98 

Figure 47 R distribution calculated from exponential empirical relationships of Canada (Martin et al., 

2003) ........................................................................................................................................................... 99 

Figure 48 The upper and lower limits of URL stress data ........................................................................ 101 

Figure 49 Relationship between σ1/σ2 and R from stress measurements .................................................. 102 

Figure 50 Relationship between σ1/σ2 and R from empirical relationships (upper) and stress measurements 

(lower) ....................................................................................................................................................... 103 

Figure 51 Relationship between σ2/σ3 and R from stress measurements .................................................. 104 

Figure 52 Relationship between σ2/σ3 and R from empirical relationships (upper) and stress measurements 

(lower) ....................................................................................................................................................... 105 



x 

 

Figure 53 Nickel Rim South Mine 3DEC model in different views (left: North, right: West) and the 

location of the groups for seismic stress inversion ................................................................................... 109 

Figure 54 Relation between R and σ1/σ2 in stress measurements from El Teniente .................................. 112 

Figure 55 Relation between R and σ1/ σ2 stress measurements of five mines in the Sudbury Basin, orange 

dots are representing the NRS measurements ........................................................................................... 120 

Figure 56 Left: Rose diagram for orientations of the borehole breakouts in 2016, right: borehole shown in 

a 3D view (left panel) and unwrapped amplitude image (middle panel), and 2D plots of number of 

averaged travel time cross sections (right panel), (Glencore, 2016) ......................................................... 124 

 



xi 

 

List of Tables 

Table 1 Relation between the PPV values and their effect on rock mass (Bauer and Calder, 1970) .......... 17 

Table 2 Different numerical modeling codes and their advantages and disadvantages (Hoek et al., 1991)44 

Table 3 Descriptive analysis for all of the used (upper) and outlier (lower) events ................................... 78 

Table 4 Descriptive analysis for the used (upper) and outlier (lower) events in group B .......................... 79 

Table 5 Descriptive analysis for the used (upper) and outlier (lower) events in group G .......................... 80 

Table 6 Representation of box plot results of different groups with their highest quartile and their 

parameters ................................................................................................................................................... 84 

Table 7 T-test results of used versus outliers for all events ........................................................................ 85 

Table 8 T-test results of used versus outliers for group B .......................................................................... 86 

Table 9 T-test results of used versus outliers for group G .......................................................................... 87 

Table 10 Kruskal-Wallis test results for all (upper), group B (middle), and group G (lower) ................... 88 

Table 11 Comparison of the PCA results of used (left) and outliers (right) for all events ......................... 89 

Table 12 Comparison of the PCA results of used (left) and outliers (right) for all events in group B ....... 89 

Table 13 Comparison of the PCA results of used (left) and outliers (right) for all events in group G ....... 90 

Table 14 Constant R value with different combination of principal stress values ...................................... 96 

Table 15 Step 1: calculation of R from known overcoring results at El Teniente .................................... 114 

Table 16 Step 2: Ignoring the σ1, σ2 and σ3 from stress measurements. This is the same output as the 

seismic stress inversion results (three eigenvectors and a relative stress ratio) ........................................ 115 

Table 17 Step 3: The first component of the mined gravitational (σ1 gravitational) will be used as the third 

component of the stress measurements (σ3 stress measurement) .............................................................. 116 

Table 18 Using the σ1 of mined gravitational stress as the σ3 of the stress measurement ......................... 117 

Table 19 Step 4: Finding the ratios between σ2 and σ3 and σ2 and σ1 according to the relations and using 

the calculated values as the stress measurement values. ........................................................................... 118 

Table 20 Step 5: Applying the methodology introduced by McKinnon, 2001 and finding the results. ... 119 

Table 21 comparing the El Teniente boundary stress magnitudes and orientations with seismic stress 

inversion results ........................................................................................................................................ 119 

Table 22 Calculation of principal stress from seismic stress inversion and "R" relations ........................ 121 

Table 23 Mined gravitational component of stresses ................................................................................ 121 

Table 24 Responses of unit stress in x-x direction .................................................................................... 122 

Table 25 Responses of unit stress in z-z direction .................................................................................... 122 

Table 26 Responses of unit stress in x-z direction .................................................................................... 123 



xii 

 

Table 27 Final results of the NRS far-field stress from seismic stress inversion ...................................... 123 

 



 

1 

 

Chapter 1 

Introduction 

Geomechanical design is an essential component of the mine design process. Having a 

good understanding of geomechanical parameters is necessary for reaching suitable conclusions 

in mine planning. According to the failure criteria, the safety factor for rock is defined as the ratio 

between the rock strength and existing stress exerted on the rock. The rock mass strength is 

relatively well determined from the utilization of rock mass classification methods, while the in-

situ stress in rock is, in general, not as well known. Thus, to understand stability conditions in a 

complex material such as rock, an improvement in our understanding of stress conditions is 

required. With the industrial trend of deeper mines with higher production rates being developed, 

the need for this new understanding becomes more important. 

Apart from the conventional methods of stress measurement, the monitoring and analysis 

of seismic events also can provide insight into the local state of stress in the rock mass. Since 

rock mass failure and fault slip play significant roles in the economics and safety of mining 

activities, it is essential to find an appropriate method for defining the state of stress in the rock 

mass and the effect of local geological structures on the stress field. 

1.1 Seismicity 

According to the formal review of mining health and safety that was led by the Ontario 

Ministry of Labour throughout 2014 to early 2015, seismicity and rockbursting was denoted as 

the most significant threat to the health and safety of workers in underground mines located in 

Ontario (Ontario Ministry of Labour, 2015). 

A microseismic event can be expressed as the rupture of a fracture/plane of weakness in a 

rock mass, a response of change in deviatoric stress, as the frictional resistance to shear slip on a 

generally rough surface, or generally as part of a deformation process in the rock mass. This is a 
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key concept of seismicity, which provides insight into the deformation processes in an area, the 

state of stress in the region of interest, the role of friction on seismicity, and the effective stress 

(in the case of fluid induced events). Any stope extraction can have some effect on the stress 

redistribution, consequently most of the seismic events occur near excavation boundaries in 

mines. The seismically active volume around an excavation is known as the seismogenic zone 

and is located between the zone of loosening and the undamaged elastic zone. The size and 

location of the seismogenic zone around mining excavations has been used for calibrating rock 

mass strength (Sainsbury, 2010). Each microseismic event has a radiation pattern from which P-

wave phases (positive or negative) can be recorded from the sensors around it. By reconstructing 

the radiation patterns, a model of the event mechanisms can be developed.  With more 

interpretation, the mechanism gives some information about the failure plane orientations and 

tells about the state of stress that is going on in that area. 

1.2 Problem 

For carrying out stability analysis it is necessary to determine the strength of the rock 

mass and the state of stress. Rock mass strength can be estimated from rock mass classification 

systems (RMR, Q and GSI). Intact rock, joints, and faults are the major components, which may 

affect the rock mass stability. Intact rock strength can be derived from laboratory compression 

tests (Mohr-Coulomb and Hoek and Brown failure criteria), point load tests, and Schmidt 

hammer tests. The joint strength of the rock can be estimated from direct shear tests but there is 

no established method for estimating fault strength. 

The state of stress in a rock mass or around an excavation can be approximated from 

empirical, analytical solutions or numerical stress analyses. While the empirical analyses are 

more related to experience and analytical methods are limited just to the elastic and plastic 

constitutive models and simple excavation shapes, the majority of mining stability analyses use 

numerical stress analysis. This is due to two specific reasons. First, it is possible to model the 
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complex geometry and geological environment of most mines and second, the availability of 

commercial codes is extensive. Choosing the proper code for solving a specific problem is 

dependent on the assumption that the code can adequately represent the material behavior, 

boundary conditions, and failure mechanism. Faults in the continuum and discontinuum models 

are incorporated implicitly and explicitly, respectively. 

Generally, a linearly depth varying magnitude stress format (simple uniform) is used for 

applying the stress field in different modelling codes. The elastic-plastic constitutive law is used 

to numerically model stresses around the excavations. The strength parameters in the model are 

adjusted for finding a match between the numerically predicted rock mass failure zone and the 

observed seismogenic zone location and thickness. The focus of this approach is on rock mass 

strength as opposed to stress calibration. Likewise, fault stability is calculated after the resolved 

shear and normal stresses on the fault surface are calculated by using an appropriate failure 

criterion. 

These models have some limitations such as the applied stress field is assumed to be 

simple and uniform, principal stresses have constant orientation, no adjustments are made for the 

stress field in the calibration process, and the assumptions are typically not verified by any 

measurements. 

Moreover, the difficulty and cost of measuring stresses in mines and the incapability of 

many numerical stress analysis codes in handling complex boundary and initial stress conditions 

are the main reasons for using the simplified stress field approaches. The simplified stress field 

format is not consistent with evidence from earth science research results, though it is generally 

used in practice.  
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1.3 Motivation 

For the reasons mentioned in the previous section, it is necessary to develop tools and 

methodologies to achieve more reliable information concerning the stress fields in deep mines, 

especially around seismically active faults. This information will help in better estimating fault 

stability, and safer mining designs and sequences.  

Seismic activity has long been an unavoidable phenomenon as mining practices excavate 

deeper deposits. Vallejos and McKinnon (2011) stated that most hard rock mines at depths 

greater than approximately 1 km experience some level of induced seismicity, and there is an 

exponential relation between the depth increase and the rate of seismicity. 

1.4 Objective 

The goal of this research is to overcome the stated limitations of conventional stress 

measurement and develop techniques to characterize the nature of stress fields in mines. 

By using slip directions of seismic events resulting from shear failure (this can be verified 

using either fault plane solutions or moment tensor analysis), the stress inversion method finds 

the best-fit stress tensor that minimizes the misfit between calculated and observed slip directions. 

The method therefore has potential to sample the stress field at many locations within the 

seismically active volume around deep mining excavations, and also to determine the stress field 

characteristics around seismically active faults. This will be done by spatially and temporally 

discretizing of the stress field. The spatial stress variation refers to changes in the stress gradients 

around mining excavations and nearby faults. The temporal stress variation refers to the changes 

in the stress field that occur at fixed points in the rock mass due to changes in the induced stress 

field resulting from progressive mining and ongoing seismicity. And finally, the goal will be to 

develop a technique that helps in the determination of the far-field stress by using groups of 

seismic stress inversion results and stress measurements. 
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1.5 Organization of Thesis 

This thesis is divided into six main parts: the first chapter is an introduction and included 

in the second chapter is a summary of direct and indirect stress measurement techniques, 

background information concerning the application of seismic stress inversion techniques and 

software packages used. The third chapter provides an introduction to the Nickel Rim South 

Mine, sensors deployed in the mine and some information about how the induced seismicity is 

recorded. The fourth chapter covers three conference papers: 

 Paper 1 explains a data quality checking test (published in the Advances in Earth Science 

Conference, Queen's University, Kingston, ON, Canada, March 2015), 

 Paper 2 describes the stress field characterization in the Nickel Rim South Mine using 

seismic stress inversion (published in the Eighth International Conference on Deep and 

High Stress Mining, Perth, Australia, March 2017) 

 Paper 3 covers the statistical analysis of the outlier events from seismic stress inversion 

(published in the First International Conference on Underground Mining Technology, 

Sudbury, Ontario, Canada, October 2017) 

The fifth, or main, chapter of this thesis consists of two journal papers. Paper 4 discusses 

a relation between stress measurement and relative stress ratio. Paper 5 describes the practical 

application of Paper 4 to estimate far-field boundary stresses for use in numerical models. 

The sixth and final chapter includes conclusions drawn, and recommendations for future work. 
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Chapter 2 

Background 

2.1 Stress Measurement Techniques 

Stress measurement techniques have not evolved significantly since the development of 

the hollow inclusion cell in the late 1970’s (Worotnicki and Walton, 1976). The simplified linear 

stress field format is not consistent with evidence from earth science research results, though it is 

generally used in practice. It has also been found that geological structures, such as faults and 

dykes, can have a significant effect on both the magnitude and orientation of stresses (Michael, 

1987; McKinnon and Garrido, 1998; Gudmundsson and Homberg, 1999; McKinnon, 2006; 

McKinnon and Labrie, 2006; Baird et al., 2009 and 2010). 

Generally, in situ stress measurement methods can be classified into two main types: 

methods that disturb the in situ rock conditions and methods without any major influence from 

the measuring methods (Ljunggren et al., 2003). The former techniques are briefly described in 

the following sections and a detailed description of the latter techniques are covered in a 

subsequent section. 

2.1.1 Hydraulic Fracturing 

Hydraulic fracturing is an efficient method for obtaining plane stress measurements in 

deep boreholes. This method is suitable at the early stages of projects when no underground 

access exists (Ljunggren et al., 2003). This is performed using specific equipment for inducing 

high hydraulic pressure in a section of a sealed-off borehole. When the in-situ stress and the rock 

tensile strength are exceeded by the hydraulic pressure, pre-existing rock fractures open or intact 

rock fractures in the form of a tensile failure. In this method, it is assumed that the two major 

principal stresses are in the plane of the fracture i.e. two of the stresses (𝜎1and 𝜎3) are determined 

and the third one (𝜎2) is estimated (Haimson and Lee, 1984). The disadvantages with hydraulic 
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fracturing are that it is only suitable for 2D stress measurements, it has theoretical limitations in 

the evaluation of 𝜎𝐻  and it also disturbs the water chemistry. 

2.1.2 Flat Jack Technique 

A flat jack is a hydraulic cell for a uniaxial stress measurement in the direction 

perpendicular to the surface of the instrument. During such measurements, it is assumed that the 

rock mass is homogeneous, elastic, and isotropic. In this technique two pins (about 25 cm apart) 

will be located on the excavation surface and a slot perpendicular to the imaginary line between 

the two pins is cut. By opening of the slot in the presence of compressive normal stress, elastic 

convergence of the rock mass occurs, consequently the pins move towards each other. Then the 

flat jack embedded in the destressed opening by grouting will be pressurized until the pins return 

back to their original positions on the surface. This pressure is almost equal to the normal stress 

acting on the plane of the slot before creating the opening (Archibald, 2015). The major 

disadvantage of the flat jack method is that each test provides only one component of the in-situ 

stress tensor at a point. Five other tests in different orientations at different locations need to be 

done to obtain the complete three-dimensional stress tensor components. Another disadvantage of 

this method is that this technique needs to be executed close to the surface of an excavation. In 

this region, the rock can be overstressed and inelastic due to the presence of fractures and high 

stress concentrations. The stress field around an excavation boundary is also not representative of 

the in-situ state of stress, due to geometric stress concentrations of the excavation geometry. 

2.1.3 Surface/Borehole/Rock Mass Relief Methods 

In these methods the response of the rock sample removed from the rock mass is 

monitored and then the stresses are deduced from the produced strains (due to the stress relief). 

The relief methods can be divided into surface relief, borehole, and rock mass slotting methods. 

Among these methods overcoring is used frequently (Amadei and Stephenson, 1997). Overcoring 

is a four-step procedure. The first step is drilling a hole with a diameter from 60 to 220 mm. In 
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the second step, a small diameter pilot hole (38 mm) is drilled in the center of the previous hole. 

The third step is installing a sensitive strain gauge device in the pilot hole. In the final step a 

coaxial hole is drilled around the pilot hole. The fourth step releases stresses from the rock in 

contact with the strain gauge. In the case of known or measured rock elastic properties, the in-situ 

stress tensor can be derived from the measured strains. This technique may make use of 2D or 3D 

strain cells. To determine the full three-dimensional state of stress, the best fit stress tensor to 

multiple two-dimensional tensors determined from three boreholes oriented approximately 

perpendicular to one another must be done. Since drilling costs are a significant component of 

any stress measurement program, it is preferable nowadays to use the fully 3D cell.  

Figure 1 briefly represents which components of the stress tensor are measured using the 

conventional stress measurements techniques. CSIRO cell overcoring is the only method that 

determines all of the six components of a stress tensor.  

 

Figure 1 The four ISRM suggested methods for rock stress determination (Hudson and 

Harrison, 1997) 



 

9 

 

Harrison and Hudson (2000) proposed a concept (Representative Elemental Volume) 

which assumes that local effects can cause departures from the true mean of the stress, but as the 

number of measurements and sampled volume is increased, the average should converge to a 

constant value (Figure 2). This may be valid for scalar properties of rock masses such as intact 

rock strength, cohesion, and friction, but it does not seem to be true of stress fields. 

 

 

Figure 2 Illustration of the concept of the Representative Elemental Volume (REV), and 

how stress sampling larger volumes would average to the mean in situ (Harrison and 

Hudson, 2000) 

In summary, conventional stress measurement methods have many limitations such as 

reliance on the borehole orientation, indirect measurement of stress (strains are always measured), 

quantifying stress at an insufficient quantity of points in the rock mass, interpolating between 

measurements, time, and cost (Ljunggren et al., 2003). In some high stress environments, due to 

sample disking, it is impossible to conduct stress measurements (Sjöberg et al., 2003). 

Furthermore, these methods are based on simple assumptions such as a linearly elastic rock 

volume, and homogeneous and isotropic characteristics, which are typically false.  
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Due to the strain difference between the rock mass and faults, rotation of the stress field 

near faults may occur. According to the type of the fault (stiff or weak), the stress field is 

modified and shows different alignment and magnitudes near the fault plane (Figure 3). Hence, 

stress domains should be identified (McKinnon and Garrido, 1998; Homberg et al., 2004).  

 

Figure 3 Stress field variations around a fault system (McKinnon, 2006) 

2.2 Seismic Source Parameters 

Seismic monitoring at a micro (event spacing) scale provides access to useful information 

concerning the local state of stress, which can be used for identifying active geological structures 

and to better understand rock mass behavior (i.e. rock mass failure and failure mechanism). This 

is done by analyzing the continuous four-dimensional seismic record from a rock mass affected 

by progressive mining. On the other hand, microseismic monitoring can be used to determine the 

current state of tectonic activity at the mine scale (Hudyma et al., 2003).  
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 Compression waves, also known as P-waves, can travel through multiple types of media 

including gases, liquids and solids. The slowest compression wave velocities are propagated 

through gases. Compression waves propagated through air exhibit velocities around 330 m/s 

(around the speed of sound). Shear waves, also known as S-waves, can only travel through solids. 

For example, when a seismic wave tries to travel through a volume of water, the P-wave 

component of the seismic wave can propagate through the body (not the surface) of the water but 

the S-waves (vertical and horizontal components) cannot travel through the medium.  

In the following chapters some statistical analyses have been conducted on several 

seismic source parameters. Hence, a brief explanation of those used is provided in the following 

sections. 

2.2.1 Seismic Moment 

The seismic moment (𝑀𝑜) is a quantity used to measure the strength of a seismic event by 

considering the double couple, shear dislocation source model parameters (Aki, 1968): 

 
𝑀𝑜 =

4𝜋𝜌𝑐3𝑅𝛺𝑜

𝐹𝑐
 (1) 

where, 

𝑀𝑜 = seismic moment (Nm) 

𝜌 = rock density (kg/m3) 

c = velocity of the P or S waves in rock (m/s) 

𝑅 = the distance from the seismic source (m) 

𝛺𝑜 = the low frequency plateau from the frequency spectrum of a seismic waveform 

𝐹𝑐= an empirical radiation pattern coefficient 
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2.2.2 Moment Magnitude 

The moment magnitude (𝑀) is a relative measure of a seismic event size. The majority of 

magnitude scales are based on amplitudes recorded over a spectral band (Duplancic, 2001). 

Magnitude scales are logarithmic, so a seismic event with magnitude of 1.0 has a 10 times larger 

amplitude than a seismic event with magnitude of 0.0 and approximately 30 times more energy. 

 
𝑀 =

2

3
log 𝑀𝑜 − 6 (2) 

where, 

 𝑀 = Moment magnitude 

𝑀𝑜 = seismic moment (Nm) 

2.2.3 Seismic Energy 

Seismic energy (𝐸) is defined as the area under the curve of the velocity spectrum of a 

triaxial waveform (Mendecki et al., 1999): 

 
𝐸 =  4𝜋𝑐𝜌𝑅2

𝐽𝑐

𝐹𝑐
2
 (3) 

where, 

𝐸 = radiated seismic energy (joules) 

𝜌= rock density (kg/m3) 

c = velocity of the P or S waves in rock (m/s)  

R = the distance from the seismic source (m) 

𝐽𝑐 = the integral of the square of the ground velocity 

𝐹𝑐 = an empirical radiation pattern coefficient 
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2.2.4 Static Stress Drop 

For seismic events related to fault slip, the static stress drop (𝛥𝜎) is defined as the average 

difference between the initial and final (shear) stresses (Brune, 1970): 

 
𝛥𝜎 =

7𝑀𝑜

16𝑟𝑜
3 (4) 

where, 

𝛥𝜎 = static stress drop 

𝑀𝑜  = seismic moment 

𝑟𝑜 = source radius (m) 

2.2.5 Dynamic stress drop 

The dynamic stress drop (𝛥𝜎𝑑) measures the stress release related to the failure along the 

strongest part of a fault. The dynamic stress drop is model dependent (Dahlen, 1974): 

 𝛥𝜎𝑑 = 2.5𝜌𝑅𝑚𝑎𝑥 (5) 

where, 

𝛥𝜎𝑑 = dynamic stress drop 

𝜌 = rock density (kg/m3) 

R = the distance from the seismic source (m) 

𝑚𝑎𝑥 = maximum acceleration recorded (m/s2) 
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2.2.6 Apparent Stress 

Apparent Stress is a model independent estimate of stress variation at a seismic source 

and is defined as the difference between the average loading stress and the average resisting 

stress. Apparent Stress (𝜎𝑎) is a seismic source parameter derived from using the following 

relation (Wyss and Brune, 1986): 

 
𝜎𝑎 =  

µ𝐸

𝑀𝑜
 (6) 

where, 

𝜎𝑎 = Apparent Stress 

µ = modulus of rigidity 

𝐸 = seismic energy 

𝑀𝑜= seismic moment 

High stress regions tend to release more seismic energy while they tend not to result with 

much deformation due to high clamping forces (Simser et al., 2003).  

2.2.7  Es/Ep ratio 

The energy ratio between the S-wave and P-wave is an indicator of the seismic source 

mechanism (Urbancic et al., 1992). Low ES/EP (ES/EP < 3) ratios represent events due to strain-

bursting, tensile failure, and volumetric rock mass fracturing (Urbancic et al., 1992), while high 

ES/EP (ES/EP > 10) ratios indicate a failure process involving a shearing mechanism such as fault 

slip (Boatwright and Fletcher, 1984). It should be noted that the limit between compressive and 

shear related failure mechanisms inferred using this ratio are approximate values that are site 

dependent, and uniaxial sensors cannot be used to obtain meaningful ES and EP ratios. 
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2.2.8 Source radius 

This is the radius of the equivalent circular surface (𝑟𝑜) over which slip is predicted to 

occur during a seismic event (Madariagna, 1976): 

 
𝑟𝑜 =  

𝛽𝐾𝑐

2𝜋𝑓𝑐
 (7) 

where, 

𝐾𝑐 = constant that depends upon the specific theoretical model used 

𝛽 = S-wave velocity 

𝑓𝑐 = an empirical radiation pattern coefficient (corner frequency) 

2.2.9 Asperity radius (McGarr, 1991) 

The asperity radius (𝑟) is defined as: 

 

 
𝑟 =  1.32 𝛽

𝑉𝑚𝑎𝑥

𝑎𝑚𝑎𝑥
  (8) 

where, 

𝛽 = S-wave velocity 

𝑉𝑚𝑎𝑥 = maximum velocity recorded (m/s) 

𝑚𝑎𝑥  = maximum acceleration recorded (m/s2) 

2.2.10 Peak Particle Velocity 

The scaling law  proposed by Kaiser et al. (1995) is a simple scaled distance relationship 

for estimating the peak particle velocity (𝑃𝑃𝑉) and a measure of seismic source intensity. The 

PPV is the velocity of a particle in the ground brought about by vibration and is measured in 

mm/sec. The ground vibrations caused by a seismic event depend on factors such as rock mass 

characteristics, confinement, distance from the source, and the direction of seismic wave 

propagation.  
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Kaiser et al. (1995) proposed a formula for (𝑃𝑃𝑉) calculation: 

 
𝑃𝑃𝑉 = 𝐶(

𝑀𝑜
𝑎

𝑅
) (9) 

where, 

𝐶 = empirical constant, typically considered to be a value of 0.25 

a = empirical constant typically considered to be valued at 0.5 

𝑀𝑜 = seismic moment (Nm) 

𝑅 = distance from the seismic source (m) 

This relation is shown in Figure 4. 

 

Figure 4 Relation between the Richter magnitudes, distance from the source and PPV 

(Kaiser et al., 1995) 
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For example, experience from field work showed that, for a small blast, the PPV is 

recorded to be around 1-3 mm/s near the mining boundary (Hudyma, 2010). Table 1 shows the 

rock mass degradation in correspondence to varying PPV’s. 

Table 1 Relation between the PPV values and their effect on rock mass (Bauer and Calder, 

1970) 

PPV (mm/s) Effect on rock mass 

Up to 250 No fracturing of intact rock 

250 to 635 Minor tensile slabbing will occur 

635 to 2540 Strong tensile and some redial cracking 

Over 2500 Complete breakup of the rock mass 

2.2.11 Peak Velocity Parameter (PVP) 

The peak velocity parameter (𝑃𝑉𝑃) is one of the ground motion parameters defined by 

McGarr et al. (1991): 

 

 𝑃𝑉𝑃 =  𝑅𝑉𝑚𝑎𝑥 (10) 

where, 

𝑅 = the distance from the seismic source (m) 

𝑉𝑚𝑎𝑥 = maximum velocity recorded (m/s) 

2.2.12 Peak Particle Acceleration (PPA) 

Peak particle acceleration (𝑃𝑃𝐴) is the maximum acceleration that could be measured 

from a particle: 

 

 𝑃𝑃𝐴 = 𝑃𝑃𝑉(2𝜋𝑓) (11) 

where, 

𝑃𝑃𝑉 = is the peak particle velocity (mm/s) 

𝑓 = is the dominant frequency  



 

18 

 

2.2.13 Peak Acceleration Parameter (PAP) 

The peak acceleration parameter (𝑃𝐴𝑃) is another ground motion parameter defined by 

McGarr in 1991: 

 𝑃𝐴𝑃 =  𝜌𝑅𝑚𝑎𝑥   (12) 

where, 

𝜌 = rock density (kg/m3) 

𝑅 = the distance from the seismic source (m) 

𝑚𝑎𝑥 = maximum acceleration recorded (m/s2) 
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2.3 Seismic Inversion Techniques 

The seismic stress inversion technique (normally determined from fault plane solutions 

and moment tensor inversions) is based on slip directions of seismic events resulting from shear 

failure. These techniques were developed for use in crustal seismology for resolution of 

earthquake mechanics, very large faults, palaeostress, and very large-scale stress assessments 

(Angelier, 1990 and 1994; Etchecopar et al., 1981; Michael, 1984; and Delvaux and Sperner, 

2003). 

A fault slip, in its simplest form, can be the result of two single couples with torque, two 

single couples without torque (also known as dipole), or a double couple. The schematic 

representation of these forces is shown in Figure 5: 

 

Figure 5 Different types of force couples that can cause fault slip: single and double couple 

components with and without torque (Havskov and Ottemöller, 2010) 

As shown in Figure 6, P and S-waves have different radiation patterns and directions of 

motion near the fault and auxiliary planes. While the amplitude of the P-wave is zero along the 

fault and auxiliary planes, the S-wave amplitude is zero along the null axes (intersection of fault 

and auxiliary planes). Similarly, the displacement of the P-wave is zero on the fault and auxiliary 

planes whereas the S-wave motion at the null axis is zero. The S-wave motion is perpendicular to 

the P-wave nodal planes. 
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Figure 6 P and S-wave radiation patterns: Left: fault and auxiliary planes, Middle: 

distribution of P and S-wave amplitudes near nodal planes, right: P and S-wave 

displacement patterns (Stein and Wysession, 2003) 

2.3.1 How does seismic stress inversion work? 

Most stress inversion techniques are based on two assumptions proposed by Wallace 

(1951) and Bott (1959): 

 The slip vector is parallel to the resolved shear stress on the fault surface. 

 The stress is uniform throughout the volume under consideration. 

To understand the inversion process better, consider a fault plane similar to that shown in 

Figure 7 and a coordinate system with axes X1
', X2

', and X3
'  parallel to the fault pole, striae and 

perpendicular to pole and striae, respectively (blue coordinate system). It is always easier to work 

in the principal stress coordinate system. So, consider another coordinate system parallel to the 

principal stress directions (red coordinate system). 
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Figure 7 Geometry of fault plane and coordinate systems for seismic stress inversion 

process (after Allmendinger and Gephart, 1989) 

The goal is to find the stresses on the fault plane while satisfying the primary 

assumptions. So, use should be made of the standard tensor transformation: 

 𝜎𝑖𝑗′ = 𝛽𝑖𝑘𝛽𝑗𝑙𝜎𝑘𝑙 (13) 

where, 

𝛽𝑖𝑘 is a stress transformation matrix, 

𝜎𝑘𝑙 are the regional stress magnitudes, and 

𝜎𝑖𝑗′ are the stress magnitudes on the fault plane 

The first-row components of the stress tensor on the fault plane would be: 

 𝜎11′ = 𝛽11𝛽11𝜎1 + 𝛽12𝛽12𝜎2 + 𝛽13𝛽13𝜎3 (14) 

 𝜎12′ = 𝛽11𝛽21𝜎1 + 𝛽12𝛽22𝜎2 + 𝛽13𝛽23𝜎3 (15) 
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 𝜎13′ = 𝛽11𝛽31𝜎1 + 𝛽12𝛽32𝜎2 + 𝛽13𝛽33𝜎3 (16) 

According to assumption 1 (slip on a fault plane is parallel to the resolved shear stress on that 

plane): 

 0 = 𝛽11𝛽21𝜎1 + 𝛽12𝛽22𝜎2 + 𝛽13𝛽23𝜎3 (17) 

Using Equation (17) while considering X2 is perpendicular to the fault plane, it yields: 

 0 = 𝛽11𝛽21 + 𝛽12𝛽22 + 𝛽13𝛽23 (18) 

Consequently, the R value can be expressed as: 

 𝜎2 − 𝜎1

𝜎3 − 𝜎1 
 ≡  𝑅 =  −

𝛽13𝛽23

𝛽12𝛽22 
 (19) 

Seismic stress inversion produces four out of the six parameters of the stress tensor, 

which includes the three orientations of principal stresses plus the ratio between the magnitudes 

of the principal stresses (𝑅 =
𝜎2−𝜎1

𝜎3−𝜎1
), i.e. it does not produce the absolute magnitudes of 

principal stresses, only the relative magnitudes between them.  

This method has the potential to provide a detailed view of the three-dimensional (3D) 

state of a stress field by sampling the stress field at multiple locations within the seismogenic 

zones near mining excavations and active faults. Focal mechanism (known as fault plane solution, 

in the case of fault slip related events) and seismic moment tensor inversion are the most 

frequently used techniques for determining seismic stress inversion. The focal mechanism is 

based on the first motion of the P-wave arrival. When fault slip or rock mass failure occurs, the 

resulting seismic event has some characteristics (i.e. arrival time, initial polarities, and location) 

that can be assessed to determine the local state of stress. For a shear slip motion on a fault 

surface, seismic waves radiating from the hypocenter in all directions are plotted on a lower-

hemisphere stereographic projection (Figure 8). By assessing the polarity of the initial P-wave 

from a seismic event, the area around the hypocenter is separated by two perpendicular nodal 
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planes (possible solutions of fault planes) creating four equal quadrants. These quadrants are 

related to the initial outward (dilatational) and inward (compressional) vertical ground motion on 

the seismograms. Generally, compressional quadrants are shaded and dilatational quadrants are 

left unshaded, producing a P-wave first motion pattern similar to that exhibited by a beach ball. 

Strain at the source can be represented by the P-axis (bisector of dilatational quadrants) and the T-

axis (bisector of compressional quadrants), which can be the indicators of the directions of 

maximum and minimum principal stresses, respectively. It is important to distinguish between the 

pressure/tension axes and 𝜎1/𝜎3  axes. McKenzie (1969) showed that the P and 𝜎1  (or T and 𝜎3) 

are parallel only when the seismicity is caused by the fracture of a homogenous rock without 

internal friction, i.e. for a single event, the P and T axes cannot uniquely define the principal 

stress orientations. However, pressure/tension axes are often used as approximation for the 𝜎1/𝜎3  

axes. 

 

Figure 8 Characteristic of a double couple event and radiated waveforms (left), polarities 

and focal plane solutions (middle), and P-T axes (right) 

Stress inversion has the potential to determine this information about the stress tensor at 

locations wherever there is sufficient seismic activity to apply the method. Although seismic 

stress inversion can potentially overcome the limited spatial coverage associated with 

conventional stress measurements, the method has not been widely used for mining applications, 

e.g. Urbancic et al. (1993, 1994) and Snelling et al. (2013).  



 

24 

 

2.3.2 Stress Inversion Algorithms 

Stress inversion was originally developed for application in crustal seismicity, for which 

a variety of inversion algorithms have been developed (Angelier, 1979; Gephart and Forsyth, 

1984; Michael, 1984; Michael, 1987; Lund and Slunga, 1999; Abers and Gephart code, 2001; 

Hardebeck and Michaels, 2006, and Vavryčuk, 2014). These algorithms are different but the 

fundamental assumptions are alike. In the case of fault slip related events two primary methods 

are used to find the double-couple force axes and fault planes: 

 Forward method: Stress parameters and the fault planes associated with the event are 

presumed to be known, and the unit slip vector and polarity are determined. 

 Inverse method: Observed first arrival polarities for events are used to obtain the 

orientation and the shape of the stress tensors that are compatible with the observed 

polarities and the fault planes of each individual event. 

The Gephart and Forsyth (1984) method is based on a grid search inversion technique, 

using the entire model stress space, and produces a reasonable estimate of the confidence regions. 

Michael’s (1987) code is linear and therefore is fast to produce results and is widely used. The 

Lund and Slunga (1999) code is a derivative of the Gephart and Forsyth (1984) code. The Abers 

and Gephart (2001) code is nonlinear and starts by using the first motion data instead of the focal 

mechanisms themselves. The Hardebeck and Michaels (2006) algorithm is based on neighbor 

grouping of events in order to smooth stress variations in space. The Vavryčuk (2014) code is an 

extension of the Michaels (1987) and Lund (Lund and Slunga, 1999) methods and selects the 

most unstable nodal plane as the most likely fault plane. The Abers and Gephart (2001) code, 

MOTSI, is chosen based on availability and reliability during the testing phase of this research. 

For a better understanding of the seismic stress inversion process, two well-known software codes 

focused on stress inversion (FMSI and MOTSI) are described in detail in the following sections. 

 

http://gji.oxfordjournals.org/search?author1=V%C3%A1clav+Vavry%C4%8Duk&sortspec=date&submit=Submit
http://gji.oxfordjournals.org/search?author1=V%C3%A1clav+Vavry%C4%8Duk&sortspec=date&submit=Submit
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2.3.3 FMSI 

Fault Mechanism Stress Inversion (FMSI) is a FORTRAN program produced by Gephart 

and Forsyth in 1984. It works under the assumptions that the deviatoric stress tensor is uniform in 

the area of study and slip on any fault plane occurs in the direction of maximum resolved shear 

stress (Bott, 1959). FMSI is the only technique that, without prior information about the fault 

plane, can solve for the best-fitting four-parameter stress tensor by inverting focal mechanism 

data (Gephart, 1990a and 1990b). To start the inversion process in FMSI, the fault/slickenside 

data should be provided for the program. Figure 9 shows the inversion steps. In the left stereonet 

𝜎𝑝, 𝜎2 and 𝜎𝑠 are the maximum, intermediate and minimum stresses, respectively. 𝛾𝑃 and 𝛾𝑆 are 

the variances of  𝜎𝑝 and 𝜎𝑠 respectively to be explored. Ψ, Θ and Φ are the Euler angles. As an 

initial guess, the trends (i.e. Ψ for 𝜎𝑝), plunges (i.e. Θ for 𝜎𝑝) and variances (i.e. 𝛾𝑝 for 𝜎𝑝) of the 

maximum and minimum principal stresses should be given to the code. Consequently, Φ would 

be the rake of the 𝜎2 on the plane perpendicular to the 𝜎𝑝. The stereonet on the right shows the 

searching steps. The black square is the initial guess, while the white squares are the subsequent 

orientations of 𝜎𝑝 according to the provided variance. The 12 black circles show the directions of 

𝜎𝑠 common with the initial guess of 𝜎𝑝 (black square) in a 10 grid sample, thus a complete range 

of all possible stress direction is covered.  
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Figure 9 Left: stereonet shows the essential parameters for running the FMSI code, right: 

searching procedure in FMSI (Gephart, 1990b) 

Misfit is defined as the minimum rotation of the fault planes and striae about any axis that 

fits best between model and the data. FMSI searches for the best stress model which gives the 

fault geometry that is most consistent with all the given focal plane observations. This is done by 

finding the minimum average rotation misfit for all fault/slickenside data relative to a specific 

stress model. However, FMSI does not consider the errors associated with determining the fault 

plane solutions and real variations in the state of stress. 

2.3.4 MOTSI 

Motion Stress Inversion (MOTSI) is a code developed by Abers and Gephart (2001) and 

is an extension of the FMSI code (Gephart, 1990a and 1990b). FMSI is a technique that without 

prior information of the fault planes solves for the best-fitting four-parameter stress tensor by 

inverting focal mechanism data. In contrast to FMSI, MOTSI is a nonlinear method that uses first 

motion data (not focal mechanisms) for seismic stress inversion. MOTSI estimates the stress 

tensor components with more complete uncertainties compared to other nonlinear methods. It is 

also able to adopt different focal mechanisms consistent with the first motions, as required by 

certain stress models.  MOTSI provides a test for heterogeneity within a population, expressed as 
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the statistic dS, which indicates rejection of the homogeneous stress hypothesis when it exceeds 

2.32 (95% confidence level) and lower values indicate improvement in the fit. Another parameter, 

dM, indicates the similarity between the constrained and unconstrained focal mechanisms (dM = 

1 represents no change). The three programs, MOTSI-1sm, MOTSI-fp, and Comp.maps should 

be used when conducting the heterogeneity analysis. MOTSI-1sm is used to determine the best-

fitting set of focal mechanisms consistent with a given stress tensor and first motions. However, 

given a suite of first motions, MOTSI-fp determines focal mechanisms without regard to stress, 

but using the MOTSI statistical approach. The Comp.maps code is used to plot dS versus dM. 

Figure 10 shows the dS to dM plot for two different data sets. Both have dS values lower than 

2.32 indicating a homogeneous stress state volume with 95% confidence limit. Comparing the 

two clusters, it can be seen that the left cluster contains less variability in terms of fault plane 

solutions. However, the right cluster includes four events (event numbers 9, 13, 14, and 15), 

which indicates a major difference in the focal mechanism (dM < 0.7). In the second case, for 

having more robust results, events with high degrees of deviation are removed for the inversion 

process. 

 

Figure 10 dS versus dM plots for two different clusters. Left cluster has more consistent 

fault plane solutions compared to the right cluster 
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By implementing MOTSI it is possible to constrain the selected volume of events with 

uniform stress with a high confidence. This program needs two parameters that describe the 

probability of the first motion pick being correct (Abers and Gephart, 2001). The first, , is the 

radiation pattern amplitude, below which pick reliability decreases significantly near nodal planes 

(0 <  < 1). The second, γ, is the probability of an incorrect first motion pick regardless of focal 

mechanism (0 < γ < 1). For an abnormally noisy data set (characteristic of a mining environment) 

these values needed to be set to 0.1 and 0.2, respectively (Abers and Gephart, 2001). These values 

do affect the confidence intervals, but they were found to have an insignificant effect on the best 

fitting principal stresses. The procedure of searching for the best stress model in MOTSI is 

slightly different from FMSI.  MOTSI has two loops, an outer and inner. The outer loop follows 

similar steps to FMSI, Figure 11a. The outer loop, Figure 11b, provides focal mechanisms that 

are consistent with the given stress model based on a uniform grid of fault poles. Then each 

consistent stress focal mechanism should be compared to the first motion polarities and a score of 

Sj is assigned to it, Figure 11c. The best stress model for a group of seismic events is that which is 

fit by the largest number of first-motion data yielding the highest sum of Sj. 
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Figure 11 Three main steps for finding the best stress model in MOTSI (Abers, 2001) 
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Figure 12 shows that the confidence limits in MOTSI are somewhat larger than those 

produced by FMSI, but are generally reasonable (Abers and Gephart, 2001). Balfour (2005) 

showed that MOTSI gives the most stable results. 

 

Figure 12 A comparison of the confidence limits produced by FMSI (left) versus MOTSI 

(right), it is clear that the confidence limits of MOTSI are larger than FMSI. The R value 

and its marginal probability density function, with 68% and 95% confidence region, is 

represented by shaded and open bars, respectively. The orientation of the σ1 and σ3, solid 

symbols, shows the best model; shaded and open regions show 68% and 95% confidence 

limits, respectively 

MOTSI software is used to estimate the location of stress variations in event clusters. 

MOTSI results help to guide the selection of the volume element size in terms of dividing space 

into volumes of constant stress, i.e. smaller volumes in locations of higher stress gradients. 

MOTSI can also be used in temporal discretization to estimate the stress changes that are likely to 

be experienced by the study volume over the timeframe selected.
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2.3.5 Engineering Seismicity Group (ESG) Package 

A software package developed by Engineering Seismology Group (ESG) is used to map 

seismic events in real time (Engineering Seismology Group (ESG) Inc., 2014). It contains 

different components for locating and interpreting mining induced seismicity.  In this section, a 

brief summary of some of the software and processors, which are used in the research, is 

provided. 

2.3.5.1 WaveVis 

WaveVis provides a visualization of the digitized waveforms that are detected and 

recorded by the geophones and accelerometers in the mining area. It also shows information 

about the deployed sensors such as location, orientation and gain settings. 

This software has both automatic and manual processing features. The event processing 

includes exact timing and polarity set up of the P and S-wave arrivals. Calculations of the event 

location and moment magnitude are based on event processing from multiple sensors. WaveVis 

locates an event based on the given velocity model (single or layered). For more sensitive 

applications (i.e. seismic stress inversion), due to cultural and ambient noises in the mining 

volume and difficulty for the algorithms to correctly detect the waveform parameters, it is 

recommended to use manual processing rather than the automatic processing feature of the 

software. Several types of filters are usually created or modified to be applied to the waveforms 

to improve the signal to noise ratio (more details are provided later in this section). 

In WaveVis, uniaxial and triaxial waveforms are distinct. While uniaxial waveforms have 

one channel, triaxial waveforms can be seen on three separate channels. This is an essential 

feature as the triaxial waveforms can be rotated so that they denote the wave component in the 

direction of the incoming P and S-waves. Triaxial geophones are rotated to ensure the direction of 

wave particle motion from the source to the sensor is identical for P and S-waves. The assessment 

of the rotation is done by checking the high percentage of linearity and planarity (in this research 
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these being greater than 70°) for P-wave and S-wave, respectively. Furthermore, it is possible to 

understand the status of the data in WaveVis. Each color corresponds to a specific data deficiency 

such as unsynchronized data or data loss. Finally, a summary of waveforms from each sensor for 

one or multiple events is provided through WaveVis. Figure 13 shows the interface of the 

WaveVis program elucidating waveforms. The red waveforms are uniaxial accelerometer 

recordings. For example, the first waveform has a -1 polarity. Three color waveforms (red, green, 

and blue) represent the triaxial geophone recordings. These waveforms must be rotated to assign 

polarity, and the white circles beside them show waveforms with an acceptable range of linearity. 
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Figure 13 An interface of the WaveVis program 

2.3.5.2 Event Location 

When a seismic event occurs, it will be detected by nearby sensors. The true location of a 

seismic event occurs where there is a minimum difference between theoretical and calculated 

arrival times. Theoretical time is the difference between the automated/manually picked P and S-

wave onsets and the calculated time is the one according to the given velocity model (velocity 

models are typically made by calibration of blasts with known locations, or implementing a 
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dipole sonic log, where the code estimates the velocity based on the energy release of a seismic 

event). As shown in Figure 14, a first guess code uses an arbitrary location for the initial location 

of the seismic event and then iteratively looks for the best fitting event location with minimum 

residuals. 
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Figure 14 Three steps in determining event location (ESG Solutions, 2012) 
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2.3.5.3 SeisVis 

After processing the seismic data in WaveVis, it is possible to visualize event locations 

with respect to the mine layout in SeisVis. SeisVis is a platform for advanced seismicity analysis 

and is used to show where and when a seismic event has occurred and its magnitude. SeisVis 

enables the user to calculate the event location error and seismic source parameters. For instance, 

events can be scaled and color coded according to their magnitude, energy, Es/Ep ratio, etc.  

The interface of SeisVis has many features such as different viewpoints (North, East, and 

Depth), event information (location, time, number of picks used for locating the event, local 

magnitude, moment magnitude, moment, energy, Es/Ep ratio, source radius, asperity radius, 

static/dynamic stress drop, and Apparent Stress), time options to change the time span with 

respect to the date, block editing options to set the block dimensions to the volume of interest, 

event rate graphs, b-values and more. SeisVis permits the animation of seismic events for a 

selected time period and shows changes in the mining geometry. Similar to WaveVis, SeisVis 

provides event filters that can be used to view the events with specific characteristics such as high 

Es/Ep ratio. Figure 15 shows the SeisVis program and layout of the Nickel Rim South Mine. 

Spheres depict the seismic events that are scaled and color coded according to the Es/Ep ratio. 

For example, higher Es/Ep ratio events are depicted by larger spheres and different colors located 

on the right-hand side of the Es/Ep scale shown in the legend. The white spheres are a group of 

selected events (447 events) and the waveform shown in Figure 13 belongs to one of the events of 

this group. 
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Figure 15 WaveVis program interface 
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2.3.5.4 SMTI 

Seismic Moment Tensor Inversion (SMTI) is a mathematical illustration of the seismic 

source parameters. Jost and Herrmann (1989) proposed that the first order moment tensor defines 

the equivalent forces acting at a seismic point source in a first order of approximation. The 

magnitude and mechanism of a seismic event can be conveniently represented by a moment 

tensor. The seismic moment tensor includes double-couple forces and other force couples. Six of 

the 9 components of the moment tensor are independent (symmetric). Generally, the seismic 

moment tensor can be decomposed into isotropic (volumetric change, i.e. explosion/implosion) 

and deviatoric components (no volumetric change i.e. double-couple events). 

 𝑀 =  𝑀𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 +  𝑀𝑑𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐  (20) 

In contrast with 𝑀, the decomposition of 𝑀𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 is not unique and various decompositions 

may lead to different interpretations. The 𝑀𝑑𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐 can be decomposed into a double-couple 

and a compensated linear vector dipole (representing crack opening under tension, CLVD): 

 𝑀𝑑𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐 =  𝑀𝐷𝐶 +  𝑀𝐶𝐿𝑉𝐷 (21) 

The tensors of isotropic, double-couple and CLVD sources are as follows (Jost and Herrmann, 

1989): 

 

𝑀𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐  =[
1 0 0
0 1 0
0 0 1

] , 𝑀𝐷𝐶 = [
0 0 0
0 −1 0
0 0 1

] and, 𝑀𝐶𝐿𝑉𝐷 = [
−1 0 0
0 −1 0
0 0 2

]  (22) 

Figure 16 represents different modes of failure which can be achieved from seismic 

moment tensor inversion. 
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Figure 16 Using “beachball” for representing the different modes of failure which produce 

different moment tensors (ESG Solutions, 2012) 

The SMTI technique is performed under two main assumptions. First, the medium is 

considered to be isotropic, infinite, and homogeneous. Second, the force system acting on the 

source is double-couple, deviatoric, or general. Seismic Moment Tensor Inversion software 

devolved by ESG Solutions allows for further analysis about orientation, deformation, and stress 

tensor analysis. This software implements the low frequency plateaus of displacement amplitude 

spectra and first motion polarities (polarity and amplitude) to find the seismic moment tensor 

components (Aki and Richards, 1980; and Trifu et al., 2000). Other seismic moment tensor 

inversion methods are based on the prediction of time-domain wave amplitudes for input. To 

obtain robust results from SMTI it is necessary to use events with at least 7 polarities. Figure 17 

is the lower hemisphere projection result from SMTI for 11 seismic events. For this particular set 

of events, 𝜎1 is almost vertical and 𝜎3 is nearly horizontal while trending NE/SW. The hot spot is 

showing the concentration of P-axes. 
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Figure 17 Outcome of the SMTI software for 11 events 

ESG software allows the preparation of seismic data for seismic stress inversion. As it is a 

complicated package, working with it requires extensive effort and experience. 

2.4 Limitations of Seismic Stress Inversion 

Similar to all measurement techniques, seismic stress inversion has some limitations such as: 

 It does not give any information about the magnitudes of principal stresses, 

 It considers faults as planar surfaces, which is not always the case (Pollard and Saltzer, 

1993; and Lisle et al., 2006),    

 In the case of mining seismicity, it has large confidence limits (noisy data), 

 There will be no information predicted about stress tensors in locations free of seismicity 

(Coulson and Bawden, 2008), and 

 Polarity of the waveforms needs to be manually picked. 
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Despite these limitations, seismic stress inversion techniques have many advantages 

compared to conventional methods as they do not disturb the in-situ stresses and they can be 

conducted on clusters of seismic events throughout the mining volume and throughout the time 

period of the event catalogue.
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2.5 Numerical Modelling 

In cases where the practical problems cannot be solved analytically or empirically, 

numerical models can be used to obtain approximate solutions. This is typical for most 

underground openings which have irregular shapes, various constitutive models of material 

behavior, and different material properties.  

2.5.1 Background 

Numerical models in rock mechanics can never perfectly represent the studied situation, 

because nature and rocks are always too complicated to be able to consider everything and that 

degree of complexity is not amenable to measurement. Numerical models are used to understand 

the situation and test the limits of behavior rather than to replicate the problem exactly. Currently, 

there are numerous codes available for simulating mining geomechanics problems. Numerical 

modelling methods are typically distinct based on their treatment of boundary and interior regions 

of discretization. Methods in which only the boundary of the model is discretized are known as 

Boundary Element Methods (BEM). Boundary element methods were first introduced in 1960. 

They use the principle of superposition (Examine 3D and Map 3D), thus they are only applicable 

to materials with elastic behavior. In other methods, the interior region of the model is 

discretized, in addition to the outer boundary. Such methods include the Finite Element Methods 

(FEM), Distinct Element Methods (DEM), and Finite Different Methods (FDM). Finite Element 

Methods were first introduced in the 1950’s by Clough, and today they are the most widely used 

of the numerical methods. They are capable of simulating heterogeneity, nonlinearity and 

boundary conditions (RS2, ANSYS). In the following section the principles of the FDM (FLAC, 

FLAC 3D) and DEM (UDEC and 3DEC) are explained. Detailed explanation of other methods 

can be found in Jing (2003).  

It is worth mentioning that numerical methods can also be classified according to their 

zone/region interactions into continuum (FDM, FEM, and BEM), discontinuum (DEM, FEM), 
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hybrid (FEM/BEM and DEM/FEM) and hybrid (FEM-DEM). In continuum models, some 

discontinuities such as faults or joints can be incorporated. These codes are not capable of dealing 

with the interaction of individual pieces and some of the mechanics of deformation when there 

are discrete elements. It is often difficult to incorporate joints and discontinuities into continuum 

models as the codes do not typically accommodate such features, or only on a limited basis. 

Continuum models are used when faults are scarce in the model and an effective continuum for 

the volume under consideration can be assumed. Discontinuum models are specifically developed 

to deal with faults, joints, and problems involving interaction of distinct material domains along 

their boundaries and often involving large displacements. Hybrid methods incorporate at least 

two different methods to overcome the deficiencies attributed to each code. Combined methods 

comprise two modeling methods and allow switching between one and the other as shown in 

Figure 18. 

 

Figure 18 Illustration of a hybrid model. To reduce the time of calculation, DEM and BEM 

are used for the near-field and far-field regions, respectively (Jing, 2003) 
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There are many advantages and some disadvantages associated with each of these methods that 

are described in Table 2. 

Table 2 Different numerical modeling codes and their advantages and disadvantages (Hoek 

et al., 1991) 

 Advantages Disadvantages 

Boundary element method  Far-field condition 

inherently 

represented 

 Only boundaries 

require discretization 

 Lower quantity of 

solution variables 

than for finite 

element methods 

 Unreliable when used 

for heterogeneous 

and nonlinear 

materials 

 Solution time 

increases 

exponentially with 

respect to the number 

of elements used 

Finite element and finite 

difference methods 

 Material 

heterogeneity easily 

handled 

 Entire volume must 

be discretized, 

resulting in a large 

quantity of solution 

variables  

 Far-field conditions 

must be 

approximated 

 Solution time 

increases 

exponentially with 

respect to the number 

of elements used 

Distinct element method  Well suited for 

modeling systems 

with a high degree of 

nonlinearity resulting 

from multiple 

intersecting joints. 

 General constitutive 

relations can be used. 

 Solution time 

increases linearly 

with respect to the 

number of elements 

used. 

 Results can be 

sensitive to assumed 

values of modeling 

parameters 
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2.5.2 Finite Difference Methods (FDM) 

Finite difference methods, especially in solid mechanics, are numerical techniques for 

solving differential equations of motion. These techniques find only approximate solutions. 

Derivatives in differential equations are replaced with algebraic equations, which will be solved 

to reach approximate solutions. In FDM, small and large grid point displacements are based on 

Eulerian and Lagrangian formulations, respectively. In small displacements, when the strain 

occurs at the grid point, coordinates remains fixed. However, in the large deformation scenarios, 

grid point coordinates are updated to calculate strain, but at the expense of increased calculation 

time.  

There are many differences between FDM and FEM such as grid scheme, time step, and 

formation of matrices. The differences between FEM and FDM are not important and in some 

circumstances, they are the same. What is important is the solution method, explicit versus 

implicit. While FDM iteratively advances to a final solution by applying an incremental form of 

constitutive laws (known as an explicit solution), FEM uses matrix inversion (known as an 

implicit solution). An explicit solution code solves equations for each node based on the influence 

of the surrounding nodes. This solution is better for dynamic and highly nonlinear problems 

involving collapse, since it is essentially simulating a disturbance or wave passing through the 

medium. An explicit solution enables parameter tracking through time with model progression 

(this is not the case for an implicit solution). As shown in Figure 19, when a FDM model has 

unbalanced forces, the equations of motion are used to calculate the accelerations at grid points. 

Acceleration vectors are then integrated to find the velocities and then the velocities are 

integrated to find the displacements. Strains are calculated according to the displacements and are 

related to stress based on constitutive relations. This is for one complete cycle at time of Δt. This 

cycle repeats until unbalanced forces in the system are eliminated. In explicit schemes, damping 

is an important concept in reaching a solution. Damping is used to control the movement of grid 

points (absorb kinetic energy) towards new equilibrium positions. The degree of damping 
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represents the timestep duration. As such in static problems, a high degree of damping is used, 

whereas in dynamic problems (earthquake) a low degree of damping is used.  

However, after applying force to an implicit solution and doing an inversion of a large 

stiffness matrix, the displacements of all points in the model would be calculated at the same 

time. These are essentially displacements in an infinite time (steady state solution). Traditionally 

FDMs have been explicit and FEMs have been implicit, but they do not have to be. Almost all the 

discontinuum programs are explicit. The only discontinuum program that uses an implicit method 

is Discontinues Deformation Analysis (DDA) that is not widely used in engineering. 

 

Figure 19 One cycle of solution in FDM (after McKinnon, 2014) 

2.5.3 Distinct Element Methods (DEM) 

Distinct element methods were first introduced in 1971 by Cundall. DEMs are based on 

finite difference numerical methods used for modelling the motion of individual and 

independently moving objects. DEMs can be applied to represent a large quantity of objects 

interacting with one another and where the mechanics that govern each particle’s interaction or 

motion are understood. Such particle-particle interactions can include friction, gravitational and 
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cohesive forces. These models are perhaps the most realistic looking models of all for 

representing fractured rock masses.  

2.5.3.1 3DEC 

3DEC (Itasca, 2013) is a three-dimensional code that is usually used for models in which 

large numbers of planar discontinuities (i.e. faults and joints) should be explicitly represented. It 

has the capability of simulating the response of discontinuities subjected to static and dynamic 

loading and considers large displacement and block rotation. Blocks in 3DEC may be rigid or 

deformable. Rigid blocks are usually used in two scenarios. First, when most of the movement in 

a system takes place in a continuous way such as sliding and second, when the stress level is very 

low and the intact material has high strength with low deformability. Deformable blocks are used 

when there is sufficient deformation of the intact material relative to discontinuous motion and 

when the internal state of stress is of interest. Blocks are discretized into tetrahedral zones and 

material properties and constitutive models are assigned to them. The discontinuities are 

considered as boundary conditions between the blocks and the relative movement between 

discontinuities is controlled according to the equations of motion in both normal and shear 

directions. A 3DEC model generally consists of a single original block representing the extent of 

the region of interest. Excavations and discontinuities are defined in this block through cuts 

defining their boundaries or location.  
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2.5.4 Conclusions 

To sum up, numerical models are used in a way to represent the essential mechanics of 

the problem and to improve the understanding of ground responses resulting from mining 

activities. Many factors such as geometry, geology, boundary conditions, model types (i.e. elastic 

or plastic), material properties, excavation sequence, and mesh density may affect the numerical 

model results. Hence, significant care should be made while building a numerical model. Finally, 

in most cases, the choice of code when making a model relies on a several additional constraints 

such as personal acquaintance, time, code availability, and cost. 
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Chapter 3 

Nickel Rim South Mine 

3.1 Description of the Nickel Rim South Mine 

Nickel Rim South (NRS) is a modern mine that uses blast-hole open stoping with backfill 

as a means of bulk mining. It has been under operation since May 2009 and is located 22 km 

northeast of Sudbury, Ontario, Canada (Figure 20). 

 

Figure 20 Sudbury Basin, City of Sudbury and the location of the Nickel Rim South Mine 

Nickel and copper with significant precious metal credits are the main products of NRS. 

The orebody is located between 1,160 and 1,710 m below ground surface, strikes E/W and is 

steeply dipping. It consists of a nickel sulphide envelope in the hangingwall and a copper 

sulphide envelope in the footwall. The main portion of the nickel is located at the top of the 

orebody with a transition zone from nickel to copper in the middle, and the majority of the copper 

is hosted at the bottom the orebody. Stopes are accessed from three main levels: 1280 m level for 
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nickel, 1480 m level for nickel and copper, and 1660 m level for the nickel zone. There are two 

shaft accesses with three mining levels (Figure 21). Generally, the quality of the rock is good and 

the GSI is greater than 65 (Jalbout and Simser, 2014). 

 

Figure 21 Left: Nickel (HW) and Copper (FW) orebodies, looking west. Right: Blast-hole 

open stoping layout, looking north 

Moving from hangingwall to footwall, 6 different rock types can be encountered through 

the deposit. The hangingwall zone hosts felsic norite, dark norite, dark norite breccia, and late 

granite breccia. Felsic (light) norite is a good quality rock and has a UCS of 160 MPa. Mafic 

(dark) norite is fairly similar to felsic norite. Dark norite breccia or sublayer norite is located in 

the area between hangingwall and footwall and has the same UCS as mafic norite but with more 

jointing and chlorite alteration along joints (soapy surfaces). Late granite breccia is the typical 

host rock of higher grade nickel zones. It is not very homogeneous but the UCS is typically 

greater than 200 MPa (fairly competent, rockburst issues). On the other hand, the footwall zone 

hosts felsic gneiss and Sudbury breccia. Felsic gneiss is slightly stronger and has less jointing 

with a UCS of over 200 MPa. Sudbury breccia contains irregular veins and dykes with a broad 

range of thickness and veinlets (1 cm to 10 metres). The veined materials are weaker than the host 

rock, so it is easier for stress fracturing to occur in the weaker rock. 
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3.2 Faults and Dykes 

The Nickel Rim orebody is structurally complicated. Although there are no ductile shear 

zones in the mine, there are three major brittle families of faults: North-South striking and sharply 

dipping faults, low angle faults and northeast and southwest striking sharply dipping faults 

(Figure 22). These faults have the potential to create ground control problems (wedges as a result 

of planes of weakness), being unlocked and mobilized with mining, and may generate seismic 

events. Jalbout and Simser (2014) mentioned that the position, orientation, and slip along these 

faults caused events with high Es/Ep and changed the stress orientation locally (stress 

channeling). 

 

Figure 22 Subvertical and subhorizontal faults in Nickel Rim South Mine. They extend 

from upper level (1,160 m) to the lower level (1,730 m) 

Besides faults, diabase dykes are additional structures that can locally affect the stress orientation 

and cause strainbursts. Generally, dykes at the NRS Mine are located around the footwall area 
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and are very fine grained, very stiff and have the potential for rockbursting (UCS is around 415 

MPa). 

3.3 Stope Layout 

Stope layouts and sequencing in the nickel (hangingwall) and copper (footwall) zones are 

different. In the upper part of the nickel zone, a primary (15 m), secondary (12.5 m), and tertiary 

(12.5 m) stope layout width was used. The floor to the back of each level is around 35 m. Nickel 

zones in Sudbury are moderately seismically active but the copper zones are a lot more so. This 

may be related to the large contrast in elastic properties between the veins and the country rock. 

So, a different layout (1-3-5) sequence with smaller stopes was used in the copper zone. In this 

layout, panels are a narrower at 12.5 m wide as opposed to 15 m wide in the nickel zone (Figure 

23 and Figure 24). 

 

Figure 23 Different patterns of mining sequencing at the Nickel Rim South Mine, left: 

nickel zone, right: copper zone 
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Figure 24 Sensor distribution around mining layout, uniaxial (grey) and triaxial (blue, red, 

and green): left: looking north; and, right: looking west 

3.4 History of Stress Measurement at NRS 

Overcoring stress measurements were carried out at the early stages of mining in 2006 

and 2008 on the 1480 Level (Turichshev and Brummer, 2008). Comparison of the measurements 

showed that, except for the slightly off-vertical orientation of the minor principal stress, the 

intermediate and major principal stresses did not appear to have consistent orientations. For 

instance, 𝜎1 was found to be more oriented NW/SE in the 2006 campaign, while it was E/W in 

the 2008 campaign (Figure 25(A) and Figure 25(B)). Borehole survey information in 2016 on the 

1730 Level indicated a different orientation of 𝜎1. As shown in Figure 25 (C), the Rose diagram 

for the orientation of the borehole breakouts on the 1730 Level implies a NE-SW direction of 𝜎1. 

It is important to note that the 2016 stress measurements were at a deeper level compared to those 

conducted in 2006. In both cases, the measurement locations were sufficiently far from mining 

that they did not include any component of mining induced stress. The E/W orientation of the 

maximum principal stress was used for most of the stress models at the mine. 
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Figure 25 Orientation of major principal stresses obtained based on overcoring data from 

the test on 1480 level in: (A) 2006; and, (B) 2008 (Turichshev and Brummer 2008). (C) Rose 

diagram for orientations of the borehole breakouts in 2016 (Glencore, 2016) 

3.5 Seismicity at NRS 

The microseismic monitoring system has good coverage surrounding the active volume 

of mining. The system consists of 47 sensors with an average spacing of 120 m in the mine. 

Among these, 14 are 15 Hz triaxial geophones, two are 4.5 Hz triaxial geophones, and 31 are 

uniaxial accelerometers. This combination of sensors records events with moment magnitudes 

above -3. For this range, the uniaxial accelerometers record the events with moment magnitudes 

between -3 and -0.5, the 15 Hz triaxial geophones record events with moment magnitudes 

between -2 and 1.5, and the 4.5 Hz triaxial geophones record events with moment magnitudes 

above 0.5. The location accuracy for the system varies between 5 and 20 m for events with high 

and low focal coverage (Jalbout and Simser, 2014), respectively. The recording of seismic data 

started in January 2009.  

The seismic database used for this study contains all triggers (blasts, seismic events, and 

noise) from January 2009 to August 2014, with an occurrence average rate of approximately 

11,000 events per month. All the seismic data was processed automatically (such as P and S-wave 

picking and filtering). For reducing noise effects and improving reliability of arrival time picking, 

events selected for the inversion procedure were processed manually. Blast waveforms were 
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identified using the corresponding blast times at the mine and triggers with high P-wave 

amplitudes. Noise was also removed by identifying seismic records without patterns of P and S-

wave phases, high amplitude, and their source locations in the mine. 

3.6 Sensors Deployed in NRS 

In this section a summary of sensors deployed in the Nickel Rim South Mine is provided.  

The accuracy in determining the event source location and source parameters depends on several 

parameters such as number and type of sensors used, coverage of the seismic system array, and 

velocity model (1D or 3D) used. 

Generally, two types of sensors are used for recording seismic events in the mining area, 

accelerometers and geophones. Uniaxial accelerometers (i.e. ESG uniaxial sensor A1-30-1.0) are 

used to measure high frequency ground motion in one direction. These sensors have low noise 

and their primary function is to provide accurate event source location in hard-rock environments 

like the NRS Mine. On the other hand, triaxial geophones are used to quantify the velocity of 

ground motion in three dimensions, measure the full energy of a seismic event and are used in 

determination of the seismic source parameters. The ESG triaxial geophones (i.e. G3-0.7-2.5) 

used in the array record events that may be clipped at higher frequencies. 

Uniaxial sensors have lower cost but, as mentioned for having a full record of seismic 

wave energy and more accurate S-wave recognition, it is necessary to have a good balance 

between triaxial and uniaxial sensors. As a rule of thumb, for every 3 uniaxial sensors, use of one 

triaxial sensor is recommended. 

Moreover, a combination of various types of sensors (with different frequencies) is 

necessary to prevent the magnitude saturation phenomenon. Magnitude saturation happens when 

the magnitude of the recorded event is underestimated relative to the real event magnitude. For 

example, Figure 26 shows that a 15 Hz geophone can record events with moment magnitudes 

between -2 < Mw < 0.5. It is clear that the larger events have lower corner frequencies and a 15 
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Hz geophone would be unable to correctly define them, resulting in an underestimate of their 

magnitudes. 

 

Figure 26 Seismic moment versus frequency for different sensors 

For overcoming these issues, a mixture of uniaxial accelerometers and triaxial geophones 

(4.5 and 15 Hz) were deployed in the NRS Mine (Figure 27).  
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Figure 27 ESG Solutions sensors coverage (ESG Solutions, 2012) 

The distribution of the sensors was different in different levels. Around the middle level 

(our volume of interest), triaxial geophones and uniaxial accelerometers were deployed (Figure 

24). 

3.7 Potential ESG Solution Software Issue 

During the course of the research, an issue related to waveform digitization using ESG 

hardware and the effect on advanced analysis results was raised by researchers at the University 

of Toronto. The effect of this issue on seismic stress inversion analyses being carried out was 

investigated for its potential impact (Appendix A).  
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Chapter 4 

Seismic Stress Inversion Preliminary Results 

4.1 Paper 1: Research Methodology and Checking Data Quality at NRS 

4.1.1 Abstract  

In seismically active mines there is generally a sufficient number of seismic events to 

carry out seismic stress inversion, but problems arise due to the presence of spatial stress 

gradients around mining excavations and near faults which is where the seismic activity normally 

takes place. Temporal changes in the stress field occur at fixed points in the rock mass due to 

changes in the induced stress field resulting from progressive mining. Therefore, these effects 

should be taken into account when using the seismic stress inversion technique. A significant 

portion of this research will therefore be dedicated for exploring the sensitivity of the stress 

inversions to the spatial and temporal density of the events used. Throughout this process, a 

number of stress inversions will be performed. These will form the basis for an introductory 

inspection of the stress field around active mining stopes within the Nickel Rim South mining 

environment. 

4.1.2 Introduction 

For application of seismic stress inversion, the seismically active volume of the mine will 

need to be split into a grid of volumetric elements. Seismic events contained in these volumes 

will be used to generate the fault plane solutions for the stress inversion. Two important points 

should be considered in this discretization:  

 It is favorable to have many events in the volume to improve the tensor fit, but large 

volumes are less likely to satisfy the assumption of uniform stress due to stress gradients 

near excavations and faults and,   
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 Small volumes that satisfy the uniform stress condition may not have enough events for a 

reliable stress tensor solution. 

For the spatial discretization study, data from clusters occurring in short time periods will 

be analyzed in order to minimize the effects of time related stress variations. There will still be 

spatial gradients, so use will be made of 3D numerical stress analysis (3DEC, a commercial finite 

difference based discontinuum code (Itasca Consulting Group Inc., version 5.0, 2013)) in order to 

estimate the location and magnitude of the stress variations in the event clusters. The numerical 

modelling results will help to guide the selection of volume element size in terms of dividing 

space into volumes of approximately constant stress, i.e. smaller volumes in locations of higher 

stress gradients. The objective will be to examine the error introduced by increasing volume size 

in order to increase event density. This will result in loss of resolution of the spatial gradients and 

increase error in the inversion results due to relaxation of the constant stress assumption in the 

inversion volume. If the degree of seismic activity at a mine is high, the event count in short time 

windows may be sufficient for spatial discretization to produce reliable stress inversions.  

However, if the rate of seismicity is low, events may need to be accumulated over a 

longer time period. In this case, it is possible that stresses within fixed spatial volumes may 

change due to progressive mining, violating the constant stress requirement of the inversion 

process. A second (and for most mines, less critical) phase of the study will examine the effects 

of temporal stress changes on stress inversion reliability. 

The temporal discretization study will follow a similar methodology used for spatial 

discretization, but a fixed volume relatively close to active mining will be selected for the source 

data. Numerical modelling will again be used to estimate the stress changes that are likely to be 

experienced in the study volume over the time frame selected. This will assist in quantifying the 

magnitude of the stress changes over time. Ideally, this will involve a volume that initially has 

moderate seismic activity but minimal stress gradients, followed by stress changes due to 
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progressive mining. Once this has been established, the effects of mixing data from the same 

volume but over different time periods will be examined. The objective will be to determine the 

sensitivity of the inversion process to relaxation of the constant stress assumption caused by 

changes in stress field magnitude and orientation at similar points within fixed volumes. 

4.1.3 Data Quality Checking at NRS Mine 

Three basic analyses are used to check the data quality from the site, these being the 

Magnitude-Time, Frequency-Magnitude, and Energy Moment relation histories. In the 

Magnitude-Time history analysis, the magnitude of the events is plotted on the Y-axis and the 

time in plotted on the X-axis. Figure 28 illustrates the events between mid-February and mid-

September 2011. It is clear that there is no offset in the magnitude of the events and the 

sensitivity of the seismic array was almost constant during the data acquisition time period. 

 

Figure 28 Magnitude-Time history of seismic events from mid-February to mid-September 

2011  

In this analysis the seismic energy is plotted versus the seismic moment and for a good 

quality data set a logarithmic relation between the seismic energy and the seismic moment is 

expected. As shown in Figure 29 the Nickel Rim data set is follows the same relation and only 

one trend line can be attributed to the data (offset events are insignificant). 
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Figure 29 Log of seismic moment versus log of seismic energy from mid-February to mid-

September 2011  

According to Gutenburg and Richter (1994), after plotting frequency versus magnitude of 

seismic events, a single linear line can be fit to the entire data set.  The slope of this line 

represents the b-value. For a good quality data set the b-value is around 1.0. Also for good quality 

data it is expected to see the a/b value (the intersection of the linear line with the X-axis which 

approximates the largest expected event) close to the largest event magnitude in the set. 

Furthermore, the magnitude at which the data departs from the linear relation is considered as the 

minimum sensitivity of the seismic system. In the selected data set, this linear relation is extended 

over 3 orders of magnitude (Figure 30). 
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Figure 30 Frequency Magnitude chart for the data collected from mid-February to mid-

September 2011 with the seismic system sensitivity of -2.1 Mw 

According to these simple analyses it can be concluded that the selected data set is 

plausible for further analysis and shows no evidence of being affected by the sampling issue 

raised.
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4.2 Paper 2: Stress Field Characterization in Nickel Rim South Mine Using Seismic 

Stress Inversion 

4.2.1 Abstract 

To facilitate development and refinement of the seismic stress inversion process, 

numerous clusters of seismic events over a period of seven months during the early stages of 

mining were initially analyzed so as to minimize perturbations caused by the interaction between 

mining and geological structures. More than 1000 manually processed events throughout the 

mine were utilized for the stress inversions. Results show that the clusters in the earlier stages of 

mining and further away from excavation boundaries demonstrate reasonable agreement with pre-

mining stress estimates based on overcoring and breakouts. 

4.2.2 Introduction 

The stress inversion process involves the analysis of several events within close 

proximity. As noted, one of the fundamental assumptions of the method is that the stress field 

within the volume containing the slip events is uniform. In seismically active mines there is 

generally a sufficient number of seismic events, but problems arise due to the presence of spatial 

stress gradients around mining excavations and near faults, which is where the seismic activity 

normally occurs.  

For the application of seismic stress inversion, the seismically active volume of the mine 

is divided into a grid of volumetric elements. Seismic events contained within these volumes is 

used to generate the fault plane solutions for the stress inversion. The sensitivity of the stress 

inversions to the spatial and temporal density of events will be discussed. 
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4.2.3 Filtering Input Data 

All data used for inversions are manually processed. Due to difficulties in differentiating 

the S-wave polarities from the P-wave polarities, S-waves are ignored and only the P-wave first-

motion polarities are used. The orientations of the triaxial sensors are determined using the blast 

data (straight ray path travel of the P-wave between source and sensor). Sensors with very low 

amplitude signals and hardware problems are removed and not used for analysis and triaxial 

sensors are rotated to the source. A limit was also placed on moment magnitude of events used in 

the inversion process to ensure that they were recorded by at least three triaxial sensors. In Figure 

31, red and blue traces are related to the uniaxial accelerometers and triaxial geophones, 

respectively. The left side of Figure 31 shows the traces of an event with magnitude less than -

1.5. It is clear that only three triaxial geophones (three blue traces) detected that event. The right 

of the figure shows waveforms from 6 triaxial geophones that detected an event with magnitude -

1.3, and to ensure that events are recorded by an adequate number of triaxial geophones (at least 

three), only events with moment magnitude greater than - 1.4 are used (this cut-off is site 

specific) for stress inversion. 

Seismic stress inversion results from MOTSI are based on a single velocity model, using 

manually processed seismic events from February to December 2011 (the time period in which 

there is less potential of having stress perturbation in the mining area). Additionally, the seismic 

events used for seismic stress inversion were selected to have specific characteristics such as:  

 High double couple component (> 50%),  

 Clear and high P-wave polarity linearity (> 70%, otherwise it indicates saturation may be 

occurring or the sensor is not sufficiently in the far-field),  

 Close agreement between P-wave polarization and source-sensor direction (< 20°),  
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 For 15 Hz triaxial geophones a filter is used with a low frequency cut-off at 15 Hz and a 

high frequency cut-off value between 1000-2000 Hz for removing noise (filtering is only 

used for triaxial geophones),  

 Uniaxial sensor data with high incident angles between sensor axis and source (> 

70°) are removed (Appendix A). 

 

Figure 31 Uniaxial (red) and triaxial (blue) traces of low magnitude event. Only three 

geophones could detect the event with magnitude less than -1.5 (left). Six geophones 

detected the event with magnitude greater than -1.3 (Right)  

It was also found that the location of the clusters could significantly affect the seismic 

stress inversion results. For instance, Figure 32 shows that the clusters on the right of the figure 

are not located within the central portion of the seismic array and do not have a proper polarity 

distribution (highlighted with red circles) on the lower hemisphere, and consequently the final 

results could be biased. Hence, to ensure that robust results are obtained, it is necessary to use 
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events with polarities from at least seven sensors (uniaxial and triaxial), preferably evenly 

distributed around the source.  

 

Figure 32 Different distributions of polarities on lower hemisphere with respect to cluster 

location.  Clusters that are located on the corners of seismic array (right hemispheres) have 

biased distribution. Location of the seismic events (purple circles), final layout of the 

sublevel stoping (blue rectangles), looking north 

For the sake of unbiased fault plane solutions (due to the projected location of the sensors 

on the lower hemisphere) and higher accuracy, only events from the middle level were used for 

seismic stress inversion (Figure 33).   
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Figure 33 Nickel (HW) and Copper (FW) orebodies, looking west. Distribution of uniaxial 

(grey cylinders) and triaxial (blue, green and red cylinders) accelerometers and geophones 

and the middle level limited by the black rectangle (image courtesy of ESG Solutions and 

NRS) 

Figure 34 shows the seismic stress inversion results from two different packages, SMTI 

(colored lower hemisphere) and MOTSI (black and white lower hemisphere). The events in the 

selected clusters were not modified according to the dS and dM criteria of MOTSI. It is clear from 

comparison of the two software packages that few consistencies could be found in the final 

results. The results are either different in one of the principal stresses or both of them. There is 

not a proper method defined in SMTI to remove events which do not belong to the interested 

cluster, which means that the constant stress volume constrain cannot be checked. This concern is 

explicitly addressed in the MOTSI.
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Figure 34 Seismic stress inversion results of the events recorded from the middle level, SMTI (colored lower hemisphere) versus MOTSI 

(black and white). Orange ellipsoids show the clusters. Red area on the lower hemispheres shows the possible orientation of the maximum 

principal stress and the blue area represents the possible location of the minimum principal stress. Black square and circle on the lower 

hemisphere, represent maximum and minimum principal stresses, respectively
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4.2.4 Results 

The three specific criteria used for selecting the clusters, were that they occurred: 

 In the early stages of mining. 

 Far enough from major geological structures (to avoid the stress perturbation due to 

mining or slip along faults). 

 In the appropriate coverage volume of the seismic system array (mixture of uniaxial and 

triaxial sensors and having at least seven first motion polarities). 

Applying these criteria, the first suitable cluster was located in the middle level (1,445 

m), far from the active mining area and included 11 events (Figure 35). The dS value of this 

cluster is 0.377, which indicates that the state of stress within the selected volume is 

homogeneous, and only one event (event number 9) showed a major difference in the focal 

mechanism (dM < 0.7). To have a more homogeneous volume and better estimate of the stress 

tensor, this event was removed from the inversion cluster. 
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Figure 35 Location of the seismic events (purple circles), selected cluster (white circles 

inside the orange ellipsoid), final layout of the sublevel stoping (blue rectangles), the 

extracted stopes (yellow rectangles): (top left) looking north; (bottom left) looking west; (top 

right) R value and its marginal probability density function, with 68% and 95% confidence 

region represented by shaded and open bars, respectively. And the orientation of the σ1 and 

σ3, solid shows best model, shaded and open regions show 68% and 95% confidence limits, 

respectively; and, (bottom right) dS versus dM) 

A stress model computed from all calculated focal mechanisms has 𝜎1 plunging 3° and 

trending 37° and 𝜎3 trending 131°. These results, shown in the upper right of Figure 35, are very 

close to the inferred NE/SW direction of 𝜎1 from the Rose diagram of the borehole breakouts 

determined on 1730 Level. For a period of seven months (from February to September 2011) in 

the middle level, more than 1000 events in several clusters were manually processed and
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analyzed using MOTSI. The inversion results around the middle level, shown in Figure 36, imply a variety of stress orientations including N/S, 

E/W and NE/SW (Appendix B). 

 

Figure 36 Location of the seismic events (purple circles), selected clusters (orange ellipsoids), final layout of the sublevel caving (blue 

rectangles), the extracted stopes (yellow rectangles), MOTSI inversion results (red arrows show σ1 orientation)
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4.2.5 Discussion 

Unfortunately, reliable local overcoring measurements are not available for NRS. It is, 

therefore, not possible to directly compare the stress field information from seismic stress 

inversion with data from conventional stress measurements. However, the method appears to 

provide reasonable results when compared to the stress field data orientation inferred from 

borehole breakout results. The variation in measured orientations of 𝜎1 and 𝜎2 is likely related to 

the close magnitude values of 𝜎1 and 𝜎2. In this scenario, by replacing the 𝜎1 with 𝜎2 

orientations, the measured stresses would be more consistent with the orientations of borehole 

breakout results on the 1730 Level and would be a closer match to the seismic stress inversion 

results. 

New borehole breakout observations at the mine also show a similar pattern of principal 

stress orientations to those found from seismic stress inversion analysis. 

Large confidence limits for the 𝜎1 and 𝜎3 are due to the inherent characteristics (noisy, low 

moment magnitude, high frequency etc.) of the mining induced seismic waveforms. Mining 

waveforms are not as clean as earthquake waveforms. Using more events in the inversion process 

could help to narrow the confidence limits, however, the homogeneity of the volume would be a 

concern. Figure 37 shows the results of the seismic stress inversion for a cluster of events on the 

upper left corner of the middle level, before (left) and after (right) filtering. It is clear from Figure 

37 that the cluster with 28 events has a better confidence limit (more concentrated locations of 

grey area) than the cluster of 9 events. But after filtering (according to the mentioned conditions) 

and plotting the dS versus dM of the 28 events, it can be seen from Figure 38 that there are 

several events which do not belong to this cluster and the results can be misleading. This can be 

verified according to the different orientations of the minimum principal stress before and after 
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filtering. This problem can arise either in selecting a cluster with larger volume or in a cluster 

with longer time window.   

 

Figure 37 Comparison of a cluster of events before (left) and after (right) filtering 

 

Figure 38 dS versus dM plotting of the cluster with 28 events 
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4.2.6 Concluding Remarks 

Preliminary mapping of the stress field in the early stages of mining has been carried out 

by implementing the seismic stress inversion method. Numerous seismic event clusters were used 

for the seismic stress inversion method. Clusters recorded during the early stages of mining were 

selected in order to reduce mining induced perturbation of the stress field, which assisted in the 

refinement and development of procedures for applying a seismic stress inversion method in a 

mining environment. 

Due to the noisy acoustic environment of the mine, and the inability of automated event 

recording codes to detect the true first arrival polarities, manual picking of events and the 

application of various filters significantly improved the identification and rejection of chaotic 

data, which could change the focal mechanism solutions and consequently the final stress tensor. 

Increasing the volume size and relaxing the constant stress assumption may change the inversion 

results as larger volumes showed higher deviation in dS versus dM plots (indicator of 

inhomogeneity). Similar results could be found by increasing the length of the time window. 

The resulting double couple clusters in the middle level of the mine indicated N/S and 

NE/SW orientations of 𝜎1. The orientation of 𝜎3 had a trend E/W with a plunge varying from 

vertical to horizontal. The effects of any localized mining induced stresses have not been 

removed from these results and, therefore, they do not reflect the pre-mining state of stress 

required for the specification of numerical stress analysis boundary conditions. 

These results are consistent with recent (2016) observations of borehole breakout on the 

1730 Level of the mine. 
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4.3 Paper 3: Statistical Analysis of the Outlier Events from Seismic Stress Inversion 

4.3.1 Abstract 

Currently, there is a variety of seismic stress inversion algorithms available which use 

multiple seismic events to constrain the fault plane solutions for determining the four parameters 

of the stress tensor (orientations of principal stresses and their relative magnitudes). First motion 

stress inversion (MOTSI) is a widely used code that uses first motion data in the inversion. For a 

group of events, MOTSI runs a test on two factors, dS and dM. Events with large deviations from 

acceptable levels of dS and dM should not be used in the stress inversion process. These events 

are expressed as outliers because there is not enough information to infer their relation to the 

other events. The goal of this paper is to use statistical techniques to explore the characteristics of 

these outlier events. Outliers are of particular interest in this case because by indicating non-

compliance with the homogeneous stress hypothesis, they may be good indicators of zones where 

there is strong influence of geological structures on the stress field.  

In each inversion processed, several events were tagged as outliers according to the 

mentioned criteria. Several statistical analyses including mean, standard deviation, variance, t-

test, box plot, Kruskal–Wallis test, and principal component analysis (PCA) were conducted over 

10 seismic source parameters (i.e. source radius, seismic moment, etc.) to determine the relation 

between outliers and used data. 

4.3.2 Methodology 

For various types of statistical analyses, it is necessary to have a sufficient number of 

samples. The time interval used for the stress inversions by Abolfazlzadeh and McKinnon (2017) 

was therefore extended by three months, resulting in an expanded time interval from February to 

mid-December 2011. Additional events were predominantly located in the upper right region of 

the middle level (Figure 39) and the stress inversion result was identical to that of the previous 
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months. The outlier seismic events over the total period of ten months were examined through 

statistical analysis, to explore any potential trends in the additional source parameter data, the 

results of which are described in the following sections.  

The outlier seismic events were examined relative to the events from the same time 

period that were included in the stress inversions in two steps. The first step included all events – 

both used and outlier – over the entire time period, and the second step assessed the events over 

two distinguished event clusters (B and G in Figure 39) to consider the effect of mining location. 

 

Figure 39 Middle level seismic events (purple circles), clusters assessed (B and G), final 

layout of the sublevel open stoping (blue rectangles), and the extracted stopes (yellow 

rectangles), looking north 

The source parameters examined for each event include seismic moment, seismic energy, 

Es/Ep, source radius, asperity radius, static stress drop, apparent stress, dynamic stress drop, peak 

velocity parameter (PVP), and peak acceleration parameter (PAP). The locations of outlier and 
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used events within each previously identified cluster were also closely examined. The Statistical 

Package for the Social Science (SPSS) software suite was employed in the statistical analysis. 

Descriptive statistics, including the mean, minimum, maximum, standard deviation and variance 

were determined for source parameters of each seismic event, to quantitatively describe the 

population of used and outlier data. Box plots were produced as a visual depiction for the 25th 

percentile (first quartile), median, and 75th percentile (third quartile), for each source parameter. 

Box plots are useful for comparing multiple distributions of variables (in this case, source 

parameters), as well as identifying any outliers within a population of data. The box plots were 

arranged to compare used events against outlier events, for each source parameter. 

The t-test was used as it evaluates the statistical significance between two sets of data, 

through a hypothesis test, and is determined by the magnitude of the difference between the mean 

values of the two datasets. Outlier events were tested relative to the used events, within each 

cluster of seismic events. 

The final statistical analysis employed was the PCA. PCA is a technique that reduces a 

relatively large dataset to a set of components or factors. This reduction allows the interpretation 

of a large population of data in a smaller and possibly more meaningful way. Seismic events, both 

outliers and those used in the stress inversion, were analyzed by data cluster. 

4.3.3 Results 

The results of descriptive analysis showed very small differences in minimum, 

maximum, mean, standard deviation and variance for all parameters associated with the outlier 

and used events in both clusters, implying that the used and outlier events are very similar. Table 

3, Table 4, and Table 5 show the simple results of all events, group B and G.  
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Table 3 Descriptive analysis for all of the used (upper) and outlier (lower) events 
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Table 4 Descriptive analysis for the used (upper) and outlier (lower) events in group B 
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Table 5 Descriptive analysis for the used (upper) and outlier (lower) events in group G 

 

The results of the box plot analysis of all events show that the outliers have higher first 

quartiles in seismic moment, energy, Es/Ep, and source radius values, and used events have 

higher 3rd quartile in energy, asperity radios, and Apparent Stress values. Among all parameters, 

it seems that used events have higher asperity radius as they have higher quartiles than outliers 

(Figure 40, Figure 41, and Figure 42). 
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Figure 40 Quartile comparisons of the used (blue) and outlier (red) events parameters for 

all events 
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Figure 41 Quartile comparisons of the used (blue) and outlier (red) events parameters for 

group B 
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Figure 42 Quartile comparisons of the used (blue) and outlier (red) events parameters for 

group G 
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However, the source radius in the outliers showed higher values in all quartiles. The peak 

acceleration parameter also exhibited a higher median value in all groups in used events. Higher 

3rd quartile source radius and median in seismic moment in all groups belong to outliers. Table 6 

represents the comparison of quartiles of the different parameters for used and outlier events. 

Table 6 Representation of box plot results of different groups with their highest quartile 

and their parameters 

Parameter Used Outlier 

1st 

quartile 

Median 3rd 

quartile 

1st 

quartile 

Median 3rd 

quartile 

Log of seismic 

moment 

   All, B, G All, B, G  

Log of Energy   All, B, G All, B, G   

Es/Ep    All, B, G   

Source radius    All, B, G All, B, G All, B, G 

Log of Asperity 

Radius 

All, B, G All, B, G All, B, G    

Log of Apparent 

Stress 

  All, B, G    

Log of Peak 

Acceleration 

Parameter 

 All, B, G     

 

In the t-test, the null hypothesis is that the variances of the two groups are approximately 

equal (similar distribution of competency scores). The level of significance was set to 0.05. The 

results of the t-test over all groups showed that the source radius has a value less than 0.05, 

indicating that the variances of the used and outliers are significantly different or the used and 

outlier groups are not similar (Table 7). However, the results of the t-test on B and G groups 
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showed that none of the parameters (in both used and outlier datasets) had a value less than 0.05. 

This implies that the variances of the used and outliers are not significantly different or that the 

used and outlier groups are similar (Table 8 and Table 9).  

Table 7 T-test results of used versus outliers for all events 
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Table 8 T-test results of used versus outliers for group B 
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Table 9 T-test results of used versus outliers for group G 

 

A verification using the Kruskal–Wallis test also resulted in the same outcomes as the t-test for 

groups B and G (Table 10). 
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Table 10 Kruskal-Wallis test results for all (upper), group B (middle), and group G (lower) 

 

The PCA results showed up to three components in used and two components in outliers. 

For a more detailed assessment of the difference between used and outliers, the first and second 

components of used and outliers in each group were compared in sequence, with the intention of 

finding which parameter had less correlation in each component. The PCA results for all events 

are shown in Table 11, where component one in the used events is very similar to the component 

one of outliers, with a high correlation of parameters, except Es/Ep. Resemblance of components 

can also be observed in the second component, where there is a high correlation of Es/Ep. This 

pattern was identical in groups B and G (Table 12 and Table 13). 
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Table 11 Comparison of the PCA results of used (left) and outliers (right) for all events 

 

Table 12 Comparison of the PCA results of used (left) and outliers (right) for all events in 

group B 
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Table 13 Comparison of the PCA results of used (left) and outliers (right) for all events in 

group G 

 

4.3.4 Conclusions 

The MOTSI stress inversion software identifies events suitable for inclusion in the 

inversion process (used events) and those that are not (outliers). Several statistical analyses have 

been carried out on the source parameters of used and outlier events to determine if there are 

additional criteria that could be used to identify events unsuitable for the inversion process. The 

collective results show that the two groups of events are fundamentally similar. There exists some 

evidence demonstrating that the outliers of all events from the middle level of the Nickel Rim 

South Mine have higher seismic moment, energy, source radius, and Es/Ep in their first quartiles, 

while used events have higher 3rd quartile in energy, asperity radius, and Apparent Stress 

(Appendix B). It seems that the source radius and the asperity radius are the parameters which 

can be used to differentiate between the used and outliers as they have higher values in all 

quartiles in the used versus outlier events for all groups and also the t-test showed that the 
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variances of these parameters are significantly different in the used and outlier events. The 

observed trend does not consistently extend to the two event clusters above and below the mid-

level mining area. This implies that the results are influenced by the cluster location. 

Plotting the location of outlier events revealed that there is no specific location in the 

mine where these outlier events originate. Similar to the used event data, the outliers are scattered 

chaotically throughout the data cluster (typical nature of seismic events). The dS and dM 

parameters within the MOTSI software remain as the most effective determinants of outlier 

events, which must be removed from the stress inversion process. 
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Chapter 5 

Relation Between Stress Ratio and Principal Stresses (Paper 4) 

5.1 Abstract 

Reliable estimation of the in-situ state of stress for underground mine design purposes is 

still a difficult problem due to the typically few measurements made, combined with variability in 

both orientation and magnitude of principal stresses from those measurements. For the case of deep 

seismically active mines, this led to the investigation of seismic stress inversion as another source 

of stress field information. However, the method only produces partial stress tensor information of 

principal stress orientations and relative magnitudes. In order to remove this limitation and recover 

the full stress tensor, the relationships between principal stress components was investigated. Stress 

measurements from several mines in various locations have been analyzed to determine the 

relationships between principal stresses and their correspondence relative stress ratio (R value). The 

results showed that there is a relationship between 𝜎1/𝜎2 and 𝜎2/𝜎3 versus R. These relationships 

are also site dependent and can be used to recover the full stress tensor using seismic stress 

inversion.  

5.2 Introduction 

The in-situ or pre-mining state of stress is that which exists in the rock mass prior to any 

mining operations. Many factors such as surface topography, erosion, tectonic stresses, and 

geological structures have an effect on it. In-situ stresses may be perturbed due to mining activities 

and can induce stress around the openings. In the case where the summation of in-situ and induced 

stresses are higher than the strength of the rock, failure and instability can occur. Therefore, having 

a reliable estimate of the in-situ state of stress is an essential requirement for underground 

excavation design to ensure stable, safe, and smooth operation of the mine.  
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In-situ stresses are measured either directly at the mine site or estimated from empirical 

relationships. In mining applications, the most commonly used method of stress determination is 

through overcoring (Worotnicki and Walton, 1976), since it provides the full stress tensor. 

However, flat jack and hydraulic fracturing (Haimson, 1978) are also used for partial stress tensor 

measurement, and in some cases AE techniques are used (Hunt et al., 2003) although the method 

is not as widely established. These techniques can be time consuming and expensive hence, 

empirical estimation methods are often used. The vertical in-situ stress at any point is fairly reliably 

calculated by multiplying the depth by the unit weight of the overlying rock. However, estimation 

of the horizontal stresses is not as simple. Over time, various theories related to horizontal stress 

magnitude determination have been proposed. Here, a brief overview is given to provide context 

for the results of the current study. 

Early attempts to quantify the horizontal stress, or the ratio of horizontal to vertical stress, 

were based on conceptual models as opposed to measurement data. Terzaghi and Richart (1952), 

for example, assumed a depositional model with no horizontal strain. The ratio of horizontal to 

vertical stress k in this case is found to be dependent only on Poisson’s ratio .  

 
𝑘 =

ν

1 − ν
𝜎𝑣  (23) 

Assuming a typical value of  = 0.25, k = 0.33, i.e. the horizontal stress is approximately 

one third of the vertical magnitude. Another early model for the state of stress is Heim’s Rule 

(Talobre, 1957), which considers the state of stress at great depth to become hydrostatic. Hast 

(1958), showed that Terzaghi’s assumption is not always true since at shallow depth (less than 500 

m) the horizontal stresses can be two to four times greater than the vertical stresses. Sheory (1994), 

developed an equation for the k ratio as a function of depth z and Young’s Modulus in the horizontal 
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direction Eh (a layered earth model) based on consideration of an elasto-static thermal model 

including the curvature of the earth:  

 
𝑘 = 0.25 + 7𝐸ℎ (0.001 +

1

z
)  (24) 

The form of stresses as a function of depth described using this model appeared to fit the 

higher k ratios found at shallower depth and lower k ratios at depth, but did not fit with observations 

of k ratios less than 1.0 found in sedimentary sequences, nor the anisotropy of stress magnitudes in 

the horizontal plane. A significant advance in understanding the state of stress in the earth’s crust 

came with the emergence of the World Stress Map project (Zoback, 1992). Based on compilations 

of stress measurements, including indirect indicators such as borehole breakouts and seismic focal 

plane solutions, the global and regional states of stress were found to correlate well to the tectonic 

setting. Variations in orientation of the horizontal stress field, stress anisotropy, and extensional 

and compressional environments, could all be explained on this basis. However, a significant 

limitation of the World Stress Map is its basis in measurements that only provide partial stress 

tensor information. It is used as a source of stress field information for mining projects, which 

require stress magnitudes as well as orientation, and is therefore limited. Furthermore, the guidance 

provided by the World Stress Map project, while it shows considerable consistency at the regional 

level, has not been found to be reliable for mining applications (McKinnon, 2001), likely due to 

the complex local geological conditions associated with mineralization that locally perturb the 

regional trends in stress conditions.  

Therefore, for reliable determination of stress conditions for mining projects, there is no 

substitute for a local measurement program. As noted, this is complex and expensive, and often 

requires significant simplification during interpretation owing to the few measurements that 

constitute most measurement programs. The objective of this paper is to provide further insight 
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into the relationships between principal stress components that can assist with interpreting local 

stress conditions, and in particular, with application to recovery of stress magnitudes from seismic 

stress inversion. 

5.3 Definition of R 

As mentioned previously, Bott’s (1959) original formula of stress ratio is the outcome of 

the two key assumptions behind the conventional seismic stress inversion method. The first is that 

the slip vector is parallel to the maximum resolved shear stress on the fault surface. The second 

states that the stress is uniform in the volume under consideration (Angelier, 1979). In other words, 

the predicted slip direction does not depend on the shape of Lame’s stress ellipsoid, but it is 

constrained by the direction of the principal stresses and R (Bott, 1959). That is why magnitudes 

cannot be obtained from seismic stress inversion (the slip direction simply does not depend on the 

stress magnitude ratios). Many researchers (Angelier, 1977, 1984, 1989, 1990; Angelier et al., 

1982; Wallbrecher and Fritz, 1989; Ramsey and Lisle, 2000; Lisle, 1979; Moeck et al., 2009; 

Gephart, 1985; Gephart and Forsyth, 1984; and others) tried to modify the stress ratio and limit it 

between 0 and 1. In this paper the R value introduced by Gephart and Forsyth (1984) is used. In 

this definition the R value also varies between 0 and 1 and the assumptions that the conventional 

ranking of principal stresses is 𝜎1 > 𝜎2 > 𝜎3. It is given by: 

 
𝑅 =

𝜎2 − 𝜎1

𝜎3 − 𝜎1
 

 

 (25) 

The R value gives a measure of the magnitude of 𝜎2 relative to 𝜎1 and 𝜎3. As shown in 

Figure 43 when R is near 1, 𝜎2 is almost equal to 𝜎3, when R = 0.5, 𝜎2 is the average of 𝜎1 and 𝜎3, 

and when the R = 0, 𝜎2 is almost equal to 𝜎1. Gephart (1985) noted that if the R value is either less 

than 0 or greater than 1 then it is in conflict with Andersonian fault mechanics.    
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Figure 43  R values and their correspondence unscaled Mohr-circles 

The value of R can have infinite combinations of 𝜎1, 𝜎2 and 𝜎3. To demonstrate this, Table 

14 lists different combinations of 𝜎1, 𝜎2 and 𝜎3, where all have the same R value of 0.7. 

Table 14 Constant R value with different combination of principal stress values 

𝜎1 𝜎2 𝜎3 R 

1 0.4 0.148 0.70 

15 10 7.9 0.70 

1000 900 858 0.70 

10000 3000 1 0.70 

10000 9000 8570 0.70 

 

In other words, the R value is independent of the absolute value of each principal stress but 

represents the relative magnitude of them. This is one reason why, in seismic stress inversion, the 

absolute magnitude of the principal stress components cannot be recovered. If one of the 

components could be resolved, this restriction could be eliminated. 

5.4 R Histogram from Stress Measurements 

To investigate the R value distribution from stress measurement data, use was made of data 

from the El Teniente Mine in Chile (McKinnon, 2001); Canadian mines (Appendix C) in Sudbury, 

Ontario; compilations of CANMET (Arjang and Herget, 1997); Forsmark, Sweden; mines in 

Quebec; and the URL, Manitoba (Martin et al., 2003). Figure 44 illustrates the R values from these 

stress measurements. Although they have different patterns of R distribution, the R values cover 

the entire range between 0 and 1.  
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Figure 44 R distribution from stress measurements in different mines 

By applying the empirical relationships (best fit trends) from previous researches, it can be 

seen that these trends only cover the R values greater than 0.4 and do not cover R values less than 

0.4 (Figure 45, Figure 46, and Figure 47). For instance, the empirical relationship of stress 

measurements introduced by Arjang et al. (1997) from CANMET:  

 𝜎𝐻𝑚𝑎𝑥
/𝜎3 = 7.44 x Depth (m)-0.198 

𝜎𝐻𝑚𝑖𝑛
/𝜎3= 2.81 x Depth (m)-0.120 

𝜎3  = 0.026 x Depth 

 

 (26) 
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Figure 45 R distribution calculated from empirical relationships of CANMET (Arjang and 

Herget, 1997)  

These are also shown by the linear and exponential empirical formulas of Martin et al. (2003) for 

Canada: 

Linear:  

 𝜎1 = 10.08 + (0.041Z) 

𝜎2 = 5.37 + (0.03Z) 

𝜎3 = 0.0291Z 

 (27) 

 

Figure 46 R distribution calculated from linear empirical relationships of Canada (Martin 

et al., 2003)  
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Exponential: 

 𝜎1 = 117.1-111 e (-0.00052Z) 

𝜎2 = 61.8-59.9 e (-0.00077Z) 

𝜎3 = 0.0291Z 

 

 (28) 

 

Figure 47 R distribution calculated from exponential empirical relationships of Canada 

(Martin et al., 2003) 

5.5 Relation Between R and σ1/σ2 and σ2/σ3 

Plotting the R value versus 𝜎1/𝜎2 and 𝜎2/𝜎3  provides useful information about the limits 

of the ratios between eigenvalues of principal stresses (note that these plots are independent of 

depth). It is trivial that, when the R value increases, the 𝜎1/𝜎2 increases and the 𝜎2/𝜎3 decreases. 

However, the matter which is not trivial is the rate of this change. For example, as shown in Figure 

48, plotting the R values versus 𝜎1/𝜎2 of for the URL data gives some information about a relation 

between them. Knowing about this relation is important in cases where there is not enough 

information for reconstructing a full stress tensor, i.e. seismic stress inversion, where only 4 out of 

6 independent stress tensor components are available. In these cases, when the R value is available, 

by applying the relationship, the ratios of 𝜎1/𝜎2 or 𝜎2/𝜎3 can be predicted more precisely. For 
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instance, in the Sudbury basin mines, for a R value of 0.3 the 𝜎1/𝜎2 ratio is approximately 1.2, and 

for a R value of 0.8 the 𝜎2/𝜎3 ratio is approximately 1.3 (Figure 49 and Figure 51).   

In the plot of R versus 𝜎1/𝜎2, as the value of the R gets nearly close to 1, more variation in the 

range of ratio values can be seen. 

 

𝑅 =
𝜎2 − 𝜎1

𝜎3 − 𝜎1
=

1 − (
𝜎1

𝜎2
)

(
𝜎3

𝜎2
) − (

𝜎1

𝜎2
)

 =>   1 − (
𝜎1

𝜎2
) =   (

𝜎3

𝜎2
) 𝑅 − (

𝜎1

𝜎2
) 𝑅 

 

 (29) 

 

               
𝜎1

𝜎2
=

1 − (
𝜎3

𝜎2
) 𝑅

1 − 𝑅
            

 

 (30) 

And Since: 

 
0 <

𝜎3

𝜎2
< 1   =>   0 <

𝜎3

𝜎2
𝑅 < 𝑅 =>   0 > −

𝜎3

𝜎2
𝑅 > −𝑅 

=>    1 > 1 −
𝜎3

𝜎2
𝑅 > 1 − 𝑅 => 1 <

1 − (
𝜎3

𝜎2
) 𝑅

1 − 𝑅
<  

1

1 − 𝑅
  

 

 (31) 

From (30): 

 
=>  1 <

𝜎1

𝜎2
<  

1

1 − 𝑅
  

 

 (32) 

It can be seen from Equation 32 that the upper and lower bounds of the data set are limited 

between 1 and 
1

1−𝑅
 and when the R has a value close to 1, the ratio of  𝜎1/𝜎2 tends to infinity. 

Moreover,  
𝜎3

𝜎2
=  

𝜎1

𝜎2
− 

𝜎1
𝜎2

− 1

𝑅
 . Thus, when the  𝜎1/𝜎2 versus R is known, the other ratios can 

be determined. 
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Figure 48 The upper and lower limits of URL stress data 

This is the main reason for the scatter of data in the higher values of R. Consequently, lower 

values of R (less than 0.5) match better with the trend line. The opposite is found in the relationship 

between R and 𝜎2/𝜎3 (Figure 51), meaning that better compatibility exists with the trendline for 

the higher values of R (R > 0.5). 

By combing these two plots together (lower and higher values of R for 𝜎1/𝜎2 and 𝜎2/𝜎3, 

respectively) it is possible to find more reliable ratios between principal stresses, within a particular 

region.   
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Figure 49 Relationship between σ1/σ2 and R from stress measurements 

5.6 R Values Predicted by Empirical Stress-depth Relationships 

As noted previously, the best fit trends are incapable of reliably predicting the principal 

stress ratios. While the stress measurements showed a relationship across the full range of R values, 

the stress-depth relationships only cover the larger values of R and in some cases they are 

incorrectly predicting a decreasing trend rather than an increasing one, as shown in Figure 50 and 

Figure 52.  
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Figure 50 Relationship between σ1/σ2 and R from empirical relationships (upper) and stress 

measurements (lower) 
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Figure 51 Relationship between σ2/σ3 and R from stress measurements 
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Figure 52 Relationship between σ2/σ3 and R from empirical relationships (upper) and stress 

measurements (lower) 

5.7 Conclusion 

The methods of in-situ stress estimation based on best fit linear depth dependent equations 

do not fully cover the relative stress magnitude distributions. They only cover higher values of R ( 

> 0.4). A new concept has been applied to the stress measurements from different mines and the 

results denoted an important perception which can be used for more reliable estimation of in-situ 

stresses. This finding not only can be used for better estimation of principal stress ratios, but can 

be used with the seismic stress inversion technique to estimate the stress magnitudes more 

accurately. When the R value is available, upper and lower bound relations can be used to limit the 

band of the 𝜎1/𝜎2 magnitude. For the data sets which are more scattered, it is recommended to use 

the upper and lower bound limits to check for the range of the 𝜎1/𝜎2 and 𝜎2/𝜎3 magnitudes and 

sensitivity of the results. However, in the cases where the data scatter is minimal and there are 



 

 

106 

 

sufficient measurements to cover the range of R values, (as in Sudbury district), the best fit relation 

could be used solely. 
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5.8 Far-Field Stress Determination Using Seismic Stress Inversion and Overcoring 

(Paper 5) 

5.9 Abstract 

Stress fields can be perturbed due to movement of geological structures with marginal 

stability. This change both in magnitude and orientation of stresses can have substantial 

consequences on the stability of mining excavations and the fault network. Conventional methods 

of estimating stresses offer limited point-measurement of the stress field and it has been shown that 

these methods do not work at great depths (due to core damage and disking). Beside the traditional 

methods of stress measurement, inversion of mining-induced seismic data provides the possibility 

to map the flow of the stress field in volumes that are seismically active such as near to mining 

openings. The resulting stress field map will be valuable for many design purposes such as 

numerical stress analysis model calibration, and fault stability. It is possible to define the stress 

field in the earth’s crust as the superposition of gravitational (typically near vertical) and tectonic 

(typically near horizontal) stresses. A technique is presented here that helps in the determination of 

the far-field stress condition by using groups of seismic stress inversion results and stress 

measurements. This technique better limits the upper and lower bound of principal stress 

magnitudes. To demonstrate the technique, first it is applied to the El Teniente Mine, where the 

orientation and magnitude of principal stresses are known, and then use is made of the mining 

induced seismicity database from the Nickel Rim South (NRS) Mine, in Sudbury, Canada. In 

addition, a three-dimensional numerical model of the NRS mine was developed to calculate the 

gravitational stresses and the responses of the unit normal and shear tractions on the model 

boundaries at the inversion locations. The results showed good estimation of orientation of 

principal stresses of the El Teniente Mine, and also that they are in good agreement with the recent 

findings of stress orientation in the NRS Mine from borehole breakouts in 2016 (Glencore, 2016).   
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5.10 Introduction 

There is frequently a lack of information in mines with regard to stress measurements with 

which to calibrate boundary conditions of numerical models to be used in the mine design process. 

This deficiency stems from factors such as the availability of very few (if any) triaxial stress 

measurements, uncertainties in the interpretation of stress measurement results (the effect of 

different local factors and influence of mining induced stresses), or the cost associated with the 

additional measurements.  

To deal with these issues, several techniques have been developed that integrate the results 

of stress measurements and numerical analyses (Obara et al., 2000; McKinnon, 2001; Corthesy et 

al., 2003; Hart, 2003; Aksoy et al., 2006; Xu et al., 2006; and Yang et al., 2007). 

The goal of this paper is to develop a method to deduce boundary tractions for numerical 

models using seismic stress inversion and stress measurements. In this paper will be shown how 

this limitation can be overcome in order to estimate both magnitudes and orientations of all 

principal stresses. A 3D stress analysis is required to determine the stress field. Thus, a 3DEC 

model was used, but any other continuum code would work. 

5.11 Description of the Numerical Model Used  

A 3DEC model was used for three-dimensional stress analysis of the NRS Mine, although 

any three-dimensional elastic continuum model could have been used. This model geometry has 

dimensions of 1300 m x 950 m x 1100 m, and contains (Appendix C):  

Orebody geometry and material properties: (density=3200 kg/m3, Bulk Modulus=10e3 MPa, 

Shear Modulus = 8e3 MPa, friction angle = 40°, cohesion =10 MPa, and tensile strength 

= 0.40 MPa),  
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 Country rock lithology, geometry and material properties: (density =0.00278 kg/m3, Bulk 

Modulus = 64e3 MPa, Shear Modulus = 266e2 MPa, friction angle = 59°, cohesion = 35 

MPa, and tensile strength = 16 MPa), 

 Stope sequence: (same order as the stope sequencing of the mine), 

 Backfill material properties: (density = 0.002 kg/m3, Bulk Modulus = 1e3 MPa, Shear 

Modulus = 8e2 MPa, friction angle = 40°, cohesion = 0.1 MPa, and tensile strength = 0.20 

MPa), 

 Fault locations (in the analysis reported here, faults are prevented from slipping). 

Figure 53 shows the different views of the NRS Mine 3DEC model. 

 

Figure 53 Nickel Rim South Mine 3DEC model in different views (left: North, right: West) 

and the location of the groups for seismic stress inversion 
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5.12 Description of the Analysis Method 

To recover the complete stress tensor and also the boundary conditions for numerical 

models, a number of issues needed to be addressed. Firstly, the stress conditions at the locations 

of the event clusters where the inversions were carried out may be influenced by mining induced 

stresses. These need to be estimated and accounted for. This requires use of the three-dimensional 

numerical model, with a mining excavation geometry representative of the time when the events 

in the inversion occurred (which may be at different times, requiring different model geometry 

for different event clusters – hence the importance of determining the temporal period spanned by 

the events in the inversion clusters). The relationships between the principal stresses also need to 

be established to remove the limitation that only relative magnitudes are produced by stress 

seismic inversion.  

The first part of the analysis, that of evaluating the influence of mining induced stresses 

and determining the model boundary conditions, follows that of McKinnon (2001). There are 

some main assumptions in this analysis such as that: the stress field is the superposition of the 

tectonic and gravitational stress, the rock mass should be linearly elastic and isotropic but can be 

inhomogeneous, the depth range of measurements is sufficiently small that vertical gradients in 

the far-field tectonic stresses can be disregarded, and finally, the horizontal and vertical stresses 

are principal stresses at the boundary of the model. 

The measured stress tensor at a point is a superposition of gravitational and tectonic 

tensors:    

 

𝜎𝑖𝑗
𝑚𝑒𝑎𝑠 = 𝜎𝑖𝑗

𝑔𝑟𝑎𝑣
+ 𝜎𝑖𝑗

𝑡𝑒𝑐𝑡 
 (33) 
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Thus, the components of the tectonic tensor can be calculated in the case that the 

measured and gravitational tensors are known:  

 

𝜎𝑖𝑗
𝑡𝑒𝑐𝑡 = 𝜎𝑖𝑗

𝑚𝑒𝑎𝑠 − 𝜎𝑖𝑗
𝑔𝑟𝑎𝑣

 
 (34) 

According to the stated premises and equation, the computed tectonic tensor can be 

defined as a linear combination of the three unit response tensors (two unit normal and one shear 

tractions):  

 

𝜎𝑖𝑗
𝑡𝑒𝑐𝑡 = 𝐴𝑚𝜎𝑖𝑗

𝑥 + 𝐵𝑚𝜎𝑖𝑗
𝑧 + 𝐶𝑚𝜎𝑖𝑗

𝑥𝑧 
 (35) 

where, tensor m 𝜎𝑖𝑗
𝑥  is the unit stress tensor response in the X-direction, tensor m 𝜎𝑖𝑗

𝑧  is the unit 

stress tensor response in the Z-direction, and tensor m 𝜎𝑖𝑗
𝑥𝑧 is the unit stress tensor response in the 

plane with a normal to the Y axis. 

An error tensor is described as the difference between the tectonic tensor from seismic stress 

inversion and the calculated tectonic tensor:  

 

𝜎𝑖𝑗
𝑒𝑟𝑟𝑜𝑟 = 𝐷𝜎𝑖𝑗

𝑚𝑒𝑎𝑠 − 𝜎𝑖𝑗
𝑔𝑟𝑎𝑣

− (𝐴𝑚𝜎𝑖𝑗
𝑥 + 𝐵𝑚𝜎𝑖𝑗

𝑧 + 𝐶𝑚𝜎𝑖𝑗
𝑥𝑧) 

 (36) 

where, D is a scaling constant for possible errors associate with Young’s Modulus estimations. 

For the minimization processes, it is set to minimize, 𝜓, the sum of the squares of the error tensor 

elements: 

 

𝜓 = 𝛴(𝜎𝑖𝑗
𝑒𝑟𝑟𝑜𝑟)2 

 (37) 
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A more detailed description of the stress measurement analysis technique can be found 

from McKinnon, 2001. 

5.13 Predicting the Magnitude Ratio Between the Principal Stresses According to R 

Value 

As mentioned, when the R value increases, the ratio of 𝜎1/𝜎2 and 𝜎2/𝜎3 increases and 

decreases, respectively. For instance, when using the El Teniente Mine’s stress measurements, as 

shown in Figure 54, although the stress measurements were carried out at different elevations and 

times, they all follow the same trend of R versus 𝜎1/𝜎2. 

 

Figure 54 Relation between R and σ1/σ2 in stress measurements from El Teniente 

It is a valid assumption to consider that the 𝜎3 component of the seismic stress inversion 

will have a value equal to the gravitational component of stress (estimated using the numerical 

model with only gravitational loading). Assuming this, and from the relations between the R value 
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and 𝜎1, 𝜎2 and 𝜎3, it is possible to calculate the magnitudes of 𝜎2 and 𝜎1. Given these, the 

orientation of the boundary stresses can be determined.  

5.14 Results 

First, this methodology was applied to the El Teniente stress measurement data base 

(McKinnon and Garrido de la Barra, 2003) because many triaxial stress measurement results were 

available. For a given region of the mine (in this case, Sub-6 was selected) each measurement was 

treated as if it were a cluster of seismic events for which a stress inversion had been carried out. 

The measured stress magnitudes were used to calculate the R values, so that for each measurement 

location we had similar data to that provided by seismic stress inversion was available i.e. principal 

stress orientations, and the R value. The methodology was used to invert, or recover, the original 

full stress tensor. Principal steps in the methodology were: 

1. Compute the gravitational principal stress using a numerical model. It must also be 

generally known whether the gravitational stress is the major, intermediate or minor 

principal stress. This is usually known for a given region. In the case of the El Teniente 

Mine, the gravitational component of stress is the minor principal stress. 

2. Using the known relationships between the principal stress components and the R value, 

the magnitudes of the other principal stresses are estimated. 

3. The “unit boundary stress” methodology is used to calculate the horizontal or “tectonic” 

component of the stress field acting on the model boundaries.  
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Table 15, Table 16, Table 17, Table 18, and Table 19 show the steps that were used to verify the mentioned seismic stress inversion process 

for the El Teniente Mine.  

Table 15 Step 1: calculation of R from known overcoring results at El Teniente 

 

            STRESS MEASUREMENTS

Location Date Site Method s1 Dip Dip Dir. s2 Dip Dip Dir. s3 Dip Dip Dir. R

Sub-6 93 2-1 CSIRO -99.7 59.1 299.5 -83.2 15.6 181.7 -44.8 26.0 83.9 0.3

93 2-2 CSIRO -117.2 25.1 343.7 -66.6 20.6 243.5 -44.8 56.5 118.8 0.7

93 3-1 CSIRO -48.6 24.7 284.8 -25.1 32.0 178.2 -17.8 47.6 45.1 0.8

93 3-3 CSIRO -46.6 28.7 307.9 -26.5 51.2 189.9 -17.8 31.2 51.1 0.7

93 4-1 CSIRO -40.8 25.2 238.4 -37.4 1.1 328.8 -19.1 64.8 61.2 0.2

93 4-2 CSIRO -46.0 45.9 238.2 -31.7 6.2 334.6 -19.1 43.4 70.5 0.5

93 12-1 CSIRO -32.4 11.1 326.9 -16.7 7.9 235.3 -11.9 76.3 119.6 0.8

93 12-2 CSIRO -31.1 8.0 327.8 -17.7 17.3 235.3 -11.9 70.8 81.5 0.7

83 6 USBM -52.6 24.0 314.0 -27.2 25.0 212.0 -19.3 54.0 82.0 0.8

83 8 USBM -52.5 8.0 321.0 -48.1 3.0 230.0 -24.5 81.0 120.0 0.2

84 9 USBM -60.8 16.0 275.0 -38.0 23.0 178.0 -24.2 62.0 36.0 0.6

85 16 USBM -47.0 7.0 172.0 -47.0 73.0 269.0 -22.6 46.0 74.0 0.1

85 18 CSIR -48.4 39.0 293.0 -44.4 25.0 181.0 -22.6 41.0 67.0 0.2

85 23 CSIR -83.3 50.0 313.0 -43.0 14.0 60.0 -30.6 37.0 160.0 0.8

89 39 CSIR -51.6 36.0 334.0 -43.0 32.0 217.0 -23.2 38.0 98.0 0.3

89 41 CSIR -58.3 40.0 295.0 -36.4 34.0 170.0 -23.2 32.0 56.0 0.6

90 42 CSIR -91.9 4.0 105.0 -43.1 42.0 198.0 -32.4 48.0 10.0 0.9

90 43 CSIRO -81.2 48.0 233.0 -38.1 21.0 119.0 -28.6 35.0 13.0 0.9

90 44 CSIRO -64.4 25.0 257.0 -40.3 10.0 352.0 -25.6 63.0 101.0 0.6
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Table 16 Step 2: Ignoring the σ1, σ2 and σ3 from stress measurements. This is the same output as the seismic stress inversion results 

(three eigenvectors and a relative stress ratio) 

 

            STRESS MEASUREMENTS

Location Date Site Method s1 Dip Dip Dir. s2 Dip Dip Dir. s3 Dip Dip Dir. R

Sub-6 93 2-1 CSIRO 59.1 299.5 15.6 181.7 26.0 83.9 0.3

93 2-2 CSIRO 25.1 343.7 20.6 243.5 56.5 118.8 0.7

93 3-1 CSIRO 24.7 284.8 32.0 178.2 47.6 45.1 0.8

93 3-3 CSIRO 28.7 307.9 51.2 189.9 31.2 51.1 0.7

93 4-1 CSIRO 25.2 238.4 1.1 328.8 64.8 61.2 0.2

93 4-2 CSIRO 45.9 238.2 6.2 334.6 43.4 70.5 0.5

93 12-1 CSIRO 11.1 326.9 7.9 235.3 76.3 119.6 0.8

93 12-2 CSIRO 8.0 327.8 17.3 235.3 70.8 81.5 0.7

83 6 USBM 24.0 314.0 25.0 212.0 54.0 82.0 0.8

83 8 USBM 8.0 321.0 3.0 230.0 81.0 120.0 0.2

84 9 USBM 16.0 275.0 23.0 178.0 62.0 36.0 0.6

85 16 USBM 7.0 172.0 73.0 269.0 46.0 74.0 0.1

85 18 CSIR 39.0 293.0 25.0 181.0 41.0 67.0 0.2

85 23 CSIR 50.0 313.0 14.0 60.0 37.0 160.0 0.8

89 39 CSIR 36.0 334.0 32.0 217.0 38.0 98.0 0.3

89 41 CSIR 40.0 295.0 34.0 170.0 32.0 56.0 0.6

90 42 CSIR 4.0 105.0 42.0 198.0 48.0 10.0 0.9

90 43 CSIRO 48.0 233.0 21.0 119.0 35.0 13.0 0.9

90 44 CSIRO 25.0 257.0 10.0 352.0 63.0 101.0 0.6
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Table 17 Step 3: The first component of the mined gravitational (σ1 gravitational) will be used as the third component of the stress 

measurements (σ3 stress measurement) 

 

Mined Gravitational Component of Stress

Location Date Site Sigma 1 Dip Dip Dir. Sigma 2 Dip Dip Dir. Sigma 3 Dip Dip Dir.

Sub-6 1993 2-1 -44.8 65.9 283.6 -9.4 14.3 48.4 -7.9 19.0 143.4

2-2 -44.8 65.9 283.6 -9.4 14.3 48.4 -7.9 19.0 143.4

3-1 -17.8 67.9 264.9 -7.6 19.7 56.6 -5.4 9.7 150.1

3-3 -17.8 67.9 264.9 -7.6 19.7 56.6 -5.4 9.7 150.1

4-1 -19.1 63.3 263.2 -7.1 20.8 42.2 -5.1 16.0 138.5

4-2 -19.1 63.3 263.2 -7.1 20.8 42.2 -5.1 16.0 138.5

12-1 -11.9 72.8 303.9 -4.9 9.1 64.8 -3.8 14.5 157.2

12-2 -11.9 72.8 303.9 -4.9 9.1 64.8 -3.8 14.5 157.2

Original 6 -19.3 64.1 256.5 -7.2 24.7 95.9 -5.2 7.6 2.4

8 -24.5 65.5 262.4 -5.8 11.2 146.6 -5.0 21.5 52.2

9 -24.2 68.8 274.1 -6.5 6.0 19.8 -6.1 20.2 112.0

6 -22.6 63.4 257.9 -7.3 12.2 13.4 -6.7 23.3 108.7

18 -22.6 63.4 257.9 -7.3 12.2 13.4 -6.7 23.3 108.7

23 -30.6 76.2 272.5 -9.0 1.5 8.6 -8.2 13.8 99.0

39 -23.2 70.0 267.9 -11.8 15.0 45.3 -8.0 12.9 138.8

41 -23.2 70.0 267.9 -11.8 15.0 45.3 -8.0 12.9 138.8

42 -32.4 51.4 293.2 -8.4 21.1 52.0 -4.7 30.7 155.2

43 -28.6 70.2 260.6 -8.0 17.8 53.3 -6.8 8.5 146.1

44 -25.6 67.2 259.1 -6.1 20.8 53.9 -4.1 8.9 147.3
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Table 18 Using the σ1 of mined gravitational stress as the σ3 of the stress measurement 

 

  

 

            STRESS MEASUREMENTS

Location Date Site Method s1 Dip Dip Dir. s2 Dip Dip Dir. s3 Dip Dip Dir. R

Sub-6 93 2-1 CSIRO 59.1 299.5 15.6 181.7 -44.8 26.0 83.9 0.3

93 2-2 CSIRO 25.1 343.7 20.6 243.5 -44.8 56.5 118.8 0.7

93 3-1 CSIRO 24.7 284.8 32.0 178.2 -17.8 47.6 45.1 0.8

93 3-3 CSIRO 28.7 307.9 51.2 189.9 -17.8 31.2 51.1 0.7

93 4-1 CSIRO 25.2 238.4 1.1 328.8 -19.1 64.8 61.2 0.2

93 4-2 CSIRO 45.9 238.2 6.2 334.6 -19.1 43.4 70.5 0.5

93 12-1 CSIRO 11.1 326.9 7.9 235.3 -11.9 76.3 119.6 0.8

93 12-2 CSIRO 8.0 327.8 17.3 235.3 -11.9 70.8 81.5 0.7

83 6 USBM 24.0 314.0 25.0 212.0 -19.3 54.0 82.0 0.8

83 8 USBM 8.0 321.0 3.0 230.0 -24.5 81.0 120.0 0.2

84 9 USBM 16.0 275.0 23.0 178.0 -24.2 62.0 36.0 0.6

85 16 USBM 7.0 172.0 73.0 269.0 -22.6 46.0 74.0 0.1

85 18 CSIR 39.0 293.0 25.0 181.0 -22.6 41.0 67.0 0.2

85 23 CSIR 50.0 313.0 14.0 60.0 -30.6 37.0 160.0 0.8

89 39 CSIR 36.0 334.0 32.0 217.0 -23.2 38.0 98.0 0.3

89 41 CSIR 40.0 295.0 34.0 170.0 -23.2 32.0 56.0 0.6

90 42 CSIR 4.0 105.0 42.0 198.0 -32.4 48.0 10.0 0.9

90 43 CSIRO 48.0 233.0 21.0 119.0 -28.6 35.0 13.0 0.9

90 44 CSIRO 25.0 257.0 10.0 352.0 -25.6 63.0 101.0 0.6



 

 

118 

 

Table 19 Step 4: Finding the ratios between σ2 and σ3 and σ2 and σ1 according to the relations and using the calculated values as the 

stress measurement values. 

 

            STRESS MEASUREMENTS               Stress tensor components

Location Date Site Method s1 Dip Dip Dir. s2 Dip Dip Dir. s3 Dip Dip Dir. R Sigma x Sigma z Sigma y Tau zx Tau yz Tau xy

Sub-6 93 2-1 CSIRO -99.7 59.1 299.5 -83.2 15.6 181.7 -44.8 26.0 83.9 0.3 -55.76 -83.87 -88.06 5.16 1.99 -21.35

93 2-2 CSIRO -117.2 25.1 343.7 -66.6 20.6 243.5 -44.8 56.5 118.8 0.7 -64.79 -103.36 -60.48 8.36 23.51 -14.21

93 3-1 CSIRO -48.6 24.7 284.8 -25.1 32.0 178.2 -17.8 47.6 45.1 0.8 -41.54 -24.66 -25.23 6.41 -0.29 -11.19

93 3-3 CSIRO -46.6 28.7 307.9 -26.5 51.2 189.9 -17.8 31.2 51.1 0.7 -30.54 -28.77 -31.62 9.26 4.28 -11.58

93 4-1 CSIRO -40.8 25.2 238.4 -37.4 1.1 328.8 -19.1 64.8 61.2 0.2 -36.91 -37.33 -23.01 0.22 -4.08 -7.32

93 4-2 CSIRO -46.0 45.9 238.2 -31.7 6.2 334.6 -19.1 43.4 70.5 0.5 -30.80 -32.86 -33.10 -1.02 -5.87 -12.04

93 12-1 CSIRO -32.4 11.1 326.9 -16.7 7.9 235.3 -11.9 76.3 119.6 0.8 -20.91 -27.39 -12.74 6.88 2.48 -2.84

93 12-2 CSIRO -31.1 8.0 327.8 -17.7 17.3 235.3 -11.9 70.8 81.5 0.7 -20.82 -27.11 -12.77 6.03 1.32 -2.76

83 6 USBM -52.6 24.0 314.0 -27.2 25.0 212.0 -19.3 54.0 82.0 0.8 -35.54 -37.38 -26.20 11.01 6.04 -10.49

83 8 USBM -52.5 8.0 321.0 -48.1 3.0 230.0 -24.5 81.0 120.0 0.2 -48.99 -51.05 -25.07 1.78 2.11 -3.20

84 9 USBM -60.8 16.0 275.0 -38.0 23.0 178.0 -24.2 62.0 36.0 0.6 -57.61 -36.07 -29.26 3.47 -4.15 -9.68

85 16 USBM -47.0 7.0 172.0 -47.0 73.0 269.0 -22.6 46.0 74.0 0.1 -15.01 -46.22 -55.38 3.41 -2.74 -1.47

85 18 CSIR -48.4 39.0 293.0 -44.4 25.0 181.0 -22.6 41.0 67.0 0.2 -35.72 -42.93 -36.86 5.24 -3.39 -11.78

85 23 CSIR -83.3 50.0 313.0 -43.0 14.0 60.0 -30.6 37.0 160.0 0.8 -51.07 -43.36 -62.50 5.91 19.23 -16.24

89 39 CSIR -51.6 36.0 334.0 -43.0 32.0 217.0 -23.2 38.0 98.0 0.3 -31.81 -47.30 -38.70 0.42 5.05 -11.26

89 41 CSIR -58.3 40.0 295.0 -36.4 34.0 170.0 -23.2 32.0 56.0 0.6 -40.29 -35.60 -41.97 9.65 1.31 -14.44

90 42 CSIR -91.9 4.0 105.0 -43.1 42.0 198.0 -32.4 48.0 10.0 0.9 -88.06 -41.72 -37.63 13.39 -6.18 2.35

90 43 CSIRO -81.2 48.0 233.0 -38.1 21.0 119.0 -28.6 35.0 13.0 0.9 -49.57 -39.21 -59.18 -7.61 -17.39 -18.09

90 44 CSIRO -64.4 25.0 257.0 -40.3 10.0 352.0 -25.6 63.0 101.0 0.6 -56.08 -41.18 -33.06 -5.23 -0.71 -14.83
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Table 20 Step 5: Applying the methodology introduced by McKinnon, 2001 and finding the results. 

 

 

Using the methodology, we found very similar results of boundary stresses to the previous results in terms of horizontal stresses magnitudes 

and orientations (Table 21).  

Table 21 comparing the El Teniente boundary stress magnitudes and orientations with seismic stress inversion results 

Region (Sub-6) sH Trend sh Trend Error Value 

McKinnon, 2001 -17.6 154.6 -10.2 64.6 546 

Inversion Methodology -16.2 155.6 -11.1 65.6 735 

Error Tensor = Estimated Tectonic - Computed Tectonic

Unit Stress Tensor Error Value (also = Measured - Computed Total Stress) Computed Boundary 

Coefficients Tectonic Stress Tensor Principal stresses - Computed

Location Date Site A B C D E R^2 Sigma x Sigma z Sigma y Tau zx Tau yz Tau xy Sigma x Sigma z Tau zx Sigma 1 Trend Sigma 2 Trend

Sub-6 1993 2-1 12.0 15.3 1.9 1.0 0.4 296 9.01 -5.94 5.98 0.05 -7.99 8.98 -12.0 -15.3 1.9 -16.2 155.6 -11.1 65.6

2-2 0.6 1320 -7.01 -33.52 5.42 2.92 5.12 9.11

3-1 0.6 143 -2.86 10.03 3.25 3.54 -1.60 -2.86

3-3 0.5 240 8.69 11.50 3.66 4.05 0.75 -1.45

4-1 1.0 282 -12.17 -10.54 -2.17 -0.68 -3.94 -1.56

4-2 0.5 197 8.87 9.80 3.35 -1.46 -2.96 -0.64

12-1 1.2 79 -4.13 -5.43 -0.34 5.42 -0.71 -1.68

12-2 1.2 48 -3.05 -3.82 0.23 4.11 -2.18 -1.46

Original 6 0.6 136 6.06 4.66 5.05 4.19 5.90 -0.27

8 1.6 6107 -53.19 -55.21 -14.09 0.97 4.76 2.72

9 1.0 1150 -31.68 -9.86 -4.40 1.78 -4.37 -2.68

6 0.4 516 19.58 9.45 2.36 0.00 0.14 6.12

18 0.6 28 4.13 1.84 1.93 1.80 -0.81 -0.33

23 0.4 134 0.81 7.80 2.68 0.89 7.85 -1.59

39 0.5 206 12.55 5.41 2.90 1.67 2.55 -1.35

41 0.5 307 9.52 12.83 2.67 6.19 0.54 -2.50

42 0.2 2057 19.65 30.93 17.70 -5.17 -11.58 15.49

43 0.4 142 6.02 8.06 1.55 -3.53 -4.55 -2.37

44 0.8 580 -20.63 -11.21 -1.41 -2.07 1.48 -4.52

Average 735
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The methodology was also applied to the Nickel Rim South Mine. In this case, the stress 

measurements from 5 different mines in the Sudbury Basin were used to plot R versus 𝜎1/𝜎2. Furthermore, 

adding the overcoring data (the orange dots) of the Nickel Rim South Mine showed that they fit well with 

the trend observed within the Sudbury Basin (Figure 55).  

 

Figure 55 Relation between R and σ1/ σ2 stress measurements of five mines in the Sudbury Basin, 

orange dots are representing the NRS measurements 

The calculations of 𝜎3 and consequently 𝜎2 and 𝜎1 and the responses of the mined gravitational and unit 

stresses, and the final results, are shown in Table 22, Table 23, Table 24, Table 25, Table 26, and Table 

27.
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Table 22 Calculation of principal stress from seismic stress inversion and "R" relations 

 

Table 23 Mined gravitational component of stresses 

 

SEISMIC STRESS INVERSION AND "R" RELATIONS               Stress tensor components

Location Date Method Sigma 1 Dip Dip Dir. Sigma 2 Dip Dip Dir. Sigma 3 Dip Dip Dir. Sigma x Sigma z Sigma y Tau zx Tau yz Tau xy

A August to September (2) SSI and R relation -69.78 5 150 -69.01 23 58 -33.27 67 253 -64.01 -68.79 -39.26 2.29 4.41 12.63

B March to April (1) SSI and R relation -83.96 38 180 -56.00 47 327 -38.80 17 76 -41.13 -72.53 -65.09 3.57 -14.68 -4.69

April to May (2) SSI and R relation -83.18 26 323 -43.80 46 206 -37.72 34 72 -51.85 -62.41 -50.45 16.35 11.90 -12.69

September to October SSI and R relation -66.87 15 212 -41.22 13 306 -30.71 70 76 -46.52 -58.60 -33.68 -10.27 -6.48 -6.59

October to November SSI and R relation -61.04 44 11 -47.66 42 222 -28.56 16 117 -33.88 -50.41 -52.96 -8.33 8.89 -3.29

November to December SSI and R relation -70.04 51 64 -50.54 3 330 -32.57 39 238 -49.16 -48.66 -55.34 2.06 8.86 15.96

C July to August (5) SSI and R relation -95.41 3 234 -54.36 39 326 -43.54 51 140 -79.67 -65.56 -48.09 -21.54 2.80 -5.21

D July to August (4) SSI and R relation -86.69 36 351 -49.40 52 148 -39.56 11 252 -41.13 -72.46 -62.07 5.98 18.11 -0.80

E July to August (3) SSI and R relation -96.49 9 30 -59.48 58 286 -44.31 31 126 -60.28 -83.12 -56.90 -20.85 8.78 -2.42

F August to September (1) SSI and R relation -74.59 22 34 -63.01 61 169 -35.12 16 298 -45.89 -65.49 -61.34 -13.50 -0.38 11.37

G March to April (2) SSI and R relation -90.69 23 150 -65.45 52 272 -42.17 29 47 -61.24 -72.67 -64.40 18.05 -14.95 -2.35

April to May (1) SSI and R relation -85.61 8 76 -72.32 81 282 -40.31 4 167 -82.76 -43.07 -72.41 -10.55 2.44 1.15

June to July (1) SSI and R relation -85.27 7 48 -66.58 6 139 -39.90 81 269 -75.71 -75.12 -40.92 -9.18 1.57 6.04

July to August (1) SSI and R relation -67.09 17 253 -44.75 47 2 -31.00 38 149 -61.24 -40.18 -41.42 -9.38 3.93 -9.41

H April to May (3) SSI and R relation -81.26 22 343 -58.64 19 245 -37.79 61 118 -55.96 -75.21 -46.53 3.13 11.84 -10.47

May to June (1) SSI and R relation -90.49 36 3 -55.78 47 129 -41.55 27 252 -45.67 -72.49 -69.66 -0.10 20.27 7.89

July to August (2) SSI and R relation -78.54 27 351 -44.75 36 102 -35.84 43 234 -42.10 -68.72 -48.32 6.47 16.45 1.38

Mined Gravitational Component of Stress               Stress tensor components Computed Total Tectonic Stress 

Location Date Method Sigma 1 Dip Dip Dir. Sigma 2 Dip Dip Dir. Sigma 3 Dip Dip Dir. Sigma x Sigma z Sigma y Tau zx Tau yz Tau xy

A August to September (2) 3DEC Model -33.27 89.82 43.35 -7.73 0.07 156.74 -3.15 0.16 246.75 -3.9 -7.0 -33.3 1.7 0.1 0.1

B March to April (1) 3DEC Model -38.80 88.36 296.97 -5.45 1.03 168.09 -2.48 1.28 78.07 -2.6 -5.3 -38.8 0.6 0.4 -0.9

April to May (2) 3DEC Model -37.72 84.18 107.74 -4.53 2.23 355.32 0.28 5.38 265.12 -0.1 -4.5 -37.3 0.5 -1.0 3.6

September to October 3DEC Model -30.71 86.27 199.35 -6.72 3.33 352.71 -1.56 1.67 82.80 -1.7 -6.7 -30.6 0.6 -1.5 -0.7

October to November 3DEC Model -28.56 88.18 254.06 -8.58 1.36 115.70 -6.50 1.21 25.67 -8.2 -6.9 -28.5 0.8 -0.2 -0.6

November to December 3DEC Model -32.57 85.16 194.14 -7.25 4.44 350.47 -1.79 1.94 80.62 -1.9 -7.3 -32.4 0.8 -2.1 -0.7

C July to August (5) 3DEC Model -43.54 88.98 287.41 -11.41 0.93 82.73 -5.52 0.43 172.73 -11.3 -5.6 -43.5 -0.7 0.2 -0.6

D July to August (4) 3DEC Model -39.56 79.99 67.94 -5.54 0.78 162.37 -1.26 9.98 252.50 -2.6 -5.3 -38.4 0.8 2.4 6.1

E July to August (3) 3DEC Model -44.31 88.35 239.10 -12.37 1.52 81.86 -6.33 0.64 351.84 -12.3 -6.5 -44.3 -0.9 -0.5 -0.8

F August to September (1) 3DEC Model -35.12 86.55 191.45 -2.73 3.45 14.31 1.01 0.17 284.30 0.77 -2.62 -35.00 -0.92 -1.91 -0.38

G March to April (2) 3DEC Model -42.17 87.93 263.40 -10.39 1.79 113.67 -4.22 1.04 23.64 -9.44 -5.21 -42.13 2.26 -0.24 -1.18

April to May (1) 3DEC Model -40.31 86.99 260.65 -4.69 0.89 7.94 -2.22 2.87 97.99 -2.36 -4.64 -40.21 -0.35 -0.29 -1.97

June to July (1) 3DEC Model -39.90 85.92 295.59 -4.96 1.11 189.82 -1.74 3.93 99.74 -1.99 -4.90 -39.71 -0.47 1.11 -2.45

July to August (1) 3DEC Model -31.00 70.85 271.80 -0.59 0.93 4.48 4.26 19.13 94.80 0.44 -0.56 -27.21 -0.26 0.42 -10.92

H April to May (3) 3DEC Model -37.79 85.12 212.38 -6.51 2.87 338.38 -0.84 3.94 68.58 -1.68 -5.92 -37.53 1.82 -2.38 -1.78

May to June (1) 3DEC Model -41.55 85.95 282.79 -7.28 1.93 164.47 -2.86 3.57 74.35 -3.36 -6.97 -41.37 1.18 0.46 -2.62

July to August (2) 3DEC Model -35.84 86.65 328.86 -7.04 2.86 180.35 -1.65 1.75 90.26 -1.68 -7.11 -35.74 0.02 1.44 -1.03
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Table 24 Responses of unit stress in x-x direction 

 

Table 25 Responses of unit stress in z-z direction 

 

Unit x-x Component of Stress               Stress tensor components

Location Date Method Sigma 1 Dip Dip Dir. Sigma 2 Dip Dip Dir. Sigma 3 Dip Dip Dir. Sigma x Sigma z Sigma y Tau zx Tau yz Tau xy

A August to September (2) 3DEC Model -1.02 1.42 273.80 0.00 54.02 181.84 0.03 35.94 4.84 -1.01 0.01 0.01 0.07 -0.01 -0.03

B March to April (1) 3DEC Model -0.92 6.17 273.29 0.00 15.26 181.60 0.11 73.48 24.68 -0.90 0.00 0.09 0.06 -0.02 -0.11

April to May (2) 3DEC Model -1.01 2.35 271.83 0.03 14.86 181.21 0.14 74.95 10.63 -1.00 0.03 0.13 0.03 -0.03 -0.05

September to October 3DEC Model -1.01 0.89 272.32 0.01 21.75 181.97 0.03 68.23 4.56 -1.01 0.01 0.03 0.04 -0.01 -0.02

October to November 3DEC Model -0.83 3.74 286.06 0.04 69.75 185.86 0.23 19.87 17.41 -0.74 0.13 0.06 0.28 -0.04 -0.07

November to December 3DEC Model -0.85 3.33 285.81 0.04 70.72 186.23 0.23 18.96 16.95 -0.76 0.13 0.06 0.28 -0.04 -0.07

C July to August (5) 3DEC Model -1.10 0.41 89.98 -0.08 5.06 359.94 -0.02 84.92 184.57 -1.10 -0.08 -0.02 0.00 0.01 0.01

D July to August (4) 3DEC Model -1.03 0.23 91.84 -0.01 6.08 1.81 0.02 83.92 184.00 -1.03 -0.01 0.02 0.03 0.00 0.00

E July to August (3) 3DEC Model -1.00 1.53 92.71 0.01 34.78 1.65 0.10 55.17 184.91 -0.99 0.03 0.07 0.05 0.04 0.03

F August to September (1) 3DEC Model -1.08 0.34 270.40 0.00 15.83 0.49 0.06 74.17 179.19 -1.08 0.00 0.05 0.01 0.01 -0.01

G March to April (2) 3DEC Model -1.07 0.31 91.24 -0.03 74.77 182.37 0.00 15.22 1.15 -1.07 0.00 -0.03 0.02 -0.01 0.01

April to May (1) 3DEC Model -0.95 5.54 272.07 0.03 1.08 181.97 0.11 84.36 80.99 -0.94 0.03 0.10 0.04 0.00 -0.10

June to July (1) 3DEC Model -0.98 6.01 270.22 0.02 6.01 0.86 0.07 81.49 135.54 -0.97 0.02 0.06 0.00 0.01 -0.11

July to August (1) 3DEC Model -1.25 4.94 269.83 -0.03 38.97 175.82 0.00 50.60 5.87 -1.24 -0.02 -0.03 0.00 -0.01 -0.11

H April to May (3) 3DEC Model -1.06 0.19 91.20 -0.03 6.02 181.22 0.08 83.98 359.44 -1.06 -0.03 0.08 0.02 -0.01 0.00

May to June (1) 3DEC Model -1.07 0.29 106.65 0.07 59.10 197.13 0.17 30.89 16.48 -0.97 0.04 0.10 0.33 -0.04 -0.01

July to August (2) 3DEC Model -0.90 0.26 84.68 0.04 61.24 354.20 0.11 28.76 174.83 -0.89 0.09 0.06 -0.09 0.03 0.00

Unit z-z Component of Stress               Stress tensor components

Location Date Method Sigma 1 Dip Dip Dir. Sigma 2 Dip Dip Dir. Sigma 3 Dip Dip Dir. Sigma x Sigma z Sigma y Tau zx Tau yz Tau xy

A August to September (2) 3DEC Model -1.11 0.51 180.40 -0.03 62.92 89.39 -0.01 27.07 270.66 -0.01 -1.11 -0.03 -0.01 -0.01 0.01

B March to April (1) 3DEC Model -1.07 0.30 179.35 -0.02 14.09 89.27 0.00 75.91 270.54 -0.02 -1.07 0.00 0.01 -0.01 0.00

April to May (2) 3DEC Model -1.16 0.73 358.72 -0.02 41.73 268.07 -0.01 48.27 89.54 -0.02 -1.16 -0.02 0.03 0.01 -0.01

September to October 3DEC Model -1.13 0.02 180.25 -0.04 85.28 270.48 -0.01 4.72 90.25 -0.01 -1.13 -0.04 0.00 0.00 0.00

October to November 3DEC Model -1.20 0.70 178.83 -0.16 41.33 88.21 -0.08 48.66 269.63 -0.13 -1.20 -0.11 0.02 -0.01 0.04

November to December 3DEC Model -1.20 0.69 178.87 -0.16 41.76 88.25 -0.07 48.24 269.64 -0.12 -1.20 -0.11 0.02 -0.01 0.04

C July to August (5) 3DEC Model -0.83 0.89 171.05 0.02 87.19 279.54 0.09 2.66 81.01 0.07 -0.81 0.02 0.14 -0.01 0.00

D July to August (4) 3DEC Model -1.08 0.45 359.36 -0.03 54.32 268.73 0.00 35.67 89.68 -0.01 -1.08 -0.02 0.01 0.01 -0.01

E July to August (3) 3DEC Model -1.09 1.24 359.77 -0.02 77.02 95.14 -0.01 12.92 269.48 -0.01 -1.08 -0.02 0.00 0.02 0.00

F August to September (1) 3DEC Model -1.08 0.84 179.85 -0.02 78.49 85.73 0.00 11.48 270.02 0.00 -1.08 -0.02 0.00 -0.02 0.00

G March to April (2) 3DEC Model -0.99 1.79 177.61 0.01 50.44 269.77 0.05 39.51 86.13 0.03 -0.98 0.03 0.04 -0.03 -0.02

April to May (1) 3DEC Model -1.06 0.23 180.01 -0.01 44.83 89.78 0.00 45.17 270.24 -0.01 -1.06 -0.01 0.00 0.00 0.01

June to July (1) 3DEC Model -1.07 0.82 0.75 -0.02 45.59 91.58 0.00 44.40 269.95 -0.01 -1.07 -0.01 -0.01 0.02 0.01

July to August (1) 3DEC Model -1.09 0.84 0.73 -0.01 43.75 91.54 0.01 46.25 269.86 0.00 -1.09 0.00 -0.01 0.02 0.01

H April to May (3) 3DEC Model -1.14 0.59 179.18 -0.05 30.02 269.52 -0.01 59.98 88.17 -0.04 -1.14 -0.02 0.02 -0.01 -0.02

May to June (1) 3DEC Model -1.27 1.80 177.16 -0.02 25.78 86.29 -0.01 64.15 270.87 -0.02 -1.27 -0.01 0.06 -0.04 0.01

July to August (2) 3DEC Model -1.22 0.24 189.24 -0.02 62.09 98.79 0.00 27.91 279.36 -0.03 -1.19 -0.02 -0.19 -0.01 0.01
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Table 26 Responses of unit stress in x-z direction 

 

 

Table 27 Final results of the NRS far-field stress from seismic stress inversion 

Nickel Rim South sH Trend sh Trend Error Value 

Seismic Stress Inversion -39.2 45.4 -27.1 135.4 493 

 

Unit x-z Component of Stress               Stress tensor components

Location Date Method Sigma 1 Dip Dip Dir. Sigma 2 Dip Dip Dir. Sigma 3 Dip Dip Dir. Sigma x Sigma z Sigma y Tau zx Tau yz Tau xy

A August to September (2) 3DEC Model -1.18 0.69 133.23 -0.01 89.04 268.95 1.07 0.67 43.22 -0.12 0.01 -0.01 1.13 -0.02 0.00

B March to April (1) 3DEC Model -1.13 4.83 315.56 -0.06 80.82 77.09 0.95 7.79 224.90 -0.09 -0.10 -0.05 1.03 0.16 0.03

April to May (2) 3DEC Model -1.13 0.84 313.33 -0.02 88.13 70.14 1.00 1.66 223.31 -0.13 0.00 -0.02 1.06 0.03 0.01

September to October 3DEC Model -1.14 1.37 315.03 -0.05 88.40 103.81 1.10 0.83 225.01 -0.02 -0.02 -0.05 1.12 0.03 -0.01

October to November 3DEC Model -1.70 6.51 125.72 -0.33 79.20 358.99 0.35 8.58 216.70 -0.99 -0.36 -0.33 0.96 -0.01 0.19

November to December 3DEC Model -1.72 6.60 125.65 -0.34 79.20 358.29 0.36 8.51 216.64 -1.00 -0.36 -0.34 0.97 -0.01 0.19

C July to August (5) 3DEC Model -1.21 0.48 137.15 -0.01 88.34 30.48 0.62 1.59 227.16 -0.23 -0.36 -0.01 0.91 0.00 0.02

D July to August (4) 3DEC Model -1.12 1.57 136.38 -0.08 83.91 241.23 0.97 5.89 46.22 -0.03 -0.12 -0.07 1.04 -0.09 -0.06

E July to August (3) 3DEC Model -1.13 4.14 315.65 -0.04 85.20 165.96 0.85 2.41 45.82 -0.11 -0.16 -0.05 0.99 0.03 -0.08

F August to September (1) 3DEC Model -1.08 1.19 314.62 0.02 88.63 164.61 1.06 0.69 44.63 -0.02 0.01 0.02 1.07 0.01 -0.02

G March to April (2) 3DEC Model -1.13 1.46 315.76 -0.18 79.42 53.59 0.76 10.47 225.50 -0.18 -0.22 -0.15 0.93 0.14 0.10

April to May (1) 3DEC Model -1.06 3.43 316.34 -0.03 83.95 80.73 0.95 4.98 226.04 -0.02 -0.10 -0.03 1.00 0.10 0.02

June to July (1) 3DEC Model -0.96 6.42 314.48 0.08 83.47 123.61 1.03 1.22 224.34 0.02 0.06 0.07 0.99 0.10 -0.07

July to August (1) 3DEC Model -1.29 6.59 315.47 0.00 82.22 103.21 1.25 4.12 224.99 0.00 -0.02 -0.01 1.26 0.17 -0.04

H April to May (3) 3DEC Model -1.32 3.40 316.38 -0.06 82.42 72.90 1.14 6.77 225.97 -0.04 -0.14 -0.04 1.22 0.15 0.05

May to June (1) 3DEC Model -1.75 1.46 141.97 -0.08 84.37 37.03 0.51 5.44 232.11 -0.35 -0.89 -0.08 1.09 0.00 0.07

July to August (2) 3DEC Model -0.36 16.70 325.98 0.14 73.10 154.83 1.31 2.46 56.72 0.82 0.18 0.10 0.75 0.09 -0.12
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Figure 56 Left: Rose diagram for orientations of the borehole breakouts in 2016, right: 

borehole shown in a 3D view (left panel) and unwrapped amplitude image (middle panel), 

and 2D plots of number of averaged travel time cross sections (right panel), (Glencore, 2016) 

From the recovered full stress tensor data, the maximum and minimum principal stresses 

in the horizontal plane were computed, as shown in Table 27. By comparing data from Table 27 

and Figure 56, which shows a Rose diagram for the orientation of the borehole breakouts in vertical 

holes on the 1730 Level of the NRS Mine, it can be concluded that the methodology results are 

consistent with the borehole breakouts observed in the mine. 
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5.15 Discussion 

 This method is based on the theory of elasticity (rock mass is linearly elastic and isotropic). 

This makes it possible to decompose the stress field into gravitational and tectonic 

components, computed numerically, which can then be re-assembled to produce to total 

stresses at any point.  

 The assumption that the sub-vertical principal stress is gravitational may be violated 

locally, but the tensor fitting algorithm used minimizes the error for a family of stress 

inversion locations. Over large volumes, this conidtion is unlikely to be violated. 

 The method can be applied when single or multiple seismic stress inversion results are 

available, although by considering the previous point, more reliable results are likely to be 

obtained using multiple inversions. It is also possible to verify the method wherever there 

are adequate numbers of seismic events for inversion. 

 It is always necessary to have some overcoring data available with different relative stress 

ratios (i.e. R = 0.1, 0.5 and 0.8) to apply  the method. It is otherwise not possible to recover 

the relationship between R and other principal stresses ratios. If that is not available, an 

average of the fitted R value equations could be used, although that would introduce error 

at any particular location. 

5.16 Concluding Remarks 

A new technique has been described which can be used in the application of seismic stress 

inversion to determine the boundary stresses for the purpose of mine design and numerical 

modeling.  

It has been found that the local stresses in the Sudbury Basin have similar correlations in 

terms of the R ratio and the ratio between principal stress magnitudes. This means that they all 

follow a similar trend independent of the location. This is a remarkable finding which can be used 
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to limit the range of the principal stress ratios when the R value is known (i.e. seismic stress 

inversion) but where the absolute stress component magnitudes are not. 

This method was applied this method to the EI Teniente and the Nickel Rim South Mines 

and very similar results were found between their stress measurement and seismic stress inversion 

results. In the case of the El Teniente Mine, the methodology was used to “recover” the stress 

magnitudes from a large database of overcoring measurements for which the data was modified to 

remove absolute stress magnitudes, and use only the computed R value in order to simulate the type 

of data available had those measurements been made using the seismic stress inversion method. 

Unreliable and low number of stress measurement data can be misleading and need 

significant care while implementing for design.  
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Chapter 6 

Conclusions and Future Work 

This thesis has been an investigation to apply the seismic stress inversion technique to 

seismically active mines. This study was achieved through use of mining induced seismicity from 

the Nickel Rim South Mine. Due to a lack of mining specific seismic stress inversion codes, one of 

the suitable crustal seismology software packages (MOTSI) was used to perform the inversion. The 

major contribution of the thesis is availability and documentation of a methodology to make use of 

abundantly available seismic data in deep mines to extract information about stresses. This will 

lead to improved understanding of stress conditions in mines and improved, safer mine design.  

6.1 Main Contributions 

 Primary investigation and adaptation of software used in the inversion process, 

 Development of filters for data quality assurance,  

 Investigation of spatial and temporal gridding and final cluster identification for the 

inversion process, 

 Analysis of all inversions from the Nickel Rim South Mine,  

 Identification of patterns in principal stress magnitudes, 

 Numerical modelling for stress magnitude investigation and,  

 Application of stress inversion to stress magnitude determination. 

More specific conclusions from this research can be summarized as follows. It is 

important to mention that the following conclusions are based principally on the NRS inversion 

results and that some of them could be site dependent. 
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6.2 General Conclusions 

1. Software packages for the inversion process used in earthquake seismology were 

assessed and the most suitable one for application to mining seismicity was selected, 

adapted, and documented. Since seismic stress inversion technique has been used in 

earthquake seismology since the 1980’s, there are open source software packages 

available to carry out the inversions. However, none are immediately suitable for use in a 

mining environment for several reasons, and none are “user friendly”. Three major 

software packages were evaluated for use with mining seismicity: ESG’s SMTI (Seismic 

Moment Tensor Inversion) package; the original FMSI package; and MOTSI, based on 

FMSI but more sophisticated. Extensive testing of these packages led to the decision to 

use the MOTSI package for reasons of (i) consistent comparison of results with at least 

one of the other packages, (ii) elimination of the requirement to pre-determine the fault 

plane solutions, (iii) production of confidence statistics, and (iv) the open source software 

could be modified as required for mining seismicity.  

2. The data quality requirements for using seismic events in the inversion process were 

investigated and documented. Filtering of data prior to use in inversions was investigated, 

in order to develop guidelines on how to deal with a number of mining related factors 

such as selecting time windows for accumulating seismic events, and spatial volumes. 

Additional data filtering requirements for selecting events suitable for use in the inversion 

process were tested and have been described. This component of the research led to the 

somewhat surprising outcome that, despite the availability of typically tens of thousands 

of events in a catalogue for a mine, only a small portion are actually suitable for stress 

inversion use. This eliminated the ability to automatically grid the mining volume and 

carry out inversions in each volume to map the stress field. Far more selectivity was 

required, likely due to (i) the noisy environment of mines and (ii) the assumption of a 
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constant velocity model for event location. The latter point led to the absolute 

requirement for manually picking of all events, which is a time-consuming task that 

immediately eliminates the possibility of automating the stress inversion process.  

3. Seismic stress inversion could only be carried out in the locations of mining in the Nickel 

Rim South Mine that had enough seismic events. It was impossible to determine a 

particular volume dimension or time period for the whole mining area to guarantee that 

the inversion technique could be performed. In other words, there was no practical way to 

spatially and temporally (or even grid base) discretize the data in a regular manner. Some 

locations needed a larger volume and longer time periods or vice versa to assess. This 

could be related to the complexity of the mining environment and difficulty in predicting 

mining induced seismicity. Hence, monthly based stope extraction (synchronized with 

mine planning) was used as the basis to select the location of and accumulate a sufficient 

number of seismic events.  The only departure from the original plan was related to 

definition of spatial and temporal intervals in which to divide the mining induced 

seismicity. This was required because application of stress inversion assumes that within 

each time/space volume, the state of stress is constant. Because of the abundance of 

seismic data, it was originally thought that a fairly comprehensive grid could be used to 

define these volumes. 

4. In the selected clusters, a maximum of approximately one third of the events was suitable 

to be used for the inversion process. Besides only selecting the events with high double-

couple percentages, there were some other reasons behind the event number reduction 

such as that: some of the events did not have clear waveform polarity, were not detected 

by an adequate number of sensors, had biased polarity distributions on the lower 

hemisphere, had a high angle of incidence to sensor axes, did not have enough linearity 

after sensor rotation, etc.  



 

 

130 

 

5. Following careful selection of event clusters and carrying out several stress inversions, 

the map shown in Figure 36 was produced. This shows a general N/S, and NE/SW 

orientation of 𝜎1 and E/W of 𝜎3. These results are consistent with recent (2016) 

observations of borehole breakouts on the 1730 Level of the mine, although the effects of 

mining induced stresses have not been removed from the inversions. 

6. The MOTSI stress inversion software identifies events suitable for inclusion in the 

inversion process (used events) and those that are not (outliers). Several statistical 

analyses have been carried out on the source parameters of used and outlier events to 

determine if there are additional criteria that could be used to identify events unsuitable 

for the inversion process. The collective results show that the two groups of events are 

fundamentally similar. There exists some evidence demonstrating that the outliers of all 

events from the middle level of the Nickel Rim South Mine have higher seismic moment, 

energy, source radius, and Es/Ep characteristics in their first quartiles, while used events 

have higher 3rd quartile characteristics in energy, asperity radius, and Apparent Stress. It 

seems that the source radius and the asperity radius are the parameters that can be used to 

differentiate between the used and outliers as they have higher values in all quartiles in 

the used versus outlier events for all groups. The t-test also showed that the variances of 

these parameters are significantly different in the used and outlier events. The observed 

trend does not consistently extend to the two event clusters above and below the mid-

level mining area. This implies that the results are influenced by the cluster location. 

Plotting the location of outlier events revealed that there is no specific location in the 

mine where these outlier events originate. Similar to the used event data, the outliers are 

scattered chaotically throughout the data cluster (typical nature of seismic events). The dS 

and dM parameters within the MOTSI software remain as the most effective determinants 

of outlier events, which must be removed from the stress inversion process. To sum up, 
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statistical analyses showed that used and outlier events from MOTSI could be different in 

terms of some of the seismic source parameters. It is better to not use these parameters to 

differentiate between used and outlier events since mathematical calculations of source 

parameters are based on some empirical assumptions. 

7. The final, and what is the most important result of the research, is that a methodology to 

recover the complete stress tensor using seismic stress inversion. The method has been 

applied to characterizing the stress field in a mine, and over time. Through analysis of the 

characteristics of stress conditions in many mines, the characteristics of the stress 

magnitudes for specific mining environments have been identified. This has led to 

enabling the absolute magnitude of stresses to be determined. This was not previously 

possible. This is based on two key additional aspects of the research (i) use of numerical 

modelling to account for the effects of mining induced stresses (based on previous 

research), and (ii) discovering that there is a well-defined relationship between the 

principal stress components in a given region. These factors enable the method to yield 

not only the relative but absolute magnitudes of principal stresses. Discovery of the 

relationship between ratios of principal stresses in specific regions, and use of this finding 

together with a previous stress analysis methodology, is the key development. This 

combination led to a new methodology enabling the absolute stresses (i.e. the complete 

stress tensor), to be determined using seismic data analysis. This aspect of research was 

not in the original objectives, but is a result of new findings made during the project. 
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6.3 Recommendations for Future Work 

There are some improvements which could be made to the seismic stress inversion 

technique that are explained below:  

 Current results are based on a single velocity model. It is recommended to use a 3D 

velocity or more complex models to verify the results. This should lead to improved 

event source locations, improved cluster definition, and improved resolution of the stress 

field from inversion results. 

 Extra caution should be given to the P and S-waves picking. Experience shows that 

automatically picked waveforms are not reliable and can be misleading. Any 

improvement in this area may significantly facilitate the inversion process.  

 As discussed in the previous chapters, only seismic events from the middle level at the 

host mine have been used for the inversion process. For more comprehensive analyses, it 

is recommended to use events from different levels of mining. This should lead to a better 

stress tensor estimation.  

 It would be beneficial to develop a method that is able to overcome the issue of biased 

distribution of polarities (i.e. events located in the corners of a seismic system due to 

sensors being unevenly distributed around the event location, or events with partial 

coverage). As a starting point, it is recommended to use the known orientation of the 

structures to overcome the ambiguity of fault plane determination.   

 More applications of the seismic stress inversion technique in various seismically active 

mines is highly recommended to further develop and refine the existing techniques. In 

contrast to the crustal seismology software that are numerous and widely used, the 

mining industry lacks specific seismic stress inversion codes. Current available software 
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packages are either still under research or they are not broadly used, and are poorly 

documented.  

 Use of the Seismic Moment Tensor Inversion (SMTI) technique is recommended. The 

moment tensor inversion method has not quite yet been used for mining applications due 

to theoretical and mathematical complexity of moment tensor analysis, inconclusive 

results, lack of high quality seismic data, need for high quality digital waveforms from 

triaxial sensors, and good focal coverage of the seismic source. 

 For better determination of far-field stresses and more conclusive results, it is 

recommended to use multiple stress sources such as reliable overcoring, borehole 

breakouts, and seismic stress inversion together. 

 As mentioned earlier, one of the major concerns is about the uniformity of the stress field 

near major structures. The Hough transform is one of the methods for finding the minor 

and major structures using clusters of seismic activity. The intent of the using the Hough 

transform is to find the major structures and the events that are more related to these 

structures. Providing this, the next step is to remove these events and use the remaining 

events for conducting seismic stress inversion analysis, since the remaining events have 

higher probability to be from a uniform stress field. However, it is also suggested that 

comparison of inversion results with and without removal of data from near identified 

faults could provide a measure of the distortion of the stress field caused by the faults, 

which may provide some insight into fault strength. 

 Using the proposed seismic stress inversion methodology, it may be possible to map the 

stress field around other mining excavations and faults, which aids in better estimation of 

fault stability and large-scale rock mass behavior in deep and seismically active mines. 

From a basic scientific perspective, there has not yet been developed a method that could 

provide stress field information in the vicinity of large faults. It is anticipated that this 
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information could be used to place bounds on the strength of faults, which was not 

previously possible due to lack of data. 

 Currently, numerical modeling packages are incapable of being used to conduct high 

level seismic analyses. Due to this issue, seismic analyses are performed in different 

platforms such as ESG, IMS, and ACG. For more accurate results, it is recommended to 

develop a code that could incorporate numerical modeling and seismic analysis together. 

 The availability of open source code for viewing and analyzing seismic waveforms from 

mining seismicity catalogues would be very beneficial. Currently, that step must be done 

using proprietary software. 
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Appendix A 

Data Quality Checking 

According to a statement released by ESG: “ESG has been working closely with a 

number of academic institutions and research groups over the years, and has provided support in 

ESG software, training and seismic expertise. ESG highly recommends to be consulted at the 

early stages of research discussions that involves ESG seismic data sets to provide any insight, 

support or additional information that maybe required regarding any specific system/database 

(conditional upon site’s permission).  

With regard to the comments provided to ESG in Feb of 2016 regarding the Seismic data 

at NiRim, ESG has investigated this issue and prepared the following summary. A change was 

made to the NickelRim seismic system on February 18, 2011.  Before this time all accelerometer 

and 15Hz geophone sensors were being sampled at 10kHz on Paladin acquisition units with both 

sensor types attached.  On February 18 2011, and after discussions with the users at NiRim, the 

system was adjusted slightly to have Paladin units with just accelerometers attached (with 

sampling frequency of 10kHz), and Paladin units with just geophones attached (with sampling 

frequency of 4kHz).  This change was made to reduce the amount of data flow on the fiber optic 

network, to allow more Paladin units to be added to the existing network.  The ESG acquisition 

software HNAS that is running on surface does an up sampling of waveform data if required (to 

the highest sampling frequency) for all sensors in a triggered system.  This resulted in the 

geophone digitized data being upsampled to 10kHz on surface using a linear upsampling method, 

before events were triggered out from the mixed geophone and accelerometer system. 

It is important to discuss the details of the two sensor types as well as the digitization 

process in the Paladin.  The Paladin has an anti aliasing filter that removes signals above the 

Nyquist frequency (half of the sampling frequency).  As with all anti aliasing filters, it is not a 
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perfect box car function, and in the case of the Paladin, the filter starts to remove some frequency 

at around half the Nyquist (quarter of the sampling frequency).  For this reason, ESG 

recommends to use a sampling frequency that is at least 4 times the high frequency of the sensor.  

ESG recommends that any post processing use a filter (such as a Butterworth) between the low 

and high frequency range of the sensor.   

ESG tells clients that the main frequency range of the accelerometer is 50Hz to 2500Hz 

(when 10kHz sampling is used) or 50Hz to 5000Hz (when 20kHz sampling is used).  The 

frequency range of the geophone is 15Hz to 1000Hz (when 4kHz sampling is used).  ESG 

generally does not recommend using frequencies above 1000Hz on the 15Hz geophone sensor 

since high frequency off axis noise is a known issue for any type of geophone sensor.  Off axis 

noise at high frequencies is not just an issue with ESG geophones, but applies to any coil/magnet 

geophone available on the market.  

Figure A-1 shows graphs of moment magnitude, seismic energy, and source radius for 

events and blasts at the Nickel Rim mine from Dec 2010 to April 2011.  The source parameters 

are determined using a full waveform method to calculate the low frequency spectral level, 

corner frequency and energy flux before converting these to the principal seismic source 

parameters.  A Butterworth filter is applied at the start of the source parameter calculation using 

the low and high frequency range discussed above. The graphs span the Feb 18 2011 change in 

geophone sampling frequency, which is shown with a red arrow.  As can be seen in the three 

graphs, there is no notable change in range of moment magnitude, seismic energy or source 

radius for the 2-month period before or after Feb 18 2011.  This is clear evidence that the change 

in sampling of the geophones on Feb 18 2011 does not adversely affect advanced analysis related 

to the amplitude of the seismic data (such as source parameter, source mechanism, Q 

tomography analysis).  It also indicates that the higher sampling before Feb 18 2011 does not 

adversely affect any future advanced processing and analysis.   
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It is correct, that there may be some very low amplitude content in the geophone 

waveforms above 1000Hz or 2000Hz, but this is not considered a frequency range of interest 

based on the known characteristics of the geophone sensors being used.  Blast mechanism 

analysis on recent and past data shows a mechanism with high positive volumetric component 

which would be expected for a blast mechanism and provides further evidence that the seismic 

data has been well digitized in the frequency range of interest.” 
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Figure A-1: Moment magnitude (upper), seismic energy (middle), and source radius (lower) 

for events and blasts at the Nickel Rim South mine from December 2010 to April 2011 
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Stress Inversion sample waveform: 

 

Figure A-2: WaveVis interface of a manually picked event. Three color traces represent 

waveforms recorded from triaxial geophones and the red traces are from uniaxial 

accelerometers. Polarities are only assigned to the P-waves. Although some of the traces 

have clear first motions, polarities are not assigned to them due to high angle of incident. 

White circles on the left side of the Figure show appropriate traces of triaxial after rotation 

that can be used for stress inversion.    
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Figure A-3: Data recorded in a triaxial geophone in three different channels after rotation. 

This waveform has high degree of linearity and can be used for inversion (white circle).  

Polarity of +1 is assigned to it. 

 

Figure A-4: Data recorded in a triaxial geophone in three different channels after rotation. 

This waveform has low degree of linearity and cannot be used for inversion (grey circle). No 

polarity is assigned. 
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Appendix B 

Inversion Procedure 

This appendix explains the process of the seismic stress inversion for a cluster of 7 events 

from mid-February to mid-March 2011. Similar procedure has been used for the inversion of all 

events from middle level of Nickel Rim South mine. 

Table B-1: Output of the ESG package for a cluster of seven events from mid-February to 

mid-March 2011. Seismic source parameters are used for the statistical analysis of the 

events. 

 

Table B-2: This table shows the output format of the ESG package for the first event of the 

above cluster which should be modified in a certain format to be used as an input for the 

MOTSI software. According to this output the polarities can be calculated. 
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Table B-3: Event number 2 (2/19/2011, 6:12:48) 

 

Table B-4: Event number 3 (2/23/2011, 18:57:28) 
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Table B-5: Event number 4 (2/25/2011, 6:23:24) 

 

Table B-6: Event number 5 (2/25/2011, 6:47:20) 
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Table B-7: Event number 6 (2/27/2011, 6:13:45) 

 

Table B-8: Event number 7 (3/1/2011, 6:13:58) 
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Outputs from ESG software are converted to the format of the MOTSI input file: 

MOT:  motsort infile: ban0.mfp npmin,nfmin    0   25 wts: 0 - 9 

Mags: -9.0  9.9 Tbds: 110713 1101115  

 Latbds: ******* 999.000 Lonbds: -999.000  999.000 Zbds:  18.00 

999.00 Distbds:      0.0    100.0  

9999  

1102190609 05.97 46.659- 80.798  2.90-1.3 11 11    0.0   0.0    0.0  

0   14.00    1.50  1.000 

SE46 0 49.400  0.00  34.6   76.9    0.1  1 0 

SE45 0 52.400  0.00  47.0  278.6    0.1  1 0 

SE41 0 53.800  0.00  99.6  230.3    0.1  1 0 

SE47 0 54.500  0.00  31.1  263.4    0.1  1 0 

SE52 0 62.900  0.00  41.4  271.8    0.2 -1 0 

SE56 0 68.200  0.00  50.0  103.0    0.2 -1 0 

SE51 0 68.300  0.00  47.9  257.6    0.2 -1 0 

SE37 0 72.200  0.00  97.2   45.1    0.2 -1 0 

SE50 0 74.400  0.00  53.1  241.3    0.3 -1 0 

SE36 0 74.900  0.00  96.9   64.8    0.3 -1 0 

SE53 0 92.500  0.00  65.8  225.8    0.4 -1 0 

1102190612 48.27 46.659- 80.798  2.90-1.3 13 13    0.0   0.0    0.0  

0   14.00    1.50  1.000 

SE46 0 50.600  0.00  40.0   86.2    0.1  1 0 

SE45 0 51.900  0.00  41.1  273.7    0.1  1 0 

SE52 0 62.400  0.00  37.7  267.7    0.2 -1 0 

SE31 0 64.600  0.00  90.8   17.6    0.2  1 0 

SE29 0 67.600  0.00  95.8    7.7    0.2  1 0 

SE51 0 67.900  0.00  45.6  253.4    0.2 -1 0 

SE35 0 68.300  0.00  98.6   81.9    0.2 -1 0 

SE25 0 70.100  0.00  97.0   25.0    0.2 -1 0 

SE56 0 70.300  0.00  52.4  104.6    0.2 -1 0 

SE37 0 72.600  0.00  97.1   41.3    0.2  1 0 

SE36 0 74.500  0.00  96.9   61.6    0.2  1 0 

SE54 0 83.300  0.00  59.6  235.8    0.3  1 0 

SE49 0 84.200  0.00  60.3  218.0    0.3  1 0 

1102231857 28.68 46.659- 80.798  2.90-1.3 11 11    0.0   0.0    0.0  

0   14.00    1.50  1.000 

SE46 0 49.400  0.00  34.0   79.2    0.1  1 0 

SE45 0 52.400  0.00  46.0  277.2    0.1  1 0 

SE41 0 53.800  0.00  98.8  231.2    0.1  1 0 

SE47 0 54.400  0.00  30.6  261.4    0.1  1 0 

SE52 0 62.900  0.00  40.9  270.8    0.2 -1 0 

SE56 0 68.100  0.00  49.8  103.7    0.2 -1 0 

SE51 0 68.300  0.00  47.6  256.8    0.2 -1 0 

SE34 0 68.700  0.00  98.0   25.0    0.2  1 0 

SE50 0 74.600  0.00  52.8  240.7    0.3 -1 0 

SE54 0 84.100  0.00  60.2  238.5    0.3 -1 0 

SE53 0 92.500  0.00  65.6  225.5    0.4 -1 0 

1102250623 24.71 46.659- 80.798  2.90-1.3  9  9    0.0   0.0    0.0  

0   14.00    1.50  1.000 

SE46 0 52.600  0.00  39.0   84.2    0.1  1 0 

SE45 0 53.700  0.00  40.2  275.7    0.1  1 0 
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SE52 0 64.100  0.00  37.1  269.0    0.2 -1 0 

SE51 0 69.700  0.00  45.0  254.3    0.2 -1 0 

SE34 0 71.200  0.00  97.6   21.4    0.2  1 0 

SE56 0 72.100  0.00  51.7  103.8    0.2 -1 0 

SE08 0 86.200  0.00 137.0   31.5    0.3 -1 0 

SE53 0 93.900  0.00  64.8  223.4    0.4 -1 0 

SE07 0 99.300  0.00 124.3   42.2    0.4  1 0 

1102250647 20.66 46.659- 80.798  2.90-1.0 11 11    0.0   0.0    0.0  

0   14.00    1.50  1.000 

SE46 0 49.500  0.00  37.8   77.2    0.1  1 0 

SE45 0 52.400  0.00  45.7  279.9    0.1  1 0 

SE41 0 54.000  0.00 100.0  231.5    0.1  1 0 

SE47 0 54.500  0.00  29.3  263.7    0.1  1 0 

SE21 0 60.900  0.00 106.4    8.0    0.2  1 0 

SE52 0 63.500  0.00  40.4  272.4    0.2 -1 0 

SE56 0 68.300  0.00  51.3  102.3    0.2 -1 0 

SE51 0 68.500  0.00  47.3  257.5    0.2 -1 0 

SE34 0 68.600  0.00  99.1   24.1    0.2  1 0 

SE50 0 74.900  0.00  52.6  240.8    0.2 -1 0 

SE54 0 84.200  0.00  60.2  238.5    0.3 -1 0 

1102270616 45.95 46.659- 80.798  2.90-1.3  9  9    0.0   0.0    0.0  

0   14.00    1.50  1.000 

SE47 0 55.200  0.00  29.1  269.8    0.1  1 0 

SE41 0 55.400  0.00  97.3  228.4    0.1  1 0 

SE34 0 67.800  0.00  97.7   25.6    0.2  1 0 

SE56 0 69.500  0.00  49.3  100.4    0.2 -1 0 

SE11 0 72.800  0.00 157.4   19.4    0.2 -1 0 

SE43 0 81.800  0.00  93.4  322.7    0.3 -1 0 

SE53 0 92.000  0.00  64.7  226.4    0.4  1 0 

1103010613 58.47 46.659- 80.798  2.90-1.3 10 10    0.0   0.0    0.0  

0   14.00    1.50  1.000 

SE46 0 48.800  0.00  33.6   84.7    0.1  1 0 

SE45 0 52.000  0.00  44.7  273.7    0.1  1 0 

SE47 0 54.000  0.00  30.1  256.6    0.1  1 0 

SE52 0 62.300  0.00  40.2  268.3    0.2 -1 0 

SE51 0 67.700  0.00  47.2  254.9    0.2 -1 0 

SE56 0 67.700  0.00  49.9  105.4    0.2 -1 0 

SE34 0 68.000  0.00  97.3   24.1    0.2  1 0 

SE50 0 74.300  0.00  52.7  239.2    0.3  1 0 

SE54 0 83.800  0.00  60.0  237.4    0.3 -1 0 

SE53 0 92.000  0.00  65.5  224.7    0.4 -1 0 
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Figure B-1: Interface of the .motsi and parameters used for running it. Input file 

(7Events.mot) is the one prepared above. For having a full search on the lower hemisphere, 

each file should be run in two steps. Step one, 𝝈𝟏 as the primary principal stress and Step 

two, 𝝈𝟑 as the primary principal stress.  
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Figure B-2: Step two (𝝈𝟑 as the primary axes) 

Searching scheme of the .motsi to find the best stress tensor for the cluster: 

  This listing file presents the results of a grid  search over  

     321 sigma-3 direction(s), using the   1ST MOTION metho 

 The data set comprises   7 focal mechs, pg=0.2000 pgn=1.0000 

ampwt=0.1000 

 

 

 PRINCIPAL STRESS AXES, IN ORDER OF INCREASING PHI (20)  TABLE #  1 

OF321 

 

   4  90   86 270    0   0    PHI= -85.5 

  13  90   77 270    0   0    PHI= -76.5 

  23  90   68 270    0   0    PHI= -67.5 

  32  90   58 270    0   0    PHI= -58.5 

  41  90   50 270    0   0    PHI= -49.5 

  50  90   41 270    0   0    PHI= -40.5 

  59  90   32 270    0   0    PHI= -31.5 

  68  90   23 270    0   0    PHI= -22.5 

  77  90   13 270    0   0    PHI= -13.5 

  86  90    4 270    0   0    PHI=  -4.5 

  86 270    5  90    0   0    PHI=   4.5 

  77 270   14  90    0   0    PHI=  13.5 

  67 270   23  90    0   0    PHI=  22.5 

  58 270   32  90    0   0    PHI=  31.5 

  50 270   41  90    0   0    PHI=  40.5 

  41 270   50  90    0   0    PHI=  49.5 
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  31 270   59  90    0   0    PHI=  58.5 

  22 270   68  90    0   0    PHI=  67.5 

  13 270   77  90    0   0    PHI=  76.5 

   4 270   86  90    0   0    PHI=  85.5 

 

 SUMS OF MISFIT; MODELS TABULATED IN R VS. PHI (11 x 20) 

 

      -85.5  -76.5  -67.5  -58.5  -49.5  -40.5  -31.5  -22.5  -13.5   

-4.5 

        4.5   13.5   22.5   31.5   40.5   49.5   58.5   67.5   76.5   

85.5 

 0.00  16.773 16.788 16.789 16.744 16.731 16.734 16.742 16.614 

16.523 16.540 

       16.717 16.748 16.747 16.734 16.742 16.786 16.786 16.618 

16.789 16.744 

 0.10  17.066 17.002 16.947 16.901 16.833 16.579 16.696 16.675 

16.682 16.649 

       16.912 16.930 16.770 16.624 16.509 16.580 16.735 17.021 

17.148 17.056 

 0.20  17.329 17.102 16.925 16.857 16.888 16.587 16.634 16.596 

16.731 16.656 

       16.876 16.818 16.781 16.703 16.472 16.548 16.679 17.256 

17.380 17.312 

 0.30  17.561 17.527 17.202 16.983 16.954 16.587 16.587 16.633 

16.813 16.729 

       16.751 16.878 16.711 16.461 16.389 16.633 17.194 17.578 

17.769 17.598 

 0.40  17.487 17.666 17.242 17.133 17.013 16.888 16.803 16.850 

16.864 16.772 

       16.840 16.931 16.787 16.515 16.368 17.114 17.226 17.352 

17.568 17.530 

 0.50  17.469 17.645 17.400 17.325 17.131 17.028 16.789 16.868 

17.033 16.924 

       16.799 16.796 16.703 16.450 16.451 17.094 17.137 17.286 

17.643 17.514 

 0.60  17.536 17.489 17.649 17.451 17.106 17.052 16.889 16.983 

16.977 16.883 

       16.789 16.810 16.738 16.450 16.746 16.912 17.145 17.247 

17.435 17.572 

 0.70  17.610 17.522 17.821 17.425 17.156 16.969 17.024 16.944 

16.879 16.833 

       16.810 16.829 16.699 16.476 17.013 16.890 17.062 17.429 

17.413 17.421 

 0.80  17.603 17.648 17.879 17.491 17.126 16.969 16.919 17.050 

17.004 16.881 

       16.789 16.779 16.620 16.494 16.640 16.811 16.929 17.212 

17.443 17.478 

 0.90  17.626 17.780 17.743 17.563 17.258 17.012 16.625 16.822 

17.070 16.805 

       16.477 16.435 16.176 16.295 16.776 16.671 16.905 17.156 

17.303 17.447 
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 1.00  17.501 17.827 17.831 17.438 16.486 15.356 15.098 15.822 

15.857 16.015 

       16.062 16.152 16.116 15.861 15.644 16.382 16.717 17.048 

17.201 17.366 

. 

. 

. 

PRINCIPAL STRESS AXES, IN ORDER OF INCREASING PHI (20)  TABLE #139 

OF321 

 

   3  94   34 185   56   0    PHI= -85.5 

   8 101   33 196   56   0    PHI= -76.5 

  13 109   32 207   56   0    PHI= -67.5 

  17 117   29 217   56   0    PHI= -58.5 

  22 125   26 226   56   0    PHI= -49.5 

  26 134   22 235   56   0    PHI= -40.5 

  29 143   17 243   56   0    PHI= -31.5 

  32 153   13 251   56   0    PHI= -22.5 

  33 164    8 259   56   0    PHI= -13.5 

  34 175    3 266   56   0    PHI=  -4.5 

  34 185    3  94   56   0    PHI=   4.5 

  33 196    8 101   56   0    PHI=  13.5 

  32 207   13 109   56   0    PHI=  22.5 

  29 217   17 117   56   0    PHI=  31.5 

  26 226   22 125   56   0    PHI=  40.5 

  22 235   26 134   56   0    PHI=  49.5 

  17 243   29 143   56   0    PHI=  58.5 

  13 251   32 153   56   0    PHI=  67.5 

   8 259   33 164   56   0    PHI=  76.5 

   3 266   34 175   56   0    PHI=  85.5 

 

 SUMS OF MISFIT; MODELS TABULATED IN R VS. PHI (11 x 20) 

 

      -85.5  -76.5  -67.5  -58.5  -49.5  -40.5  -31.5  -22.5  -13.5   

-4.5 

        4.5   13.5   22.5   31.5   40.5   49.5   58.5   67.5   76.5   

85.5 

 0.00  16.700 16.612 16.697 16.607 16.604 16.628 16.596 16.617 

16.696 16.611 

       16.559 16.470 16.472 16.499 16.465 16.458 16.539 16.606 

16.760 16.607 

 0.10  17.136 17.101 17.382 17.397 17.375 17.438 17.266 17.187 

17.140 16.941 

       16.798 16.676 16.430 16.351 16.405 16.338 16.390 16.467 

16.847 16.986 

 0.20  17.431 17.406 17.669 17.610 17.586 17.684 17.705 17.559 

17.348 17.400 

       17.052 16.869 16.559 16.428 16.405 16.523 16.695 16.849 

17.205 17.271 

 0.30  17.608 17.485 17.662 17.698 17.632 17.700 17.622 17.686 

17.692 17.564 
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       17.396 16.993 16.568 16.467 16.383 16.521 16.696 17.035 

17.474 17.772 

 0.40  17.749 17.652 17.712 17.679 17.568 17.440 17.579 17.654 

17.731 17.701 

       17.618 17.249 16.594 16.641 16.400 16.418 16.695 17.102 

17.615 17.917 

 0.50  17.982 17.772 17.713 17.644 17.466 17.323 17.338 17.422 

17.683 17.853 

       17.739 17.491 16.897 16.601 16.437 16.529 16.668 17.031 

17.508 17.723 

 0.60  17.933 17.943 17.691 17.538 17.382 17.219 17.083 17.552 

17.744 17.779 

       17.896 17.686 17.104 16.522 16.605 16.287 16.745 17.076 

17.337 17.553 

 0.70  17.853 17.895 17.785 17.443 17.064 17.043 17.089 17.334 

17.540 17.517 

       18.028 17.843 17.395 16.715 16.489 16.527 16.670 17.072 

17.289 17.514 

 0.80  17.784 17.958 17.687 17.126 16.939 16.808 17.028 17.112 

17.297 17.933 

       18.215 17.828 17.334 16.946 16.518 16.705 17.023 17.287 

17.376 17.619 

 0.90  17.502 17.898 17.605 16.976 16.782 16.537 16.913 17.017 

17.240 17.563 

       17.524 17.220 17.533 16.801 16.232 16.759 17.164 17.426 

17.349 17.409 

 1.00  17.480 17.830 17.727 16.781 15.825 15.565 16.161 16.736 

17.074 17.208 

       17.067 16.849 16.485 15.570 15.413 15.907 16.692 17.222 

17.310 17.380 

. 

. 

. 

PRINCIPAL STRESS AXES, IN ORDER OF INCREASING PHI (20)  TABLE #321 

OF321 

 

   1 186    9 276   81  91    PHI= -85.5 

   2 195    9 285   81  91    PHI= -76.5 

   3 204    8 294   81  91    PHI= -67.5 

   5 212    8 303   81  91    PHI= -58.5 

   6 221    7 312   81  91    PHI= -49.5 

   7 230    6 321   81  91    PHI= -40.5 

   8 239    5 330   81  91    PHI= -31.5 

   8 249    3 339   81  91    PHI= -22.5 

   9 258    2 348   81  91    PHI= -13.5 

   9 267    1 357   81  91    PHI=  -4.5 

   9 276    1 186   81  91    PHI=   4.5 

   9 285    2 195   81  91    PHI=  13.5 

   8 294    3 204   81  91    PHI=  22.5 

   8 303    5 212   81  91    PHI=  31.5 

   7 312    6 221   81  91    PHI=  40.5 

   6 321    7 230   81  91    PHI=  49.5 
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   5 330    8 239   81  91    PHI=  58.5 

   3 339    8 249   81  91    PHI=  67.5 

   2 348    9 258   81  91    PHI=  76.5 

   1 357    9 267   81  91    PHI=  85.5 

 

 SUMS OF MISFIT; MODELS TABULATED IN R VS. PHI (11 x 20) 

 

      -85.5  -76.5  -67.5  -58.5  -49.5  -40.5  -31.5  -22.5  -13.5   

-4.5 

        4.5   13.5   22.5   31.5   40.5   49.5   58.5   67.5   76.5   

85.5 

 0.00  15.426 15.462 15.470 15.475 15.452 15.408 15.410 15.413 

15.439 15.462 

       15.491 15.495 15.467 15.425 15.380 15.479 15.508 15.453 

15.467 15.482 

 0.10  16.099 16.079 15.772 15.764 15.432 15.415 15.729 16.239 

16.858 17.144 

       16.937 16.779 16.495 16.412 16.324 16.434 16.419 16.230 

15.974 16.278 

 0.20  16.083 15.800 15.779 15.780 15.354 15.384 15.795 16.439 

16.827 17.143 

       17.141 16.738 16.647 16.495 16.510 16.488 16.646 16.407 

15.954 16.231 

 0.30  16.133 15.918 16.008 15.607 15.383 15.620 16.178 16.601 

16.998 17.242 

       17.291 16.962 16.702 16.522 16.464 16.486 16.698 16.350 

16.036 16.239 

 0.40  16.002 16.001 16.102 15.686 15.619 15.801 16.485 16.940 

17.341 17.291 

       17.381 17.118 16.764 16.768 16.679 16.536 16.692 16.492 

16.093 16.212 

 0.50  15.950 16.175 16.044 15.820 15.780 15.935 16.830 17.552 

17.749 17.574 

       17.538 17.182 16.851 16.897 17.009 17.097 17.032 16.831 

16.202 16.229 

 0.60  15.901 16.150 15.932 15.895 15.853 16.267 17.110 17.526 

17.640 17.790 

       17.607 17.398 17.028 16.945 17.242 17.451 17.474 16.972 

16.317 16.194 

 0.70  16.027 16.025 15.925 15.787 16.000 16.549 16.893 17.269 

17.364 17.626 

       17.606 17.470 17.244 17.135 17.292 17.587 17.475 17.173 

16.527 16.296 

 0.80  16.131 15.853 15.784 15.811 15.932 16.290 16.623 16.922 

17.074 17.230 

       17.565 17.653 17.258 17.314 17.371 17.567 17.503 17.100 

17.016 16.531 

 0.90  15.943 15.607 15.599 15.750 15.777 16.172 16.480 16.942 

17.113 17.171 

       17.418 17.576 17.547 17.370 17.241 17.253 17.382 17.475 

17.192 16.678 
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 1.00  16.232 15.196 14.836 14.931 15.315 15.888 16.639 17.080 

17.348 17.239 

       17.303 17.342 17.581 17.134 16.602 15.884 15.511 15.894 

16.443 16.299 

 

 

 Best Model (Weighted Averages in degrees) -   18.215 (139  9 11) 

 

 

 

 

Figure B-3: Final results of the seismic stress inversion for the selected cluster 

Following section covers the boxplot and PCA statistical analysis of used versus outlier 

events in terms of seismic source parameters.  
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Figure B-4:  Boxplot analysis of used versus outlier events in group B for different source 

parameters 
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Figure B-5: Boxplot analysis of used versus outlier events in group G for different source 

parameters 
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Figure B-6: Boxplot analysis of used versus outlier events for all of the events for different 

source parameters 
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Figure B-7: Scree plots of PCA of outlier and used events in different groups 
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Appendix C 

Numerical Modelling 

This appendix explains the code used for building the 3DEC model of Nickel Rim South 

mine to apply the stress inversion results to define the far-field boundary stresses. 

3DEC Numerical Modeling 

NICKEL RIM SOUTH MINE 3DEC MODEL (3DEC VERSION 5) INCLUDES: 

MINE GEOMETRY:   

- Orebodies (Contact Zone, Footwall Zone): 

o ORE PGEN PARTS: 

 ore_fw_1700_1730 - footwall ore elevation 1730 to 1700 

 ore_ct_1700_1730 - contact ore elevation 1730 to 1700 

 … 

- Lithology 

o GEOLOGICAL MATERIALS (Lithology):  

  1  - Footwall Zone Ore 

   2   - Contact Zone Ore 

  3   - Felsic Gneiss (FGN) & Granodiorite (GRDR) 

   4   - Dark Norite Breccia (DNEX) + Late Granite Breccia 

(LGBX) 

   5   - Backfill 

  9   - Undefined Material 

- Faults   

  1  - Construction Planes (High strength)  
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   2  - Faults (5 Faults)  

- Stopes 

o Defined by Elevation and Easting as region AABB 

 -Where AA is 2nd & 3rd digit of elevation "1AA0"    (1680  AA = 68) 

 -Where BB is first two digits of easting "YY0"      (225   BB = 22) 

 Therefore, the 225 stope at level 1680 is 6822 

- Mining Sequence ( 5 Steps in the Sequence) 

o  Mining Sequence Steps are defined by Group   

   'mining step 1'  - Mining Step #1 

   'mining step 2'  - Mining Step #2  

   'mining step 3'  - Mining Step #3 

   'mining step 4'  - Mining Step #4 

   'mining step 5'  - Mining Step #5  

- Block Correction  

- Zoning  

o  REGIONS:     

 1 - 4 : Final Zoning Regions  

 22 - 66 : Temporary Levels to define stopes                  

 81 - 83   : Temporary regions for fault join geometry           

 91 - 96  : Temporary regions to define Levels of the orebody  

 99         : Omitted boxes for PGEN-generated orebodies         

 AABB  : (4 digit regions) Temporary Stope grid indicator       
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;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 

Boundary conditions 

 Initialize in-situ stresses 

 Top boundary apply pressure corresponding to depth 

 Vertical boundaries stress controlled to maintain internal   

stress orientation 

Bottom boundary rollered 

Bottom corners fixed 

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 

; Initialize in-situ stresses 

ins stress 0, -54.81, 0, 0, 0, 0 & 

ygrad 0, 0.027, 0, 0, 0, 0 

; Top boundary apply pressure corresponding to depth 

bou -400,900 945,955 -300,800 &                    ; top 

stress 0, -29.16, 0, 0, 0, 0 

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 

Material Properties 

; 1 - Footwall Ore  

; 2 - Contact Ore  

; 3 - Felsic Gneiss (FGN) & Granodiorite (GRDR) 

; 4 - Dark Norite Breccia (DNBX) & Late  Granite Breccia (LGBX)  

; 5 - Backfill 

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 

; Mohr Coulomb elastic rock 

change cons=1 

; Elastic joint material - no slip or tensile failure 
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change jcons=7 

; Set Material Properties 

prop mat 1 den=0.0032 k=10e3 g=8e3 phi=40 bc=10 bt=0.40 

prop mat 2 den=0.0032 k=10e3 g=8e3 phi=40 bc=10 bt=0.40 

prop mat 3 den=0.00278 k=64e3 g=266e2 phi=59 bc=35 bt=16 

prop mat 4 den=0.00288 k=627e2 g=306e2 phi=53 bc=28 bt=12 

prop mat 5 dens=0.002 k=1e3 g=8e2 phi=40 bc=0.1 bt=0.20 

; set contact properties for rock mass 

;change joint 101 201 301 401 501 jmat 2 

pro jmat 1 kn=20e6 ks=20e6 jco=20e6 jfr=90 ; high strength elastic joints  

pro jmat 2 kn=20e6 ks=20e6 jco=20e6 jfr=90 ; Also high strength elastic joints 

step 2000 

save elasticR3.sav 
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Figure C-1: Original block (top), interior layout of original block (middle) of final layout of 

the orebodies (bottom) 
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The monthly based stope extraction sequences data in the contact and footwall zones 

were available according to the following spreedsheets:    

 

Figure C-2: Contact zone stope extraction sequence between February and March 2011. 

Grey squares are the extracted stopes 
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Figure C-3: Footwall zone stope extraction sequence between February and March 2011. 

Grey squares are the extracted stopes 
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;Excavate Step 0_1 

excavate range group 'mining step 0_1' 

step 1 

fill mat 5 jcons 7 cons 1 range group 'mining step 0_1' 

step 5000 

save elasticR3_0_1.sav 

. 

. 

. 

{; MINING PROGRESS - Step 0_1 

; .dat file defining the stope progression Prior to mid January 2011 

; Assign the seeked stopes to group 'mining step 0_1' 

; Stopes are defined by region as a four-digit stope grid number  ; "AABB",  

; Where AA is 2nd and 3rd digit of level 

; and BB is first two digits of easting  

; For example level 1660 easter 250 is region 6625 

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 

; Reveal extracted stopes  

hide 

; footwall 

seek reg 472201 472202 472701 472702 473201 

seek reg 482201 482202 482501 482502 482701 482702 483001 483002 483201 483202 

seek reg 622201 622202 622701 

seek reg 661801 662001 662201 662202 662501 662502 662501 662502 662503 663003 663201 

663202 

; contact 

seek reg 282001 282002 282401 282402 282801 283201 283601  
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seek reg 322001 322002 322401 322403 322801 322802 323201 323202 323601 323602  

; Define all stopes in the first mining step 

group block 'mining step 0_1'} 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-4: Layout of the extracted stopes in footwall zone (restore elasticR3_0_7.sav) 
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Figure C-5: Red lines show the direction of maximum principal stresses after running the 

model according to the gravitational forces 

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 

UNIT SXX MODEL 

; Initialize insitu stresses 

insitu stress -1 0 0 0 0 0 

bou 895 905 -1 950 -301 800   xvel=0               * roller east boundary 

bou -400 900 -5 5 -300 800    yvel=0                * roller bottom 

bou -405,-395 -1,950 -301,800 stress -1 0 0 0 0 0 ; apply unit sxx   
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Figure C-6: Red lines show the direction of maximum principal stresses after running the 

model according to the unit normal stresses in the X direction 

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 

UNIT SZZ MODEL 

; Initialize insitu stresses 

insitu stress 0 0 -1 0 0 0 

bou -400 900 -1 950 -305 -295   zvel=0               * roller south boundary 

bou -400 900 -5 5 -300 800      yvel=0                 * roller bottom 

bou -400,900 -1,950 795,805 stress 0 0 -1 0 0 0 ; apply unit szz 
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Figure C-7:  Red lines show the direction of maximum principal stresses after running the 

model according to the unit normal stresses in the Z direction 

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 

UNIT SXZ MODEL 

; Initialize insitu stresses 

insitu stress 0 0 0 0 1 0 

bou -400 900 -5 5 -300 800      yvel=0                         ; roller bottom 

bou -405 -395 0 950 -300 800 stress 0 0 0 0 1 0                ; west        

bou 895 905 0 950 -300 800 stress 0 0 0 0 1 0                  ; east 

bou -400 900 0 950 -305 -295 stress 0 0 0 0 1 0                ; south 

bou -400 900 0 950 795 805 stress 0 0 0 0 1 0                  ; north 
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Figure C-8: Red lines show the direction of maximum principal stresses after running the 

model according to the unit shear stresses in the XZ plane 

The most recent stress measurement database from Canadian Shield has been used to investigate 

the relation between R, 𝜎1/𝜎2 and 𝜎2/𝜎3. 

Table C - 9: Following table is an update to the Canadian Shield stress database (Yong and 

Maloney, 2015) 

Site Depth 𝝈𝟏 𝝈𝟐 𝝈𝟑 R 𝝈𝟏/𝝈𝟐 𝝈𝟐/𝝈𝟑 

Campbell 

625 22.1 15 9.1 0.55 1.47 1.65 

625 23.1 9.5 7.5 0.87 2.43 1.27 

625 40.8 17.9 9.5 0.73 2.28 1.88 

990 41.6 19 15.3 0.86 2.19 1.24 

610 62.2 30.6 16.6 0.69 2.03 1.84 

1220 81.6 40.7 14.1 0.61 2.00 2.89 

990 49.8 26.2 10.9 0.61 1.90 2.40 

1220 67.4 39.3 30.1 0.75 1.72 1.31 

1220 74.1 43.5 32.6 0.74 1.70 1.33 
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670 41.7 25 10 0.53 1.67 2.50 

580 30.8 18.6 5.1 0.47 1.66 3.65 

580 26.2 16.9 2.6 0.39 1.55 6.50 

625 23.8 15.7 10.2 0.60 1.52 1.54 

625 24 16.1 9.8 0.56 1.49 1.64 

625 24.5 17.2 3.9 0.35 1.42 4.41 

1650 81.6 60 23.9 0.37 1.36 2.51 

1785 80.5 68.6 38.4 0.28 1.17 1.79 

Creighton 

1219 34.5 20.5 13.3 0.66 1.68 1.54 

2134 61.4 37.1 26.8 0.70 1.65 1.38 

2134 63.9 39.2 28.8 0.70 1.63 1.36 

1707 84.1 53.5 40.5 0.70 1.57 1.32 

701 38 27 16.4 0.51 1.41 1.65 

1219 60.3 45.7 34.3 0.56 1.32 1.33 

2134 78.6 65.9 39.2 0.32 1.19 1.68 

Dome 

937 45.5 28.5 18.2 0.62 1.60 1.57 

937 42.8 28.4 20.9 0.66 1.51 1.36 

1238 53.3 35.5 23.8 0.60 1.50 1.49 

1238 52 42.5 27.2 0.38 1.22 1.56 

438 18 15.1 9.2 0.33 1.19 1.64 

438 19.5 19.1 7 0.03 1.02 2.73 

Dumagami/LaRande 

1500 70.8 62.8 49.7 0.38 1.13 1.26 

900 57.2 36.8 10.5 0.44 1.55 3.50 

900 63.8 43.2 14.3 0.42 1.48 3.02 

900 51.8 35.8 19 0.49 1.45 1.88 

1460 59.2 48.2 24.4 0.32 1.23 1.98 

Fraser 

1372 61.1 37.4 28.5 0.73 1.63 1.31 

1006 32.7 20.1 7.6 0.50 1.63 2.64 

1006 35.8 22.1 9 0.51 1.62 2.46 

1006 62.9 44.4 29.7 0.56 1.42 1.49 

1006 42.6 30.8 15.4 0.43 1.38 2.00 
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1372 55 45.1 27 0.35 1.22 1.67 

1006 23.3 19.4 11.3 0.33 1.20 1.72 

Kidd Creek 

488 31.1 26.8 10.3 0.21 1.16 2.60 

1382 69.4 31.7 25.5 0.86 2.19 1.24 

732 59.5 33 17.9 0.64 1.80 1.84 

2064 86.4 48.5 31.9 0.70 1.78 1.52 

1382 74.1 41.8 27.2 0.69 1.77 1.54 

2064 97 56.8 38.7 0.69 1.71 1.47 

2064 88.1 53.6 30.1 0.59 1.64 1.78 

2064 86.1 56 41.1 0.67 1.54 1.36 

1041 54.8 36.2 33.2 0.86 1.51 1.09 

853 67.9 48.6 28.1 0.48 1.40 1.73 

853 53.2 39.9 16.3 0.36 1.33 2.45 

2064 78.9 59.8 54.1 0.77 1.32 1.11 

732 38.3 32.8 8.4 0.18 1.17 3.90 

853 53.4 51.9 19.1 0.04 1.03 2.72 

Kiena 

170 4.7 1.4 1.3 0.97 3.36 1.08 

170 8.1 3.5 2.7 0.85 2.31 1.30 

170 7.9 4.4 2.6 0.66 1.80 1.69 

273 13.1 8 4.9 0.62 1.64 1.63 

170 9.9 6.2 2.2 0.48 1.60 2.82 

810 61.2 44.9 26 0.46 1.36 1.73 

Lockerby 

792 39.9 23.7 15.8 0.67 1.68 1.50 

518 22.5 13.9 12.7 0.88 1.62 1.09 

792 37.2 26.6 21.9 0.69 1.40 1.21 

572 35.2 26.3 18.7 0.54 1.34 1.41 

572 25.2 21.5 15.9 0.40 1.17 1.35 

792 39.9 37.6 15.3 0.09 1.06 2.46 

518 22.7 22.2 12.8 0.05 1.02 1.73 

Macassa 
1890 76 36.1 28.5 0.84 2.11 1.27 

1440 66.9 38.5 35.8 0.91 1.74 1.08 
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1440 55.1 34.1 29.3 0.81 1.62 1.16 

1585 54.1 33.6 29.2 0.82 1.61 1.15 

1440 58.5 37.6 32.2 0.79 1.56 1.17 

2005 84.2 61.3 44 0.57 1.37 1.39 

1890 83.2 61.8 47.5 0.60 1.35 1.30 

1890 88.6 67.1 40.2 0.44 1.32 1.67 

2005 75 57.6 32.6 0.41 1.30 1.77 

MacLeod 

570 47.2 34.1 26.1 0.62 1.38 1.31 

545 17.4 13.4 8.8 0.47 1.30 1.52 

570 38.3 29.5 21.4 0.52 1.30 1.38 

545 20.9 16.2 5.5 0.31 1.29 2.95 

366 42.5 34.3 15.1 0.30 1.24 2.27 

570 19.9 16.6 14.6 0.62 1.20 1.14 

788 24.4 21.1 13.9 0.31 1.16 1.52 

570 31.6 27.9 21.5 0.37 1.13 1.30 

479 30 27.7 18.7 0.20 1.08 1.48 

Onaping 

1227 59 33.4 28.2 0.83 1.77 1.18 

1676 81.4 48.3 35.5 0.72 1.69 1.36 

1227 67 39.8 32.8 0.80 1.68 1.21 

1372 84.5 50.3 40.7 0.78 1.68 1.24 

1227 67.5 44.6 37.1 0.75 1.51 1.20 

1861 96 67 48 0.60 1.43 1.40 

2552 129 92 69 0.62 1.40 1.33 

1488 77 56 37 0.53 1.38 1.51 

2123 109 80 58 0.57 1.36 1.38 

2311 111 83 57 0.52 1.34 1.46 

2012 100 76 54 0.52 1.32 1.41 

URL 

235 31.5 12.2 10.4 0.91 2.58 1.17 

417 54.7 22.2 13.6 0.79 2.46 1.63 

235 29.2 11.9 10.1 0.91 2.45 1.18 

417 53.7 22.9 13.9 0.77 2.34 1.65 
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61 7.4 3.4 1.1 0.63 2.18 3.09 

235 25.5 13.3 12.3 0.92 1.92 1.08 

417 48.3 26.3 13.6 0.63 1.84 1.93 

61 6.5 3.7 1 0.51 1.76 3.70 

129 16.7 9.6 6.4 0.69 1.74 1.50 

235 31.1 18.4 15.4 0.81 1.69 1.19 

12 8.6 5.1 1.1 0.47 1.69 4.64 

128 13.8 8.3 3.5 0.53 1.66 2.37 

61 7.4 4.5 1.6 0.50 1.64 2.81 

417 43.9 27.2 14.9 0.58 1.61 1.83 

417 49 31.1 13.2 0.50 1.58 2.36 

129 13 8.3 5.5 0.63 1.57 1.51 

417 48.7 31.6 14.3 0.50 1.54 2.21 

235 26.8 17.4 14 0.73 1.54 1.24 

235 28 18.7 14.6 0.69 1.50 1.28 

183 16.8 11.3 9 0.71 1.49 1.26 

416 45.4 31 14.9 0.47 1.46 2.08 

61 7.3 5 1.1 0.37 1.46 4.55 

235 36 25.1 16.8 0.57 1.43 1.49 

129 12.8 9.1 6.1 0.55 1.41 1.49 

417 41.4 30.3 12.8 0.39 1.37 2.37 

183 16.2 12.1 4.9 0.36 1.34 2.47 

235 26.6 21.6 14.6 0.42 1.23 1.48 

183 13.1 11.1 6.1 0.29 1.18 1.82 

183 14.8 12.9 6.6 0.23 1.15 1.95 
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Figure C-9: Relation between R and 𝝈𝟏/𝝈𝟐 in Canadian mines 
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Figure C-10: Relation between R and 𝝈𝟐/𝝈𝟑 in Canadian mines 
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Figure C-11: R value histogram in Canadian mines 


