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This research project was bom fiom the belief that there exists some exploitable Iuikage 
between the stress state in the rock mass and the signature of the radiated energy emitted 
frorn mining induced microseismic events as characterized by seismic source pammeters. 
Suppoa for this belief came fkom the qualitative relations observed at several mine sites. 
As a natural consequence of these findings, the next logical step was to quanti@ these 
relations with the assistance of statistid techniques. I f  relations could be quantified 
between the stress estimates provided by numericd rnodels and the automatically 
calculated seismic variable values, then it should be possible to gain additional insight 
into failtue processes and to obtain stress estimates at each event iocation, ultîmately 
leading to improvements in rock mass characterization. This enhanced description of the 
"state" of the rock mass could, in tum, impact upon both short and long term mine design 
decisions. 

This study was based on a dataset of over 1000 microseismic events recorded between 
October and December, 1993, at Creighton mine in Sudbury, Ontano. Pnor to analysis, 
the dataset was filtered to ensure that oniy the most representative seismic variable values 
were used in this study. The stress estimates used in the analysis were obtained fiom both 
linear and non-linear three-dimensional numerical models. 

initial attempts failed to form relations between variables in the seismic and stress 
databases due to a scale mismatch between the two types of variables. Smoothing the 
variables values appeared to reduce this effect and resulted ui a large number of relations 
being formed. A methodology was subsequently developed to identify o d y  a subset of 
these relations for detailed analysis. Through this process, it was concluded that the 
differences between the relations formed with the linear and non-linear stress estimates 
were not sufficientiy large to justifi the effort necessary to obtain the latter estimates. Of 
the nine final relations, six were multiple linear regression relations, five of which had 
stress dependent variables with two to five regressors, and three were fiom canonical 
correlation with similar numbers of variables. 

Interpretation of the formed relations suggested that joint length was contrclling the 
source radius and that the observed variations in source strength were due to differences 
in the feature's shear strength. Specificaily, as the confinement increased it was found 
that the events became stronger and more cornplex. Efforts to use the developed relations 
to predict relative stress levels for a second test dataset were not generally successful, 
likely due to the presence of a different seismicity-generating process acting within the 
test volume. A cornparison of equivalent relations formed on filtered and untiltered 
datasets revealed that, from an interpretational point of view, similar relations were 
formed but, without filtenng the relation were much weaker. 
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. . Objectives attd sfr~fegy 

The overail objective of this research project was to develop a methodology through 

which meaningfid relations between variables within the seismic and stress databases 

could be identified and evaluated. Support for the existence of an exploitable linkage 

between the stress state in the rock mass and the signature of the radiated energy, as 

described by seismic source parameters, cornes from the qualitative relations observed at 

several mine sites (Kadcidis, 1990; Bird, 1993; Connors, 1993; Bawden and Mercer, 

1994a; Sampson-Forsythe, 1994; Tod, 1996). As a result of these qualitative 

observations, the specific objective of this research project was to determine if it is 

possible to quanti@ these or simiiar relations with the assistance of statistical techniques. 

It is believed that if sufnciently diable relations couid be developed, they might then be 

used to better characterize the state of the rock mass and, therefore, provide insight which 

could eventually impact upon both shoa and long term mine design decisions. improved 

characterization might be possible in two ways: kt, the developed relations could be 

interpreted to improve our understanding of the seismicity generating processes acting 

within the rock mass and, second, each relation codd be used to comment on the relative 

stress conditions at any subsequent event location. 

When considering which variables should represent the stress and seismic databases, it is 

necessary to keep in mind what ie to be achieved. In this study, it was hoped that the 

developed methodology would be simple enough to be undertaken at a mine site. 

Therefore, only seismic information that could be determined automatically was included 

in the seismic database as it would be impossible, for the nwiber of events needed for 

this type of study, to manually estimate on site many of the required variables. S ïmilarly, 

it was hoped that meaningfd stress estimates could be obtained from a numerical mode1 

that was convenient enough to be run at the mine. It is also worth noting, for both 

practical and philosophical reasons, that this study was not designed to incorporate or 

predict the far scarcer, macroseismic events with magnitudes greater than 1.0. Foremost 



of the practical reasons for not doing so is that there are insufncient large events over the 

tirne period of interest to complete the type of study planned. In addition, meaning.1 

source parameters cannot be detemiùied for these events from the microseismic arrays 

installed at Creighton; and, fmally, the largest of these events tells you little about the 

state of the rock mass at the scale of interest. From a philosophical point of view, it is not 

believed that understanding the generatïon of the relatively few large events can easily be 

achieved without a better understanding of seismicity generating processes in general. 

Since there are a relatively large number of small events, it stands to reason that studying 

these smaller, more plentifid events would be an important first step to understanding 

these processes. 

In the following discussions, the terms qualitative and quantitative will be used 

repeatedly. In this study, a qualitative relation is considered to be one that has k e n  

inferred by observation or analysis but has not been described numericalIy. In contrast, a 

quantitative relation wilI be one that has been formed statistically, providing, therefore, an 

exact description of the relation's strength, significance and the contribution made by 

each member variable. No sbidy, to the author's knowledge, has ever attempted to 

quantitatively assess relations between stresses provided by numerical models and large 

numbers of mine-induced microseismic source parameter estimates. Those studies that 

have been undertaken have been mostly limited to quaiitative analyses, the majority king 

associated with a group of researchen, many of whom originaily had at Least some 

connection with Queen's University at Kingston, Ontario. The reason for the Iack of 

quantitative analyses is likely two-fold: before this research commenced it was difficult 

to undertake three-dimensionai non-linear rnodelling on the scaie needed for this type of 

study (due to software and processîng demands) and, until the second phase of this study, 

it was not practicable to obtain reliable source parameter estimates for the large numbers 

of events required. 

This thesis includes a compendium of the £ive reports written for iNCO Mines Research 

(Mercer, 1994; Bawden and Mercer, 1994a; Alexander et. ai., 1995; Mercer and Bawden, 

1996; Mercer and Bawden, 1998) to meet the requirements of the research contract that, 

in large part, funded this research. The information fiom these reports has been 

2 



rearranged to be consistent with the expected thesis format and has k e n  divided Uito 

several main parts: 

i) an introductory section, which emphasizes the hdings of the early field work 

and reviews the proposed qualitative relations that formed the conceptual starting 

point for the current research (Chapters 1 and 2); 

ii) a data collection section, which describes the methodology that had to be 

developed to obtain the required variable values for the seismic (Chapter 3) and 

stress (Chapter 4) databases, and which descnies how the dataset was filtered 

through an innovative approach designed to help ensure that the analysis was 

performed on only the most representative events (Chapter 5); 

iii) a preliminary qualitative aaalysis section, designed to get a feel for the 

available data and to investigate the mer& of this approach (Chapter 6); 

iv) the main quantitative anaiysis section, which includes a detaiied description of 

the methodology which was developed to increase the Iikelihood that a 

manageable n u b e r  of quantitative relations of interest could be fonnulated, 

evaluated, interpreted and used to predict new variable values (Chapters 7 through 

1 1 ); and finaily, 

v) the concluding section, which summarizes the main findings and contributions 

of this study and makes suggestions for hture work (Chapter 12). 

Due to length and related clarity concems, much of the detailed background information 

associated with this study has been removed to the appendices. Specifically, background 

information into the statistical methods applied to fom the various relations, and the 

methods used to calculate the required seismic variables, can be found in Appendices A 

and B. However, an introduction to the three most important statistical methods applied 

in this study is inchded as Table 1. 





As indicated, the temainder of thk chapter and the next chapter wiil focus on relevant 

research previously undertaken. Specifically, the findings of three field expenences 

associated with the aforementioned group of researchers will be discussed in detail, the 

third of which formed part of this research. Where other groups of researchers have 

hypothesized the presence of individual relations arnong the stresses acting within the 

rock mass and seismic variables, these infierences will be mentioned in subsequent 

sections when the variables selected for d y s i s  are discussed h detail- 

1.2.1. Strothcona Mine 

At the Strathcona mine, field work was conductecl between September, 1990, and June, 

1992. During this tirne a large amount of data was coilected concerning the behaMour of 

the rock m a s  surrounding several areas of current mining, particularly the 25-39-D4 cut 

and fili stope and 21-39-45 blasthole stope- While both of these mùiing areas were similar, 

in that they were involved in piiiar exfracfion and muid be bursî prone, underground 

mapping suggested that, geornechanidy, they were quite different. The 25-39-D4 area 

was found to be homogeneously jointed, while the 21-39-45 area had a single dominant 

joint-set (Bawden et. al., 1992). in addition to the geomechanicai data, information was 

aiso obtained for the seismic, stress and velocity databases for this tirne pend. In the case 

of the 25-39-D4 stope the seismic idormation was obtained from an existuig microseismic 

array with relatively poor coverage of this pdcular volume; thus, the quality of the seismic 

data was less than ideal. In contmst, the 21-39-45 stope had a microseismic array installed 

concurrent with the research project and provided more reliable seismic data. A single P- 

wave velocity h a g e  was obtained for the 25-39-D4 stope using passive (natural source) 

data, while three active images were obtained during the extraction of the 21-39-45 stope- 

General information about seismic imaging techniques can be obtained fiom Young (1 WO), 

while specific information about the velocity tomography at Strathcona can be obtained 

from Maxwell and Young (1 992). Linear-elastic stress estimates for both volumes came 



from three-dimensional boundary-element modelling with Examine3D ( C m  and 

Corkum, L 997). GrabUisky and Curran (1993) also undertmk Examuie3D modelling of the 

25-39-D4 area as well as sorne non-Linear-p!astic modelling with the commercial three- 

dimensionai finite-element package 1-DEAS. Due to the large arnounts and varïed nature of  

the data available at Strathcona, this mine provided an excelient opportunity for the 

researchers involved to study the c o m p h e n t q  nature of these independent sources of 

information about the state of the rock mas.  

Bird (1993), using a combination of seismic and numerical m o d e h g  data, demonstrated 

that the joint-set most likely to slip for a given cluster of events at Stratbcona can often be 

determineci ushg the Barton-Bandis shear failure criteria (Barton, 1973; Barton and Bandis, 

1990). Specificaily, she estimated the normal and shear stress (Si@ and Tau, respectively) 

on each possible joint-set orientation using Examine3D and compareci these mess estimates 

to the appropriate BartomBaridis failure envelope. The joint orientation closest to its 

strength curve wodd then be the one most iikely to have failed. Another technique that was 

used at Strathcona to determine which jouit orientation was most Lkely responsible for the 

O bserved seismicity was the application of fault-plane solutions (Bniiinger et-al., 1980). 

This method, as applied by both Bird (1993) and Urbancic and Young (1992), not only 

provided idionnation about which joint-wt was failing but was also used to comment on the 

sense of slip (normal, reverse, or strike slip) and about the validity of the shear failure 

assumption. in addition, these researchers, using output fiom both the fault-plane and 

source parameter estimation routines (using S to P energy ratio (Es/Ep)), were able to 

suggest thaf close to a stope fafe, failure was king generated on the flat-lying feature with 

a substantial non-shear component to the slip, while funher away fiom the face the 

displacement was o c c ~ g  essentidiy in shear on a more steeply oriented plane. nie P, B, 

and T axes obtaïned ftom the fault-plane solutions were also contoured for specific clusters 

of events and used as indicators of the local maximum, intermediate, and minimum 

principal stress orientations (Signal, Sigma2 and Sigma3), respectively (Urbancic and 

Young, 1992; Bird, 1993). By repeating this d y s i s  on the same volumç, these same 

researchers suggested that it was possible to identiw changes in the stress orientations over 

time. It should be noted that, in this study, the P, B, and T axes were used to provide 



idonnation about the principal stress orientations, which rnay not a h y s  be successfid, 

especially for a small nuaiber of solutions or when the seismicity is related to slip on a pre- 

existing feature whose orientation varies substantially h m  the orientation of maximum 

shear stress; when the rock is heavily fiactured; andor, when the ray path intersects a stope, 

which could cause the seismic wave to refract or change polar@ (Büd, L993). 

In addition to the previously mention& energy ratio, several other seisrnic variables were 

investigated at Strathcona in an attempt to provide imight into the character of the rock 

mass and its resporw to changes in the stress field. These included investigations of self- 

similarity, spatial variation in b-values, and the relation between selected source parameters 

and stress. Urbancic and Young (1992), investigatug the scaling relations between the 

seismic moment @&) and source radius (r,), detemineci that non self-similar behaviour 

existed in their dataset. They indicated that the observed behaviour might be due to a 

characteristic fault length created by intersecting features ahead of the face, which acted 

effectively as barriers to slip. In this situation, they suggested that eventual slip might be 

accompanied by comparatively high U, and stress celease estimates without any 

proportional in- in ro. It was also suggested that events rnight be more Likely to 

demonstrate self-simïiar behaviow when there are fewer intersecting features and when a 

reduction in clamping stresses on the feature aiiowed unrestricted movement. Finally, they 

concluded that comparatvely large events might not be as affected by intersechg features 

as smaller events, due to their abity to break through barriers. 

In another study, the analysis of the spatiai variations in b-values, detesmïned sequentially 

for a shifting window through a spatially ordered catalogue of events, appeared to provide 

usehl information about the transition between diierent stress regirnes (Urbancic et. a[-, 

1992a). in this study, it was found that the steepest transition in b-values coincided with the 

location of a rockburst T'us, it was suggested that the spatiai variations in b-values rnigbt 

have some value as an indicator of the stress state and the region iiiely to host a large event 

These authors alço found that the b-values changed slightiy after a rockburst occurred, 

indicating that the local stress regime was modified by the stress release associated with the 



comparatively large event Similarly, it was found that the dynamic stress drop (&ad) 

underwent a large change in the same region as the rockburst and that the overall static 

stress drop (Ac) values decreased afier a rockburst. Bird (1993) tested the suggestion that, 

within a jointed rock mas,  there might be a relation between the Tau and SigN acting on a 

Ièature and certain source parameters. The results of this study revealed an apparent 

positive correlation between the minimum and SigN but no equivalent relation with Ac. 

Tliese latter observations were roughly supported by the hdings of Urbancic and Trifi 

( 1996) who concluded that the seismic stress release estimates were quasi-independent of 

the maximum shear stress level, but that other stress variables such as Si@ may play an 

important role in the failure process. This study also suggested based on ratios of stress 

release estimates, that the sources were genetically relatively simple. 

In an attempt to understand the spatial relation between recorded seismicity and rock mass 

failure at Strathcona, Bawden et. al. (1992) investigated the spatial distribution of Hoek- 

Brown and Barton-Bandis strength factor estimates relative to the observed event locations. 

This analysis revealed an apparent inconsistency in one area of the mine, in that rock mass 

failure was predicted in the hangingwaii but most of the observeci seismicity was in the 

granite footwaii. It was suggested that this inconsistency might have been caused by each 

volume foilowing a different stress path to fadure. Specifically, these researchers 

hypothesized that failure in the hangingwall may have been caused by stress relaxation 

wluch generated events below the seismic system detection thresliold. while in the footwall 

failure may have been caused by increases in driving stress which, perhaps, generated 

events large enough to be detected. Support for this multiple stress paths to failure theory 

came from Bird (1993), who tracked, relative to the appropriate Barton-Bandis curves, the 

elastic SigN and Tau estimates for the mining steps preceding failure. 

Drtailed spatial investigations, focusing on the D4 mining area led Bawden ci. ni. (1992) to 

assert that tàiled volumes of the rock mass could be differentiated ttom currently failin:: 

ground. Specifically, they claimed that a filed volume could be identified through a 

combination of underground observation, low strength factor estinlates, low P-wave 



velocities. and aseismic behaviour, while currentiy failing regions might be chancterïzed by 

relatively large arnounts of seismicity within high velocity gradient zones. Following this 

line of logic. it could be extrapolated that beyond the currently failing ground, there exists a 

volume of the rock mass behaving elastically, which may be recognized by it being the 

source region for a relatively small number of events. If this region were behaving 

clastically due to relatively hi& confinement, tl-ien this volume might also have the 

additionai identifying characteristics of high strength factor values and high velocity values, 

wliereas if this region were de-stresseci (relatively low Sigma3), then relatively low strength 

factor and velocity values would seem more likely. 

1.2.2. Mines Gaspé 

At Mines Gaspé, a less detailed study applied many of the same techniques that were used 

at Strathcona This particular shidy was initiated with the hope of better understanding the 

genesis of the microseismic activity detected during the extraction of the E-32 orebody at 

6OOm (1970ft) depth (COMOTS, 1993). Once again, the available database idonnation at 

Gaspé included variables within the geomechanid, seismic, stress and velocity databases. 

The geomechanical information, obtained by Connors (1993) from structural mapping, 

indicated that three joint-sets and stratigraphie bedding existed throughout the entire volume 

of interest, which could, therefore, be considered a single stmcturai domain. Al1 of the 

seismic information was obtained fiom a full-waveform seismic array installed around the 

E-32 orebody, which was designed to maximize coverage of the hangingwall ares The 

numencal stress estimates were obtained using Examine3D and the P-wave velocity 

information Iiom an active three-dimensional survey. 

Following a similar methodology to Bird (1993), Connors (1993) was able to detemine. 

through a two step process, the joint orientation most likely to be responsible for the 

majority of the seismicity. First. the contoured nodal plane orientations determined from 

tàult-plane solutions were compared with the orientation of the joint-sets observed dunng 

underground mapping. This process eliminated. for most spatial clusters of events. two of 



the el igi ble orientations. Secondly, Tau and SigN estimates on each planar orientation were 

determined and were plotted relative to the appropriate Barton-Bandis fàilure envelope. Of 

the two remaining orientations oniy the bedding was shown to be close to failure using this 

niethod. The huit-plane solutions also suggested that most of the events were reverse 

shear events a d  that there was ofien agreement between the contoured orientations of the 

P. B and T axes and the orientations of Sigmal, Sigrna.2, and Sigmd, respectively 

(Connors, 1993; Cornors eL al-, 1993)- This study also found that there was a w& 

relation between increased deviatoric stress (Signal - Sigma3) and the spatial location of 

the greater concentrations of events and, lastly, that most of the events were Iocated in the 

zone of the steepest gradient in Hoek-Brown strength factor which was, for the most part, 

controlled by the spatial variations in Sigma3. 

1.3. Stress-stiffness-velocig-seimiciity model 

The fmdings of these two early case studies suggested that there may be qualitative relations 

between certain variables in the stress and seismic databases and that an integrated approach 

could provide greater ïnsight into the state of the rock m a s  surrounding underground 

excavations than the analysis of any single database in isolation. 

Bawden (1993) d e d  the key observations fiom Stmthcona and Gaspé with a stress- 

st i ffness-velocity-seismicity relation for hctured rock masses. Figure 1 s rnar izes  the 

spatial variations suggested by Bawden's (1993) relation relative to a typical stope within an 

idealized rock mass at stress levels sufficient to cause progressive rock mass failure. This 

niodel implies that three distinct and recogiizable regions may exist aroond a stope 

periphery: a faiied region in the immediate back (Zone 1). an active or gradient zone (Zone 

2) and, finally, intact rock fùrthest fiom the excavation surface (Zone 3). It is suggested that 

the greatest number of events should occur when the stress gradient is hi@ (active region) 

and that the number of events will decrease in the compamtively stiff - intact region. In 

addition. the model implies that the energy released per event is larger in the hipher stress 
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Figure 1 - Stress-stiffness-velocity-seismicity model: a) relation relative to the stope back 
and b) variation in selected variables with distance into the stope back (after Bawden and 
Mercer, 1994b) 



intact region as greater amounts of energy can be stored within this volume of the rock 

mass. Bawden (1993) M e r  suggested that the seismicity associated with Zone 2 could be 

related to two fundmentally different deformation modes: slip dong pre-existing f i r e s  

a d o r  the creation and extension of new fractures, 

The inter-database relations implied by the stress-stitrness-velocity-seismicity mode1 

formed the concepnial starting point for the current research- Speciiically, it led directly to 

the detailed qualitative analysis of Lockerby mine data and Iater to the main th- of this 

study, which was designed to evaluate whether reiations between specific variabIes wiuiin 

each database couid be quantified- 



2. LOCKERBY MINE 

2.1. Introduction 

in contrat to the previous two studies, the anaiysis of the Lockerby mine data formed an 

integrai part of the current study. The objective of the author's involvement in the analysis 

was two-fold: to become more faaLi1iar with the techniques useci to process the data 

recovered €rom microseismic systems and to begin formulating and testing the methodoIogy 

which would eventuaüy be applied to the much more geometncally compiicated Creighton 

mine. The Lockerby discussions in this chapter will initially focus on analyses similar to 

those undertaken at Strathcona and Gaspé and will, in these cases, rely heavily on Bawden 

and Sampson-Forsythe (1 993) and Sampson-Forme (1 994). Subsequent discussions d l  

focus on investigations undertaken by the author hto the spatial and temporal trends in 

source panmeters (Urbancic et. ai-, L994a) and on initial attempts to apply statistical 

techniques to the available database information in the hope of better establishing the form 

and strength of relations among the database variables (Bawden and Mercer, 1994b). 

2. 2. Background 

2.2J- Geomechanical 

Falconbndge's Lockerby mine is located on the south-west rim of the Sudbury basin 

approximately 3Okm West of the city of Sudbury, Ontario. The main orebody consists of a 

single sheet of breccia sulphide that varies in thickness €rom a few metres to approximately 

45m (1 48ft) and extends between 90x11 and 245rn (295 and 800ft) dong strike. The orebody 

is oriented at approximately N 70 E and is defmed fiom surface to a depth of approximately 

1465m (4800ft) below collar. At depth the dip reverses so that withîn the volume of interest 

(thc 3400-3600 si11 pillar) the ore dips south-westerly at 70" and is bordered by a granite 

Iiünpingwall and a norite footwail. The 3400-3600 siIl pillar is located at a depth of 



approximatety 1050m (3450fi) and is approximately 25m (80ft) in height and thickness, 

altliough both of these dimensions narrow towards the east end. The planned rniniog 

stntegy divided the siil into ten blasthole stopes (paneis) numbered and extracted tiom West 

to east (see Figure 2)- The data analysed in this study is associated with the extraction of 

PaneIs 3.4 and 5 which took place between November, 1992, and January, L994. 

Detailed underground mapping (Bawden and Sampson-Forsythe, 1993) revealed that the 

granite and the ore had two joint-sets, while the norite had three. Joint-set orientation and 

properties varied tiom rock unit to rock unit, but the unit of greatest interest was the -te 

hanghgwail where the majority of the seismicity was generated during the time period 

under consideration Based on Barton et. (1974) Q value, the quality of the 

hangingwall and footwaii are good, whereas the qUty  of the ore is only fair. U C S -  tests 

on samples fiom each of the three major rock units ïndicated that the ganite was 

substantially stronger than the other two rock units. in addition, far-feld stress estimates 

were available from twelve overcoring tests distributed over three different levels. Due to 

variability in these estimates, Samgson-Forsythe (1994) decided to estinlate the tàr-field 

stress at the siil piliar elevation f?om only the closest test Locations. in the end, Sigma1 was 

estirnated at approximately 42 MPa (12 + 062; plunge + trend), while Sigma3 was found 

to be more steeply dipping and approximately 15 MPa (7 1 + 188). 

2.2-2- Seismic and Velocity Database 

Ti~e seismicity associated with the extraction of the 34004600 si11 pillar was monitored 

witli a 48 channel full-waveform system. The optimized array consisted of five Wilcoxen 

triaxial accelerometers (witli dual gains) and 18 uniaxial IV@-250 accelerometers al1 with 

roll-O ff frequencies at 1 OOHz and 3 SOOH.2, respectively. A Simplex/Geiger location 

algorithm was utilized (Nelder and Mead. 1965; Buland, 1976) and was based on events 

with signal to noise ratios p a t e r  than four and with a minimum of ten stations reporting. 

'The resulting average location error was approximately Gm (20f't; Urbanciç cr- LIL- 1 994a)- 



Figure 2 - Typical views of the Lockerby 3400 - 3600 si11 pillar: a) in plan view (after 
Urbancic el. al.. 1994a) and b) in longsection (looking north) afier the extraction of the first 
Iwo panels 



It c m  be seen fiom Figure 3 that the daily seismic activity recorded dunng the extraction of 

Panels 3 and 4 (between November 4, 1992 - day I, and Iune 9. 1993 - day 216) varied 

substantially w*th peaks immediately following major production b l ~  (cg. days 19. 22 

and 195)- which were used to separate the observed seismicity into seven datasets. The 

Iûrgest nurnber of events were associated with the second Pane1 3 production blast on day 

32 (T3 time penod) and aAer the second Panel 4 production blast on day 195 (T7 time 

penod); thus. these two datasets form the basis of the analysis. The majonty of the events 

were located within the hangingwail at approximateiy mid-si11 elevation (see Figure 4). 

Detailed fault-plane solutions and stress-inversion analyses (Gephart and Forsyth, 1984; 

Gephart, 1990a and 1990b) were only conducted for the extraction of Panel 3, which made 

up the f ~ s t  five t h e  periods. Stress inversion is a technique designed to search for the 

principal stress orientations, and their related magnitudes, which are in best agreement with 

a senes of individual event fault-plane solutions within a given volume. Ultimately, this 

technique identifies the most likely slip orientation of the two nodal planes and provides a 

mesure of the ratio of principal stress magnitudes. 

As far as the fault-plane solutions were concemed, the Panel 3 extraction yielded 283 good 

solutions, this subjective quality assessrnent king based on: focal-sphere coverage, the 

nurnber of positive and negative polarities, and the number of mismatches. By contourhg 

the resulting P and T axes ftom these events on a Lower hemisphere stereonet. it was 

determïned that both reverse and normal faulting mechanisms were present within the 

dataset The normal faults, recognùable by a steeply dipping P-axis. made up 

approximately 30% of the events and were found to locate genenlly in the upper part of the 

si11 (compare Figure 5a and b), while the rernaining events were the reverse evenis. 

rrcognizable by shallower P-axes, and locations closer to nid-pillar heiylit. The orientation 

of the P-axes and the event locations suggests that local Signal must be fairly steeply 

dipping in the granite near the top of the si11 and almost horizontal nt mid-siil elevation. 

This rotation of Sigma1 with depth seems to make some intuitive sense. given the overall 

geometry and the relatively Rat t'ar-field Signal orientation, Finally. the approximate 
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Figure 3 - Event distribution per day for the extraction of Panels 3 and 4 at Lockerby (afier 
Bawden and Mercer, 1994a) 
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Figire 4 - Typical event distributions for the T3 time period at Lockerby mine: a) plan view 
and b) longsection - looking north (afier Bawden and Mercer, 1994a) 
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north-south trend of the P-axes is consistent with the expected trend of local Sigmal given 

the strike of the orebody. A similar investigation was carried out on the good fault-plane 

solutions corn the T7 time pend  and it was found that the majority of these events had 

reverse faulting mechanisms. Plots showing the poles to the nodd planes for al1 the good 

fault-plane solutions suggested that the reverse faulting events were king generated on a 

plane striking approximately WNW-ESE with either a steep or shallow dip (dependhg on 

which nodal plane is setected) and the normal faulting events were oriented on a plane 

striking approximately NNW-SSE with a similar range of dips. Cornparison of these plots 

with the resuIts of mapping in the @te led Urbancic et. al. (1994b) to suggest (prkarily 

on the bais  of strike) that reverse and normal faulting mechanisms were king generated on 

the flat-lying and steep orientations, respectively. 

The results of the stressinversion analyses for the main Panel 3 ciataset supported the above 

flndings with the planar orientation suggested by thïs technique king only 10 to 15 degrees 

off the mean orientation for each joint-set (Urbancic et. al., 1994b). ln addition, the 

principal stress orientations from stress inversion appeared to be fairly stable fiom t h e  

period to time period. Specifically, for the reverse events, Sigmal was found to be 

approximately horizontal and trending approximately no&-south, with Sigma3 

approximately vertical, while, for the normal faults, Sigma1 was found to be approximately 

vertical and Sigma3 approximately horizontal and trending east-west Once again, these 

stress orientations are consistent with the expected, given the si11 pillar geometry and the 

strike of the orebody. The only instance where the principal stress orientations, as 

suggested by stress-inversion, dif5ered substantially fiom the above was for a small cluster 

of reverse events below the main event cluster (Figure Sb). 

Source parameter estimates nomaily calculated in the fiequency domain were estimated 

automatically fiom the triaxial signals in the time domain using a modification of the 

spectral approach suggested by Andrews (1986). To check the validity of the automatic 

processing, 20 events were also manually processed (in the fiequency domain) and the 

results compared. This comparison revealed that the moment-magnitude (M) and the S- 



wave enerby (Es) codd be satisfactocily determined automatically, while the other 

variables, including r,, and AG codd not be estimated as weil (Bawden and Mercer. 1994a). 

The velocity database consisted of the spatial variation in the P-wave velocity and was 

rstimated through tomogaphic imaging (Young and Maxwell, 19992). At Lockerby mine 

~OLIT two-dimensionai active velocity surveys were undertaken between 1989 and 1993 on 

an approxhately horizontal image plane at mid pillar height. Analysis of this velociq data 

by Young (1992) and Young and Maxwell (1992) reveaied a spatiai relation between an 

anomalously high veIocity zone and the area experiencing the greatest seismicity. Support 

ior the positive relation between stress and veIocity at Lockerby came h m  a borehole 

dnlled through average and high velocity zones o f  the rock mass. In the hi& velocity zone 

the core disced (indicating substantid stress retief), while the core retrieved fiom the 

average velocity zone did not, Likely indicating Lower stress levels. Because velocity 

information will not be available for Creighton, interpretation of the Lockerby velocity 

information will not form a major part of the foiiowing discussions. 

2.23. Numerical ModeUing 

A variety of numencal models have been used to approximate the geometry of the 3400- 

3 GO0 si1 1 pillar. Sampson-Forsythe (L 994) used Phases (a two-dirnensional hybrid of 

bo undary and finite-elements) and Examine3 D, while 1-a (Sjoberg and Tinucci, 1993) 

used ExamineZD (a two-dirnensional boundary-element package), FLAC (a two- 

diniensional tinite-difference package) and 3DEC (three-diniensional distinct-element 

code). The rnajority of the analysis at Lockerby was undertaken witli the elastic stress 

cs ti mates from Examine3 D and the plastic continuum and discontinuum stress estimates 

lioiii 3 DEC. The remaining models were otily applied to answer particular questions about 

tlic rock mass. 

Saiiipson-Forsythr ( 1994) selrcted Examine3 D on the büsis OC sevcnl iàvourable 

cliaraçteristics, including: convenience, ability to mode1 in three-dimensions. limited input 



requirements, and the ability to automatically calculate Hoek-Brown and Barton-Bandis 

strength factors. The input parameters necessary to run tliis mode1 were determined from 

underground mapping. The Examine3D modelling ces& suggested that al1 of the 

seismicity was generated within volumes of the rock mass with Hoek-Brown strength 

factors between 1.0 and 1.5 (A. Sampson-Forsythe, personal communication). Subsequent 

analyses were designed to investigate the likelihood of shear failure on the two joint-sets 

tiiat exist wiuiin the gracite hangingwall. It was round that failure (as described by the 

Barton-Bandis shear strength critenon) was most likely to occur on the flat-lying set (Figue 

6), a conclusion which supports the presence of reverse faulting events in the dataset, but 

carmot explain the normal fauiting events on the steeper orientation. For the stresses to 

predict failure on the latter orientation, an increase in the plunge of Sigrnal or a rotation in 

i ts trend towards orebody strike would be required. 

Sjoberg and Tinucci (1993) decided to base the majority of their analyses on the results 

provided by 3DEC due to their belief that jointing, large-scale structures, and three- 

dimensional geometry were important to understandhg the observed seismicity. The mine 

scale rnodels created in 3DEC incorporateci the folIowing: ail of the mined-out regions 

surrounding the d l ,  the stope sequencing directly above and below the sill. the level 

geometry in the area of the sill, some of the large scale features surrounding the sill, and 

severai of the observed joint-sets. As far as the latter features were concemed, two rnodels 

were created, one incorporating two steep joint-sets in the granite and the other a flat-lying 

feature. Despite the fact that the joint-sets were actually found to have average spacings of 

less than lm (3tt), the modeiling was undertaken with 20m (66ft) spacings because that 

distance was compatible with the scale of the si11 and because it was felt tliat additional 

joints woutd not substantially influence the overall behaviour of the si11 since wedge-shaped 

blocks were expected to dominate its detonnation. These researclien also indicated that 

limiting the number ofjoints in the mode1 allowed the analysis of thcture-slip meclianisms. 

while maintiù-ning a fairly simple model. As far as material properties wrrr concemed, 

Molu- Coulomb (elastic. then perfectly-plastic) behaviour was assumed for each rock unit 

iising typical strength properties (and a dilation angle of zero degrees) determined from 
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Figure 6 - Elastic stress estimates at event locations relative to a range of Barton-Bandis 
curves for the granite hangingwall: a) and b) reverse mechanism events at si11 elevation, C) 

and d) reverse mechanism events at below-si11 elevation; and e )  and f) normal faults at siIl 
elevation (afier Sampson-Forsythe, i 994) 



labontory testinp (J. Sjoberg personal communication) and a Mohr-Coulomb slip critenon 

[Or the discontinuities. The shear strength properties of the faults and shear and normal 

stitfness values for the joints were assigned froni experience. The remaining joint 

properties (coliesion and fiction angle) were estimated from the underground mapping. 

The continuum and discontinuum modeis created were identical except that no slip was 

dlowed on the discontinuities in the former case, Plastic continuum stress estimates were 

obtained for the events generated during the extraction of Panels 3 and 4. while plastic 

discontinuum stress estimates (for the mode1 with the two verticaiiy oriented joint-sets), 

were only avaiIable for Panel 3. It should be emphasized thaf rit the time of th is  modelling. 

it was not known which of the joint-sets was primarily responsible for the seismicity. nor 

that there was Likely only a single steep feature. 

In general, the resultts fiom the plastic continuum and discontinuun models were similar, 

both predicting substantial zones of failure encompassing alrnost the entire si11 (Sjoberg 

and Tinucci, 1993). However, these Itasca researchers beiieved that the core of the pillar 

might still be highly stressed, despite failure, due to the level of confinement causing the 

stresses to move up the failure envelope, In contrast, the mode1 suggested that as the upper 

and lower boundaries of the sÏil fded, they de-stressed and moved d o m  the failure 

envelope. Having obtaiaed the plastic stress estimates fiom 3DEC for the zone centroids 

nearest to each event location, it was possible for Itasca to assess whether rock m a s  failure 

might cause the rotation of the stress field necessary to drive slip on the steep joint 

orientation. which could then explain the observed normal fault mechanism events. 

Unfortunately, a result sunila. to the analysis with elastic stresses was obtained. in that the 

flat-orientation was always the most likely orientation for tailure. ln conclusi«n. Sjoberg 

and Tinucci (1993) suggested that the rotation necessary to drive failure on tlie steep 

orientation might have resulted, had the 3DEC rnodel incorporated a smaller zone size near 

the Level development. 



In an effort to provide insight into rock mass behaviour and into how the various variables 

containeci within the seismic and stress databases might be related to one another, a one- 

d i m ~ ~ o n a l  moving window technique was used on sefected variables to create a series of 

trend plots. Specincally, the method involved taking a slice of specified thickness through 

the sïl i  pillar and caiculating the mean stress and seisrnic variable values for events within 

that window, as weU as the percentage of the total events contained within that particular 

volume of the rock mas.  The window was then repeatediy shifted by a specifïed distance 

in a particdia àkction, and mean variable values assigned to the mid-point of each new 

window. This smwthing technique was found to reveai overall trends in the data by 

elimiaating some of the variability observed, particuiarly in the seismic variable values. 

These trend plots were generated in three orthogonal directions (Figure 7) and inciuded 

source parameters reliably estimatecl fiom the tirne domain records (e-g.. M, (related to M) 

and &) ;)th the addition of Am. In these plots, the zero (teference) point on the abscissa 

represents a point in space positioned at the bottoxn of the stope fiice after the production 

blast that generated the T3 seismicity (see point labelled A on Figure 2a) and the window 

size used was 9m (3m - a thickness selected because most of the events had dcuiated 

location less than this amount) with a shift of 0.9m (3ft). It can be seen fiom Figure 

7a that withinthe nrSt 40m (13 lft) ofthe face the rock m a s  is characterized by iow source 

parameter values and a relatively smdi number of events. This suggests that the rock mass 

in this region has failed (Zone 1) and has shed much of the load to the rast. A second 

region, between 40m and approximately 90rn (13 1 and 295ft), is charactenzed by higher 

source parameter values and a relatively large number of events, suggesting that this is the 

region of active failure (Zone 2). It shouId be noted that the peak in the percentage of 

events centred at 95m (312fi) is primarily due to the s m d  cluster of events below si11 

elevation (see Figure 4b) and has k e n  ignored for the purposes of zone delineation. A third 

region weakly exists beyond 90rn (295ft) and is characterized by lower source parameter 
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Figure 7 - Seismic variable trend plots: a) easting, b) northing, and c) depth directions (&er 
Urbancic et. al.. 1994a) 



values and a smaii number of events, this suggests that this is the intact region (Zone 3). It 

should be noted that, in each of these three figures, the trend in the average values becornes 

more erratic outside the main cluster as the variability increases due to progressively fewer 

events (e-g., see the effect on A d  at 1 LSm (377ft)). uiterestingly, the results £kom the 

velocity image roughiy support the above findings in that low velocities are associated with 

Zones 1 and 3, and high velocities are associated with Zone 2 (as a result, the source 

parameters peak roughly in the velocity gradient zones). As far as the noahùig and depth 

plots are concerne4 it c m  be seen h m  Figure 7b that the majority of the events are 

generated just to the north of the reference point (still in the granite) and that the source 

parameters peak between Sm and 20m (16 and 66ft) north of the face at the southem end of 

the main cluster. The source parameter peaks to the south of the reference point may not be 

representative due to the d number of observations being averaged. Lastly, Figure 7c 

indicates that the majority of the events are aligned with the centre siU elevation and that 

there is no obvious trend in the source parameters in th-s orientation. Given the geometry of 

the sill pilIar, it is not surprishg that the most revealing of these figures appears to be the 

easting plot, which represents the redts of a moving window passing progressively dong 

the length of the siii pdar away but roughly paralle1 to, the active mining face. 

Using the easting trend plot for reference, it is possible to evaluate the suitability of the 

various stress estimates. It can readily be seen, h m  a cornparison of Figure 8a and b with 

the source parameter plot (Figure 7a), that the stresses derived fiom the plastic 

discontinuum mode1 demonstrate a better qualitative relation with the seismic variables than 

the stresses derived fiom the elastic mode1 which, as expected, predicted very high stresses 

adjacent to the stope face. The plastic trend plot completely supports the idea that the fmt 

region at O to 40m (O to 13 lft) has failed and redistributed the stress to the east. More 

specifically, the stresses in this region increase graduaily with increased confinement to 

approximately 40m (13 1 fi) ahead of the face where they peak at the same location as the 

stress release estimate (just on the edge of the currently failing region). Afier the stress 

peak, the remainder of the second region is defined by moderately high stresses that slowly 

decrease with distance fiom the s top  face. The transition between Zones 2 and 3 is 
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Figure 8 - Easting trend plots: a) elastic stress estimates and b) plastic discontinuum stress 
estimates @ter Bawden and Mercer, i 994a) 



also reasonably clear, &er which the average stress estimates level O& approaching far- 

field levels. The equivalent plastic-continuum stress plot is similar to the one shown in 

Figure 8b. except that the transition between Zones 2 and 3 is less pronounced. 

A temporal investigation was undertaken to compare the easting trend plots from the two 

time periods of interest (T3 and T7) with a later time period associated with the extraction 

of Panel 5 (Figure 9). Due to the sirnilarity in the trends of the three source panmeters used 

in the previous plots, just Acd wiIi be used as the representatïve of the others. A 

comparison of Figure 9a and b indlcates that the transition between the zones is basically 

stationary for this time interval, despite the dope face moving eastward by approximately 

1 Om (33ft). However, the peak value and gradient in both AQ and percentage of events is 

much greater for the second tirne period. Just after the initial extraction phase of Panel 5 

and just pnor to the collection of data for the £inal t h e  period (Figure 9c), two 

comparatively large events occurred at the (projected) positions indicated on Figure 9b. 

Both of these events locate in the Am gradient area, between the two peaks. Subsequent to 

these large events no rninuig took place, yet the trend in the selected variables appears to 

have changed (Figure 9c). For example, even with limited data (the mine was shut down) 

the peaks in the Aad and percentage of events appear to have moved eastward and the Amd 

values have retumed to levels simiiar to the first time period. It should be emphasized, 

liowever, that in the latter case, because the plot is based on cornpantively few events, there 

might be insufficient information to meaningfully sample the volumes represented- 

The apparent similarity between the onedimensional trend plots and the stress-stiffness- 

velocity-seisrnicity model introduced earlier provides an opportunity to evaluate the model 

with actual data. A comparison of the simplified one-dimensional trend plot based on 

Figiire 7a to the original stress-stifhess-velocity-seismicity mode1 (Figure 1 b) reveais some 

ditferences (Fib~re LOa). Most notable arnongst these direferences is the douhle peak in the 

source parameter and percentage ofevents curves. It c m  be speculated tliat the presence of 

tliis double-peak is a function of the si11 pilla geometry. If tliis is the case. a more general 

niodctl for a stope back rnight have only a single set of peaks (Figure [Ob). 
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Figure 9 -Temporal variation in casting trend plots for selected seismic variables: a) T3 thne 
period, b) T7 time period, and c) Panel 5 extraction (der Urbmcic et. al.. 1994b) 
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Using the single-peak mode1 as the basis for comparison, it can be seen that the distribution 

of the percentage of events (events per unit volume) is now the sarne in both models; 

Iiowever. the observed data inplies relatively large microseismic events on the leading edge 

of the failing zone as well as the existence of high stresses in the actively failing zone, both 

of which are not implied by the model. Again, it is possible that some of these observed 

differences are a result of the specific geometry under consideration. 

I t  is clear fiom the above comparison that to gain confidence in any progressive failure 

mode1 of the types just discussed, sbiiar d y s e s  need to be conducted at severai other 

suitable operations to see if recognizable patterns exist Unfortunateiy, there are few 

operations as weli suited to this type of analysis as Lockerby. For example. it is unlikely 

that Creighton will be a suitable site for validating a progressive faiiure rnodel, due to its 

following limitations: a less constrained geometry, a reduction in location accuracy, no 

velocity information, irreguiar footwall contact, complicâting large-scale structures and 

reduced failure zone dimensions, Therefore, while the stress-stiffness-velocity-seismicity 

relation fonned the conceptual starting point for this research, it is not likely to be pursued 

£ûrther within the current investigation. 

In general, the resuits of the analysis of Lockerby data supported the kdings of Strathcona 

and Gaspé, in that there does appear to be at least a qualitative relation between certain 

variables within the stress and seisrnic databases; by simuitaneously analysing the two 

independent databases, a more detailed assessrnent of the rock mass state was possible. 

Having observed these relations. the next logicai step was to evaluate whether these 

relations could be quantified using selected statistical techniques. In preparation for the 

Creighton analysis. it was decided to evaiuate the utility of the following statistical methods: 

correlation coefficients, multiple Iinear regression and canonical correlation analysis (CCA). 

A description of the multivariate techniques can be found in Appendix A. 



The first step in the quantitative analysis conducted on Lockerby data was to look at the 

correlation coefficients between selected pairs of variables (Table 2). The following was 

based on the stresses fiom the plastic-discontinuum model, as this model fortned the 

strongest qualitative relations with the seisrnic variables. To keep this test anaiysis as 

simple as possible, stress variables were limited to the principal stresses and the well- 

estimated seismic variables. The selected seismic variables are the ones previously 

discussed, with the addition of the apparent stress (ad and the apparent volume (VA), both 

of which are biised on M, and Eo and wili be dixussed in more detail in the following 

chapter. In addition, a distance parameter (YYo)? which describes the position of the events 

in t e m  of easting, was included since it proved to be w f u l  during the one-dimensionai 

trend plot analysis- 

Table 2 - Correlation coefficients for selected parameters 

Frorn Table 2 it can be seen that there is a modente intra-database correlation between 

each of the principal stresses (0.56 to 0.68), a weak (0.0 1 to 0.3) inter-database correlation 

between the stresses and the seismic variables and a vew strong intradatabase correlation 

(0.89 to 0.98) among most of the seismic variables, except for VA (0.35 to 0.73). in 

addition, a weak negative relation exists between the principai stresses and YYo (-0.02 to 



-0.34) while essentially no relation was observed between the seismic variables and YYo 

(0.03 to 0.12). It should be noted that. for this particular population size. the correlation 

between Sigma3 and sevenl of the seismic parameters (al1 but VA) has a significance 

probability below the 0.002 level. However. even though low correlations in- be 

statistically quite sigiificmt. a correlation of 0.300 still only explains 9% of the variance 

avaihble. Due to the very Iow correlations between the selected stress and seismic 

variables, it was decided not to evaluate multiple regession at this preliminary stage; 

instead. only CCA was applieci. since this technique will always form (the same or) 

stronger relations than multiple regession with the same set of variables- 

Figure I l  surnrnarizes the results of CCA and suggests that the strongest (canonical) 

correlation between combinations of the stress and seismic variables was 0.44 (significance 

probability of 0.0001). This particular dataset involved only 202 events (fiom a possible 

284), the remainder being events with a greater than 6.1m (20tt) diflerence between the 

event location and the location where the stress value was calculated in the numerical mode1 

(Ac.. the zone centroid). Fipre  I l a  indicates that the first seismic canonicai variable is 

(positively) correlated with each of the source parameters except for VA. In other words. as 

the seismic canonical variable score increases so do tour of the five source parameters. Ln 

the case of the first stress canonical variable, it was found to bc most strongly associated 

with Sigma3, displaying only a cornparatively weak negative and positive correlation with 

Sigma1 and Sigma2, respectively. ff the scores are plotted against each other. as in Figure 

1 1 b. it cm be seen that the relation between the linear combination of seismic variables and 

stress variables is weak but. if interpreted, does suggest that as Signa3 increases and 

Sigma 1 decreases. most OC the selected source parameters increase. Similar CC A resuits 

were obtained using the plastic continuum stresses except that a slightly lower canonical 

correlation was obtained. This latter observation supports J. Sjoberg's (personal 

communication) belief that the joints spaced at 20m (66ft) liad very little effect on the 

«vrnll stress estimates. To help interpret the CCA results from the plastic discontinuum 

tiiodel, histograms were constructed of the ande between each principal stress and the 

iioimal to the flat-lying joint-set (responsible for the majocity of the seismicity). It can be 





seen fiom Figure 12a that, although quite variable. the rnean Signal orientation is in a 

direction almost parallel to the plane, while Sigma2 bas a mean orientation at a low angle to 

the plane and a more concentrated distriiution (Figure 12b). On the other hand. S igma 

Iias a mean an y i a r  distance of just over 20 degrees from the plane pole with a reasonably 

tight distribution (Figure 12c). It is apparent fiorn these results that Signal and Sigma3 

will likely control the behaviour of the joint, especially Sigma3 (consistent with the CCA 

resui ts) wliich appears, in most cases, to provide the resisting (normal) stresses for the flat 

lying plane. Combining these observations with the resuits OP CCA suggests that, in 

gened, the strength of the event and stress retease associated with the events wiU increase 

as the confinement increases. Intuitively, this might suggest that when nomal stresses are 

low the joint would be free to slip often anci, perhaps, release only smaU amounts of energy 

per event However, when nomial stresses are relatively high the joint would not adjust as 

easily or as often and would, therefore, potentially release more energy per event when 

displacement did occur. It should be noted that, in both cases, adequate shear stress must 

exist to drive failure. 

The statistical analyses demonstrated the existence of ody weak correlations between the 

plastic stress estimates and the seismic variables. Several possible methods by which the 

above analysis could be improved include: 

i) obtaining more representative estimates for the variable values in the stress and 

seismic databases: 

ii) including varïable(s) that better describe the meclianics of the seismicity in the 

dataset; 

iii) filtering the dataset to ensure that only the most representative observations are 

i nc l uded in the analysis; 
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Figure 12 - Principal stress orientations relative to joint surface: a) Signal, b) Sigma2, and 
C )  Sigma3 (afier Bawden and Mercer, 1994a) 



iv) incfeasing the number o f  observations available; 

v) fûrther subdividing the dataset into spatially defïned zones, to ensure a greater 

level of mechanical homogeneity (this, however, may M e r  weaken correlations by 

eliminating some of the vm-ability in the dataset and will also reduce the dataset in 

size); 

vi) using smoothed data values, as were used during the trend plot analysis; andlor, 

vii) using only variable values that are not strongly correlated @e., that do not M e r  

fiom multicoiiïnearity - MCL), 

Each of these possible improvements will be incorporateci, evaluated, and discussed, in the 

following analysis of Creighton data. 



3. CREIGHTON MINE - SEISMIC DATABASE 

Creighton mine, operated by M C 0  Ltd., is located within the south range of the Sudbury 

basin (Figure 13). The copper-nickel orebody is divided into three parts: the 1 18. 400 and 

403 orebodies (Figure 14). The shailow 118 and deeper 400 orebodies are both associated 

wi-th the main structure, while the smaller 403 orebody is Iocated within the footwalI of the 

main orebody. The 400 orebody, which extends from 460L to below the 7400L, is of 

primary interest and consists of three different types of ore: disseminated nilphide located 

primarily dong the nonte hangingwall contact, massive sulphide which forms the main part 

of the orebody, and massive sulphide lenses associated with shear zones. At 7200L. the 

orebody strikes approximately N65E, dipping at approximately 60 to 70 degrees to the 

north, and is approximately 120m (400ft) in Iength and over 60m (200fi) in width, The 

liangingwall primarily consists of norite and the footwall of granites and gabbros. 

At the time of the study there were four major sources of seismic information available at 

Creighton (Urbancic et. oL, 1993): the full-waveform dense array, designed to monitor the 

rock mass between 6600 and 7200 levels; the MP-250 mine-wide array. designed to 

monitor microseismic activity below 3800L; CANMET's mine-wide array t'or events with 

reported magnitudes between approximately r n ~  0.5 and r n ~  3.0; and, the Sudbury Regional 

Network (operated by the Geological Survey of Canada) that records events greater than 

approximately r n ~  1.5. Additional sensors have been added or shared with existing arrays 

to fiiIfil otl-ier research objectives. such as: moment tensor inversion studies. monitoring of 

t lie S udbuiy Neutrino O bservatory (SNO), and strong gound motion investigations. The 

64ciiannel dense array used in this study has been fully operational since September. 1992. 

AI1 of the triaxial sensors in the array are Wilcoxen accelerometers witli O.jV/g or 3.OV/g 

response and maximum accelerations of approximately 1.5 or 15g. Al1 signals are band- 



Figiire 13 - Geology surrounding Creighton mine: a) Sudbury Brisin and b) regional @fier 
Coulson, 1993) 



Figure 14 - Creighton orebodies in plan and cross-section (der Cochrane, 199 1) 



limited between 50 and 5000Hz and undergo single or dud gain amplification at tked 

increments (between 3 and 3000 times). The main part of the m y  is focused in the 

footwall and is centreci on the stoping in terms of easting. 

The rnicroseismicity of general interest was recorded between August, 1993, and February, 

1994. Selection of this time period was based on several criteria, including: the presence of 

a relatively large number of events (- 11000); the practical benefit of a fairly recent dataset; 

the existence (on average) of nine operational triaxis; and, widely variable seismic rates 

(including events recorded d u ~ g  a mine shutdown in Ianuary and Febnüiry, 1994). In 

addition, the dataset contains a large range of event strengths, including at least 160 

macroseismic events (obtained M m  CANMET), some of which caused substantial damage 

to underground workings. The subdataset of particular interest in this study contaùis the 

events generated below 6800L between October and December, 1993. For reasons 

discwed in the foilowing chapters, it was necessary in the end to focus the majority of the 

analyses on a dataset of approximately 1150 events, in the immediate footwalI below 

7000L, with location errors less than 30m (IOOR). 

The distribution of ail the microseismic events in the October to December, 1993, dataset 

can be seen in Figure 15. This figure suggests that the majority of the recorded seismicity 

is located in the footwail granites with a scattering of events in the hangingwall norites and 

ore. Two main clusters of events can be identified within the footwall below 7000L: 

geometric and structural events. These names were selected to reflect ciifferences in the 

seismicity generating processes thought to dominate within the clusters (discussed in more 

detail later). It can also be seen that the lower part of Creighton has an irregular geometry 

made up of several distinct stoping blocks. The blocks include the mechanized cut and fill 

(MCF) stopes between 6400-6600, 67004800 and 6900-7000 and the vertical retreat 

mining (VRM) stopes roughly between 66006700,68006900 and 7000-7200. The MCF 

stopes, which were al1 mined with vertically coniinuous transversely oriented rib pillars, 

were filled with 303 (tailings to Portland cernent) hydraulic fill (Wiles and MacDonald, 

1988). The extraction ratio in these areas is believed to be around 70%. 



Figure 15 - Location of events in October through December, 1993. dataset with level 
depth in feet: a) longsection (looking north) and b) cross-section (looking west) 



3.2. Source paramefer cafcufation rnethods 

The initial objective of the seismic analysis was to detennine, for the events within the 

dataset of particular interest, meanin@ source parameter values- These variable values, 

combined with the event time and location variabk, form the seismic database. This 

database will be compareci to an eqUvalent one, containing stress estimates for each event 

location, to investigate the relations between the seiSIILicity variables and the stress 

conditions within the rock mas- 

Due to the large number of  events needed for the planued statisticai analysis, it was 

necessary to automatically estimate the required seismic variable values. The original 

version of the automatic (on-he) source parameter estimation routine used at Lockerby 

demonstrated mixed proficiency at estimahg the conventional (off-line) source parameter 

values. Therefore, in order to obtain more representative source parameter estimates 

possible for this analysis a detaiied stuày was initiateci to better define the limitations of the 

on-line approach and, ifpossible, to improve its estimating capabilities. Foilowing is a bnef 

description of the off-line and on-line approaches used in this study and the efforts made to 

validate and improve the performance of the on-line routines. Details about the two 

approaches and information about various source models are included in Appendix B. Note 

that in this study, Madariaga's (1976) quasi-dynarnic mode1 was used due to the belief that 

it provides the most redistic estimates of the source size (Gibowicz, 1985; Trifù et  al., 

1995). 

3.2.1. Off-line approach 

The off-Iine procedure used to estimate source parameter values in this study consisted of 

five stages. First, the P-wave amivals were manually selected on high signal to noise ratio 

waveforms; second, the arrivals were used to locate the events using a modified Simplex- 



Geiger routine; and third the triaxial waveforms were rotated so that the P-wave energy was 

on one channel (representïng the direction of the incornhg wave). and the S-wave enerm 

was divided between the two remaining channels- Signal rotation eRectively reduced the 

number of waveforms to be anaiysed in the fiequency domain (spectra) from six to three. 

Signais that did not rotate well (hi& scattering of energy) were eliminated fiom the 

tinalysis. In the fourth stage the remaining waveforms were converted into the frequency 

domain with an FFT, corrected for signal attenuation, and the 1ow fiequency spectral level 

(a) and corner fiequency (f,) manualiy selected. The size of the attenuation correction (Q- 

value) was determined using a spectral decay technique which involved fitting a -2 slope to 

the spectra beyond the selected E, (Brune, 1970). Once this correction was made, the energy 

flux (J,), which is proportional to the integral of the velocity power spectm,  was 

automaticaily calculated. Using these spectral parameters, source parameter values were 

calculated in the nnal processing stage, based on the equations outlined in Appendix B.4. 

Where more than one triaxial was used for a given event, the final reported source 

pararneter value is an average- 

3.22. On-line approach 

Once the events have been located in reai tirne, source pararneter estimates c m  be obtained 

by adapting Andrew's (1 986) method to the time domain (Clrbancic et- al.. 1996; Appendix 

B.2.2). This method requires that the acceleration signals be integrated to give velocity and 

displacernent waveforms which are used to estimate the low frequency spectral level (a,), 
comer frequency (fc), and energy flux (.ic). Once these three specval parameters have been 

cstimated, the desired source panmeters are calculated as before. Attenuation correction 

options include: 

i) speciQing a single average Q-value that is applied to al1 wavefomis pnor to 

source panmeter estimation; 



ii) incorporating individual Q-values obtained fiom off-line processing @rimarily 

for testing purposes); and, 

iii) estimating Q-value automaticaily for each tnaxial using a Coda-Q approach 

(Feustel, 1 995; Appendix BS). 

3.3. validation of the ordine approach 

The evaiuation of the on-line routines was divided into three sections and involved the 

analysis of two different datasets. The nrst comparison utilized a 91 event dataset 

collected during October, 1992, and the second, a 302 event dataset fiom October, 1993, 

within the catalogue of primary interest. The October, 1992, dataset was a convenient 

starting point for this analysis since some of the manuai processing had aiready been 

undertaken by Urbancic et- al. (1994~; i-e., P-arrivais were picked and the signais 

rotated). 

During October, 1992, the array consisteci of seven triaxïais (three of which were set up 

with dual gains) and 34 unirnoai sensors. During this t h e  pend, the two upper single-gain 

triaxials (3800L and 5000L) were never used for source calculations in the dataset; 

therefore, this study was effêctively based on five triaxids (Figure 16). These triaxials 

were al1 located below 6600L, were found to provide good coverage in the volume of 

interest and were each calibrateci for fkquency and gain response. Pnor to comparing the 

on-line and off-line source parameter estimates, the distances between the on-line and off- 

Iine event locations were detemiùied. This comparison revealed that the majority of the on- 

line locations were within 15m (50ft) of those determined off-line (Figure 17a). in addition, 

the on-line location emrs increased rapidly when the number of sensors used in the location 

algo&m decreased below 10 (Figure l7b). Based on these plots, only events with 10 

mivals or more and calculatecl location emcs better than 30m (100ft) were included in the 

dataset. 



Figure 16 - Event and triaxial sensor locations for the October, 1992, test dataset relative 
to 7200L mining (event symbol size is proportional to location error and mine CO- 

ordinates are in feet) 
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Figure L7 - a) DBerence between off-line and on-line event locations and b) location emr 
versus number of sensors used 



33.1. Cornparison of source parameter results based on a single 

triaxial sensor 

For the purposes of simpliQing the cornparison of the off-line and on-Line source 

parameter caiculation methods, only a single triaxial sensor was initially considered. The 

triaxiai used for this cornparison (69 Ramp uiaxÏai on 6900L) was selected for the 

following reasons: the signais were relatively unperturkd (clean), they had high signal to 

noise ratios, it was the most often used sensor in the source parameter caiculations, the 

station was located wlthin the general area of interest. and the ray paths to the sensor were 

relatively unobstructed fkom both areas of microseismic activity (Figure 16). By 

removing events with inadequate arrivais, excessive errors and those that did not use the 

reference triaxiai, the original dataset of 91 events was reduced by approximately one- 

third. 

Figure 18 contains a senes of plots cornparhg the source parameter estimates determined 

from the off-line (ordinate) and on-line (abscissa) methods. making no corrections for 

attenuation. Specifically, Mh d a t e d  energy (E,,) and r, variables are compared. as they 

provide a measure of how well the on-line algorithm is calculating the spectraI parameters 

(R, I, and f,, respectively). In addition, the Acd plot is shown as a representative OP the 

variables calculated in the time domain (based on the peak velocity or peak acceleration). 

As sren. the on-line and off-line results are in good agreement. with al1 variables exhibiting 

rcasonably constnined scatter dong the 1:l Iine, Based on these cross-plots and the 

eqiiivalent plots for other source parameters, the foliowinp specific observations c m  be 

made: 
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Figure 18 - Source parameter comparison plots with no attenuation correction: a) seismic 
moment (M,,). b) radiated energy (E,). c )  source radius (r.), and d) dynamic stress drop (AQ) 



i) the Mo is the best estirnated parameter; 

ii) r. shows the most scatter, likely due to the dificulty associated witli manually 

selecting the f,; 

iii) any offset in Eo is eliminated in EJEP space, suggesting that Es and E, are 

equally offset; 

iv) the o, values are slightly off i t  due to the offset in the energies: 

v) the AG values have increased scatter over the other stress release estimates, as a 

result of having the ri3 in the denorninator, and 

vi) the A d  values calcuiated ushg similar approaches in both methods, are just 

slightly offset fiom the 1 : 1 line (Note: these differences primarily result fiom the 

way the fiequencies are filtered and the signal gains are handled). 

3.3.1.2- Manually derermined a flenuution cotreclion 

Altliough good agreement between the O ff-line and on-line results were generally O btained 

during the above comparison, offsets fiom the 1 : 1 line were obsemed, perhaps because path 

attenuation effects were not properly accounted for. To investigate this possibility, an 

attenuation correction based on Q-values determined dunng the off-line processing was 

applied to both the on-line and off-line routines, Typical results are included in Figure 19. 

A comparison of these plots with Figure 18 reveals that similar results were obtained with 

and without the incorporation of an attenuation correction. However, the small offset 

previously observed in certain parameters (such as Et,) was sligl~tly reduced. It should be 

noted that, because many of the signals had large Q-values, the applied corrections were 

consequently small. The observed increase in scatter for certain estimates is likely due to 

the additional uncertainty associated with the manual selection of Q-values. In genenl, it 
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Figure 19 - Source parameter cornparison plots with attenuation correction: a) seismic moment 
( M,,). b) radiated energy (E',). c) source radius (r,), and d) d ynamic stress drop (hod) 



can be stated that, despite merences in the methods (Appendix BS), the applied on-iine 

and off-line attenuation methods provided similar adjustrnents to the caiculated source 

panmeter values. 

3.3.2. Comparison o f  on-iine source parameter results obtained from 

different triaxial sensors 

The results of Section 3.3.1 suggested that the adopted tirne-domain approach can be used 

to obtain source parameter estimates in reai time. While the previous andyses were 

conducted with only a single triaxial sensor, in practice source parameters wiil be 

determineci fiom an average of a number of txiaxials. By ushg a larger number of triauials, 

more representative £inal source parameter values can be obtained. To assess the impact of 

averaging, M, estimates for each triaxial were compared. As before, the 69 Ramp triaxial 

was selected as the reference sensor (abscissa), against which the other four values wodd be 

compared (ordinate). Where duai gain triaxîals were available only the hi& gain signais 

were utilized. 

3.3.2.1. No aflen uation correction 

It can be seen fiom Figure 20 that the 6400L triaxial and 73 Ramp triaxial both retumed 

results similar to the reference triaxial. However, these triaxials were primarily used for the 

south-east event cluster (see Fi y r e  16). In contrast, the triaxials that were used for both the 

nort II-west and south-east event clusters (68 SN0 and 68OOL) demonstrated large arnounts 

of scatter. [n fact. for these triaxials, the observed scatter can be divided into two groups 

coi ncident wi tli the two spatial event clusters. The O bserved shift fiom the 1 : 1 line for the 

two triaxials with events from both clustes suggests that the mount of signal attenitation is 

different for each triaxial. To correct for these deviations. ensuring that al1 tnaxials retum 

si milar source parameter values, requires that individual attenuation corrections be assiwed 

10 eacli triaxia1. 
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Figure 20 - Seismic moment (M,,) triaxial cornparison plot with no attenuation correction: a) 
6400L. b) 68 SNO, c)  6800L. and d) 73 Rarnp 



3.3.2.2. A uturnaficaIiy defermined arten uarrOn correction 

ln order to calculate the required attenuation corrections, the Coda-Q technique (Appendix 

B.5). which is capable of providing Q-values for each component of each triaxial, was 

applied. In most situations, the Q-values between components shouid be sunilar; however, 

in practice, variable signal qualities resuit in a range of values. Assumuig that the 

maximum Q to minimum Q ratio did not exceed 2.5 (an empïricaily derived Iima), the nnal 

Q-value applied to a triaxial was an average of the three individual values. In the case 

where this ratio was exceeded, the ratios of the maximum to intermediate and intemediate 

to minimum Q-values were determined and the components with the Lowest ratio were kept 

for the purposes of source parameter calcdation. If now of the ratios were below 2-5, or if 

more than one component faïled quaIity checks applied the signal prior to Q-value 

calculation. then the triaxial was dropped fiom consideration. 

As shown in Figure 21, when the attenuation corrections were applied, the correlation 

between triaxials improved for the highly scattered plots (i-e., 68 SN0 and 6800 L) but had 

a lesser effect on the other triaxials. More significantiy, there was a substantiai reduction in 

the number of data points, paaiculariy for those triaxial pairs that showed the most scatter. 

mjority of the eliminated signals were found, upon subsequent inspection, to be of 

poor quaiity (weak, noisy, double events, poor P-S separation andor poor S-arriva1 

deteminations) and should not (ideally) have been used for source parameter 

determinations in the first place. Overall, perhaps a better way of evaluating the impact of 

iiicorporating individual Q-values is to compare the source parameter estimates from 

individual triaxials to the tinal averaged value with no Q-correction and variable Q- 

correction. respectively (Figure 22). It can be seen that the scatter in the individual Mo 

estirnates Ilas k e n  substantiaily reduced through the introduction of the variable Q routine. 

The Q-values applied range primarily between 100 and 400 (Figure 23a) and are values 

similar to tliose reported by Feustel (1995). In Figure 23b. the nnge ool'maxirnum Q to 

minimum Q ratios for tnaxiak used in source parameter calculations peaked at 1.25, 
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Figure 22 - Average seismic moment m) venus individual triaxial values for October, 
1993, dataset: a) no attenuation correction and b) variable attenuation correction 



Figure 23 - Distribution of: a) Q-values and b) MaxQ/MinQ ratio 
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suggesting fairy consistent results for individuai components of a given triaxial. It can be 

seen from a comparison of Figure 24a and b that the incorporation of die van-able Q-routine 

has also reduced the average number of triaxials used in the determination of the final 

source parameter values ( h m  approxirnately three to two). [n addition, there are more 

events after the application of the variable Q-routine for which source parameter estimates 

could not be cdculated (see change in height of the O bar). 

3.3.3. October, 1993, dataset 

To M e r  evaluate and validate the performance of the variable Q-correction routine, a 

larger dataset, within the time period of particular interest, was selected for analysis (Figure 

25). During this time pend there were Nne triaxiais available for the estimation of source 

parameter values. Using criteria similar to those describeci previously, it was found for this 

larger dataset that the most suitable reference triaxial was the one on 6800L (68 Triax). 

Prelùninary investigation of triaxial versus triaxial plots indicated that two of the new 

triaxials (70-3900 and 704385) were substantidy o&t h m  the I:l Line even after the 

variable Qcorrection had been applied (Figure 26). Linear regression through the points 

revealed that both scatter plots had dopes close to 1.0 (Le.. 0.98 and 0.99). suggesting that 

whatever was causing the off-set was affecting each event equally. The most likely 

explanations for this type of offset are an incomplete accounting for attenuation and site 

effects, or the application of incorrect gains. ln eiiher case, the observed offsets were 

corrected by reducing the gains for the triaxial on the ordinate to bring the cluster of points 

onto the 1 : l line. A surnmary table of the final sensor tile used for the October. 1993. 

dataset is included in Appendix B.G. 

With the gains adjusted, it was then possible to repeat the tnaxial versus tnaxial comparison 

undertaken in the October. 1992, dataset (Appendix B.7.1 and Appendix 8-72). As before. 

sevenI triaxials (c -g .  6400L. 73 Ramp, and 72-4650) demonstrated offsets with no Q- 

correction. Sut after the Q-correction was applied the points generally moved somewhat 

closer to the 1:l line. Once again, the number of data points was reduced as p o r  quality 
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Figure 24 - Number of  triaxials used in source calculations for October. 1992. dataset: a) no 
attenuation correction and b) variable attenuation correction 



Figure 25 - October, 1993, dataset: a) event locations and b) triaxial locations relative to 
7200L mining (event symbol size is proportional to the location error and mine co-ordinates 
are in feet) 
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Figure 26 - Single triaxial seismic moment (Mo) cornparison with reference triaxial: a) 70- 
3900 and b) 70-4385 triaxials 



signais were elhbated, the biggest reduction in data points king for the uppermost triaxial 

on 5000L. As was suggested previously, perhaps the ciearest Uidicator of the benefits of 

applyuig a variable Qcorrection can be seen by plotting the individual triaxial values 

against the final averaged value. A cornparison of Figure 27a and b clearly reveals that 

more consistent source parameter values are obtained for individual triaxiais after the Q- 

correction is applied. The application of this routine, however, once again reduced the 

number of tnaxiais used to calculate the h a l  panuneter values and increased the number of 

events where no source parameter estimates could be obtained (Figure 28). 

3.4. Sebmic VariabIes selected for analysk 

It can be concluded fiom the cornparison of the on-line and off-line source parameter 

estimates that a l i  the source parameters can be satisfactorily estimated with the improved 

on-line routine. As far as the core group of variables for the seismic database are 

concemed CM,, E, and rJ, these variables can be thought of in a similar fashion to the 

principal stresses, since they are the most fundamental of variables from which many 

others are calculated. M, and E, are both estimates of source strength, while ro is a 

measure of source size. In addition, the shear displacement on the slip surface (u) is 

estimated fiom a combination of the Mo and the r,. Another important group of vari-ables 

incorporates the stress release estimates (e-g.. a,, AQ, As and the rms stress drop (cm)). 

These stress release estimates are particularly attractive, given the objectives of this 

research, in that they provide measures of the change in shex stress during slip. 

Although the stress release variables Say nothing about the absolute state of stress, the 

results of the Lockerby analysis seem to suggest that there may be a qualitative relation 

between relatively high stresses and relatively high stress drops. Otlier researchers have 

suggested fiom laboratory tests that the stress drop might be a fixed proportion of the 

shear stress, such as 10% (Schoiz, 1990). Another comrnonly applied variable is the 

Es/Ep ratio, which is thought to provide information about the slip mechanism: ratios 

greater than 20 are considered to be indicative of pure shear events (Boatwright and 
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Fletcher, 1984), while ratios less than 5 suggest an important dilatational component to 

the slip. As mentioned, it has been found that events generated under the low 

confinement conditions near the surface o f  an excavation tend to have larger dilatational 

cornponents to their failure than events m e r  removed (Urbancic, 199 1). 

En addition to these variables, a few others were added to the seismic database, as 

described below. These additionai variables were selected on the basis of their ease of 

calculation and interpretation, their likelihood at correlating with va~ïabIes in the stress 

database, and their ability to add new information to the pooI of information already 

available. A listing of the 20 seismic-based variables eventuaiiy used throughout this 

study is included in the List of Variables while the formulations required are in Appendix 

B.4, 

3.4.1. Spatial density (Den3) and distance @kt.) 

Of particular practical interest in this study would be the detemination of the stress 

conditions under which different numbers of events were generated, To investigate this 

relation it is necessary to calculate a measure of spatial density for each event in the 

dataset in this study, a radius of 1Sm (50ft) was selected for this calculation because the 

rnajority of events in the catalogue have location errors below this value. However, due 

to the ever changing stress environment associated with constant mining activities at 

Creighton, it was thought prudent to also speciw a relatively short time limit over which 

the density would be calculated. Consideration of the results of the blast study (discussed 

in Chapter 9, and the desire not to have too many volumes with no surrounding events. 

resulted in the time limit king set at five days. Therefore, the Den3 variable represents 

the percentage of the total number of events in the dataset that were generated within 15m 

(SOR) and five days of each event. 

Another usehl variable that emerged from the Lockerby analysis, particularly for use in 

the qualitative analysis. was the distance of each event from an adjacent stope surface. 



This variable was relatively straightforward to calculate in the case of the hotizontai 

distances used in the Lockerby analysis but became more complicated in the case of the 

irreylar Creighton geometry. As such, no single s top  d a c e  could act as a reference 

plane at Creighton, resulting in the distance variable (Dist.) king  calculated as the 

vectorial distance from the nearest s t o p  surface. For reasons that will become apparent, 

both the Den3 and Dist. variables were only used in the initiai phases of the following 

analyses. 

3.4.2. Source complexity 

There is considerable seismological and geological evidence which suggests that fault 

zones are not homogeneous and that at least two types of heterogeneity are often present: 

asperities and barriers (Aki, 1984). Asperities are relatively strong patches of the fauit 

surface, which might eventually break with relatively large changes in shear stress, while 

barriers are zones that remain unbroken (skipped over) during the slip process. 

Therefore, in these models, the shear stress could be thought of, in simple terms, as 

varying cyclically with seismic displacement; it is initialiy uaifonn, becomes n o n - d o m  

afier slip when the barriers behave essentiaily iike asperities, then rehuns back to the 

initial uniform shear stress condition when the asperities e v e n d y  rupture. 

McGarr (298 1, 199 1) created an inhomogeneous fault model which provides an estimate 

for the radius of the most energetic asperïty (r,), the shear stress drop fdynamic stress 

drop, A-) associated with its failure, and the displacement (D) over its radius. It is 

possible, by comparing the first two variable values to the equivalent homogeneous 

source model estimates (r, and AG, respectively), to assess the level of source complexity. 

This assessrnent is important to the objectives of this study because the shear stresses 

calculated from the numencal models are average values and, as such, should be much 

more compatible with the source parameters calculated fiom a homogeneous model. If 

some of the events prove to be quite cornplex, they may have to be filtered from the 



dataset since, in such cases, event generation would be controlled by the shear stresses 

acting on the asperities, which would be diffIcuit to estimate. 

The measures of source cornplexity included in the seismic databse are: the rJr0 ratio 

and the Acd, ca, and o,, stress &op ratios with A c  ( ie - ,  AcrdAcr, cJAa and =&Ac, 

respectively). cm and A- are more sensitive to the stress relezses fiom all sub-events 

generated during the faultùig process, while A c d  is sensitive to the most energetic sub- 

event (Tnfii eL al-, 1995)- In the case of a simple source, the estimates of Acrh a,, and 

Am should be similar (Gihwicz and Kijko, 1994), resuiting in ratios close to 1.0, 

whereas, complex sources resdt in ratios greater than 1.0. The opposite is true for r&; 

the more complex the source, the smaller the r, and, therefore, the greater the reduction in 

the ratio fiom unity. Whereas the former ratios were descriptors of geometric 

complexity, the oJAa is, perhaps, best descnbed as an indicator of rupture complexity 

(Urbancic and Trifu, 1996). Specïfïcally, ratios less than and greater than 0.5 suggest 

overshoot and undershoot conditions, respectively. 

3.43. Radiation efficiency (sen) 

The radiation efficiency (G~) is a less commonly calculated variable that is capable of 

distinguishîng between slow and fast rupture processes (Boatwright and Quin, 1986). 

Physically, it might be thought of as the proportion ofthe total seismic energy radiated by 

the sub-events. This variable is of interest because G~appears to increase with increasing 

rupture velocity (Boatwright and Quin, 1986) which might be controlled by stress and 

strength variations on the failure surface. Specifically, Boatwright and Quin (1 986) found 

from theoretical studies that, where the slip surface had a relatively uniform stress and 

strength distribution, the rupture velocities and, therefore. eficiencies were LOW. 

Conversely, they found that a wide variation in stress or low strength regions led to higher 

(but variable) rupture velocities. 



3-4-4. Apparent volume (VA) 

Mendecki (1993) suggests that Vh provides insight into the rate and distribution of co- 

seismic deformation andor stress tramfer in the rock rnass, and can be used to help 

predict large events. Specifically, he believes that, when VA and ci are accumulated in 

time, they c m  be interpreted in terms of the strain and stress rate within the rock mas,  

respectively. This is of interest, in that a negative product would suggest an increased 

likelihood of instability within the rock mas. He has also suggested that it is most 

insightfbl to calculate the stress rate h m  changes in a,, for sirnilar M, by caiculating an 

energy index value, which is simply the energy actuaUy released dative to the average E, 

versus M, relation. Related work has proposed that relative ewrgy enrichment can be 

observed within deeper, more competent, regions of the rock mass and areas of higher 

than average rockburst potential (van Aswegan and Butler, 1993). These cumulative 

values were not calcdated in this study for several reasons: tth,  it is not the primary 

objective of this study to predict large events and, second, from a practical point of view, 

every time an event is eliminated h m  the dataset, the accumulatexi values would have to 

be recalculated, which would be awkward given the amount of filtering eventdly 

required (discussed in Chapter 5 and Chapter 7). Therefore, only the noncumulative VA 

and oa variables were incorporated in this study. If these variables show partîcular 

promise, m e r  consideration will be given to the inclusion of cumulative variables. The 

same thinking applies to Mendecki's (1997) seismic stress and seismic strain variables 

based on the cumulative Mo and cumulative E, values- 

3.4.5. Excess stress release (ESR) 

One of the most attractive groups of source parameters are the stress release variables, 

since they Say something directly about the change in shear stress associated with failure. 

However, these variables can be combined to provide further insight into failure 



processes. One example is the difference between the average resisting stress and final 

stress (Excess Stress Release; ESR) which can be calculated fiom AG and o, (Urbancic 

and Trifu. 1996). This variable is of interest in this study as it may indicate how 

effectively the stress is k i n g  relieved withui a particular volume. Regions of the rock 

nias unable to relieve the accumulated stress may be candidates for increasing 

iiiicroseismic activity or be îùture locations of relatively large rvents. S imi lady. 

variations in ESR may be associated with the size or relative distribution of the stresses 

acting within the rock mass. Along these lines, Urbancic and TrifÙ (1996) found 

empiricai reasons to suggest that higher ESR events initially had higher shear stresses 

tlian lower ESR events. 



4. CREIGHTON MINE - STRESS DATABASE 

4.1. introduction 

The objective of this section is to obtah representative stress estimates for each event 

within the dataset of particular interest- Since it is not possible to have an actuai stress 

measurement at each event location, the only way to obtain the required variable values 

for the stress database is through numerical modelling. As will become apparenf it was 

necessary to utilize both hear - elastic (Examine3D) and non-linear - plastic (FLAC3D) 

numerical modeh to achieve the objectives of this study- 

This chapter is divided into six major sections: 

i) a description of the geomechanical properties needed for this study (Sec. 4.2); 

ii) a description of the fXi properties needed for this study (Sec. 4.3); 

iii) a description of how the eIastic stress estunates were obtained for each event 

in the dataset (Sec- 4.4); 

iv) a discussion of the efforts made to gain confidence (calibrate) in the input 

variabLes required for the plastic mode1 (Sec.4-5); 

v) a description of how the plastic stress estimates were obtained for each event in 

the dataset and an assessrnent of the importance of failure (Sec.4.6); and. 

vi) a description of the stress variables included within the stress database 

(Sec.4-7). 



4.2. A vailable geomechattica f in format ion 

In this study, the information contained within the geomechanical database will be used 

in two different ways. First, it is required as input for the elastic and plastic numerical 

modeis and, second information about the structure of the rock mass will be needed to help 

linderstand the seismicity generating processes acting in the rock mass. The information 

contahed withïn the geomechanical database at Creighton came fiorn the foilowing 

sources: underground mapping Ooint characteristics and large-scale features). underground 

instrumentation (far-feld stress estimates) and laboratory tests (intact materiai properties)- 

The joint characteristics and intact material properties are combined to estimate the rock 

mass strength properties. Each of these sources of geomechanical information is 

summarized below- 

4.2.1. Underground Mapping 

Tlie orientations of the major joint-sets for each rock unit were obtained by Coulson (1993) 

from an existing geologid database of structurai features for the lower four Levels of the 

mine (6600, 6800, 7000, and 7200L, respectively). This information was supplemented 

with confi~rmation mapping, which concluded that Creighton, over this depth range, could 

he  divided into three structural domains: hangingwall norite. ore zone sulphide, and 

footwall granite and gabbro. As documented in Table 3. within the ,mite (G), the ore (O), 

and the norite (N) there exist four. fve and six joint-sets, respectively. However. not al1 of 

these joint-sets were equally well represented within the database- For example. in the 

granite domain, the first two joint-sets are major vertical sets, the third a minor vertical set. 

and the fourth a relatively minor horizontal set. Average spacings and persistence values 

were determined for each domain wherever possible. 



3 - Joint-set orientation, spacing and persistence 

The joint strength properties required to calculate the Barton-Bandis shear failure envelope 

were determined by Coulson (1993) for each joint-set £iom Schmidt hammer tests (for joint 

compressive strength - JCS) and from a cornparison with standard roughness traces (for 

joint roughness coefficient - JRC; Table 4). The residuai friction angles (9,) were 

calculated using Barton and Choubey's (1 977) equation using an assumed basic frictional 

angle (4h) and the Schmidt hammer results. The ore properties were estimated from lirnited 

data as no confirmation mapping was possible at the time of Coulson's ( 1993) study. 

Detailed analysis also suggested that the small scale roughness of the norite was 

considenbly higher than for the granite, but when the trace length was increased to Sm 

( 1 6 ft) this trend reversed. 



Table 4 - Summary of Barton-Bandis joint properties 

In terms of larger geologicai features, Stevens (1995) suggests that there are major east-west 

trending shears and noah to no&-west and east to no&-east brittle shears. According to T. 

van Wiechen (personai communication), the major shears are discrete features typically 

ranging in thickness between 0.25 and 0.50m (0.83 to 1.67A) and ofien containhg biotitic 

material and slickensides or, less comrnonly, quartz carbonate infilling. These ductile 

sliears are steeply dipping and some have inter-level continuity (Figure 29). On the other 

hand, Stevens (1995) suggens that the clean brittie shears are generally less than 0.20m 

(0.67fi) thick, are found mostly in the granite footwail and are infilled with foliated biotite- 

rich rock. Displacements on these shears are thought to be responsible for some of the large 

events at the mine. 

4.2.2. Far-field stresses 

The tàr-field stress magnitudes were determined by Coulson ( 1993) based on nine existing 

overcoring results. seven of which were located between GGOO and 7200 levels. Wliile he 

believed their estimates to be a suitable average for the depth nnge considered. the values 

are possibly somewhat low for the deepest part of this range (included as the likely 

minimum values in Table 5). Severn1 people with Creighton modelling expenence (C. 

Langi 1 le. personal communication: Espley and Buss. 1 994) have found that the fo llowing 



Figure 29 - Location of major shears (200fl mine grid): a) 7000L and b) 7200L (after 
Coulson. 1993) 



principal stress gradients generaliy assumed for the Sudbury basin are appropriate (included 

as average values in TabIe 5): 

Sigma l = 10.89 MPa + (Depth (A) x 0.0 1 240 MPa/ft) 

Sigma2 = 8.825 MPa + (Depth (fi) x 0.00993 MPalft) 

Sigma3 = 0-0 MPa + @epth (ft) x 0.00889 MPa/ft) 

Table 5 - Far-tield stress estimates dculated for the 7100 foot depth 

Upper bound values (likely maximum in Table 5) were selected based on the assumption 

that the actuai far-field stresses would not Wrely exceed 10% of the average. The directions 

of die far-field stresses were taken from Coulson (1993) and are thought to be representative 

(C . Langille and S .  Espley personal communications). 

4.2.3. Rock mass strength properties 

The intact properties for the granite. ore and norite, as determined From labontory test 

resuits, were also compiled in the investigation undertaken by Coulson (1993) and are 

siimmarized in Table 6. 



Table 6 - Intact rock properties 

s = standard deviation 

To describe the strength of the rock mass as required for the plastic modelling, the method 

suggested by Hoek and Brown (1980) was foiiowed and the m and s variable values for 

each rock unit were estimated fiom the undisturbed equations after the RMR vaIues were 

converted to GSI (Le-, GSI=RMR&; Koek et, al., 1 995)- The calculated RM&9 vaiues 

(Bieniawski, 1989) are based on the geomechanics study conducted by Coulson (1 993) and 

are presented in Table 7. It should be noted, as recommended in Hoek and Brown (1 988) 

and Hoek cl. d (1995), th& the m and s parameter values were determined with no joint 

orientation correction and assuming completely dry conditions. The reported rock rnass 

strength properties are restricted to the ore and granite domains. since very Little of the 

seisrnicity Located within the norite. In addition, when only an average value was reported 

by Coulson (1993). and it fell between the limits specified by Bieniawski (1989). the 

suggested upper and lower values are generally Bieniawski's limits. 

In TabIe 8 the Bulk (K) and Shear Moduii (G) were calculated from the Young's Modulus 

(E) and the Poisson's Ratio, while the cohesion and the friction angle were estimated tiom 

the Hoek-Brown strength curves. Both the tensile strengths and dilation angles were set to 

zero. In the Former case. this assumption was not thought to be an issue duc 10 tlic expected 

absence of signifiant tension in the volume of interest. ln the latter case, this value was 

sçlected due to a lack of information and the amount of confuiement expected in the volume 

of interest. The sensitivity of the modelling results to the specitication of a dilation angle 

will. however. be rvaluated during the p m e t n c  analysis described later in this chapter. 

The rock mass residual strengths. presented in Table 7 and Table 8. are required to assess 







the impact of rock mass strain-softenhg in the plastic model. Clearly, determining residuai 

strength properties is extrernely diflïcult and is dependent upon confinement, as observed in 

triaxial tests. The approach adopted here to ckumvent this problem was to bracket the 

iikely range of residual strengths. it is betieved that, under the confinement conditions 

expected in the volume of interest, the ûue rock mas cesidual behaviour would Iikely fall 

between straui-softening and perfectly-plastic. The lower limit residuai values presented in 

Table 7 were approximated by going back to the rock mass rating system and making the 

observation that, of the five main variable values required, ody two, the RQD and the 

spacing of the discontinuities, are Iikely to be strongly affected by rock m a s  faiIue- If 

these two variables are reduced to theù minimum possible value, the lower bound p s t -  

failure RMR estimate is obtained at approximately 70% of the average RMR values for the 

rock mas .  As before, the residual strength variable values reported in Table 8 were 

calculated f?om this RMR value. Unfominately, an additional variable is needed to describe 

the strain-sofiening behaviour of the rock mass: the speed by which the transition is made 

fkom the peak to residual strengths. in FLAC3D this is specined in terms of plastic strain. 

Based on experience with this particular model, 5. Tinucci (personal communication) has 

found that a 3% plastic strab transition works reasonably well under a variety of conditions. 

The fi-iction angle and the cohesion values in Table 8 were needed for the Mohr-Coulomb 

strength critena used by FLAC3D. The required van-able values were determined by fitthg 

the Hoek-Brown failure c w e  over an appropriate stress range. Io the case of the two 

structural domains of interest the curves were fit in Sigmal vernis Sigmd space between 

the expected 5 and 20 MPa of confinement, which translated to Sigmal values between 70 

and 150 MPa (br the ore) and which covers the expected Sigmal range in the volume of 

interest (an assumption later codirmed). Outside this range. the selecied Mo hr-Coulom b 

variabte values overestimate the strength of the rock mass. The Mohr-Coulomb variable 

values for the residual strength of the granite and the ore were fit over a slightly lower 

Sigma3 range (consistent with Sjoberg and Tinucci, 1993) extending fiom 2.5 to 15 MPa 



As mentioned, al1 of the VRM stopes have been filled with cemented fi11 and the MCF 

stopes have, in addition, vertidly contuiuous, tranmersely oriented rib-pillars. Because the 

multi-material plastic mode1 will require that fil1 properties be assigned strength estimates 

For the backfiil and the backfÏWrib piilar (B-FJRib) materials need to be specified. In the 

case of the B-FJRi'b combination, a single set of material properties will have to be used to 

describe the composite system, since it is unlikeIy that the pillars will be explicitly 

incorporated into the model, 

The cemented fili properties in Table 9 were obtained fiom INCO (1991) who used values 

fiom Laodriault and Oliver (1989). These were thought to be f d y  reliable, although the 

Poisson's Ratio might be a littIe low compared to the values adopted in other studies (Pelley 

and Archibald, 1992). Unfortunately, obtaining a single set of average properties for the 

composite B.F.Rib system is much more difficult. While the piilar portion of the B-FJRib 

combination will alrnost certainly have failed, the system may su11 carry substantial residual 

load due to the confming effect of the fiii. Obtaining appropriate materiai properties is 

made even more difficult by the piiiars only being continuous in the vertical direction. Even 

tliough the overlying stoping wiii likely limit the amount of vertical stress tramfer given the 

inclination of the rock mass strength cuves, even this small amount of confinement can 

have a substantial impact on the stability of the rock m a s  near the MCF stopes. h the end, 

the values assigned to the B.F./Rib matenal may have little to do with what is easily 

defendable, and more to do with what is necessary in order to match observed rock mass 

hehaviour. 

One method used to account for the confining effects of the B.F./Rib combination was 

adopted by Wiles and MacDonald (1988) in which a 7 MPa normal stress was applied to 

al1 excavated surfaces. While this approach is relatively convenient, it would be 

cumbersome to apply this technique to multiple step models with severnl diffèrent MCF 

inining blocks, some of which have no calibration observations avaifable. Instead, the 



approach adopted here is to bracket the likely range of values by assuming that the 

composite material's achial behaviour fdls in between its cornponent parts (i-e., the 

B.F./Rib system bas strength properties resulting nom some combînation of the cemented 

fill and residual ore). 

Table 9 - Cemented bacMi and B.FJRib pmperties 

While the most tempting B.F./Iüb strength estimates could be denved by combining 30% 

of the residual ore material and 70% fil1 material (to reflect the extraction ratio), it 

became apparent that using 30% of the residual ore material is far too low. As a result, 

the lowest value included uses 50% residual ore matenal- The necessary values were, in 

this case, roughly estimated by deking a curve approximately half-way between the fill 

and residual ore envelopes, and then finding m and s values and a GSt value that 

approximately tits this cuve at low confîiing stresses. In Table 9 the 50% residual ore 

case resulted in an equivalent GSI=30 rock mass material. The indicated -esses 

represent the rock mass values calcuiated from that GSI value using: E = 
1 0 (GSLI OY40 

(Serafun and Pereira, 1983; Hoek et. al., 1995). The rock m a s  values were used since it 



was believed that the intact modulus would not be appropriate for the pil;ars. This decision 

is consistent with the work done by Forster (1992) who modelled pst-pillar behaviour in 

two-dimensions. Other possible combinations of fU and residual ore in Table 9 are 

calculated fiom uicrements of GSI between the proposed bits of GSI=30 and 49.5 (ore 

residual value). As will be seen later, the stifkess applied to the B-FIRib system is more 

important than the cohesion and fiiction angle and, as a result, little time was spent 

worrying about how these latter variables varieci between the 50% and 200% residual ore 

cases (thus, for the most part, they were assumed to have the same values as the residual 

ore). A discussion of the impact of the assumeci Poisson's ratio, cohesion and nicrion 

angles for the BFJRiï. systern will be included later. 

An alternative approach to estimaihg the stifbess of the B S l R i b  system fiom the GSI 

value would be to calculate, elastidy, a value for a single material which has the same 

vertical Stifkess as ore pillars filhg 30% of a void. If it is assumed that the vertical 

displacement under a given load should be the same, it can be s h o w  that the moduli of the 

single equivaient material should be 30% of the pillar stiffness. Thus, if the maximum 

likely pillar stifhess is that of the average ore rock mass (E = 33 GPa) then the equivalent 

single material should have a siShess of approximately 10 GPa On the other hand, ifthe 

minimum Ueiy ore pillar stiffness is assumed to be that of the residual ore rock mass (E= 

9.7 GPa) then the equivalent single material would have a stifniess of approximately 3 GPa 

This iine of ïogic suggests that the B-FJRib stifnness should fd in the 3 to IO GPa range, 

which is almost exactly the same as the range presented in Table 9 using the first approach. 

AQùttedly, this latter method does not account for the confining effects of the fill, which 

would probably innease the effective dfhess  under certain displacements, nor does it 

account for the possibility of additional vertical load king generated in the single material 

by horizontal displacements, but it is believed that the range of values presented represents 

at least a rationai starting point for the parametric analysis. 



4.4.l.L Modd seledion and geometry 

The direct boundary-element pro- Examine3 D (Curran and Co rkum, 1 997) was 

selected to investigate the elastic behaviour of the rock mas .  A three-dimensional mode1 

was chosen as it would be needed to conectiy describe the geometry, a requirernent that was 

conf ied  by comparing the stresses obtained in three-dimensions to those obtained by a 

two-dimensional hybrid mode1 (Phases; Hoek et. uL. 1993). CTtilizing a boundary-elernent 

rnodel was attractive because of two features: its inherent ability to properly handie infinite 

boundat-ïes and the fact that stresses c m  be obtained easily at any point of interest (such as 

event locations) without interpolation. Examine3D was selected, specificaily, because it has 

been used and tested extensively and has been fotmd to be robust, reliable and convenient to 

use under a variety of conditions. Some of the decisions that wilI be made about the set-up 

of the elastic model and, Iater, the plastic model, are summarized in Table IO. to which 

reference WU be made many t h e s  throughout the foliowing discussions. The rigorous 

approach outlined in Table 10 was adopted for several reasons: to demonstrate the decision 

making methodology applied, to determine which model represented the best compromise 

between obtaining representative stress estimates and computational eficiency. and to 

assess the impact of incorporating rock m a s  failure within the plastic model relative to the 

known modelling uncertainties., 

The tirst model building decision was how much mine geometry to include in Examine3D. 

Since the volume of interest (originally between GSOOL and 7400L) was located at tlie 

Iowest most levels of the mine, it was judged that including mining above 6400L tvas not 

necessary. To evaluate the impact of this decision, the model was extended to 6300L and 

the stresses compared to those tiom the 6400-7200 model at grid points (spaced at 

'1.1 ~ 9 . 1  x%Gm or 3Ox30x2Sft). approximately encompassing tlie volume of particular 





interest The resulting percent change (obtained by subtracting model No.2 stresses from 

mode1 No. 1 stresses and dividing by No. 1 stresses; see Table 10) could then be evaluated at 

cnch of these points and it was found that Sigma1 and Signa3 both increased on average by 

approximately 1 -2Yo due to the additional geometry. In both cases this change was viewed 

to be too srna11 to justify the loss in computational eficiency associated with incorporating 

the additional geometry. 

The second rnodel building issue encountered was how best to apply the far-field stresses. 

For simplicity, a constant stress field caiculated for the 7100Ct depth (Le.. approximate mid- 

depth between 6800L and 7400L) was applied. The impact of tlus assuniption was 

determined by subtracting the constant model ( N o 3  fiom a model using gravitational 

Ioading (No.2)- It was found that the impact of this decisioo was an increase or decrease of 

approximately 2 to 4% in both Sigma1 and Sigma3, depending on whether the grid points 

were above or below the 7100ft depth. 

The third set-up decision was how densely to discretize the excavation surface. The 

approach adopted was similar to the one recommended by B. Corkurn (personal 

communication) and involved choosing a suitable element size dong the surfaces closest to 

the volume of interest and then comparing the results with those obtained when twice as 

many elements were used. This doubling procedure (actually haiving in ternis of Table 10) 

Iiad. for the most part, less than 5% impact on the predicted principal stress magnitudes 

(obtained by subtracting model No.4 from No.3 in Table 10). For computational eficiency 

reasons, the mode1 with the fewer elements was selected for initial use- 

Tlie geometry of the resulting 5582 element 6400-6800 niodel çan be seen in Figure 30. 

This Examine3D model retlects the geornetry appropriate for October 1. 1993. and. as such, 

rrpresents the rxtent of rnining at the beginning of the time penod of particulnr interest. 



Figure 30 - Geometry of the 6400 - 7200 Examine3D mode1 (after Mercer and Bawden, 1996) 



-nie distribution of principal stress magnitudes obtained from the Exarnine3D (mode1 No.4 

in Table 1 0) when using the average applied Far-field stress conditions for a typicd cross- 

scction (E 4500 which is approximately the mid-easting of the 7000-7200 VRM stopes) is 

included as Figure 3 1 . It can be seen that Sigma1 does not Vary substantially tluoughout the 

hulk of the footwall region. in contrast to Sigma3 which, due to the overhanging 6900-7000 

mining, reduces sharply as the 7000-7200 VRM stopes are approached fiom the south. 

One disadvantage of Examine3D is that multiple materials cannot be incorporateci; as a 

result strength factor (S.F.) plots can only apply to a single rock type. A typical result. 

applying the average granite strength properties and the same average far-tield stress values 

as used above, can be seen in Figure 32b- Under these conditions rock mass failure is 

predicted to occur beneath the overhang- While the overstressed region is not particu1arly 

large, a much more substantial volume is below S.F=l.SS- The sensitivity of the predicted 

stability to changes in the far-fieid stresses and rock mass strength assumptions was 

qualitatively assessed with a series of similar strength factor plots. Fiy re  32a represents 

the most stable condition (minimum likely stresses and maximum strength) and Figure 32c 

represents the Least stable situation (maximum likely stresses and minimum strength). 

Because rnuch of the irnmediate footwail in the volume of interest is ore. the average far- 

field stress and average ore strength factor plot is included as Figure 32d. I t  can be seen 

that this final result is very similar to the worst stability situation for the granites (Figure 

3 2 ~ ) .  From a cornparison of al1 the plots in Figure 32, it cm also be seen that. despite 

sribstantial variations in input variables. the only strengtli tàctor cuwe that moved 

s~ihstantially is the one tbr S.F=l .O. This apparent insensitivity beyond r i  ccrtnin distance 

into the fbotwall is likely due to geornetry. Thus, it is suggested tliat outsidr the zone of 

direct influence of the overhang the predicted stability of the rock m a s  may no t be asected 

in a major way by uncertainties associated with the input variables. Unfortunately. some of 

the cvents of particular interest (see Figure 15b) are in tàirly close proximity to the 
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Figure 3 1 - Dishibution of principal stress estimates on E 4500 obtained fiom the 6400 - 
7200 Examine3 D mode1 (cross-section looking west): a) Sigma 1 and b) Sigma3 
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Figure 32 - Ho&-Brown strength factor plots from the lower part of the 6400-7200 Examine3D model on E 4500 (cross-section look 
west): a) minimum stress and maxiinuin strength (for granite), b) average stress and strength (for granite), c) maximum stress and miniiiiuin 
strength (for granite), and d) average stress and strength (for ore) 



low strength factor region. As a result. the impact of failure and subsequent stress 

redistribution on the Examine3D stress estimates was investigated further. 

4.4,1.3, Stress redistribution corzsidwa fions 

One way to estimate the amount of stress redistribution associated with faihre in the 

[botwall is to detemiuie by how much the elastic stresses exceed the rock mass strength at 

particular points of mterest Figure 33 uses the Exarnine3D stress estimates at the sarne 

gnd points used earlier and plots their positions relative to Hoek-Brown strength factor 

curves based on the lowest likely granite properties (similar to the average ore)- Once again 

it can be seen fiom the horizontal nature of the cluster that the stability at the grid points is 

largely controlled by variations in confinement. In addition, it can be seen for these points 

tlmt the maximum distance (in Sigma3 ternis) that any grid point is to the le& of the S.F=l .O 

line is approxirnately 7 MPa and the volume within this region is relatively small (indicated 

by tlie number of grid points). Therefore, it could be argued that the amount of potential 

stress redistribution is also iikely to be small. 

Another possible way of assessing the importance of faiiure and tlie amount of stress 

redistribution without actually undertaking plastic modelling is to make the end-member 

assumption that the failed rock mass has no residual load-carrying capability. This 

assunlption c m  be simulated in an elastic mode1 by iteratively rnining out the overstressed 

regions of the rock mass until a hnctional equilibnum is achieved ( L e .  until the volume of 

the rock mass below S.F-=1.0 is small: Grabinsky and Curnn. 1993). This was lindertaken 

sc-venl tinies for a range of input values and it wris foiind. in all cases, that fiinctional 

cquiiibrium was acliieved only wlien the mode1 geonietry approsi~iintcd Figure 3 4. II cm 

be seen t?om this figure that. at equilibrium. the entire triangular overhanging volunie is 

iiiincd out. This result suggests that, by assuming no residual rock n i a s  strength. stress 

rcdistribution into the seismically active volume would likely be too large to ignore. 
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Figure 34 - 6400-7200 Examine3D mode1 safety factor plot on E 4500 (cross-section 
looking west) for equilibriurn condition after successive mining steps 



60th of the above tests were designed to obtain a sense ofwhether incorporating rock mass 

failure was going to make a substantial difference to the stress magnitudes and directions 

predicted in the volume of interest, The fkst qualitative test gave the impression that the 

arnount of stress redistribution might be smd; however, the second method suggested the 

opposite. As a remit, it does not appear possible to unambiguously assess the importance of 

rock mass failwe and associated stress redistribution without actually incorporating non- 

linear behaviour into the model. 

4. 4.2. f . Model selection und geometv 

To investigate the importance of rock mass failwe within the volume of interest, the finite- 

difference program FLAC3D was used (Itasca, 1995). This modelling package was selected 

as it had undergone testing as part of other research projects and FLAC (Itasca, 1991) had 

been found over thne to provide reasonable resuits under a variety of conditions. FLAC3D 

was found to be fairly convenient to use once the model was built and the operator became 

farniliar with the input and output procedures. In addition, both FLAC programs employ an 

explicit the-stepping procedure, which aiiows large displacements to be easily 

accornmodated and the path to the equilibrium conditions recorded. 

In al1 cases, the modehg  procedure employed in FLAC3D was as follows: 

i) the boundary displacements were fvced in d l  directions; 

ii) the zone stresses were initialized to far-field values and the model was stepped to 

initial equilibrium; 

iii) the first mining block was extracted by nulling the appropriate volume and the 

model was stepped to equilibrium; and 



iv) step (iii) was repeated until all the mùung blocks were extracted. 

In general, the nurnber of steps required to achieve fünctional equilibrium was detemiined 

by specifj4ng that the maximum unbaianced force at equilibrium should not exceed 1% of 

the largest force acting in the volume of interest (itasca, 1995). 

As with Examine3D, the first issue to be addressed was the depth range to be modelled. 

The simple solution would be to duplicate the mode1 geometry decided upon with 

Examine3D; unfominately, this was not possible in FLAC3D due to the Limitations, 

imposed by hardware, on the number of elements, as well as solution time considerations. 

As a result, the geometry had to be sirnplified (to conform to zone boundaries) and limited 

to between 6800 and 7200 levels. The geometry evenWy decided upon (Figure 35 - 
model No- 7 in Table 10) used 9.1 x9.1x7.6m (3Ox30x25ft) rectangdar zones in the volume 

of interest surrounded by graded zones to an "idhite" boundary. 

Since the model was substantidy simpiifïed when compared to the more realistic geometry 

created in Examine3D, it was necessary to assess the impact of these simpIifications. 

Quditatively, the distribution of the principal stresses fiom FLAC3D (negative stresses are 

compressive) resembles those obtained fiom Examine3D (compare Figure 36 and Figure 

3 1). It was not possible, however, to more quantitatively assess the impact of the geometnc 

simplifications by comparing the Examuie3D and the FLAC3D models directly, as several 

different effects (such as the differences in the numerical methods) would be simultaneously 

evaluated. Tlierefore, to properly determine the impact of the geometric simplifications it 

was necessary to create a simplified Examine3D model that was geometricaily identical to 

the FLAC3D model (NOS in Table 10). This model was then used to compare elastic stress 

estimates for the hiil and simplified Examine3D models (obtained by subtnctinp model 

No.5 from Na4 in Table 10) at the same gid points used earlier. In the end. the geometric 

sirnpiitications reduced Sigma1 by up to 10% while Sigma3 both increased and decreased 

substantially re!&ve to the full model. Of particular concern was the relatively large 



Figure 35 - Original Creighton 6800-7200 FLAC3D model geometry in cross-section (at 
E 4450 and looking west): a) full view and b) zoomed in view (after Mercer and Bawden, 
1996) 
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I:I 1) niodt.[ on E 4500 (cross-section looliing \!,est): a) S igmn l oiid h 1 S igiiia-; ( iilicr 
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number OF points where the van-ation in Sigma3 exceeded 30%. To understand why 

Sigma3 was particularly affected. the percent change between the two models was plotted 

lbr each stress point vernis that point's depth. As expected, the largest changes in Sigma3 

were at the shallower depths. where the impact of not including mining above the 6800L 

would be most strongly felt It was apparent fiorn this observation that the original depth 

range of interest would have to be modified so that the impact of the simplified geometcy 

could be reduced. It was found that eliminating the grid points above 7000L resdted in a 

substantiai reduction in the number of points where hi& percent changes were observed; 

therefore, the volume of particular kterest was reduced fiom bdow 6800L to beIow 7000L. 

To better understand the remaining van-ations between the models, the percent change in 

Sigma3 was plotted against the absolute value of Sigma3 at each gid point and it was found 

that many of  the cemainhg high percent change points were associated with the lower 

Sigma3 values. in other words, an inherent shortcoming of using percent change as an 

indicator of variability is that srnail changes in the absolute tems can result in large changes 

in tems of percentage when the absolute values are small. En ternis of absolute values. the 

majority of the grid points below 7000L had less than 10 MPa change in both Sigma1 and 

Sigma3 due to the geometric simplifications. 

At this point two final FLAC3D model-building decisions had to be evaluated: fmt, 

wliether the model boudaries were, in fact, far enough away to properly simulate "infinite" 

conditions, and second, what the impact was of exceeding the maximum recommended 

aspect ratio of five for the graded zones (Itasca, 1995). To evaluate these issues. the mode1 

bolindaries were extended by approximately i50m (500fi) in al1 directions and the number 

of rlements used to grade to the boundaries was increased so tliat the aspect ratios were 

clearly below recommended levels. The impact of tliese changes (obtained by subtracting 

niodel No.7 t'rom No.6 in Table 10) was small (+/- 1%) and, as a result, the original model 

contigiintion was judged to be suitable, 



4.4.3. Cornparison of elastic Examine3D and FLAC3D results 

Wliile the above discussions focused on assessing the impact of the sirnplified geometry on 

the predicted stress magnitudes, it was also necessary to compare the results when ninning 

Examine3D and FLAC3D under similar conditions. While it is unteasonable to assume that 

the models wodd agree exactiy due to inherent differences in tiie methods, they should 

return fairly similar values when both are nui elastically for identical (Le.. sirnplified) 

geometries. This comparkon would therefore, provide a measure of the unceaainty 

üssociated with the application of dBerent numencd methods. An additionai advantage of 

this comparison is that, if they returned dissimilar values, it would suggest an inconsistency 

in the set up of one or both models. The observed difference (obtained by subtncting 

model No.7 h m  NOS in Table 10) for a subset of the grid points used earlier 

(encompassing only the footwall region below 7000L and covering the majonty of the 

voiume modelled by the regular rectangular zones) was found to be generally less than 3 

MPa in Sigma1 and Sigma3, indicating that for basically identical geornetrïes the two 

methods renimed very similar results. 

4.4.4. Total modelling uncertainty 

Thus far, discussions have focused on what impact the various modelling decisions had on 

the principal stress magnitudes. There were two reasons for including the precedùig 

discussions: the first was to support necessary decisions about model set-up. and the second 

was to give an impression of each decision's contribution to the accumulated uncertainty. 

This latter point may be important since it could be suggested tliat applying stress estinutes 

from a plastic model is difficult to justiS in the case where the known iincertainties 

associated with setting up the model exceed the impact of incorporating tàilure. To 

determine the uncertainty accumulated to this poinf the stresses fiom the most complicated 

Exarnine3D model (No.1 in Table 10) were compared to the stresses from the elastic 

FLAC3D mode1 (No. 7 in Table 10) utilizing the same grid point subset used above. The 

results of this comparison cm be seen in Figure 37 and Figure 38. Figure 37 indicates that 
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Figure 37 - Accumulated uncertainty: a) percent change in Sigmal, b) percent change in 
Sigma3, c) absolute change in Sigmal, and d) absolute change in Sigma3 
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Figure 38 - Accumulated uncertainty: a) absolute change in Sigmal trend. b) absolute 
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S igiiia3 plunge 



there is up to 10% uncertainîy in Sigma1 and up to approximately 20% uncertainty in 

Sigma3. or about 10 MPa in either case. Another consideration is the impact that the 

modelling decisions have had on the direction of the principal stresses. To assess this 

effect. the stress tensor output of FLAC3D was converted to principal stress magnitudes and 

directions and the impact on trend and plunge assessed (Figure 38)- it can be seen that the 

rcsults are generdly within 10 degrees- The importance of both these results will be 

evaluated later relative to the impact of failure. In addition. to this point, little mention has 

been made of the impact associated with uncertainties in the input variable values 

tliernselves; this wilI be addressed through a parametnc shidy and mode! calibration. 

4.5. Caïibratiun of F U  C3D input parameters 

4.5.1. Objectives and site selection 

Before any plastic modelling could begin within the volume of interest it was necessary to 

gain confi~dence in the applied rock mass strength and stress input values. While the 

strength values surnmarïzed in Table 8 were determined by what was believed to be a 

rational self-consistent approach, there is still variability within each variable value, as well 

as the option of specifying strain-softening residual behaviour. Calibration is, therefore. a 

critical part of the non-linear modelling process; without this, it would be dinicult to assess 

tlie appropriateness of the input values and, therefore, impossible to determine what level of 

confidence could be assigned to any of the subsequent modelling results. 

The ideal calibration site would not only be close io the volume and time period of 

particular interest. in order to minimize the impact of local changes to tlie far-field stresses 

and strength variables, but would also have depth of îàilure information and stress and 

displacement measurements within the ore and the granite. Ideally, the site would also be 

within a region where the impact of specwng B.F./Ftib and cemented fil1 properties could 

be assessed. Unfortunately, none of the candidate sites were within the volume or time 

period of particular interest, since very little suitable observational information W ~ S  



collected dunng this time period. As a result. no one site could fulfü al1 of the requirements 

listed above, In the end, the extraction of the de-stress slot between 6600 and 6700 

between 1984 and 1987 (Figure 39) was selected as the most appropriate of the eligible 

si tes. 

The de-stress dot site was suitable for calibration purposes because there were relatively 

large arnounts of observational information from multiple sources, including information 

about depth of fidure, as well as stress and displacement estimates. The major 

disadvantage was that this site provided no idormation about the vaiidity of the granite 

input variables since basicdiy al1 the observations were made in the ore. Severai extemal 

calibration sites were also considered specificaliy to gain confidence in the granite variable 

values. the only likely candidate k i n g  the McCreedy East mine access ramp (Castro, 1995). 

which was attractive due to its simplicity, far-field location and good depth of failure 

measurements in the excavation walls. However, after several test runs with FLAC3D it 

was rejected due to uncertainties associated with the fx-field stress gradients at this site (B. 

Buss, personal communication) and the fact that the caiibration was being conducted over a 

different stress range (te., at much Lower confinement conditions) than was expected for 

much of the volume of interest- As a result, no independent calibration of the granite 

properties could be undertaken; instead, it was rationdized that, since the ore and the 

granite pmperties were deterrnined using an identical approacli. if contidence could be 

gained in the ore properties thes  by association, this would imply a certain level of 

confidence in the granite properties. in addition, the strength factor results fiom the elastic 

rnodelling suggested that most of the failure in the volume of interest was likely to occur in 

the ore (Le., in the immediate footwall) suggesting that the peak strength properties of the 

granite would be proportionately less important. 

The de-stress slot was located in a si11 pillar between approximately 6600 and 6700t't depth 

and consisted of five (half-size) VRM panels extending from hangingwall to footwall. The 

slot was designed to reduce the influence of far-field Signal. which acts in an 

approxirnately horizontal east-west (ic.. strike) direction. Concurrent with the extraction of 



- 
I; 
II 

ci- 
= -  



the de-stress slot, MCF stopes were k i n g  mined both east (4500 block) and west (4300 

block) of the slot Shody after the completion of the slot full size VRM stopes began to be 

cxtncted on the east side. the first of which (panel 4461 ) has been included in this analysis. 

While most of the instrumentation was not in the ground until after the de-stress slot was 

completed. there are still some good depth of failure observations ihat can be used for 

calibration purposes- 

4.52. 64006800 model geometry and simplüïed extraction sequeoce 

The FLAC3D model created to simdate the extraction of the de-stress dot and the 

associated MCF stopes is depicted in Figure 40 and Figure 41. in the centre of the model, 

4.5m (15ft) cubic elements were used to obtain the maximum level of detail possible in the 

si11 and around the de-stress dot. This volume was then surrounded by 9m (30ft) elements. 

Beyond these cubes the mesh was extended to the "far-teld" with radially graded elements. 

Hardware limitations and practicai considerations made the incorporation of additional 

elements to this mode undesirable, particdarly since the fastest personal computer on the 

market already took 36 to 96 hours to converge, which was judged to represent the practical 

limit for a parametrïc analysis. As it was, 2:l interfaces were incorporated between the 4.5 

and 9m (15 and 30A) cubic elements and between the 9m (30ft) elements and graded 

elements to reduce the number of elements to the minimum possible levels. Unfortunately, 

these interfaces. while continuous in displacement, appeared to cause local perturbations in 

the stress contours. particularly where the stress gradients were hi&. These perturbations 

required a compromise to be made between keeping the interfaces as far as possible from 

the volume of interest and maintainhg the total number of elements at manageable levels 

(Note: subsequent discussion witli Itasca (M. Pierce, personal commtrnication) revealed that 

the observed perturbations were caused by the contouring logic and in no way impacted 

tipon the stress values themselves). As before, simpiifications to the exact stope shapes had 

<O be made to conform to the vertices of the zones. The impact of these simplifications can 

most clearly be seen in Figure 4 1 where the most likely actual dimensions (in bmckets), as 

collated from a variety of authors (MacDonald et. d, 1988; Wiles and MacDonald, 1988; 



O n  Plane 

Figure 40 - Longsection view of 6400-6800 FLAC3D de-stress slot mode1 (looking 
north): a) full view and b) zoomed in view 



Figure 41 - Sumrnary of the 6400-6800 FLAC3D de-stress slot mode1 and extraction 
secluence: a) plan view at mid-pillar height and b) typicai long-section view looking north 
(Note: locations of water observations (hatched area). large evvrnt (star). bottom 
extensometer anchor (cross) and overcoring test (circle) are indicated. as are simpli fied 
mode1 dimensions with actual dimensions in bnckets) 



Wiles, 1989; MCO, 1991 ; and personal communications with T. Villeneuve. S* Espley and 

T. Wiles). are compared with the dimensions used in the model. Of particular note is the 

cxagpration in the de-stress slot thickness and the reiated geometrical errors in panel 446 1 

(mining step 9 in Figure 4 1 a). 

The extraction sequence around the slot is summan-zed in Table 1 1 and Figure 4 1. The 

appiied sequencing was compiled Corn a variety of sources, not ail of which agreed 

completely (Wiles and MacDonald, 1988; MacDondd et- al., 1988; Wiles, 1989; INCO, 

1991: and personai communications with TT. Wiles and T. Villeneuve). The sequence 

finally decided upon consisted of Nne extraction steps with the model being brought to 

equilibriwn after each step. 

Table 11 - Catibration mode1 extraction summary 

The applied far-field stress magnitudes and directions were estimated for mid-pillar depth 

iising the twar-field estimates thought to be appropriate for the Sudbury basin (see Section 

4-22), For convenience, they were assumed to be constant, but since the niodel extends 

on ly 6 1 rn (200ft) either side of this depth the errors induced by t his assumption were srnaIl. 



mie entire rock mass was assigned ore properties since ail the observed failure information 

was within the ore- in an effort to limit the number of variables that could be vaned to 

match the observed rock mass behavïour, it was decided that no attempt would be made tc 

adjust certain input values. Specitically, no attempt was made to adjust the cemented fil1 

properties. as variations in these properties were not expected to have a large effect in the 

volume of interest, although the impact of excluding the fil1 completely was assessed. In 

addition, no direct attempt was made to vaiidate the &field stress magnitudes and 

directions, for the following reasons: the selected stress gradient values have been 

successfllIIy used in seved  studies throughout the Sudbury basin. only tairly minor 

variations have been proposed in other studies, and to properly take into consideration the 

impact of the variability suggested by Table 5 would greatly extend the number of 

combinations of input parameters that could be used to obtain calibrated results- One mode1 

was, however, nin with an alternative stress field to assess its impact on the resuits, It was 

fùrther rationalized that if rnodelling results consistent with observational ùiformation could 

be obtained with reasonable strength variable values then a certain level of confidence in the 

far- field stress magnitudes and directions would result by association. 

4.5.3. Calibration observations 

The main calibration observations associated with extraction of the de-stress slot can be 

broken down into three parts: the 4300 and 4500 si11 pillars. the ground response around the 

de-stress slot itself and conventional instrumentation. 

MacDonald et. al. (1988) believed that at least part of the 4300 si11 pillar (west of the de- 

stress dot) was yielding as early as May, 1987. based on visual observation and 

microseismic monitoring results. Further support for this failure was suggested by several 

intense episodes of seismicity in the Fmtwall West of the de-stress slot and water inflow 



from the levei above (Wiles, 1989 and T. Villeneuve, personal communication: Figure 41). 

This latter observation suggested that rock mass failure had dlowed dilation on existing 

îèatures or had created new water conduits, both of which were apparently impossible in the 

pre-tàilure state of the rock mas. In addition, rock dispiacement from the back of the 

ccntmt 4300 MCF stopes to a height of 6m (20ft) and to a height of 1 to 2 rn (3 to 7ti) in 

scverd of the footwall panels resulted in a constant source of ground control problems, 

pxticularly on the footwall contact (Wiles, 1989)- This displacement was particularly 

evident during the extraction of the first hll-size VRM panel east of the dot (Wiles and 

MacDonald, 1988). When the piUar thickness on the West side of the dot was eventually 

reduced to approximately 27m (90ft), at least a portion of the pillar is believed to have 

failed cornpletely during a r n ~  = 3.6 event that occurred on October 26, 1987 (INCO, 1 W), 

in the footwall (T. Villeneuve, personal communication; Figure 41). Large scale pillar 

failure at this time was supported by the subsequent reduction in seismicity and Lack of 

subsequent stress-related ground control problems within the pillar (INCO, 1991). The 

4500 (east) side of the de-stress dot was believed to be intact and fairly highly stressed 

durhg the extraction of the de-stress slot based on the disced core recovered from this 

region (MacDonald et. al-, 1988) and the relatively srnail number of events (Wiles and 

MacDonald, 1988)- 

During the extraction of the de-stress slot, seismicity around the de-stress stopes suggested 

that the surroundhg rock mass was failing during extraction (Wiles and MacDonald. 1988). 

This observation was initially supported by visual observation and by measurements in the 

access drifts, the logghg of core and, later, by observations made down the production 

lioles of adjacent VRM panels ([NCO, 1991). Observed ofiketting of the drill holes 

suggested that the depth of failure was 5 to Gm (16 to 20A) ahead OP the slot, while between 

5 and 9m (16 to 3Oft) the rock mass was believed to be relatively highiy stressed but still 

intact as suggested by observed spalling in the holes. Finally, beyond 9rn (3Oft). no 

panicular ground control problems were observed suggesting that the rock mass was 



normdly stressed. Similar observations were made in the sides of the slot except that off- 

setting and, therefore, failure was observed to extend 10 to 12 in (33 to 39ft) into the rock 

mas (Wiles and MacDonald, 1988). These depth of failure observations (or possibly stress 

relaxation zones) are summarized in Figure 42a and b (WCO, 1991)- M e r  the extraction 

of the first VRM panel to the east of the dot, a similar series of observations was made 

(Figure 42c and d), but with the addition of borehole camera observations. [n the end, the 

depth of failure was appmximately quai to one dot width and, north and east of the first 

full size VRM panel, failure extended 3 to 6m (10 to 20tt) into the rock mass. As far as the 

observed deformation of the rock mass is concemed, historicai data indicated that there was 

a single, sudden 0.091-11 (0.3ft) inward displacement of the walb of the de-stress dot during 

this time period as suggested by the vertical deflection of the raiIs in the near-by 

hangingwall drifts ( M O ,  199 1). 

4.5.3.3. Additional calibration information 

In texms of conventional instrumentation, during the time period of interest there was oniy a 

single stress measurement available, which was obtained fiom overcoring and two multti- 

point extensometers that were installed during the extraction of the fkst VRM panel east of 

the dot. Unfortunately, with the variability of single stress measurement resuits (GrabinsQ 

et. al., 1997) it is very difficuit to weight this Sonnation heavily for mode1 calibration 

purposes. Similarly, the exteosorneter displacements were not viewed to be particularly 

reliabIe WCO, 199 1). Other, more generaI, calibration information included the 

observation that al1 pre-existing minhg surcoufiding the si11 pillar had an absence of 

microseismic events adjacent to their surfaces suggesting that these regions had yielded. 

This was also supported by the relative ease of drilling beneath 6600L (Wiles and 

MacDonald, 1988) and by the impassability of the hangingwall dnft on 6600L dwing 1986 

(Wiles, 1989). 



Figure 42 - Depth of failure observations: a) plan view after completion of the de-stress 
dot, b) long-section view (looking north) after completion of the de-stress dot, C )  plan 
view d e r  completion of first VRM panel, and d) long-section view (looking north) 
through the first VRM panel (afier INCO, 1991) 



Based on al1 of the above observations, it was decided that the prïmary calibration 

information would comprise of the depth of failure observations around the de-stress slot, 

(iiven secondary consideration would be the belief that the 4300 si11 pillar had fàïled 

compietely, at least in the vicinity of the water observations, while the avaiIable stress and 

disp lacernent measurements would be given tertiary consideration. U nfortunately. the 

usetùlness of the water observations are somewhat diiuted by the occurrence oE the large 

event in the footwall five months d e r  the water was first observed suggesting, perhaps. that 

at Ieast part of the pillar remained fairly highly stressed at that easting. As a result, it is not 

known how far westward a properly calibrated model should predict failure or whether a 

properly calibrated model should even predict complete pillar faiiure at the large event 

location, as a highly stressed but intact region might be equally suitabfe. What seems most 

likeiy is that a calibrated model should predict failure neither a sipificant distance West of 

the event location nor a signiticant distance east of the water observations. 

4.5.4. Results of the sensitivity analysis 

The parametric study using the de-stress slot model was designed to determine the 

importance of severai factors of interest on the &ai results, including the impact ofi 

i) the extraction sequence : 

i i) the assigned far-tield stresses; 

iii) the values assigned to describe the strength of the B.F./Rib combination in the 

MCF stopes; 

iv) the cemented fil1 in the VRM stopes; 



v) incorporating ore strain-sofiening; 

vi) vaiiability in the ore strength properties: and. 

vii) varying selected combinations of parameters- 

The impact of varying each of the above will. for the most part, be assessed relative to two 

planes: in plan (at mid-pillar height) and in long-section (at approximately mid-pillar 

northing; cg. see Figure 41), which are similar to the orientations used in Figure 42c and b, 

respectively. Due to some peculiarities in the FLAC3D output procedures the colours are 

not consistent fiom figure to figure for each type of failure. In addition. the tensile failure 

indicated (Le., tension-p) w i t .  the extracted stopes is primarily associated with the initial 

mode1 response to extraction and fdling and is not indicative of tensile stresses at 

equiIibrium, which would be indicated as tension-n. AU the calibration runs utilize the 

average far-field stresses, average ore properties, residual ore properties for the B.F-Rib 

combination and the specified cemented fiii properties, unless otherwise noted. Due to 

space considerations many of the calibration plots are included in Appendix C .  

4-5.4-1- Impact of extracîion sequence 

The importance of path effects was assessed by comparing the actual extraction sequence 

witli a sirnplified one that mined the 4300 MCF stopes pnor to the extraction of the de- 

stress dot. It was hoped that the pillar stability on the 4300 side could be evaluated in the 

area of the October. 1987, seismic event without including the de-stress dot since this 

would represent a large advantage in terms of cornputational eficiency (ic, reduced 

number of mining steps). Somewhat inadvertentiy, this cornparison also assessed the 

influence of the de-stress slot on overall pillar behaviour. The results of these runs 

(Appendix C.  1 ) suggested that the inclusion of the de-stress slot creates substantial depths 

of failure in the vicinity of the slof likely growing westward as slot extraction progresses. 



and less tàilure in the centre of the sill. As a result, the de-stress slot clearly needs to be 

inctuded for cornparisons with si11 pillar observations even though the observations are a 

distance away from the slot Once the slot is required there is little benefit to extracting it in 

anything but the correct sequence. 

4.5.4.2. Impact of varying the far-fie id stresses 

As mentioned it was decided not to substantially vary the far-teld stress magnitudes and 

directions. Wliile the far-field stress gradients and directions presented earlier are thought 

to be the most reliable available, an alternative stress field has been used in certain 

modelling studies involvhg the de-stress slot (NCO. 199 1; K&dis, 1995)- In both of 

tl-iese cases the following were used (plunge- trend): 

Sigmal : 94 MPa ( O + 270) 

Sigma2 60 MPa ( O + 0) 

Sigma3 : 60 MPa (90- O) 

This represents a simplification in terms of orientation and a substantial change in the 

Sigma2 magnitude (compareci to the values favouced in this study); since Sigma2 far-field îs 

oriented roughly perpendicular to strike it may, therefore, have a substantial impact on the 

local Sigmal values in the d l .  A cornparison of results utilking these alternative far-field 

values indicated that they had little impact on the predicted depth of fGlure around the dot, 

the only difference being a slight reduction in failure West of the slot dur to the reduced 

magnitude of the fm-field Sigma. It was concluded, therefore. that the deptli of tàilure 

results were not overly sensitive to this level of variation in the fàr-tielcl stresses- 



4.5.4.3. Impact of properties msigned tu the B. FJRib materr'al 

To help determine the most likely strength properties for the B-FJRib material three modeis 

were run: the first assurned that the B-FIRib combination tüid the properties of the 

cernented tïll (Appendix C.2); the second tested the 50% properties (Appendix C.3); and, 

the tliird used the 100% residual ore properties (Table 9 and Appendix C.4)- These runs 

suggested that the depth of failure within the pillar and around the de-stress slot is highly 

dependent on the properties assigned to the B.F./Rib material. It is dso  apparent. based on 

previous discussions and on Figure 42. that the depth of fdure east of the de-stress slot is 

dose to that observed in the thùd nui, and substantiaüy overeshmated in the former two 

cases. However, in ternis of depth of failure in the siil West of the de-stress slot. the 

observed rock mass behaviour likely falls somewhere in between that of the 50% and 100% 

residual ore cases. 

The sensitivity of the depth of failure predictions to the assigned B.F./Rib properties is 

likely due to the control this material hm on sill confimement. In an effort to beîter 

understand which BSJRib input parameters hacl the greatest impact, runs were undertaken 

where the individual values were varied- It was found that sill stability was most sensitive 

to tlie stiffiess assigned to the B.FJRib combination. Given this observed sensitivity, and 

the limitations associated with modelling the B.F./Rib combination as a single material, the 

rib-pillars were modelled explicitly, first in Phases (Hoek et. d, 1993) and subsequently in 

a much simplif5ed FLAC3D model in an effort to obtain fUrther confidence in the input 

values. Unfomuiately. neither model was particularly helpful. The results fiom Phases 

roughly supported the beliefthat the most appropriate B.F./Rib strength values were close to 

tlicise assumed for tlie residual ore, since the vertical confinement provided to the siil pillar 

when the average ore properties were used for the rib-piliars was about the same as those 

obsrrved in FLAC3D when the residual ore properties were used to describe the B-FIRib 

system. On the other hand, the results €rom the FLACjD model. which incorpomted rib- 

pillars with average ore strengh and strain-softening to residual leveis. suggested that the 

load-canying capability of the B-FJRib combination at modest detlections was most likely a 



function of the cib properties- This model niggested, then, that the Iower bound properties 

for the B.FJRib combination would be equivdent to rib-pillars at theü residual rock mass 

strengths with no contribution fiom the fiIl, 

To assess the impact of adjuSang the cemented fil1 properties, the depth of failure results 

Grom an eartier run were compared to an identid model where no fiil was placed in any of 

the VRM panels. This cornparison revealed that the incorporation of the cemented fiil had 

virtuaily no influence on the depth of failure in the slot region, which is not surprising, 

given the very low stifhess of the cemented fiu material. 

4.5.4.5. Impact of incorporating ore strain-soflening 

Another important consideration is whether strain-softening of the ore should be 

incorporateci into the model. It is expected, h m  the m d t s  of triaxial tests, that under low 

confinement conditions the rock m a s  would strain-soften, wMe m e r  fiom excavation 

surfaces where the confinement is greater, the rock mass would dzmonstrate greater residual 

load-canying capability and may be better described as being perfectly plastic. The 

maximum effect of incorporating stmin-softening would be expected when the minimum 

likely cesiduai strength for the ore is assigned. 

To assess what impact the incorporation of ore strain-softening had on the results, an 

identical mode1 to Appendk C.4 was run but with strain-softening and the recommended 

3% plastic strain transition. It was found that the incorporation of strain-soikenhg had vely 

little impact on the depth of failure, likely due to the speed of the specified transition. AS a 

result, another model was mn where no transition was allowed (ie,. once a particular 

volume hit the yield surtace the strength of the rock mass dropped directly to the specified 

residual levels). While the combination of applying the lowest Iikely residual strength and 



allowing no transition is no doubt extreme, it was expected to represent the maximum tikely 

impact of strain-softening. This nui indicated that the incorporation of strain-softening 

tinder these conditions i n c h  the depth of failure predictions in al1 areas of interest 

(Appendix CS). Despite the extreme nature of this example, the impact, however, was not 

al 1 that l q e  (particularly to the east of the de-stress slot where the most reliable depth of 

failure observations exist). nius, it was decided that the additional uncertainty associated 

with incorporahg stmin-sottening, and the associated doubling of the computation tirne (to 

72 or 96 hours), codd not be justified. 

4.5.4 6. Impact of variabilrty in the ore pperf ies 

While ail of the previously descrïbed analyses used the average ore strengths, it is apparent 

fiorn Table 8 that there is a range of possible ore properties. To investigate the effect of 

varyùig these properties, models were nin with the lowest Likely and highest likety ore 

strengths. First, however, several models were nin to assess the appropriateness of 

decisions made about the values used to describe the ore stiffiiess, dilation angle and 

Poisson's ratio. 

Despite the fact that the intact ore stifiess is thought to be the most appropriate to w in 

this situation (except perhaps adjacent to an excavation surface: Martin and Read. 1996), a 

couple of nins were undertaken using the ore rock mass stiffiiess. The runs suggested that, 

when the lower stiffhess is applied. the depth of fadure in the si11 and around the de-stress 

slot decreases. This reduction is apparently due to increased displacement around the 

boundaries of the MCF stopes which. in tum, increases the load carrïed by the B.F./Rib 

combination and. therefore, the confinement provided to the sill. To compensate for this 

reduction in depth of failure, the stifiess of the B.FIRib combination can be decreased 

From its maximum likely value until similar depths of failure are predicted to those obtained 

wiien the intact ore stiffness was applied (at which point the vertical stress transfer to the si11 

was also similar). Therefore, similarly calibrated results (in terms of depth of failure) can be 

obtained by making a relatively small adjustment to the B.F./Rib stiffness. niex results. 



and given the uncertainties in the B.FIRib stifhess, justified the continued use of the intact 

ore stiffness. 

In terms of the dilation angle, zero values were ass~rned~ as was apparently done by Wiles 

( 1989). Sjoberg and Tinucci (1993) and, for at least some of the modelling undertaken bSr 

[NCO (1 99 1). However, the impact of this assumption was evaluated by setting the dilation 

angle equal to that of the fiction angle. When this upper bound value was assumed, it was 

tbund to have negligible impact on the depth of faiiure and vertical stress transfer to the si11 

and resuited in only a smali reduction in the predicted displacements. Thus the zero value 

was retauied, 

The appropriate Poisson's Ratio for the B.FJRib combination was not known Therefore, 

the ratio was varied within a tikely range between 0.15 and 0.35, A reduction in Poisson's 

Ratio to the minimum value in this range reduced the bulk and increased the Shear 

Modulus, the net impact of which was a slight increase in the depth of failure predicted. 

The opposite was true when the maximum value in this range was applied. These effects 

could be easily compensatecl for with a slight increase or decrease in the Young's Moduius. 

Because the actual Young's Modulus value is not weii known and since the variations 

required to compensate for the effect of Poisson's Ratio are small and well within the likely 

range of values. the original Poisson's Ratio vaiue was retained. 

To assess the impact of ore strength properties, the minimum likely ore properties were 

applied to the model (Appendix C.6) and it was found that the depth of failure. both east of 

the de-stress slot and within the si11 pillar, was overestimated (although the depth of failure 

in the West part of the si11 pillar was within a suitable range). To compensate for this 

overestimation. it would be necessq  to increase the stiffness of the B.F./Rib combination, 

but since the stiffness is already at wliat is believed to be the highest defendable value in 

tliis model an increase is not plausible. This result suggests that the most suitable ore 

properties are probably greater than the minimum likely values. Altematively. when the 

niaximum likely ore properties were utilized in the model. the depth of failure east of the 



main part of the de-stress slot was close to o r  a iittle under what was observed, wliile the 

depth of  failure around the fm VRM panel east of  the do t  was clearly underestimated both 

in plan (Appendix C.7.a) and in section (Appendix C.8.b). In terms of the west part of the 

si l 1 pi 1 lar, the depth of  failure was heavily underestirnated (Appendix C.7. b). However. 

since the B-FJRib properties were at their maximum values it would still be possible to 

compensate for these under estimations by reducing the B.F/Rib stiffiess. 

4.5.4-7- Impact of varying selected combinations of purameters 

It is apparent kom the above discussions that there are really o d y  two variables that have a 

substantial impact on the depth of failure around the de-stress slot and within the si11 pillar: 

the stiffliess of  the B.F./Eüb combination and the assigned ore strength properties. 

M e n  using the maximum likely ore properties in the previous section the arnount of failure 

was generdy underestimated, but since this run also utilized the maximum likely B.F./Rib 

properties the depth of failure could stï i l  be increased by reducing the B.FJRib e e s s .  

When the e e s s  is reduced to the minimum likely value (Appendix C-9) the amount of 

failure east of the main part of the de-stress slot is overestimated, the depth of failure around 

the first VRM panel east of the slot is b a s i d y  unchanged (see Appendix C.7a). and the 

depth of failure in the West si11 is within an appropriate range- 

It would appear fiom the above that ody a change in the ore properties substantially impacts 

upon the depth of failure around the north end of the de-stress slot and the north and east 

ends of the first VRM panel, something upon wliich even a substantial change in the 

B.F./Rib properties had little effect (compare Appendix C.2.a and C.4.a or Appendix C.7.a 

and C.9.a). This is likely due to the north end not being as effectively shadowed by the 

stopes above. due to the dip of the ore body and the required sin~plitications to the 

excavation geometry. These observations also suggest that it is not likely tliat the ore 

properties are any greater than the assigned maximum values and. in facf support the belief 

tliat the average ore properties may be a reasonable assurnption. since the minimum likely 



ore values overestimated the depth of fàilure in this region (which should be around one 

zone thick) by approximately one zone in section and the maximum likely ore values 

rinderestimated the depth of failure by approximately the sarne amount (see Appendix C.8.a 

and C.8.b)- In addition, the fact that the depth of failure at the centre of the slot is 

substantially overestimated, even with the maximum likely ore properties (Appendix C.9). 

suggests that the best €3-FJRib properties are probably substantially greater than the 

minimum, although this increase will aimost certahiy corne at the expense of the depth of 

failure predictions in the west sill. 

4.5.4.8. Final resulis 

The above discussions suggest thai the extraction of the de-stress slot is far fkom the ideal 

calibration site due to the complexity of the system king modelled. The fùndamental 

problem king that, whiie this site was selected for the purposes of gaining confidence in 

the rock mas  properties, the results showed that the depth of failure was at least as sensitive 

to changes in the properties assigned to the BFJRib system, which are known to an even 

lower confidence level. Although this situation was far firom ideal fkom the point of view of 

the ore properties, reasonable B.F/Rib properties stifi had to be determined since these 

properties will be needed for the 6900-7000 MCF stopes in the volume of interest. 

Assurning that the far-field stresses and ore stBhesses are close to the specified values, the 

parametric analysis suggests that only the stifiess of the B.F./Rib combination and the 

strength of the ore liad a large impact on the depth of failure in the calibration model. The 

B.F./Rib stiffness appears to indirectly afEect the deptli of f ~ l u r e  by controtling the amount 

of confinement provided to the d l ,  while the ore properties controlled the ifepth ol' t'aiiure 

directly. The parametric analysis also suggested that the best-fit ore properties lie 

somewhere between the minimum and maximum likely values and that there may. in fact, 

he reason to believe that the average strengths are fairly suitable. In addition, sonie rough 

liinits on the likely range of B.FJRib properties were obtained, and it was found that the 

most suitable properties tall closer to the maximum likely values. To fine tune the input 



variable values efficiently, only one of either the ore or B-FIRib properties can really be 

adjusted since there are conceivably an udimited number of suitable combinations. 

Because the B.F./Rib stlffiiess value was the Iess well known of the two, it was selected for 

variation. 

To tine tune the appiied B.FJRib stifiess several rurts were undertaken with properties 

slightly below the residual ore values. It was ultimately found that a GSI=47 rock mass 

stiffness provided reasonable results (Figure 43). The main benefit provided by these 

values, compared to the models run with the maximum likely B.FJRib stifhess (Appencb 

CA), was the siight increase in the predicted depth of failure West of the slot, which was 

accomplished without substann'dly affecthg the depth of failure east of the de-stress slot. 

To evaluate the suitability of the final results in more detail a comparkon can be made 

between each of the observations in Figure 42 and the depths of failure predicted by this 

model as presented in Figure 43 through Figure 45. Specifically, Figure 42a can be 

compared to Figure 44% Figure 42b with Figure 44b, Figure 42c with Figure 43a, and 

Figure 42d with Figure 45a It can be seen fiom the plan views that the depth of failure 

around the slot appears slightly overesbimated by the model. However, the actual depth of 

faiiure as suggested by offsetting was believed to be close to 10 to12m (33 to 39fi; Wiles 

and MacDonald, 1988) which wodd be two to three blocks, or in the range predicted. In 

addition, it can be seen fiom these figures that the failure no& of the slot and north and east 

of the fm VRM panel were within the ranges observed (te., one block thickness). it can 

also be seen in long-section that the general shape of failure, including the failure below 

G6OO and above 6800 Levels, bears some similarity east of the slot to what was observed. In 

cross-section (Figure 4Sb). the model predicts failure in the back of the 4300 MCF panels to 

a deptli sirnilar to that of the ground control problems obsenred in the centre stopes. but 

greater than wliat was observed in the footwail panels. The West part of the si11 is fairly 

Iiighly stressed (with zones approaching 120 MPa) and, therefore. it is possible to imagine 

tliai a large event could be generated at appmximately mid-pillar height- What the various 

long-section views do not easily explain is the water observations from the back indicated 

on Figure 4 1 . However. the tact that the depth of failure West of the sill dors not extend out 



Figure 43 - Depth of failure predicted by the 6400-6800 FLAC3D de-stress dot mode1 
assurning the equivalent o f  GS1=47 for the B.FJRib combination: a) plan and b) long- 
section view (looking north) 



Figure 44 - Depth of failure predicted by the 6400-6800 FLACSD de-stress dot 
assuming the equivalent of  GSI=47 for the B.FJRib combination: a) plan view prior to 
the extraction of the first VRM panel and b) long-section view (looking north and 
hangingwal1 side of sill centre) 



Figure 45 - Depth o f  failure predicted by the 6400-6800 FLACSD de-stress 
as&ning the eq&alent of GSI=47 for the B.F./Rib combination afier extraction of the 
fmt VRM panel: a) long-section view (looking north and through the centre of first VRM 
panel) and b) cross-section (looking West and at approximately si11 centre) 



to where tlie water was observed does not necessarily mean that the mode1 is not suitably 

calibrated. since the exact path the water took is not known and thertt is always the 

possibility that earlier large events could have failed the pillar in that region. soniething that 

the mode1 could not possibly account for- Finally. it is interesting to note that the final 

selected B.F./Rib strength values are quite suniiar to those detemined by NCO (1 99 1) 

using a completely different approach ( s e  Table 9)- 

As mentioned. tertiary calibntion weighting was given to the displacements observed 

dunng the extraction of the fust VRM panel east of the dot  and the stresses determined by 

overcoring at the positions indicated in Figure 41. The end-anchor for the extensometer 

closest to the failed zone was observed to displace 0.8 mm (O-O3n) along the hole axis (near 

Iionzontal) during si11 extraction, whiIe the other anchors nearer the hole collar did not 

rnove. In contrast. the model predicted a horizontal displacement in basically the same 

direction of approximately 1 -7Smrn (0.07in) for the deepest anchor and roughly between 0.5 

and 1. [mm (0.02 to 0.04in) for the other anchor points. M i l e  overestimated. it is rvorth 

noting that some consider mode1 predicted displacements reasonable, if bey  are within an 

order of magnitude (Sjoberg and Tinucci. 1993)- As for the stress magnitudes determined 

by overcoring, it can be seen fiom Table 12 that there is o d y  partial agreement between the 

observed stress field and the one predicted by the model- In terms of magnitude, the 

Sigma i prediction is substantially lower while Sigma2 and Sigmaj are reasonabIy close. In 

terms of orientation, the trend and plunge of Sigma1 are quite close. as is the trend of 

Signm2, wlii!e the remaining orientations are quite different. Worth noting is tliat tlie 

predicted Sigma1 magnitude is exactiy the same as the 3-dimensional elastic results 

obtained by NCO (1991) but the observed Sigma3 magnitude is better estimated with 

FLAC3 D. Elastic principal stress directions were not available froni [NCO ( 199 1)  so they 

cuuld not he  compared- In sunuilary. the displacemnts appear to be within an acceptable 

range wiiilc the stress tield predictions are inconcIusive. 



Table 12 - Cornparison o f  observcd and predicted principal stresses 

Even though the de-stress slot was not the ideal cdibration site. it did allow tlie critical 

material properties to be identifieci and adjusted and different assumptions tested. It was 

LI 1 timately decided that the average far-field stresses, the average ore and granite pro perties. 

the specified cemented fil1 properties and the G S H 7  B-FJRib stiffness were the most 

suitable and defendable combination of input parameter values. These. then, are the 

properties that wiII be applied to the 6800-7200 FLAC3D model in the volume of interest. 

- a_" - .. 
Obse~ed  -. ' Predlcted 

4.6.1. 6800 - 7200 model set-up 

Tiie results of the 6400-6800 caiibration mode1 indicated tliat several modifications, to tlie 

original 6800-7200 FLAC3D model needed to be made: material properties for the B-FJRib 

çoni hination required specification. the ore and cemented till needed to be incorponted. and 

a suitable extraction sequence Iiad to be selected. Pnor to these modifications. a 

rfiscretionary change to the original 6800-7200 model (Figure 35) was iiiüdc possible hy 

hardware and sofiware upgmdes (to Version L.10). Tliese upgndes allowed <lie volume 

ciiconipassed by the regular rectangular zones to be expanded further into tlic botwall. 

while. still maintaining reasonable computation tirnes. 
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The tint modification suggested by the 6400-6800 calibration mode1 involved assigning the 

selected B.F./Rib properties to the MCF stopes and checking to detemine if the results were 

still far more sensitive to the stiffhess assigned than to the specified peak strength values. 

This sensitivity was evaiuated by taking the extreme case where the peak strength properties 

were tliose of the cemented fill. As expected, more shear failure was predicted within the 

MCF stopes, but this additional failure resulted in only small changes in the volume of 

interest. 

The second modification was to incorporate the ore into the volume of interest between 

7000-7200, where it was expected that much of the failure would occur. The contact was 

determined from the Iatest available geologicai sections and plans (T. Villeneuve, persona1 

communication). Some simplifications had to be made, both in the interpretation of the 

geologicai information and in how the information was expressed in the model, since the 

contact had to conform to zonai boundarïes. Two typical views of the granitelore contact as 

assigned in the model are included as Figure 46. 

The third modincation was to incorporate the cemented fül into the VRM stopes. It was 

found that the inclusion of fiil made v M y  no merence  to the depth of failure or to the 

principal stress distributions in the volume of interest. The fil1 was included in the h a 1  

model, but the difference it made does not j u s t e  any m e r  debate about the most suitable 

properties. 

The final modification, which involved incorporating the correct extraction sequence, was 

uniniportant in the earlier elastic mode1 since path has no effect in elasticity. Unfortunately, 

the act~ial extraction sequence is quite complicated in this region. with the 6900-7000 MCF 

stopes being mined in a series of cuts followed by the simultaneous extraction of various 

tiiulti-blast VRM stopes within both the 6800-6900 and 7000-7200 mining blocks. in an 

effort to sirnpliQ the sequence to a manageable level, the stopes were extncted in a senes 

of five steps. The MCF stopes were mined in the first step, followed by the VRM stopes 

cxtracted pnor to August, 1990; August, 1991; August, 1992; and A~igust, 1993 



Figure 46 - Typical views of ore-granite contact in 6800-7200 FLAC3D mode!: a) plan 
and b) cross-section (looking west) 



(Figure 47). afler which individual VRM stopes were extncted for the time period of 

particular interest (dashed Iines). Which VRM stopes were mhed by wliat date was 

determined frorn the dates of  the crown blasts (A. Pwnen, personal communication). 

-rhc importance OF incorporating the decided upon extraction sequence was rvaluated by 

comparing the results using the selected sequence with a hrther simplified one wliere al1 the 

VRM stopes were extracted simultaneously. The depth of failure and stress distributions 

were virtually unchanged. with a variability of 1 2 %  in both Signal and Sigma3 

(determined at the point subset used eariier), As a result, it was concluded that the 

impact of sequencing was small. Once again, while the final model will still use the 

specified sequence (for stress change purposes), it is clear that the final impact of path is not 

large enough to justiQ &er discussion. 

4.6.2. Results 

The rnodel was first nui elasticaiiy to assess the impact of the inclusion of tlie ore and the 

fiIl materials on the distribution of stresses in the volume of interest- It can be seen Eom a 

coinparison of Figure 48 (model No. 8 in Table 10) and Figure 36 (rnodel No.7 in Table 

10) tliat the inclusion of B-FJRib matenal in the 6900-7000 MCF stopes reduces the stress 

shadowing effect of these stopes, thus reducing the Sigma1 stress gradient and increasing 

the stress magnitudes adjacent to the excavations- When the model is run plastically with 

tl ie correct sequence (modei No. 10 in Table 10; Figure 49) the depth of failure predicted 

by tlie model is similar to the S.F.4.O volume in Figure 32d. which suggests that the stress 

redistribution effects associated with failure may not be al1 tliat large. In addition- fiom a 

coiiiparisoc of Figure 48 and Figure 50 tlie primary impact of failure (in mis orientation) 

c m  be identitied as a sliglit increase in Sigmal immediately aliead of the zone o t- tàilrrre- 



Figure 47 - Plan view of the extraction sequence applied to the 6800-7200 FLAC3D 
model: a) 68004900 VRM panels and b) 7000-7200 VRM panels 
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Figure 48 - Distribution OF principal stresses at E 4500 fiom the elastic 6800-7200 
FLAC3D model using multiple materials (cross-section looking west): a) Sigma1 and b) 
S igrna.3 



Figure 49 - Depth of failure predicted by 6800-7200 FLAC3D model: a) plan view at the 
7100 foot depth and b) cross-section view at E 4500 (looking west) 
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Figure 50 - Distribution of principal stresses on E 4500 fkom the plastic 6800-7200 
FLAC3D mode1 (cross-section looking west): a) Sigma1 and b) Sigma3 



4.63. The importance of failure 

As discussed in Section 4-42 and 4.4.4, certain geometric simplifications were made to the 

FLAC3D model when compared to the ExaTnine3D model. and tlie impact of these 

simplifications was evaiuated by taking the rnost detaited ExâIIiU\e3D model (model No.1 

in Table 10) and comparing the principal stress magnitudes and directions with those 

O btained elasticaliy fiom FLAC3D (model No-? in Table 1 O). Figure 37 and Figure 38 

gave an impression as to the size of the uncertainty associated wïth the elastic stresses as 

predicted by FLAC3D. The issue then becomes whether tbis known uncertainty is  greater 

than the impact of incorporating rock mass failure into the model. h actuaiity, because 

Examine3D cannot incorporate multiple materials it is not just the impact of failure, but the 

combined impact of fadure, mdtiple materials, and sequencing that has to be evaluated. 

Clearly, if the combined impact of these effects is less than the known uncertainty in the 

elastic stresses, it becornes very dinicult to just* the use of stresses derived fiom 

FLAC3D. 

To assess the impact of failure, multiple materials, and sequencing (failure, etc.), the stress 

change due to theu incorporation was evaluated by comparing the stresses predicted by the 

elastic and plastic FLAC3D models at the same grid points used previously. It can be seen 

from Figure 5 1 (obtaïned by nibtracting model No.10 tiom No.7 in Table 10) that the 

impact. particularly on Sigma3, was substantial. Aithough it is possible to compare Figure 

5 1 and Figure 37a and b directly, these plots do not evaluate the changes at individual grid 

points, but instead show the distribution for al1 of the points together. Perhaps a better way 

of making the cornparison would. as a result. be to plot at each individual point the percent 

known uncertainty (abscissa) against the percent change associated with tlie inclusion of 

failure, etc. (ordinate; Figure 52). In this figure, the soiid diagonal lines. representing the 

locations where the uncertainty is exactly equal to the effects of Filure, form four triangles 

with the border of each gaph. If the point falls in the left or right tiangies, then the 

iinccrtainty is greater at that point than the impact of failure. Conversely. if the point 
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Figure 51 - Percent change in principal stress estimates associated with the incorporation 
of failure, sequencing and multiple materials: a) Sigmal and b) Sigma3 
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Figure 52 - Cornparison of percent modelling uncertainty versus percent change 
associated with incorporation of multiple materials, sequencing and failure: a) Sigma1 
and b) Sigma3 



falls in the upper or lower triangles, the opposite is me. Thus, from this figure it can be 

seen for Sigrnal that the modelling uncertainty is, on average. slightiy greater, whereas the 

impact of faiIure, etc. is substantially geater in the case of Sigma3. The same conclusion 

can be derived in absolute change terms fiom Figure 53. In addition, fiom these figures, the 

clastic Sigma1 estirnates corn Examine3D (E3) appear generally larger (due to the 

incorporation of rnining above 68 level), as do the plastic values for Sigma3 (due to the 

stress transfer through the MCF stopes). In summary, sînce the points in the Sigrnal case 

are largely clustered near the ongin and because the impact of failure, etc. on Signa3 is 

greater, these plots suggest that the overall impact of failure, multiple materiais, and 

sequenchg is greater than the known uncertainty in the volume of interest Therefore, these 

results suggest that applying the plastic stress estimates fiorn FLAC3D can be justifed. 

It should be noted that the above decision was entirely based on the principal stress 

magnitudes and, therefore, did not account for changes in the principal stress directions. A 

similar analysis was undertaken on the predicted trends and plunges, but the resulting plots 

contributed little new information. An alternative method would be to take hto 

consideration the changes in the principal stress magnitudes and directions simuitaneously. 

The ody  way to do this would be to revert to the stress tensor, calculate the changes in each 

component, and then determine principal uncertainty vectors. Although this approach rnay 

have proven supenor, it was not thought that any substantial improvement would be 

realized relative to the objectives of this study. in addition, the above discussions do not 

account for the additive or cancelling effects of  the changes. If this additional level of 

complexity is incorporateci, the conclusions do no t change. 

4.6.4. Summary 

The purpose of much of the previous discussion was to document a methodoloby through 

which representative elastic and plastic stress estimates could be obtained and through 

wliich the impact of incorponting failure could be assessed. Having detemined tlmt the 
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Figure 53 - Cornparison of absolute modelling uncertainty versus absolute change 
associated with incorporation of multiple matenals, sequencing and failure (in MPa): a) 
Sigma1 and b) Signa3 



necessary geometric simplifications did not outweigh the impact of Fai lure. etc.. even 

cornpared to the most detailed Examine3D modet. the plastic stress estimates ( fiom model 

No. 10 in Table 10) could be justifiably incorporated into the analysis. Therefore. boboth 

elastic and piastic stress estimates at event locations will be carried in parallel throughout 

subsequent analyses. Having both stress estimates available will eventually permit a 

cornparison to be made between equivalent reiations formed using the elastic and plastic 

stress estimates. In this way, it should be possible to de f iuve ly  determine, relative to the 

objectives of this research, whether the plastic stress estimates make a big enough 

difference to compensate for the large increase in effort requked to obtain these vaiues. Of 

the two, the plastic stress estimates are thought to be more representative of actual 

conditions, and will, therefore, be the focus of  the initiai analyses. 

In texms of the elastic stresses it was decided to utilize model No. 4 (in Table 10) with the 

addition of gravitational stresses. As concluded in Section 4.4.1 - 1, this Examine3 D model 

incorponted important geometnc and discretization simplifications. which made it more 

practical to nrn than the much larger model No. 1, without substmtiaily affecting the stress 

estimates in the volume of interest- It should be noted that if this simplified model, not the 

detailed model, had been used as the starting point for estimating the uncertaintty, the 

variation on the abscissa of Figure 52 and Figure 53 would be reduced and the relative 

importance of extraction sequence, multiple materials and failure would be proportionally 

increased. A gravitational stress field was added to this model, not because it made a large 

digerence in the volume of particular interest (now reduced to below 7000L). but because it 

increased the flexibility of  the Exarnine3D model, in thae the same niodel could now be 

tised to provide better stress estimates over a greater range of depths. It was hoped that this 

increased tlexibility would eventually be usefil. particularly in the situation wliere the 

prediction capabilities of  any developed relations of interest are tested on a dataset Fïnm a 

different depth range. On the other hand. a similar evaiuation of any îùture plastic relations 

of interest will require the creation o f a  completely new model. 



Before the FLAC3D model could be used to obtain different stress variable values, a 

method was needed through which the stress estimates at zone centroids could be used to 

obtsin stress values at each event location. The implemented routine simply weighted the 

stress estimates (within a specified radius) in a manner inversely proportional to their 

distance from the event location (J. Tinucci. personai communication). This process was 

repeated for each component of the stress tensor, allowing the pincipal stress values and 

directions to eventudly be calculated at the points of interest, It will be recalIed that this 

extra step was not necessary, in the case of Examine3D. shce it automatically produces 

stress estimates at any specified (event) location. 

Lastly, it should be emphasized that the set-up of the plastic model reduced the volume of 

interest relative to what was orighdy envisioned, not only due to the previously mentioned 

geometric simplifications, which limitecl the volume to below 7000L, but also due to the 

desirability of calcuiating the stress values for event locations within the region in the 

imrnediate footwall described by the comparatively dense grid of rectangular zones. This 

consideration, combined with the absence of substantial seismicity in the hangingwail, 

resulted in the final volume of interest king reduced to between N(6110&25), E(4380- 

4830), and D(7015-7275). With the exception of Chapter 5, al1 subsequent analyses will 

only incorporate events within this volume, unless specificalLy noted. 

4.7. Stress variables seîected for malysk 

Because there are many possible ways to describe the stress state at event locations. the 

essential question becomes which ones to use in the analysis. As mentioned. the idea was 

to limit the variables to those that were relatively simple and easy to interpret. Each of 

the variables tinally selected for inclusion in the stress database is described below. For 

reasons to be explained later. the stress database was subsequently expanded to include 

additional variables. In these cases. the equivalent descriptions will be included at that 

iirnr. Variables based on displacement (or strain) were not included in the analysis. since 

thc vast majority of the events were generated within the elastic (stress redistribution) 



zone and, therefore, the stresses and displacements would contain much the sarne 

information. Support for this decision came fiom a separate study which indicated, due 

to the geometry under consideration and the position of the volume of interest, that the 

displacement was highly correlated with Sigma3 (r= -0.94); therefore, little new 

information would be added to the anaiysis by including both sets of variables. A listing 

of the 109 stress-based variables evenhiaily used in this study is included in the List of 

Variables. For the purposes of this analysis, the stress variables can be thought of as 

random variables, primady because the required input rneasurements for the numerical 

models are random variables M e r i n g  fiom both sampling and measurement error. 

4.7.1. Principal and shear based stresses 

To understand the failure processes acting within the rock m a s ,  it is clear that the 

principal stresses and the shear and n o d  stresses acting on each joint-set onentation 

shouid be considered. This allows additional insight into the failure process to be 

obtained by plotthg the stresses against Hoek-Bn>wn and Mohr-Coulomb failure (or 

Barton-Bandis) envelopes in Sigma1 versus Sigma3 and Tau versus SigN spaces, 

respectively. In the case of Sigmal, it is also important to have this estimate available in 

the stress database because, of al1 stresses, it is the one of greatest interest to be predicted 

fiom seismic variables. In addition, increasing Sigmal levels has been shown in the 

laboratory to increase the number of events and their average strength (Lockner el. ai., 

1991; Henderson et. al., 1992) and, underground, has been shown to be instrumentai in 

controlling the onset of damage and the associated seismicity (McCreary et. al., 1993; 

Martin and Read, 1996)- as well as rockburst occurrence (McGarr e l  al.. 1975; Tajdus et- 

ul., 1997). One of the benefits to having Tau and SigN estimates on each joint-set 

onentation is that they might suggest which pre-existing feature is responsible for the 

seismicity. Tau and SigN were calculated from the principal stress magnitudes and 

directions using accepted equations (Obert and Duvall, 1967) and the values checked 

against those values calculated automatically in Examine3D. Particularly noteworthy is 

SigN which, in seveml studies, appears to be instrumentai in controlling the chamcter of 



the events generated both in the Iaboratory and underground (Lockner and Okubo. 1983; 

Bird, 1 993; Bawden and Mercer, 1 9946; Utbancic and Trifu, 1996). 

In ternis of the nomenclature used in this study, the planar orientation on which the 

variable is caiculated is designated by adding the joint-set nurnber to the end of the 

variable name (cg., Tau l is the shear stress on J S # l  and SigN4 is the normal stress on 

I.S.#4). The maximum shear stress (TauMax) and the equivalent normal stress 

(SigNMax) were also included in the database, since TauMax is proportional to the 

deviatoric stress, which has been fomd to be correIated with the location of the events 

(Cornors, 1993) and initiation of failure (Martin and Read, 1996). 

4.72. Sigmal gradient (SiglGrad) 

It has been suggested that seismicity may not always occur in the highest stressed region 

but may actually occur in areas of high stress gradient, the idea being that the higher the 

gradient, the greater the sweptibility io sudden displacements as doading occurs, 

which could result in seismicity (Sjoberg and Tiucci, 1993). Gradients also have the 

additional advantage o f  king insensitive to absolute stress magnitudes. In this study, 

only the gradient in Sigmal was calculated, using the three-dimensional interpolation 

routine to calculate Sigmal values at two points Sm (15fi) away from each event location 

in northing, easting and depth. The individual gradients in these directions were then 

calculated by cornparhg the Sigmal values for each pair of points. The total gradient 

was then calculated as the root-mean-square of the individual gradients. the trend and 

plunge providing the direction of maximum gradient- 

4.7.3. Excess shear stress (ESS) 

One of the problems with Iooking at the stress conditions in Siginal versus Signia3 or 

Tau versus SigN space is that both variables are required to describe the stress condition 



relative to a failure surface. Thus. there would be a benefit, fiom a pnctical point of 

view. if the essential information within the two variables could be conveyed in a single 

value. While there is no precedent for doing this in Sigma1 versus Sigma3 space. there is 

in Tau versus SigN space, through the calculation of ESS (Excess Shear Stress). which is 

simply the difference between the shear stress available (prior to slip) and the shear stress 

reqiiired for failure at a given normal stress (Ryder. 1987). In terms of defining shear 

strength. because the cohesion introduced by strength variations on the fault wil1 be 

destroyed during rupture, the strength is a function of the dynarnic fEction and normal 

stress aione (Board, 1994). ESS values on each joint-set orientation were caicuiated 

using a dynamic fiction angle of 30 degrees, which is in the range recommended by 

Scholz (1 990). 

With regards to what this variable might mean in terms of seismic variables, McGarr 

(1981) suggests that ESS could be reiated to shear through the most energetic asperity. 

Othen have had some success in extending the concept to the direct estimation of source 

parameter values by detennining the slip radius fiom the area of positive ESS predicted 

by a numerical mode1 (Ryder, 1987; Board, 1994). A variation of the ESS method was 

proposed by Spottiswoode (1990), where ESS values were numericdy integrated mer 

volumes of positive ESS (VESS). He found VESS provided good estimates for the 

strength of the largest magnitude event and about 20% of the cumulative M o  in the 

regions studied. Due to the numerical integration required in this latter method and its 

focus on larger events and cumulative values, only the ESS variable will be calculated in 

t h s  study. 

4.7.4. Invariants 

Stress invariants were chosen to describe the principal stress information in a single 

variable. Each invariant combines the principal stresses in different ways. some of which 

c m  be interpreted physically. Stress invariants have the advantage of being independent 

of axis choice and have been used to provide insight into the seneration ofregional events 



(Kagan, L994). The first invansant (II) is proportional to the mean normal stress 

(octahednl nomal stress), the second deviatoric stress invariant (52) is proportional to 

the root-mean-square shear stress with al1 directions weighted equally (octahedral shear 

stress: Jaeger and Cook, 1969), while the second and third stress invarîants (12 and 13) are 

proportional to the square and cube of the principal stresses. respectively. 

4.7.5. Stress based energy variables 

A number of authors have wrïtten at length about the energy balance within the rock mass 

(c.g., Brady and Brown, L985; Hedley, 1992). However, Kazakidis (1 995) classified the 

currently applied energy variables into two groups: the rate of total energy released dunng 

a mining step and the amount or rate of energy stored per unit volume. The former results 

in a single number per mining step and is used most ofien to compare different mining 

seqüences (Le., higher energy release rate (ERR) stopes have been shown empirically to 

éxperience more difficult mining conditions with increased incidence of face rock 

bursting; COMRO, 1988). Thus, only the latter category is of interest since it c m  be 

calculated at discrete points (such as seismic event locations) or contoured spatially. 

Kazakidis (1995), who has qualitatively studied the seismicity at Creighton, found the 

spatial distribution of stored strain energy, calculated €rom the principal stresses. to be 

quite insightful and a supenor method of describing overstressing compared to utilizing 

only Sigrnal- In addition. referring to the fmdings of Salamon and Wagner (1979). he 

suggested tliat. for a system in equilibrium (a period of time alter a blast, for example), 

ille only source of energy for a rockbunt is the strain energy stored within the rock mass 

and tliat the size of a seismic event might weil be a hnction of tlic aiiioiint ot'energy 

stored within the rock mass. Therefore. the stored strain energy pcr unit volume was 

iiicluded in the analysis and calculated at each event Iocation. ~ising the following 

quation (Jaeger and Cook, 1969): 



w here 
E = Young's Moddus 
v = Poisson's ratio 
G = principal stresses 



DATASET FILTERING 

The previous two chapters descrïbed the methodology applied to obtain the seismic and 

stress variable values at each event location. However, the Creighton dataset like most 

other mine-induced datasets, contains blasts that need to be handled in some way. 

Unfortunately, at Creighton due to the mïning method applied in the volume of interest 

and the agressive development schedule during the time penod of interest, the catalogue 

may potentiaily be contamhated with over 150 bIasts per month with no accurate records 

cf when they occurred (A. Punkkhen, personal communication). As such their presence 

in the catalogue c a ~ o t  be ignored nor used to demarcate various datasets as at Lockerby; 

tlierefore, they wiU have to be removed fiom the dataset- Consideration of how best to 

eliminate these blasts fiom the catalogue eventually led to more generai thoughts about 

the effect of blasts on the dataset, the possibility of other non-random influences acting 

within the catalogues, and whether al1 events recorded are equaily reliable indicatoe of 

the static conditions within the source volume. if there is reason to beiieve that not al1 

events rnay be equally suitable for andysis, then a rational method for identiljrhg these 

less representative events needs to be deveioped at both the conceptual and practical 

levels. 

S. 1. Introduction 

Creighton can be considered a cornplex mine primady because of its size, depth, orebody 

geometry and applied mining techniques- Because it has sevenl active stoping areas, 

srisrnicity may not be dnven by stress changes associated with any single mining area. but 

ratlier by a complex combination of effects, including the blasts themselves. lnitial 

consideration of methods by which a blast might affect the catalogue led to the hypothesis 

tliat events following blasts might be inciuced by sorne combination of at least two different 

niecl~anisms: the overstress wave associated with the blast and the initial and longer term 

effects of stress redistribution. If events generated by either mechanism could be reliably 



identified, then events associated with either or both of these effits might be removed frorn 

considention. in the former case. the associated events may be eliminated due to concems 

about the resulting source parameter estimates king more typicai of the transient (dynamic) 

overstress condition rather than the (static) stress state approxirnated by the numencal 

rnodels. in the latter case, the events associated with at ieast initiai stress redistribution 

c ffects might have to be eliminated to help ensure that oniy "background" events are 

inciuded in the analyses those that are essentially mndomiy distributed in time and 

genented under relatively stable mess conditions). A random dataset might allow the 

longer terni temporal or spatid trends in source parameters to be more easiiy investigated 

since the member events would not be intimately tied to any particular seismicity generating 

force acting in the catalogue. 

To decrease the likelihood of generating meaningless relations by potentially cornbining 

geneticaüy dissimikir events in the same dataset, a study was undertaken, pnor to the 

detailed investigation of Creighton data, into blasts and other sources of non-random 

behaviour acting in the catalogue. Discussions in this chapter include: 

i) the generai chcter is t ics  of the selected dataset (Sec. 5.2); 

ii) the applied blast identification techniques (Sec.S.3); 

iii) the effect of blasts on the rock mass (Sec. 5.4); 

iv) the importance of other non-random influences acting in the dataset (Sec.5.5); 

and, 

V) the temporal stability of the identified non-random influences (sec 5.6). 



This part of the study was based on the complete October to December, 1993. dataset, 

which is approximately four times larger than the spatially filtered dataset and encornpasses 

the entire lower part of Creighton. Utilizing this larger dataset allowed for the possibility 

that blasts outside the volume of interest might affect events within the volume of interest- 

During this t h e  period there were thought to be 441 blasts and 84 large events captured by 

the CANMET system. Temporal characteristics include an elevated period of seismicity 

between 500-1000 hours (Iate October and early November; Figure 54a) that is betieved to 

be associated with a large event aftershock sequence and two periods during the day when 

the mine was particularly active between 13:OO to 1500 hours and 2 1 :O0 to 23:OO 

hours; Figure 54b). Also inciuded in the catalogue are two time intervais where data has 

been lost (likely overwritten at 700 hours and 875 hours) due to high event rates and the 

way the system was set up. Findy, it c m  be seen in Figure 55 that the majonty of events to 

be analysed in this dataset were Located by the on-he routines to a mean vectonal error of 

less than 2 lm (70fi) with moment-magnitudes between -2 and 0.5. 

In many studies, removing the actual blasts and their effects fiom a time ordered seismic 

catalogue wodd simpIy be a matter of obtaining the blast thne and working place fiom 

production records and eliminating just the event in the catalogue that occurred at the 

correct time and location. However. at Creighton the blast identification process is more 

complicated due to the following three factors: 

i) a comprehensive list of exact blast times was not available so the biasts were 

identified manually in the MP25O catalogue, based on the on-site operator's 

experience and knowledge of areas currently being worked and on normal blasting 

patterns (A. Punkkinen, personal communication); 
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Figure 54 - October to December, 1993, dataset: a) fiequency-time plot (Note: October 
1, 1993, is O hours) and b) tirne-of-day frequency plot 
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Figure 55 - Basic distribution plots: a) calculated location error and b) moment- 
magnitude (M) 



ii) the full-waveform array is only optimized for Creighton deep. whereas the 

MP250 blast catalogue is based on a mine-wide array; and 

iii) the MP250 catalogue was not at the time of this study, the-synchronized wi-th 

the hll-waveform system- 

Very little can be done about the first problem. The practicai implication of the second 

problern is that some correctly identified bIasts in the MP250 catalogue may not be present 

in the full-wavefom catalogue. However, it should be noted that these blast omissions do 

not necessarily imply that the effects of the blasts will also be absent. The third problem 

represents the prhary obstacle to confïdently i d e n m g  the blasts in this dataset. Since 

the blasts were identified in the MP250 catalogue and the fllll-waveform and MP250 

systems were not tirne-synchronized, the event times of identical events in the two 

catalogues will be different. Unfortunately, the time off-set between the two systems may 

be up to a couple of minutes and rnay vary (drift) over time (S. Marisetf personal 

communication). in an effort to recognize the blasts in the full-waveform catalogue, a 

space-time critenon was applied to identify the most likely matches in the Full-wavefom 

catalogue. Initial identification attempts allowed up to a five minute difference in time and 

a 6 lm (200fi) difference in location between identical events in the two catalogues. It was 

assurned that if enough correct matches could be made then it would be possible to calculate 

the time difference between the two systems at any point in tirne. In total. 190 matches 

were obtained using the above cntena As expected, it is clear €rom Figure 5Ga that the 

tirne clocks drift in a linear fashion, the trend only being broken when the time clocks are 

n-irinually reset (close to zero)- 

Lf the drift lines represent the time difference between the two systems. then events in 

Figure 56a wliich do not fall on the drift lines rnust be incorrect matches. Eiiminating these 

i iicorrect matches. through linear regession, results in basically parallel drift lines (Figure 

5Gh). Once the equations of the drift lines were obtained. it was then possible to calculate 
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Figure 56 - Julian Day time drift plots: a) time difference between MP250 and full 
wavetbnn systems. b) time drift lines, and c )  blasts identified using time drift lines 



the time difference between the hvo systems at any point in time. Using the drift lines to 

correct the blast times and a 1.2 second acceptance window (established through trial and 

error), to allow for possible equation and caicdation emrs, resdted in 271 of the 441 blasts 

(6 1%) king identified with more confidence than was possible with the original simple 

space-time critenon (Figure 56c). According to S. Marisett (personal communication), the 

majority of the blasts identified in this manner coïncided with the location of active 

development or production activities during the time period of interest. in Figure 57, the 

spatial distribution of the 271 identifieci blasts was compared with the 170 that were not 

identified (MP250 locations were used in this case). Many of the btasts that were not 

identified located to the north, east and above the idenafieci olasts, suggesting that the 

primary reason for not idenfiSting ali the blasts was that a substantial proportion were 

located far fiom the centre of the fitll-waveform m y -  In sutnmq 84% of the 

development and production blasts below 6800L could be identified with confidence by 

correcting for the thne dBerences between the mine-wide MP250 system and the full- 

waveform array during the monitoring penod. 

5.4. Effect of billsis on the rock mass 

Having identified a substantiai proportion of the blasts in the catalogue, it was then possible 

to investigate the possibility that there were events intimately associated with these blasts 

generated either by the overstress wave or initial stress redistribution effects. Figure 58a, 

which represents the time distribution of events imniediately Bllowing identified blasts, 

suggests that there were more events in the £kt two or three minutes than in the remaining 

30 minutes. Specifically, f i e r  approximately three minutes, the distribution appears to 

retum to what might be considered close to background levels. Spatially, mapy of these 

associated events with location errors less than 21m (70fi) appear to tocate within 45m 

< i 5 Û î ; i  or ine biasts, with a broader secondary peak centred at approximately 230m (750ft) 

away (Figure Sb). Worth noting is that duplication of these afier blast events is possible if 

two identified blasts are close together in time. Eliminating this overlap within the selected 
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Figure 57 - Spatial distribution plots in mine CO-ordinates: a) Northing - identified blasts, 
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Figure 58 - Distribution of events following blasts: a) t h e  and b) position 



30 minute window reduced the nurnber of blasts matched and the number of related events 

but did not change the overai[ pattern O bsewed. 

As mentioned, it is possible that even thou& some blasts in the catalobwe are not detected, 

the events associated with these blasts might be present in the catalogue- To evaluate this 

possi bi 1 ity, the blasts that were not identified were time-corrected (using the tirne-dri ft lines) 

and slotted into the time-ordered fidl waveform catalogue. Subsequently, al1 events 

occurrîng within 30 minutes were identified. in the end simiiar decays were observed in 

both time and space, to those detennined for the identified blasts- This conclusion was, 

however, based on the assumption that the first full-wavefonn event following the blast 

time gave the approxhate location of the blast. If the MP250 locations were used instead 

of the first aflershock Location, a dissimilar, more even, distribution of events appeared to 

exist spatiaily over the nrst approximately 1 50m (500ft). The general sïmilarïty in the tune 

decays of the events associated with identified and not identified blasts presented the 

possibility that the observed temporal decays were, in fact, some hc t i on  of the distribution 

of the events within the Ml-waveform catalogue. This possibility was evaluated by 

generating a series of random blast times and Iooking at the resdting distribution of 

apparent aftershock events. The resulting Bat (random) distribution with a fiequency of 

occurrence similar to the background Ievels in Figure 58a suggested that the observed 

decay patterns were reai and not a h c t i o n  of the distribution of events. 

The temporal and spatial decays suggest that some of the blasts do. in fact, have associated 

events and that the immediate effects of the blasts are apparently short-lived and tàidy local- 

Wliat was not established fiom the previous figures is whether the alter-blast events that 

occur within the fust 2 or 3 minutes are exactly the same events that occiir within 45m 

( 15OR) of the blast location. Figure 59 strongly suggests rhat the rnajority of the events that 

occur within the first two or three minutes are, in fact, the same events tliat plot within the 

first 45m (1  50ft). This same trend was aiso observed for the events associated with the not 

idcntitied blasts. 
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Figure 59 - Time-distribution plots: a) events which occur within 0-45111 (0-1 50ft) of the 
blast location and b) events which occur within 45-305m (MO-1000ft) of the blast 
location 
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In practice, it may be dificuit to differentiate between events associated with the overstress 

wave (dynarnic effects) and those induced by initial stress redistribution effects. Lntuitively, 

i t would seem likely that stress redistribution effects will propagate within the rock mass at 

much slower rates than the comparativeiy short-lived dynamic eEects. If  this is truc then 

the events defmed by the time Iimits determined above are the events most likely to have 

been generated by the overstress wave. Unfortmately, ushg a blanket cntenon for 

removing these events does present the possibility that some of the initial stress 

redistribution events will inadvertently be identined as dynamic in origin. It is also very 

likely that some of these events wiii have been induced by a combination of these two 

effects. 

5.5. Evuiuating the importance of other non-random influences acting 

within the dataset 

As mentioned, it may be desirable to analyse a dataset where not only blasts and the 

associated events have been eliminated, but also the events associated with other non- 

random inauences in tirne, If this level of filtering could be achi~ved. then the rernaining 

events would be the "background" events, generated under the comparatively static 

conditions rnost similar to those approximated by the numerical models. 

As was observed in Figure 54% it is Iikely that one of the non-random seismicity generating 

influences acting within the catalogue is the large events. To evaluate the importance of 

tliese large events, it was necessary to identify them in the full-waveform catalogue and to 

determine a method for automatically identimg their related events. At the time of this 

study. the CANMET system like the MP250 and full-waveform system. was not time- 

synchronized with any other system. Attempts to calculate time-drift lines, as before. to 

relate the Full-waveform system times to the CANMET system times were not successful 

( l i  kcly due to too few large events or the CANMET system dock king resrt more often). 

As a result. large events were identified in the full-wavefom catalogue using only a space- 



time critenon. A total of 60 of 84 larger events were identified in this way. Microseismic 

events associated with these larger events were identified using an empiricd meihod 

developed by trial and error. Specificaüy, as in the blast case, if an event was generated 

within three minutes and 45m (1 50ft) of the large event's time and location, it was 

identified as an associated event. in addition, if more than five events were generated 

within this space-thne range, a larger event sequence was assumed to exist, in which case 

ail subsequent events which were generated within two minutes of each other, as long as the 

maximum interval time between two consecutive events did not exceed 10 minutes, were 

also assurned to be part of the afiershock sequence. The suîtability of this criterion was 

evduated by creating a the-distribution plot for aU events following the large events by six 

hours (Figure 60a) and comparing this to an identical plot for events identified as associated 

events (Figure 60b). If the two distributions are then subtracted from one another (Figure 

60c), it can be seen that most of the events above the "background Ievel have been 

successfully identined using the developed methodology. 

The effect on the overafl catalogue of ellminating the two major non-random influences 

identined thus fàr (i-e.. blasts and large events) was investigated using phasor plots 

(Rydelek and Sacks, 1989; Figure 61). The four axis end points of a phasor plot represent 

six hour intervals on a 24 hour dock. To creae a phasor plot, the tirne of the first event in 

the catalogue is represented by a line segment of a constant specified length pointing fkom 

the centre towards the appropriate point on the clock. %y comecthg new event segments 

oriented in the way to the end of the previous event's segment, it is possible to quickly 

identi& non-random behaviour as the series of segments would move strongly towards one 

part of the clock in contrast, if the events occur randornly in tirne then the c o ~ e c t e d  event 

segments will cluster around the origin of the phasor plot. In this study, the length of each 

segment was chosen so that the combined segment remained within a circle of five unit 

radius if the events were randornly generated in time to a 95% confidence level. As a result, 

phasor plots represent a convenient method for inspecting the tempoml distribution of 

events within the dataset, and in ternis of the objectives of this study, an excellent method 

for assessing the suitability of various filtering strategies. 
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Figure 60 - Time-distribution plots: a) events Following larger events, b) events identified as 
associated events. and c) events in (a) after events in (b) have been removed 
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Figure 61 - Phasor plot for October to December, 1993, dataset: a) unfiltered and b) 
dataset in (a) but with blasts and associated events (3min. and 45m (ISOft)) removed 



It can be seen fiom the phasor plot for the unfïltered October to December. 1993, dataset 

( Figure G 1 a) that the overall catalogue demonstrates strong non-random behaviour. 

particularly between approximately 21:00 and 2300 hours (ie.. this is the most seismically 

active time period; see Figure 546). Removing the blasts and their associated afiershocks 

did not have a large effect on the phasor plot (Figure 61b). while. as expected. filtering out 

the larger events and their associated afiershocks substantialiy reduced the non-random 

behaviour. However, at least five major non-random sequences still existed within the 

dataset. the largest king associated with the major aftershock sequence that overwrote data, 

creating a blank interval in the catalogue. investigations into what generated the other four 

sequences did not defïnitively establish their genesis, although most were likely due to 

blasts or larger events that were not identified and removed fiom the cataiogue. The manuai 

elimination of these additionai sequences M e r  reduced the non-random behaviour 

(Figure 62a); however, sources of non-randomness still remained witbin the catalogue. 

To investigate the possibility that the remaining non-random behaviour rnight be a function 

of the dataset king uicomplete over certain magnitude ranges, the fiequency-magnitude 

plot created eadier was inspected for linear decay (see Figure 55b). It is suggested by 

Gutenburg and Richter's (1 944) relation that the log number-sue (log fiequency-magnitude) 

decay should be linear if al1 events have been recorded over a certain magnitude range. In 

this study a Iïnear decay in moment-magnitude is observed between approximately -1 -0 and 

0.0. System sensitivity and the maximum sensor dynarnic range control the lower and 

upper completeness thresholds, respectively. A phasor type analysis for Mc-1 events 

indicated that many of these relatively smdl events were recorded in the early morning 

l~ours. Since ttiere is no convincing reason to believe that tliese events are not genented in 

similar numbers at al1 times during the day. it can only be concluded tliat they were onfy 

rrcorded due to increased system sensitivity during the cornparatively quiet (in ternis OP 

background mining noise) early moming hours. When tliese events outside the complete 

n~agnitude range are eliminated fiom the cataiogue, the non-randomness is turther reduced 

(Figure G2b) and the most seismically active time moves forward to approxirnately 2200. 



Figure 62 - Phasor plot for October to December, 1993, dataset: a) unfiltered dataset but 
with blasts (+associated events (3min. and 45m (150ft))), larger events (+associated 
events), and 5 non-random segments al1 removed and b) same as (a) but with events 
outside the complete magnitude range (- I <M<O) also removed 



lnsight into the remaining non-randorn behaviour cornes fiom Figure 63% which suggests 

diat. despite filtenng out the previously mentioned sources of non-random behaviour. there 

still rernain two distinct periods of the day with increased activity. The most likely cause of 

tliis non-random behaviour is revealed in Fi y r e  64a which indicates that the observed 

peaks in the seismic activity occur at the same time as the majority of the blasts. If  it is 

rissurned that the dataset filtered to the present level does not include many events genented 

by dynamic effects, then according to the hypothesis presented earlier the remaining non- 

randorn events must be related to initial or longer term stress redistribution effects. Since 

the main vehicle for stress redistribution is through production biasts, one might expect the 

observed increase in stress redistribution seismicity ûfter each major blasting period. if the 

immediate effects of the blasts have not been adequately accounted for. As an aside. it is 

also interesting to note that most of the production blasts occur in the latter blasthg period 

(A. Punkkinen, personal communication) and that more of the larger events are aiso 

generated during this time period (Figure 64b and c). Therefore, in order to create a dataset 

that is essentially random in tirne (to the 95% level) it is necessary to eliminate more of the 

stress redistribution events. Based on a series of tests, it was decided to eliminate events 

rhat were generated within 30 minutes of each blast. By removing these events the 

importance of the two most seismically active perïods of the day was reduced (Figure 63b), 

generating an essentimy random phasor plot (Figure 6Sa - the line segments now 

terminates within the circle). 

5.6. Temporal siabifi@ 

I n  an effort to evaluate the temporal stability of some of the previously rnentioned non- 

random intluences, the general chancteristics of the October to Decernber. I 993, dataset 

were compared to the datasets preceding and following rliis time period. In general. the 

August to September. 1993. dataset and the October to December. 1993. dataset were found 

to be fairly similar in t ems  of event rates and average magnitude. However. as expected. 

the events recordeci during the January to Febnüuy, 1994. mine shutdown period had lower 

iivrnge cvent rates and mamitudes. Because the blasts and large rvents appear to be the 
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Figure 63 - Event time-of-day f'requency plots: a) unfiltered dataset but with blasts 
(+associated events (3min. and 45m (150fi))), larger events (+associated events). 5 non- 
random segments. and events outside the complete magnitude range (-1 <M<O) al1 
removed and b) same as (a) but with bIast associated events extended to 30min. 
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Figure 64 - Time-of-day frequency plots: a) blasts. b) larger events from the October to 
December, 1993, dataset. and c) larger events from the January, 1993, to September, 1994, 
dataset 



Figure 65 - a) Phasor plot of unfiltered October to December, 1993, dataset but with 
blasts ( +associateci events (30min.)), Iarger events ( +associateci events), 5 non-randorn 
segments, and events outside the complete magnitude range (-l<M<O) al1 removed and 
b) unfiltered January to February, 1994, dataset 



rnost important seismicity generating influences within the October to December, 1993, 

dataset. the August to September dataset with 65 large events and 467 blasts should aiso be 

highly non-random in tirne, h i l e  the Ianuary to February, 1994, dataset wi-th only 1 1 large 

events and no blasts should demonstrate near random behaviour. Comparinç the unfiltered 

phasor plots for each of these datasets completely supports the above assertion; narnely. the 

degree of non-randomness proved to be ver -  similar for both the August to September and 

October to December datasets, while the Jan- to February dataset appeared basically 

random in time (Figure 65b). This result not ody  supports earlier findings, but also 

supports the assertion that phasor plots are an excellent tool for evaluating the impact of 

various non-random idluences acting within the dataset and for evaluating the effectiveness 

of various filters, 

The results of this study suggest that blasts and large events are the main seismicity 

generating forces acting in the catakogue of interest However, f i l t e ~ g  out these effects and 

analysing only those events within the complete magnitude range resulted in approxirnately 

a 70% reduction in dataset size (the rnajority of this reduction k ing  associated with the 

decision to limit the magnitude range). In other words, less than haif of the events in the 

onginal unfilterd catalogue wouid be considered "background" events generated under 

comparatively static conditions. Therefore, it is these events, in the spatially filtered 

catalogue, which wiil initiaily be focused upon in the effort to form relations between 

variables within the stress and seismic databases. Once relations of interest have been 

formed, the impact of each filtering decision cm be evaluated. 



6.  QUALITATIVE ANALYSIS 

6. 1. Introduction 

in past analyses (Kazakidis, 1990; Bird, 1993; Conriors, 1993; Bawden and Mercer, 

L994a; Sampson-Forsythe, 1994; Tod, 1996), qualitative cornparisons arnong variables 

within the stress and seismic databases have provided important insight into the 

seisrnicity generathg processes acting within the rock mass. Eventuaily, the fmdings of 

these studies led to a spatial cornparison of selected variables and to Bawden (1993) 

proposing the stress-stifkess-velocity-seismicity relation, which formed the conceptual 

starting point for the current study. The Lockerby analysis tested this relation and in so 

doing. explored the limits of the qualitative approach. At Creighton, the following 

qualitative analyses were undertaken primarily to obtain a sense of how failure was 

occurring in the rock mas .  Having undenaken the fiitering study on the larger dataset. 

al1 of the remaining analyses (uniess othem-se noted) will be undertaken on the spatially 

filtered 1150 event dataset or on the 390 events that remained after the identified non- 

random effects were removed. 

6.2. Fuilure processes 

6.2.1. Sigmal versus Sigma3 plots 

A number of observations can be drawn fiom the plastic and elastic Sigmal versus 

Sigma3 plots (Figure 66 and Figure 67). 

i) For the majority of events, there is insufficient stress to drive tàilure, as 

indicated by the nurnber of event locations below the Mohr-Coulomb failure 

envelope (Figure 66a). Tt can be seen that only perhaps a dozen events are 
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Figure 66 - Sigma1 versus Sigma3 plot for plastic stress estimates relative to the Mohr- 
Coulomb equivalent of the Hoek-Brown failure curves for average granite (upper line) 
and ore properties (lower line): a) al1 data and b) filtered for al1 identified non-random 
effects 
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Figure 67 - Sigma1 versus Sigma3 plot for elastic stress estimates relative to the Mohr- 
Coulomb equivalent of the Hoek-Brown failure curves for average granite (upper line) 
and ore (lower line) properties: a) dataset with non-random effects removed and b) events 
within the unfiltered dataset and located above and below 7000L 



predicted to occur within tàiled volumes of the rock m a s  and now. as a result, 

carry residual stress levels- 

ii) The ovenll stress path from the tàr-field conditions at this depth (Sigmal r 98 

MPa. Sigma3: 63 MPa) to the current levels is a very narrow path of increasing 

Sigmal and decreasing Sigmaj. This is due to the overhanging geometry below 

7000L and suggests that the g o n d  adjacent to the stopes has failed and is now 

predominantly aseismic. 

iii) Ln Figure 66, many of the events are generated under conditions approximating 

the tar-field, One possible explmation for this observation is the inclusion of the 

events associated with non-random effects within the catalogue- However. if 

these events are deleted from the catalogue (Figure 66b), the situation does not 

change substantially, suggesting that the identified non-random effects occur over 

a range of stress conditions, 

iv) A cornparison of the plastic and elastic plots for the fiitered dataset (Figure 

66b versus Figure 67a) suggests that the stress estimates fiom the two different 

models are not very different, although the impact of incorporating failure and 

stress redistribution can easily be seen by the increased slope (stress gradient) in 

the plastic case as the footwall is approached (ix., as Sigmal increases). 

V) Because the eiastic Examine3 D mode1 incorporated the mining geometry up to 

6400L. it was possible to compare the elastic stress estimates for the events above 

7000L to the events below. Figure 67b shows that even for this larger dataset the 

two volumes appear to be very similar. Specifically, tliey both generally have 

insufficient stress to drive fai lure and both demonstrate a trend of increasing 

Sigmal with decreasing Sigmd, although tliere is more scatter in the dataset 

above 7000L. This result suggests that the seismicity genenting processes in 

these datasets may be similar. 



6.2.2. Tau vçrsus SigN plots 

Since it is believed that the predominant mode o f  failure is in shear. plots in Tau versus 

SigN space may be more meaningful than Sigmal versus Sigma3 plots. A senes of Tau 

versus SigN plots for each joint-set orientation is included as Figure 68. in these plots. 

t lw approximate s hear strength on each orientation is represented by Barton-Bandis 

îàilure curves using input variabies determined €rom the underground mappinp by 

Coulson ( 1993)- Recdl that the failure criterion used in FLAC3D was of Molir-Coulomb 

fom;  tlierefore. it is possible that stress estimates for the plastic mode1 might exceed the 

presented Barton-Bandis failure envelopes. 

Srveral conclusions can be drawn t'rom Figure 68. incliiding: 

i) tlie stress state at most event locations is below the Barton-Bandis strength 

estimates on each of the granite joint-set orientations; 

ii) simiiar to the observations made in Sigmal versus Sigma3 space. it c m  be seen 

from a comparison of Figure 68a and Figure 68c that there is only a small 

difference between the plastic and elastic estirnates; 

iii) a comparison of the stresses on each of  the four different joint-set orientations 

reveals that the flat-lying joint-set (J.S.#4) is the closest to tlie failure envelope. 

wliile the steep orientations are progressively further renioved; 

iv) filtering out tlie identified non-random effects (Figure 68b). once again. does 

not explain the presence ofevents far removed t'rom tlie t-àilure surtàce; and, 
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Figure 68 - Tau versus SigN plots for al1 joint-set orientations relative to Barton-Bandis 
strength curves: a) plastic stress estimates for al1 data, b) plastic stress estimates with al1 
non-random effects rernoved, and c) elastic stress estimates for al1 data 
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v) several of the joint-set orientations indicate a weak inverse relation between 

Tau and SigN which may suggest the presence of spatial variations in the 

frictional properties of the joint surfaces. 

There are a number of reasons that could potentially account for the presence of events 

beneath the fdure surface in this space: 

i) the presence of development which was not included in either numericai model; 

ii) the existence of large s d e  features k ing  driven fiom positions removed fiom 

the seismicity and/or locdy distorthg the stress field; 

iii) the occurrence of stress concentrations dong lithological contacts, paaicularly 

the ore-waste contact, since there appears to be a strong spatial relation between 

the contact and the seismicity in plan and in section (NOTE: the southem extent 

of mining at this the, between 7000 and 7200L. was ody N6440; Figure 69); 

iv) the existence of a more complicated slip mechanism than pure shear might 

make it more difficult to determine meaningfbl shear stress estimates; 

v) the selection of inappropriate joint orientations; and, 

vi) the possibility that stress changes (stress path) are as important as absolute 

values. when trying to understand which volumes of the rock mass are seismically 

active. 

Each of these possibilities was investigated in detail for both the plastic and elastic stress 

estimates and it was found that points i), iii) and iv) were not likely candidates to explain 
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Figure 69 - Seismicity relative to fmtwall contact: a) events within 1Sm (5Oft) of 7200L (large 
scale shears - dashed line and brittle shears - dotted line), b) events within 1Sm (SOI?) of E 4500 
(looking west), and c) events within L5m (50ft) of E 4600 (looking west) 



ilte apparent stress deficiency. This was determined in the tonner two cases by 

examining, in Tau versus SigN space, the stress estimates for events near level 

drvelopment and the lithological contact to evaluate whether these were arnong the 

events furthest fiom the failure envelope (Figure 70a and b). In the case of point iv), the 

Es/Ep ratios suggested that shear fadure was the dominant mechanism for al1 events in the 

dataset and that the events were fairly simple, as indicated by the similarity between 

Ao and Acd (Figure 71). 

Of the remainïng explanations, it is possible that at Ieast some of the seismicity in the 

volume of interest is associated with large-scale features k ing  drivea fiom some remote 

location and/or, locally distorthg thc stress field. in either case, the actual stresses within 

the rock mass may be closer to the failure surface than could be predicted by either 

continuum numerical model. The impact of large scale feahires was evaluated by 

investigating the distribution of seismicity relative to the known features. It was found 

that the only events that might be related to such a feature are those plotting close to a 

brinle shear striking approximately 15 degrees east of E465O (Figure 69a: Stevens, 1995). 

When these events are plotted in Tau versus SigN space, it can be seen fiom a 

cornparison of Figure 70c with Figure 68a that these are some of the furthest events from 

the failure envelope for three out of the four joint-set orientations. Unfominately, even if 

it is asswned that these events are related to the brittle shear, the identified events 

represent only a fraction of the events fa .  fiom the failure surfàce- However. the 

presence of this large-scale feature does appear to be one possible factor contributing to 

tlie seismicity within a region (i-e.. within the east abutment) that would otherwise be far 

from the failure envelope. 

As far as considering the right joint-set orientation is concemed. the fact that four joint- 

set orientations were included in the Tau versus SigN plots does not eliminate the 

possibility that otlier orientations are responsible for tlie seismicity. Investigation of 

feature poles from underground mapping (Fibwre 72) reveais that virtually my steep 

orientation might exist. As a result, it was decided to evaluate, for each event in the 
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Figure 70 - Plastic stress Tau versus SigN plots for al1 joint-set orientations relative to 
Barton-Bandis strength curves: a) events between 7150-7250 depths, b) events near the 
ore-waste contact, and c) events possibly associated with a large scale feature 
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Figure 71 - Dynamic stress drop (&cd) versus static stress drop (Am) for dl events 

Figure 72 - Stereonet pole plot of joint-set mapping results in the granite on 7200L ( d e r  
Coulson, 1993) 



dataset. what orientation was closest to the failure surface. The first approach adopted 

considered al1 possible orientations for each event and stored the orientation with the 

Iiighest ESS, while the second examined and stored al1 orientations above or within 1 O 

MPa (in shear stress terms) of the failure surface- In both cases, the nwnber of 

occurrences in each orientation was contoured and the single orientation closest to the 

fàilure surface determined (Figure 73a and b). These plots suggest that there are two 

onentations (due to symmetry and separated by twice the friction angle) which are, on 

average, dosest to the fadure surface, neither of which were observed during the 

underground mapping. Even with the less consewative 10 MPa requiremenf steep 

orientations are not particdarly favourable for failure. If Tau and SigN are calculated on 

the two most likely slip orientations (2 17/59 and 297/29, respectively), the resuiting plot 

indicrites that the stresses at the event locations are now closer to the fiLure surface than 

when the orientations detenniaed fkom the underground mapping were used (Figure 73c). 

In the end, it was decided to include, in the stress database, the Tau and Si@ estimates 

for these two onentations, which wiii subsequently be known as the MinFoS onentations. 

The last proposed explanation for the apparent stress deficiency in Tau versus SigN space 

is that absolute stress values are not as important as the size and direction of the stress 

clianges that occur pnor to event generation. This hypothesis suggests that regions within 

the rock mass that move towards the failure surface over time are more likely to be 

unstable than areas where the reverse is hue. To investigate the stress path to fkilure, 

stress changes at each event location were calculated by extracting the surrounding stopes 

in a senes of steps. in this study, four stress changes were calculated, each relative to the 

stress at the time of failure. The fust mining step compared the final stress to the virgùi 

conditions. the second to the conditions that existed pnor to the start of the extraction of 

the 7000-7200 VRM stopes. the third to the stress conditions that existed approximately 

one year pnor to event generation (i-e.. August, 1992), and the final to the stresses that 

existed pnor to the most recent s top  extraction. These four stress changes were 

calculated both for the principal stresses and the Tau, SigN and ESS stresses on the six 

planar orientations now being considered. In b m s  of nomenclature. the tour changes in 
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Figure 73 - Using plastic stress estimates: a) contour plot of maximum ESS orientation, 
b) contour plot of ESS orientations within 10 MPa of failure surface, and c) Tau versus 
SigN plot for the two minimum factor o f  safety against shear failure (MinFoS) 
orientations for a group of typical events 



the principal stresses (using Sigma1 as an example) will be designated: SiglDifl, 

Sigl DiB. Sigl DiD and SiglDif4. The equivalent changes in the shear type stresses 

(using Tau4, as an example) will be: Tau4-12. Tau44 3, Tau4-14 and Tau4-15 (where -1 2 

represents the first stress change. between final stress and virgin conditions and -15 the 

final stress change associated with the last mining step). The net result of the analysis in 

Tau versus SigN space was a substantial increase (to 109) in the number of stress 

variables to be considered during the mdysis. 

6.23. Examination of different slip orientations 

With the large increase in the number of variables in the stress database associated with 

the findings of the previous section, it would be convenient to determine which planar 

orientation is failing so that the nurnber o f  variables considered in the analyses could be 

reduced. The absolute stress estimates in the previous section did not clearly indicate 

which planar orientation was failing, but the avadable stress change variables may cl- 

the situation. To test the hypothesis that an event is more likely to be generated in a 

region where the stress change pnor to failure moves the event location towards the 

failure envelope. the change in Tau due to the fmal mining step was plotted against the 

equivalent change in SigN (Figure 74). It can be seen fiom this figure that on J.S.#l the 

event locations generally experience a positive change in Tau1 combined with both 

increases and decreases in SigNl. In the case of I.S.#2 there is a relatively strong 

increase in Tau2 combined with a decrease in SigN2 for the majority of events- J.S.#3 

experiences only relatively small changes in Tauj. but this is combined widi a strong 

reduction in SigN3. Finally. J.S.#4 and the MinFoS orientations rxperience fairly 

uniform changes with moderate increases in Tau cornbined with increases and decreases 

in SigN. From Figure 74 it would appear that J.S.#2, and to a lesser extent I.S.#3. 

orientations. on average, make the strongest move towards the fàilure envelope during the 

thml mining step. 
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To further evaluate the validity of this approach. the change in the distance iiom the 

Mure envelope (Le.. change in ESS during the last rnùung step) was contoured and 

compared to where the events were actually Located. Specificaily, the J.S.#2 stress 

clianges calculated using events within 15m (50ft) of 7200L. were used for this 

cornparison. Where no data was available the data was kriged to obtain estirnates for 

contouring. A cornparison of Figure 75a and b reveals that, wIde most of the events 

occur within the positive change in ESS zone ( ie. .  location moving towards the failure 

enveIope during the last mining step), they do not occur in the regions with the suongest 

increase. Similar cornparisons at other depths with other joint-set orientations and with 

the elastic stresses reveaied similarly ambiguous results. It was concluded that stress 

changes were not able to clearly indicate which joint-set orientation was responsibie for 

the seismicity- 

One other strategy that might resolve this dilemma would be to obtain fault-plane 

solutions for al1 the events under consideration. This approach was not adopted for the 

fo llowing reasons: 

i) nie quality of the signals in this Creighton dataset is not particularly high, with 

many noisy first arrivais which, while adequate for Location purposes, makes it 

difficult to pick first-motion polarities with confidence. Low confidence 

po larities directly translate into poor fault-plane solutions. 

ii) Undertaking fault-plane-solutions as an integral and necessary step in the 

analysis procedure is not consistent with one of the practical objectives of the 

research: to evaluate the utility of hlly automatically-processed seismic data. 

6.3. Trend p/ots 

During the Lockerby study, so-called trend plots made an important contribution to the 

qualitative analysis. At thnt particular mine. the siIl pillar geometry allowed the trends in 
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Figure 75 - In plan view: a) contoured change in plastic ESS estimates (in MPa) on 
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the source parameters and stress estimates to be plotted in one-dimension relative to the 

advancing stope face. At Creightoa the seismicity and geometry are much more three- 

dimensional in nature and, as such. do not lend themselves easily to the same son of plot. 

I-Iowever, a natural evolution of the Lockerby analysis was to contour the available 

variables in two-dimensions, 

A cornparison of the various typical contour plots in Figure 76 reveals shortcornings with 

tliis approach. For example, even though there appeared to be a relation between the 

piastic Sigma1 estimate and Amd at Lockerby, it cm be seen fiom the equivalent figures 

that the two-dimensional distribution is more cornplicated. In fact, depending on the 

position and orientation selected for the reference line, one might end up with a 

reasonably strong relation (horizontal) or no relation at al1 (vertical) between these two 

variables. In addition, if the results could be graphicaiiy presented in three-dimensions 

one would expect, by extrapolation, that the relation would be even more complicated. 

While two-dimensiond trend (contour) plots are an excellent way to get a feel for the 

distribution of individual variable values in the dataset they appear to have limited use 

for comparing different variables, udess they are highly correlated or there is a reference 

point or plane that is obvious or of particular interest. In additioh the process of 

contouring smooths the data and, while this might eventualiy be necessary, it would be 

preferable to form relations in th is  study on the unsmoothed (raw) variable values. In 

sunmary, it wouid appear likely that a more quantitative approach, including the ability 

to combine a nurnber of variabtes, will be required to achieve the objectives of this study. 
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Figure 76 - Contour plots of variable values projected ont0 E4600 cross-section (Iooking 
west): a) S igmal, b) dynamic stress drop (Ac& and c) asperity radius (r,) 



7. QUANTITATIVE ANALYSIS: RAW DATA 

The findings of the qualitative analysis suggested, at the very Ieast, that the generation of 

the seismicity at Creighton is a complicated process. None the less, the strategy for the 

quantitative part of the analysis (as at Lockerby) is to begin with the simplest technique 

involving pairs of variables and, if necessary, to extend this analysis to multivariate space. 

With 129 variable values calculated for each event in the dataset there are clearly a large 

number of potentid relations that could be evaluated. This number can be substaatially 

reduced, however, by eliminating fiom M e r  consideration relations that do not exceed 

a certain strength tbreshold. From experience and plots Iike Figure 77, it was decided 

that, for a relation to be strong enough to just* M e r  investigation, a correlation 

coefficient (r) of 0.8 or the equivdent coefficient of determination (R2) of 0.64 would be 

required. Unless noted, al1 foilowing analysis will be based on the dataset with ail non- 

randorn effects removed (approximately 390 events)- 

7.2. Bivariate anaiysis (Part I )  

The initial quantitative analysis examined the strength of the correlations between every 

pair of stress and seismic variables for both the plastic and elastic stress estimates. An 

investigation of the resulting correlation matrix revealed that the strength of the relation 

between each pair of variables is very low (0.0 to 0.15), the strongest k ing  in the 0.4 

range, for pairs involving various stress estimates and the r,, ~ n ;  and rdr. seismic 

variables. To detennine why the correlations, in generd, were so low, scatter plots were 

created involving r, and ~r and typical variables fiom the stress database. Figure 78 
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Figure 77 - Scatter plots showing different strength relations: a) ~ 0 . 0 ,  b) ~ 0 . 4 ,  c) ~0.7, 
d) r=0& and e) r=0.9 



Figure 78 - Typicai bivariate scatter plots comparing two seismic variables (asperity 
radius (Ra) and radiation efficiency (Eff)) to a series of five typical stress variables 

=a 
Figure 79 - Example of outlier (G~ ,  ~ 2 )  in multivariate space ( i e r  
Peck, 1992) 

Montgomery and 



indicates that despite king among the strongest relations available, some of  the variables 

involved clearly suffer h m  poor variable distributions (on the diagonal) as well as fiom 

the effects of outliers. In the latter case, it can be seen h m  the plots involving S i g l G d  

Ior exarnpie. that a relatively small number of points exert a strong influence on the siope 

of the regression line and result in a relation that does not accurately represent the trend 

typical of the rnajority OF the data- 

7.3.1. Transformations 

From a statistical point of view there are benefits to ensuring that the variable 

distributions are close to normal or, at least, symrnetry. To accomplish this, and as  a 

preliminary step to outlier removal, a histogram of each variable's fiequency distribution 

was inspected for skewness. For skewed distributions one of the folIowing 

transformations was applied to make the distribution more syrrvnetrical: 

It s hould be noted that an offset was sometimes required to avoid applying logarithms and 

square-roots to negative vdues, as was multiplying reciprocal transformations by -1 to 

ensure the distribution retained its original sense. No transformation above a cube was 

used for practical reasons and where relativeiy large transformations only made a small 

difference to the distribution. the original. untransformed values were retained. In 

general, taking the Logarithm normalized most of the seisrnic variables. whereas the stress 

variables required a range of transformations and often retained some skew or showed 

signs of multi-modality. 



7.3.2, Outlier removal 

The following is a description of the outiier problem nom Ferguson (196 1): 

"In a sample of moderate size taken f?om a certain population it appears 
that one or two values are surprisingly far away fiom the main group. The 
experimenter is tempted to throw away the apparently erroneous values, 
and not because he is certain that the values are spurïous. On the 
contrary, he will undoubtedly admit that even if the population has a 
normal distri'bution there is a positive although extremely smail possibility 
that such values will occur in an experiment. It is rather because he feels 
that other explanations are more plausible, and that the loss in the accuracy 
of the experiment caused by throwing away a couple of good values is 
small compared to the loss caused by keeping even one bad value. The 
problem, then, is to introduce some degree of objectivity into the rejection 
of the outiying observations." 

Ln general, outliers are data points îhat are not typical of the rest of the data and, if 

present, c m  have severe effects on regression models (Barnett and Lewis, 1978). 

However, Barnett and Lewis (1978) recommend that the outiiers shouid be investigated 

prior to king  deleted, as outliers can be perfectly plausible values, though perhaps 

unexpected and deleting them to Mprove the fit of the equation can result in an 

erroneous sense of precision in estimation. 

Before the cause of the outlying vaiues couid be assessed, it was necessary to have a 

technique through which outliers could objectively be identifieci. There are many ways in 

which outliers can be identified and several were selected for investigation. These 

methods can basically be divided into two types: univariate and multiv~ate.  

Multivariate methods appear to have an inherent advantage for this type of study in that 

they can recognize outliers in multi-dimensional space, which are not obvious in any 

individual variable distribution (Figure 79). Unfortunately, these methods are also 

dificuit to control. particularly as the dimension increases, and are, as a result, the subject 

of current statistical research (e.g, Rocke and Woodruff, 1996). Keeping in mind the 

objectives of this study, only comparatively simple methods were evaluated. 



In the end four methods of identifying outliers were selected for evaluation: two 

univariate and two multivariate. Each of these methods is described in detail in Appendix 

D. I . To evaluate the effectiveness of these four methods at elirninating outlien, it was 

necessary to identie some test relations. Since the initiai quantitative analysis sugpsted 

that it would be unlikely, even after outlier removal and appropriate transformations. that 

the bivariate correlations were going to get anywhere close to the r = 0.8 limit of interest, 

it was apparent that any relations of interest would likely involve combinations of 

variables. Therefore, multiple regression was run on combinations of varkbles that 

suffered no multicollinearity (MCL) to the r>0.9 Ievel (consistent with the first order 

recommendations of Montgomery and Peck, 1992) and two relatively strong relations 

were selected, one with a stress dependent variable and seisrnic regressors and the other 

with a seismic dependent variable and stress regressors. in addition, to keep the nurnber 

of regressors to a manageable level in these test relations, the least important regressors 

were eliminated from consideration with stepwise regression. The resulting reduction in 

the number of regressors reduced the coefficient of determinations for each test reIation 

and, in both cases, their strengths fell below the ~ ~ = 0 . 6 4  level. 

The first test relation involved the prediction of TauMax using a series of seismic 

variables (Figure 80a). Model adequacy for this test relation was evaluated in ternis of 

linearity, homogeneity of variance and n o d i t y  of residuals (Montgomery and Peck, 

1992) and the relation was found, on the whole. to be suitable, altliougli some 

inhomogeneity of variance and some non-linearity in one of the regressors was observed. 

An attempt was made to rectiQ these shortcomings by ce-transforming the responsible 

variables, but in the end the original regressor transformations were retained. The second 

test relation involved the prediction of the spatial density seismic variable (Den3) using a 

senes of stress variables. Specifically. this relation utilized both principal stress estimates 

and shear stress estimates (from J.S.#I) as regessors to maximize relation strength 

(Figure 8 1 a). Model adequacy was evaluated for this relation and i t was found. ovenll 

that the mode1 was fairly appropriate. The details of the outlier removal coinparison 



c 

4.001 

z z -- 
Cri 

-0.002 

-0.003 

Actual 

Actual 

Figure 80 - Predicted (fitted) venus observed (actuai) plot for the plastic TauMax 
relation: a) no outliers removed and b) outliers removed using the multivariate PCA 
method at 5% significance level 
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Figure 8 1 -  Predicted (fitted) versus observed (actual) plot for plastic Den3 relation: a) 
no outliers removed and b) with outliers removed using the multivanate PCA method at 
5% significance leveI 



using these two test relations are included in Appendix D.2 but in general. the evaluation 

tbcussed on: 

i) the nurnber of events identified as outiiers: 

ii) the strength increase sissociated with the rernoval of the outliers; and. 

iii) the impact removing outliers had on the rneaning of the relation. 

In the end, it was decided to apply the multivariate PCA method (Appendix D.3). This 

method was, however, one of the most ciifficuit to use and identified, for the test relations, 

between 12 and 18% of the events as hzving at least one outlying variable value. 

Applying this technique did, however, increase the strength of the Den3 test relation by 

up to 15%. The impact of this outlier method on îhe test relations can be seen in Figure 

80b and Figure 81 b. In both cases, outlier elimination did not visually improve the fit 

substantially but it did reduce the non-linearity in the Den3 test relation and eliminate 

many of the extreme values. An additional benefit of outlier removal is that it improves 

the variable distributions, which should, in tum, improve the regression models. 

Spatially, it was found (Appendix D.4) that many of the outiiers identified for the stress 

regressor test relation were close to the failure surface, while the seismic regressor test 

relation demonstrated no particular spatial pattern. Eliminating events near the failure 

envelope may, as a resuit. reduce the impact of the plastic stress estimates. 

It should be emphasized that the concept of identieing nearly 20% of tlie events, and 

particularly those close to the failure surface. as having at least one outlying variable 

value was initiaiiy dificuit to accept However, given the methodological objectives of 

iliis study, it was judged to be the correct way of proceeding. on the condition that the 

impact on the final relations of interest would be evaluated. To facilitate this cornparison 

it was necessûry to carry outlier and outlier-free data from both plastic and elastic datasets 

in parallel tl-irough much of tlie tollowing analyses. 



7.4. Bivarhfe andpis (Paf 10 

The impact of the variable transformations and outiier removai on the strength of the 

bivariate relations was assessed by re-doing the analyses undertaken in Section 7.2. TO 

create the necessary datasets for this comparison, outiiers were removed fiom variables in 

the stress and seismic databases that were not correlated (in a bivariate sense) to p0.9. 

Considering only these variables during this part of the analysis had two desirable esects: 

fïrst, it reduced the nurnber of outliers idenbified and, second, it took the first step towards 

minuniPng the effect of MCL. Unfortunately, separate outiier determination nuis had to 

be done for the shear-based stresses on each joint-set orientation and on the principai- 

based stresses (both using a constant set of seismic variables), since no single analysis 

would ever be done with stress values h m  two difEerent joint orientations. This process 

created seven ciifferent outlier mes, in addition to the file with no outliers removed for 

each numerical mode1 (i-e.. 16 datasets to be simdtaneously d y s e d ) .  For each of these 

datasets 15 to 25% of the events were elirninated as containhg at least one potentiaily 

outlying variable value. 

For each dataset, the correlations between aiï pairs of stress and seismic variables were 

investigated, as before, with a correlation matrix. Despite the changes made to the data, 

the correlations remained largely in the same range, with the majority of the correlations 

being Low, and the highest approaching 0.5. Overall, the correlations after outlier 

removal were found to be a little higher (an increase of IO%, in some cases) and little 

difference was observed between the elastic and plastic stress estimates for equivalent 

datasets. En general, the highest correlations were found to be between various stress 

variables and r,, r&, and Den3 f?om the seismic database, 

The impact of the transformations and outlier removal can more clearly be seen fiom a 

comparison of Figure 82 with the original Figure 78. In particular, it can be seen that the 

applied transformations cesult in more symmetrid distributions, while the off-diagonal 



Figure 82 - Typical bivarîate scatter plots companng two seismic variables (asperity 
radius (Ra) and radiation efficiency (EfT)) to a senes of five typical tnnsformed stress 
variables with outliers removed 



plots suggest that the perceived outhers have been successfully removed, resulting in 

more representative regressions. Kowever, the scatter plots in Figure 82 also reveal that 

the reason why the biv&ate correlations remain low is simply because no strong relation 

exists. This is in contrast to the reIations in Figure 78 where similar correlations were, in 

many cases, achieved but due to the presence of the highly influential points. Because 

none of the bivariate relations met the specified strength requirement (r>0.8) none of 

these correlations will be considered M e r .  

7.5.1. Analysis strategy 

Given the results of the bivariate anaiysis, the naturai next step was to move into 

multivariate space (see Appendix A for a description of the methods used). Multiple 

linear regression was used to investigate the strength of relations that could be fomed 

between a single variable in one database and a linear combination of variables in the 

other, and CCA was used to investigate relations between linear cornboitions of each set 

of variables. As observed, with so many variables in each database there are potentially 

an unlimited aumber of relations that could be investigated using these two multivariate 

techniques. In an effort to reduce the number of possible relations to a manageable level, 

the following four general relation types were identified for consideration: 

i) evaluate what insight can be obtahed about the general stress state (or changes 

in the stress state) acting within the rock mass 6.om individual and/or 

combinations of source parameters; 

ii) evaluate what insight can be obtained about the event locations or spatial 

densities by looking at the stress or seismic variables; 



iii) investigate whether any relation exists between the shea. and normai stresses 

(or changes in their variable values) acting at the event location (for the various 

planar orientations) and the seisrnic variables detennined for the event; and, 

iv) evaluate what insight c m  be obtained about the physical meaning of the various 

source parameters by looking at their relation with combinations of stress variables. 

A ngorous procedure was also needed to help decide which fhre relations were worthy 

of improvement and interpretation. Part of the solution to this probIem was achieved by 

defining a strength threshold, as discussed, but additional help came fiom clarifying what 

exactly is to be achieved through the creation of these relations. For example, are the 

relations going to be used for the prediction of new values or for explaining the physical 

processes acting within the rock mass at the time the seismicity was generated? The 

distinction between prediction and explanation is necessary because it controls which 

variables can be used in the relation. In the case of prediction-type equations, the 

consequences associated with excessive MCL among regressors may not be severe, as 

long as the predictions are c o h e d  to regions of regressor space where the MCL holds 

approximately and, therefore, in this situation more variables may be used. On the other 

hand, in the case of explanation equations, the presence of any substantial MCL can make 

the coefficients unstable and sensitive to small changes in the dataset (Montgomery and 

Peck, 1992), both of which would make reliable interpretation of the relation difficdt. 

Idealiy, the most desirable type of relation would be simple enough to be interpreted 

(explanation type) but would also be strong enough to predict new values (prediction 

type) - 

It should be noted that, in the situation where multiple regression. or a sirnilar technique, 

is used to develop an explanation type relation, it might be concluded that a causeeffect 

relation exists between the variables invoived. For exarnple, it may be possible to form a 

convincing empirical relation behkreen power consumption and daily high temperature, 

but an effort io reduce the outside air temperature by Iowering power consumption will 



fail. To establish causaiïty it is necessary that the relation be supponed by outside 

considerations such as theory. Because, in this study, it is unclear whether any 

reasonably strong relation is even possible between the two iodependent databases under 

consideration, theoretical considerations will initiaily ody extend to the selection of 

variables and the general type of relations investigated but wiLi not. in general, impact 

u pon the (sometimes conflicting) objective of maximizing reIatio n strength. This decis ion 

stems from the aforementioned desire to create relations that are both simple enough to 

interpret and strong enough to predict new values. It is also consistent with the practica1 

emphasis of this study, which suggests that there is Little point in king able to 

theoretically support a relation if it is too weak to ever be applied. As a result, prediction 

is emphasized over explanation where these objectives are in conflict. Note, also, that the 

cause-effect relation is not strictiy necessary for prediction; iastead, it is only necessary 

for the relation that existed in the original data still be valid. Finally, prediction equations 

are, in general, ody valid over the range of values fiom which the relation was formeci so 

that, even in the best situation, extrapolation may be diff~cult. 

Another consideration which may help ensure that the selected relations are worthy of 

fürther investigation and interpretation is to extend the fkst order protection against the 

effects of MCL so that no linear combination of regressors are able to predict other 

regressors to an R~ > 0.9 (giving the minimum acceptable variance inflation factor (VIF) 

of IO; Montgomery and Peck, 1992). To ensure that this new kirnit was not exceeded, 

when two or more regressors were found to be stmngly related only the most fundamental 

or easiest-to-interpret variable was kept for fùrther consideration. As an example, it was 

found that the final value of Sigma1 was highly correlated with the changes in Sigmal for 

the tirst couple of mining steps. This resulted in these stress change values being 

elirninated corn consideration, leaving only Sigmal to contribute to potential relations. 

Another way of assisting interpretation is to try to eliminate certain undesirable 

combinations of regressors. For exarnple, interpretation of a relation that included both 

Sigma1 and Tau as regressors would be awkward due to the differences in the failure 

process implied by each variable. In addition, to avoid redundancy among the relations, 



only one representative relation of highiy correlated dependents shoufd be considered and 

no relation where the dependent variable has not had outliers rernoved. The 1 s t  method 

tliat may be used to aid interpretation is the elimination, via stepwise regression, of those 

regressors that do not contribute significantly to the relation In combination. each of 

these precautions should substantially increase the chances of successfu~ly generating 

relations of interest that c m  be meaningfiully interpreted. 

From the above discussions, it is possible to formulate a formai strategy which not only 

reduces the number of relations of interest to be investigated, but which shodd ensure 

tliat the strongest, most easily intepretable relations remain. The stcategy to be applied 

for the multivariate analysis is as follows: 

i) Only the relations that evolve directly fiom the four categones of interest will 

be considered. 

ii) The strength of each of the eligible relations as a prediction relation (i-e.. using 

al1 available variables - includïng the simultaneous use o f  p ~ c i p a l  and shear 

based stresses) will be evaluated relative to the appropriate strength lUnit (@ 
B0.64 or r~0.8).  Only the relations that exceed this limit will be considered as 

possible prediction equations. 

iii) Regressors that suffer from excessive MCL within the prediction relations will 

be removed (to the R%-9 level), as wili the simultaneous use of principal-and 

sliear-based stresses. After these simplifications, the resulting relations will be re- 

evaluated relative to the ~ ~ > 0 . 6 4  strength limit and only the relations that 

continue to exceed this limit will be considered possible explanation equations. 

iv) AI1 potential explanation relations will be subjected to stepwise regession in 

order to identiQ the variables that are the most important contributon to the 

relation. Only those relations that remain over the R' >0.64 limit will be 



considered relations of interest for interpretatioa, as well as for prediction 

purposes. ln addition, only relations with dependent variables that have outliers 

removed and are not strongly correlated with other dependent van-ables will be 

analysed. If no relations achieve this level of development prediction and 

interpretatioo rnay be attempted on less highly evolved relations. 

7.52. General analysis results 

When muftivariate relations evolving directly fiom the four calegories of interest were 

evaluated it was found that the vast majority of the relations lay substantially below the 

strength limits set for consideration, regardles of the type of mode1 used or whether outliers 

were rernoved. The sole exception was the prediction of the distance (Dist.) and spatial 

density (Den3) seismic variables using combinations of principal and joint-set based 

stresses. These relations will be discussed in more detail in the following section. It should 

be noted that several of the CCA nuis did not converge, which is likely due to high levels of 

MCL among the variables included in the analysis. In addition, both relations used durhg 

the outlier study have had variables removed to aid interpretation ami, therefore, are weaker 

than they were previously. 

The general observations that can be made about these almost uniformly weak results 

inc L tide: 

i) the ability to predict stress values from combinations of seismic variables is 

generally a little higher than the ability to predict seismic values from 

combinations of stress variables; 

ii) the use of CCA resulted. on average. in a 20% stronger relation than the 

average multiple regression result; and, 



iii) there is Little substantial difference between the strength of relations utilizing 

plastic vernis elastic stress estimates (plastic estimates forming. perhaps. slightly 

stronger relations) and a 5 to IO% improvement when outliers are removed- 

7.5.3, Detailed analysis results 

In the foiiowing sections the two relations meeting the strength requirement for M e r  

CO ns ideration will be investigated M e r .  Interpretation of these relations will, ho wever, 

not be undertaken until Chapter 10. 

1. S. RI. Spatial densi@ relation (Den3) 

As can be seen fiom Table 13, the strength of the Den3 relations generally does not differ 

substantially with joint orientation, for both the plastic and elastic datasets with outliers 

removed. Consistent with the adopted strategy, the next stage in the analysis was to 

separate the shear-and principal-based stress regressors and then reduce the effects of 

MCL among the regressors. When the former was done, the R~ reduced to 0.62 for the 

principal stress relation and to 0.71 for the shear stress relation (e.g., for J.S.#l). but when 

the regressors were elirninated for the latter reason, the R~ dropped for both groups of 

relations below the specified strength limit into the 0.3 range. As a result. it was 

necessary in al1 cases to re-combine the principal stress and joint-set based stresses, 

despite the interpretational difficulties this might cause. Unfortunately, when the 

variables which might suffer from the effects of MCL to the specified Levels were 

elirninated from this combined set of stress regressors. the strength of the relations on a11 

orientations. once again, dropped fairly substantially, the highest of the real joint-set 

orientations being J.S.#I for both plastic and elastic stresses with R~ of 0.60 and 0.52. 

respectively (Table 13). Despite the fact that these strengths were below the specified 

limit of LZ2>0.64, it was decided to continue with the detailed analysis. since there were so 





few relations to study. It  is worth noting that some of the decisions made about the 

calculation of Den3 were evaluated at this point and found to have little impact on the 

relations formed. Specifcally, the impact of only calcuiating Den3 on the original dataset 

without non-random effects removed and the decision to use a five day temporal critenon 

were evaluated- This investigation concluded that the filtering for non-random effects did 

not preferentially affect the most or least densely clustered regions and that using the 

nurnber of events wïthin five days was a good indicator of total activity levels. 

One of the interesting observations about the strength of the MCL reduced Den3 relations 

in Table 13 is that the other naturaiiy occurrîng joint-set orientations have considerably 

lower R~ values than J.S.#I , possibly due to: 

i) dineremes in the number or type of variables used in each of the MCL reduced 

relations; 

ii) differences in the events used for each relation; 

iii) a difference in the variable transformations; or, 

iv) the fact that I.S.#l had greater physical importance. 

Each of the fust three possibilities was investigated by comparing the highest and lowest 

strength plastic stress relations J.S.#l (~'=0.60) and .J.S.#3 (~~=0.22) ,  respectively. In 

the end, it was decided that the only likely explmation was that certain variable values on 

the J.S.#l orientation have more exphnatory power than on J.S.#3, possibly due to some 

physical relation between this orientation and the generation of the seismicity in the 

dataset. This was supported by the observation that when Tau1 was substituted for Tau% 

the R' for the J.S.#3 relation jumped over 30% to 0.60 or, almost precisely, the strength 

of J.S.# t relation. 



The results in Table 13 also suggested that, in general, the strengths of relations were 

slightly lower for the elastic stresses. A comparison of the I.S.#l observed versus 

predicted values for the plastic and elastic Den3 relations (Figure 83a and b) revealed 

greater curvature and Uicreased scatter at relatively low Den3 values for the elastic plot. 

The same set of possibilities was investïgated to explain the observed difference between 

the elastic and plastic esthates as was used to explain the ciifferences between joint-set 

orientations. Once again, this comparison suggested that the reason the plastic stress 

estimates better explained the densty of the events in the dataset was due to more 

meaningfid variable vaiues, and not to differences that emerged fiom the adopted analysis 

strategy. It should be noted that the curvature in the elastic relation suggested that re- 

transformation of the member variables might be necessary. When this was done, the 

curvature was reduced but the R~ dmpped in response to M e r  increased scatter of the 

low Den3 values. As a result of this, and the fact that the root transformation (as used for 

DeB) is common for count data (i-e., where the number of observations is counted over 

space andor tirne; Montgomery and Peck, 1992) the original transformations were kept. 

The question remains, however, given the practical objectives of this study and the 

uncertainties in the variable values, as to how difTerent the plastic and elastic Den3 

relations really are. If the relations are similar from an interpretationai point of view, it 

wouid be preferable, in practice, to use the elastic estimates as they are much easier to 

obtain. A comparison of the standardized coefficients revealed that they are similar, since 

the spatial density increases in both cases with increasing Tau1 and decreasing Sigrnal. 

To assess the similarity of the relations in another way, the elastic coefficients were used 

with the plastic stresses and the resulting spatial density predictions compared against 

what was predicted using the plastic coefficients (Le., the best possible predictions). It 

can be seen fkom Figure 83c that, with the exception of severd scattered points, the 

elastic coefficients are just about as effective at predictuig the spatial density variable 

values as the plastic coefficients. 



Figure 83 - Predicted (titted) versus observed (actual) values for standardized Den3 
relation using principal and J.S.#l based stress regressors fiom: a) plastic and b) elastic 
stress estimates (Note: prior to stepwise variable reduction). In addition, plot C)  

represents predicted Den3 values for the plastic stress dataset using the elastic 
coefficients (ordinate) versus predicted Den3 values using the plastic coefficients 
(abscissa) 



While there was a substantiai reduction in the number of regressors used for both the 

plastic and elastic J.S.#l relations when the variables that d e r e d  from high MCL were 

eliminated from the Den3 relation, M e r  reductions in the number of regressors can be 

achieved through stepwise regression. Stepwise regression on the plastic relation 

eliminated a single regressor (leaving seven and the same lZ2 of 0.601, while in the elastic 

case, two were eliminated (leaving six and a reduced R' of 0.49). The f i  observed 

versus predicted scatter plots and basic mode1 adequacy tests for these relations are 

included as Figure 84 and Figure 85. The model adequacy tests support earlier 

observations that the plastic relation approximately mets  the model assumptions, while 

the elastic relation shows some curvature and inhomogeneity of variance. As in the case 

prior to stepwise regression, a re-transformation of the variables in the elastic relation was 

attempted but the original transformations were sfill felt to be the best compromise 

between curvature, homogeneity of variance and explanatory power. 

The procedure applied in the previous section was repeated for the Dist. relation. As 

mentioned, the distance variable represents the distance ficr?i the event location to the 

closest stope surface and, as a result, locates the event relative to the openings. When al1 

available plastic stress variables (using I.S.#l shear stresses) are utilized for the dataset 

with outliers removed, the relation f o d a t e d  for the prediction of the distance variable 

is strong (R~ = 0.95; Table 13). Even with only the principal stress variables and 

regressors eliminated due to MCL, the R~ remained high at 0.92. However, when 

stepwise regression was undertaken it was discovered that there was a strong inverse 

relation between SiglGrad and the Dist. variable, meaning that the gradient in Sigma1 

decreased with distance, which is a trivial solution in terms of the objectives of this study. 

Other combinations of regressors were tried but no non-trivial relation of the required 

strength could be created; thetefore, this relation was dropped fiom M ~ e r  consideration. 



Fisure 84 - Model adequacy tests for  plastic Den3 relation for J.S.#l shear stresses: a) 
predicted (titted) versus observed (actual), b) residuals versus predicted. and c)  normal- 
probability plot of residuais 



Figure 85 - Model adequacy tests for elastic Den3 relation for J.S.#l shear stresses 
(explmation equation): a) predicted (fitted) versus observed (actual), b) residuals versus 
predicted, and c) normal-probability plot of residuals 



The adopted strategy, designed to reduce a prediction equation (using al1 available 

variables) to an explanation equation was really only applied to the plastic and elastic 

Den3 relations. in these cases, by following the suggested strategy the relations suffered 

a 25 to 30% drop in relation strength, but were massively simplified utilizïng some 70 to 

80% fewer regressors. At this point, two alternative methods of reducing the effects of 

MCL, other than eliminating regressors, were evaluated to see whether the observed 

reduction in relation strength couid be muiimized. The fust method used, as  new 

variables, the orthogonal components that result fiom PCA and the other involved re- 

speciQing the model by rnakuig new variables nom combinations of the original 

variables. These alternative rnethods were found to be either too complicated or made the 

interpretation of the resulting relations more difficult, both of which conflicted with the 

specific objectives of this anaiysis. 

in the case of the Den3 relation, it was found that by using the plastic stress estimates a 

slightiy better relation, fiom model adequacy and strength points of view, could be 

formed compared to the one based on the elastic stress estimates. However, it was also 

found that the elastic relation was similar fiom an interpretational point of view. 

Therefore, because of this similarity and its inherent simplicity. only the elastic relation 

will be retained for interpretation in Chapter 10. Given that neither Den3 relation 

exceeded the specified strength limit and given the deficiencies in the elastic relation, 

fiom a model adequacy point of view, a stronger elastic relation was created, based on the 

existing prediction equation, that utilized al1 available variables. Cleariy. such an elastic 

relation designed for maximum strength might suffer trom the presence of excessive 

MCL. In the end. a 17 regressor model with R~ of 0.73 was created. which iised al1 

available variables but with variable reduction accomplished through stepwise regression 

and manual inspection. The observed versus predicted scatter plot and model adequacy 

plots are included as Figure 86. These plots suggest that there is still some curvature and 

some inhomogeneity of variance, but the relation is better than the elastic exphnation 

relation in Figure 85. A surnmary of the Den3 relations of interest is included as Table 14 

and Table 1 5. 



Figure 86 - Mode1 adequacy tests for elastic Den3 relation for J.S.#I shear stresses 
(prediction equation): a) predicted versus observed, b) residuals versus predicted, and C) 

normal-probability plot of residuals. 



Table 14 - Summary table of multiple regression relations of interest - raw data 

N 
Table 15 Standardized coefficients and associated standard errors for final raw relation of interest with seismic based 
dependent variables 

- 17 regressor mode1 (coefficients not included) 1 0.73 1 0.0000 1 



8. SMOOTHING OF RAW DATA 

8.1 - I n  fruducfion 

With the exception of the Den3 relation the strength of the relations among the variables 

or combinations of variables in the stress and seismic databases was found to be low, 

Recall that similar 1ow strength relations were Initially encountered during the Lockerby 

analysis; at that site, insight into the state of the rock mass was eventually obtained, but 

only afier smoothing were the underlyhg trends revealed (associated with the one- 

dimensional trend plot analysis). The procedure of smoothing seismic data is a 

comrnonly applied method for e1iminating some of the local variation in the data and 

often takes the form of shif3îng windows or contouring. Conceptual support for 

smoothing cornes fiom the observation that, by definition, the stress data is aiready 

relatively smooth, since modeiling is not capable of predicting the local variations in the 

stress field that exist due to the heterogeneous nature of the rock mass, On the other 

hand, the seismic data does reflect local variations in the conditions and, as a result, the 

scale of the two datasets is quite different. Ideaily, we wodd prefer to improve the stress 

estimates to incorporate local variatiti at the scale of the seismic data, since this would 

provide more meankgfil boundary conditions for this type of investigation. but since this 

is not possible the only recourse is to consider changing the scale of the seismic 

information to match that of the stress. This change in scale can easily be achieved 

through smoothing, but the question then becomes as to how much srnoothing to apply. 

A rough estimate might corne fiom consideration of the fact that the available seismic 

data samples conditions over perhaps a couple ot'rnetres, while the stress variables used 

in tliis study provide information on the stope scale. since no smaller excavations were 

incorporated into the numerical rnodels- 

In some ways. considering the suggested scale mismatch between the two datasets. it is 

surprisinp tliat any relation of interest was found between the seismic and stress variables. 

I-lowever. upon retkction, it is interesting to note that the single raw data relation of 



interest was the Den3 relation which, because it involved an assessrnent of the number of 

events within a L5m (50ft) radius of the reference event, was in many ways s M a r  to a 

smoothed variable. Udortunately, subjecting the seismic information to smoothing 

means that information about the state of the rock mass will be lost- At best, the retained 

information will reflect only gross changes in the variables, the height of the peaks and 

vaIIeys having been reduced, Smooùluig, in a sense, then, moves everythkg towards the 

mean, systernatidy reducing the effect of certain types of observations and, therefore, 

introducing bis.  As a resuit, when selecting the appropriate amount of smoothing there 

must be a trade-off between reducing vm*ance (variability) and reducing bias (Hastîe 

and Tibshirani, 1990). In the extreme, Large amounts of smootbing will d u c e  the 

variance to a point where al1 observations would essentidy have the same variable 

values. 

The following discussions will investigate different methods of smoothing, decide how 

much smoothing should be appiied and assess whether smoothing achïeves the objectives 

of this analysis. 

8.2. Window s&g 

8.2.1. Initial set-up 

The above discussions provided a coarse guideline as to how much smoothing might be 

necessary to bnng the variability of the datasets in Line with one another, but says nothùig 

of the precise size or how best to accompiish this smoothing. As mentioned, there is 

more than one method of smoothing data; in fact, there are statistical texts that make this 

topic a central theme (Hastie and Tibshirani, 1990; Cressie, 199 1). However, keeping the 

objectives of this research in mind, namely to develop a methodology that might 

eventually be applied at a mine. it was decided to forego kriging and other more 

sophisticated methods that might be worthy of completely separate studies, and apply the 

more easily controlled method of shifting windows. The proposed method would, 



therefore, be similar to what was used with some success with the trend plots at 

Lockerby, but in the case of Creighton, the smoothing would be done in three- 

dimensions. Specifically, a cube of specified dimension (window size) wouid be passed 

tlirough the volume of interest, shifting incrementally in the northing, easting and depth 

directions, respectiveiy. Any variable values associated with an event that was located 

within the cube would be combined with the equivalent values from the other events in 

the cube and the final averaged value would be reported to the cube centroid. 

Unforhmately, trial nias with this type of three-dirnensional shifting window routine 

reveaied two undesirable characten'stïcs. Fim, dependhg on the size of window and the 

shift applied it was possible to actually end up with many tirnes more data points than 

onginal events in the dataset Second, the new smoothed values becarne associated with 

arbitrary points in space (Le.. the cube centroid). To circumvent these two problems, it 

was decided to modw the routine and replace the variable values for each event with the 

average values from the surrounding events. Utilizing this strategy, the amount of 

smoothing applied is controlled by the radius of a sphere centred on each event location. 

thereby ensuring that there are the same number of new smoothed points as original 

events and that the variable values remain associated with the original event locations. 

Using the decided upon smoothing technique, the impact of different wïndow sizes 

(sphere radii) was assessed by selecting several smoothed relations of interest and 

evaluating how the strength and meaning of the relations changed with the amount of 

smootliing. Before this could be accomplished, however. two issues needed to be 

resolved: first, which dataset would be used and, second. which relations sltould be 

evaluated. To address the first issue, clearly, the study should be undertaken on what is 

believed to be the most reliable data. The plastic stress dataset with al1 non-random 

events removed and outliers eliminated on J.S.#l variables was. therefore, selected for 

initial analysis, To address the second issue, the selection of candidate relations, it was 

Iirst necessary to smooth a dataset. Relations of interest could then be selected fi-om the 

results of this reference dataset. A 15m (50ft) smoothing radius was selected for this 

purpose since the majority of events have location e m r s  below this value (Fipire j j a )  and 



because the Den3 relations formed earlier utilized this radius and were fairiy successfil. 

Two smoothed relations were each then selected fiom the eligible stress and seismic 

dependents, based on their relation strength and level of interest Prior to finalizing the 

strength of these test relations, however, it was decided io use a consistent set of reduced 

MCL regressors (no correlation substantially exceeding r = 0.9) for each relation type. It 

should be emphasized that smoothing was also applied to the stress variables. as it was at 

Lockerby, for consistency reasons. and to prevent any residual difference in scale between 

the databases associated with dserences in element (zone) size and the eventual sphere 

radius. The impact of ihis decision may be the loss of some of the varïabiiity in the stress 

dataset but, since it is already smooth, this effect should not be large, a belief which was 

later confïrrned. 

8.2.2. Smoothing evaluation 

Based on the smoothed relations formed on the reference dataset, the test relation 

dependent variables selected for analysis were Sigmal, Taul, E& and G+F The impact 

of outlier removal and smoothing on these relations can be seen by evaluating the typical 

sequence of scatter plots for the Sigmal relation (Figure 87). In general, it was found that 

the relations were substantially irnproved by smoothing and that outlier removal pnor to 

smoothing hirther irnproved the relations. It can also be seen that srnoothing reduces the 

variability in the data and, as a result, reduces the impact of outliers. However, 

smoothing appears to have at least one undesirable effect: it tends to increase the 

clristering of the variable values. In the extreme, this effect could create a situation where 

an apparently high strength relation was formed between two clusters. but no relation 

existed within the clusters themselves (ix.. like a dumb-bel1 in tliree-dimensional space). 
-. 
t nis increased tendency towards clustering is a direct result of smoothing a relatively 

dense cluster of events and represents, perhaps, the only disadvantage of the selected 

siiioothing technique relative to the shifting window method originally considered. 



Figure 87 - Predicted (fitted) versus observed (actual) plots for plastic Sigma1 relation (in 
MPa): a) unsmoothed data with no outlier removal, b) unsmoothed data with outlier 
removal, c) smoothed data with no outlier removal, and d) smoothed data with outlier 
rernoval 
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While it is ciear that using the 15m (50ft) sphere radius improves the strength of the 

relations, it is not possible fiom this single result to assess how close this window size is 

to the best possible radius given the objectives of this study. To help answer this 

question. the strengths of the four test relations were determined at a variety of different 

window sizes and the results plotted in Figure 88a. This figgwe indicates that each 

relation improves steadily and in a similar fashion fiom no smoothing (Om) to 15m (50ft) 

wlxre an inflection point occurs and the rate of improvement decreases. M i l e  this is an 

interesting result, it says nothing about changes in meaning (direction) of the regression. 

For example, if, in the process of smoothing, the dkection changes in multivariate space 

from the original (raw) data, this wouId suggest that smoothing not only enhanced the 

existing relation strength, but also changed the relation in a fiuidarnental way, which 

would be an undesirable resuit To assess the impact on meaning, the standardized 

coefficients were plotted for each regressor in the relations. Figure 89 suggests that, in 

each case, the smoothing had very little effect on the direction of the regression and, in 

particular, there were no reversais in sign for highly weighted variables that would 

suggest a major change in meaning. A similar set of  plots to those in Figpre 89 were 

created but with the significance probability of coefficients replacing the standardized 

coefficients. These plots showed greater variability than the coefficient plots (particdarly 

for the low significance variables) but, in general, supported the conclusions fiom Figure 

89 that highly s i w c a n t  variables remained that way regardless of smoothïmg window 

s ize. Combined, the coefficient and the significance pro bability plots suggest that 

smoothing enhances the strength of the existing relations in the dataset, without adversely 

affecting the meaning of the regression in any important way. In addition. the O bserved 

consistency in direction does not suggest that any severe MCL remained arnong the 

regressors used in these test relations. 

Another possibility that was investigated in association with this smoothing study was 

whrtther a minimum number of observations in each window should be specified. This 

additional cnterion might be necessary, for example. to prevent the averaged value from 

bcing the result of a single or relatively small number of observations. which might defeat 
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Figure 88 - Coefficient of determination (R') versus window size (sphere radius): a) al1 
windows, b) windows with 3 events or more, and c) outlier-tiee dataset 





the purpose of smoothing. The results of this investigation, utilizing a limit of three 

events per window, can be seen in Figure 88b. This figure suggests that relatively hi& 

strength relations can be achieved with smaller window sizes when the minimum number 

of events per window criterion is applied. However, thïs figure aiso suggests that, for 

small smoothing windows, not many of the windows p a s  the minimum number of events 

requirement. Therefore, applying this critenon improves the strength of the relation, but 

does so at the cost of losing a large percentage of the data It can be seen, however, fiom 

a comparison of Figure 88a and b, that at around 15m (50A) ofsmoothing, the impact of 

the minimum number of events per window criterion becomes negligible, due to the 

majority of the windows now meeting the specified event Iimit. To address the issue of 

changes in relation meaning associated with the minimum number of events critenon, the 

plots equivalent to Figure 89 were produceci. These plots revealed that the coefficients 

were fairly consistent, except for the srnailest window size, which is not surprising given 

the arnount of data involved in that particular case. 

The last issue of interest is the impact of outlier removal. The predicted vernis observed 

plots for the Sigma1 test relation (Figure 87) suggested that removing outlien prior to 

smoothing increased the strength of the relation. When the equivalent plot to Figure 88a 

is created using outiier fiee data (Figure 88c), a comparison indicates that this 

improvement is present throughout the window sizes, with the largest benefits being in 

the middle window size ranges. The impact of removing outliers on the regression 

direction was assessed in Figure 90. This plot suggested that outlier removal did not 

generally have a large effect on the meaning of the test relati~ns, although there were a 

couple of sign reversals and one large change in a coefficient for the sen relation- 

The above results suggest that the most suitable smoothing sphere radius is 15m (50ft) 

and that a minimum number of events criterion should not be applied. The reasons for 

these decisions are as follows: 





i) Investigation of the coefficients indicated that smoothing enhanced the strength 

of the relations without an important change in regression direction. Under these 

circurnstances, and given the purpose of the investigation. this tinding supports 

the use of one of the larger window sizes- Beyond L5m (50ft) the rate of 

improvement reduces and given the scale of the stopes. it would be diEcuIt to 

j ustify anything much beyond this length. 

ii) Using the [Sm (50fi) sphere radius reduces any potential conflict between the 

location error and the window size- In contrast, using a srnaiier window size 

would have required a detailed discussion about the likelihood of particular events 

actuaily being present wîthin the smoothing sphere. 

iii) Applying a minimum event per window criterion had negiigible effect after 

15m (SOI%) and, if applied, would require a completely new study to justify the 

selection of three events per window. in addition, the application of any such 

criterion for srnalier window sizes would result in the loss of large amounts of 

data. 

In an effort to gain better understanding as to why smoothing makes such a large 

difference to the strength of relations, four support studies were initiated: firn. to 

investigate what proportion of the observed benefits of smoothing were associated with 

the spatial distribution of the events (Appendix E.1); second. to assess the impact of 

smoothing on the regressors (Appendix E.2); third. to evaluate the feasibility of 

separating multi-modal variable distributions afier smoothing (Appendix E.3); and 

fourth. to investigate the possibility that improved results could be obtained by 

transformation and outlier removal after smoothing (Appendix E.4). 

In the end these additional studies suggested that: 



i) Smoothed relations of these strengths were not created by the spatial 

distribution of events. However, it was possible to form meaningless relations in 

the R' = 0.2 to 0.4 range through smoothuig when the variability of the dependent 

variable was substantiaily reduced. 

ii) Smoothing the relations had Iittle impact on the stress variables, while it 

reduced the variability of the seismic regressors. 

iii) Separating smoothed variables with bi-modai or û-i-modal tendencies into 

more homogeneous gcoups could not be accomplished due to the differences in 

group membership. 

iv) Transforming after smoothing generally slightly irnproved the variable 

distributions and, subsequently, relation strength but, in some cases, it resulted in 

even greater tendencies towards bi-modal variable distributions, which caused 

problems when outiiers were subsequentiy removed. 

8.3. Summaty 

The smoothing study showed that by applying a L5m (50ft) smoothing radius, existing 

relations could be substantially enhanced by reducing the variability of the seisrnic 

regressors. The results of the study did not, however, definitively indicate whether it was 

worth removing the outliers pnor to smoothing. The impact in terms of strength averaged 

about 10% but outlier removal did, in some cases, change the relation direction. As a 

result, datasets with and without outliers removed will be carried in parallel throughout 

the smoothed data analyses, although much of the initial analysis will be, as before, 

undertaken on the outlier-fiee data. Once again, this parallel analysis will allow the 

impact of outlier removal to be assessed relative to relations of interest at the conclusion 

of this study. 



9 . QUANTITATIVE ANALYSIS: SMOOTHED DATA 

9.1. Introduction 

To evaluate the impact of srnoothing in ternis of developing relations of interest, the same 

analysis procedure as was used for the raw data will be repeated with the same variables 

being used except for Den3 and Dist. These variables were eliminated from 

consideration due to their uncertain meaning after smoothing, 

9.2. Bivariate anaiysis 

Bivariate analyses of the smoothed data revealed substantial increases in the correlation 

coefficients between pairs of stress and seismic variables with a few correlations in the 

0.5 to low 0.7 range. Generally, the highest correlations involved the r,, and r&,, 

seismic variables. Overall, only a smaii ciifference was observed between equivalent 

elastic and plastic datasets, but a 5% to 10% increase in the correlations was realized for 

the datasets where the outliers were removed. Because none of the bivariate relations met 

the specified strength requirement (r>0.8), none of these correlations will be considered 

furthex-. The bivariate analysis does, ho wever, suggest that the multivariate analysis will 

form relations that exceed the strength limits for fbrther consideration. 

The multivariate analysis results for each of the four datasets of interest are included in 

Appendix F. Appendix F. 1 serves as an introduction to the sunimary tables and the table 

numbering system. Appendix F.2 presents the results obtained when the plastic stress 

csiiiiiaies were used with no outlier removal and Appendix F.3 represents the resuits 



obtained with the same stress estimates but with outlier removal. Appendix F.4 and 

Appendix F.5 summarize the results equivalent to Appendix F.2 and F.3 but for the 

elastic stress estimates. Once again, the outliers were eliminated using only variables not 

correlated to ~ 0 . 9 .  Also, as with the raw data anaiysis, seven different outlier files were 

created, one for the principal stress and seismic va"able combinations and six for each 

joint-set stress, principal stress and seismic combination. The initial resuits shown in 

Appendix F utilize ail seismic or stress variables available, making them consistent with a 

prediction equation philosophy. The above appendices are further divided as below and 

where X represents one of the four datasets of interest (k. the F.2, F.3, F.4 or F.5 

datasets). 

i) FX.1: the results of multiple regression using principal and shear stress-based 

dependent variables (for F.3 and F.5) and seismic regressors; 

ii) F.X.2: the results of applying CCA to combinations of the principal stresses 

and seismic variables; 

iii) F.X.3: the resdts of applying CCA to the joint-set based stresses and the 

seismic variables; and, 

iv) F.X.4: the results of multiple regression using seismic dependent variables and 

principal-and joint-set-based regressors. 

Relative to the relation types of particular interest (start of Sec. 7.5.1) the ability to predict 

absolute values or changes in the general stress field witli source parameters was 

evaluated in sub-appendices F.X.1 and F.X.2. The relation between the joint-set based 

stresses and the seismic variables was evaluated in sub-appendix F.X.1 and F.X.3 and 

what insight could be obtained about the physical meaning of the source parameters was 

evaluated in sub-appendix F.X.4. 



A quick review of the relation strengths in the appendices indicates that a substantial 

number of the relations now exceed the specified strength levels required for further 

analysis (ic.. ~ % 0 . 6 4  for multiple regression and PO-8 for CCA). In addition. it can be 

seen from a comparison of the appropriate tables thaf as with the bivariate analysis. there 

is little difference between the strength of the pIastic and elastic relations (the plastic on 

average being a little stronger), and perhaps a 10% strength increase due to outlier 

removal. I t  can aiso be seen that the ability to predict stress values with seismics is about 

the sarne as being able to predict seismic variable values with stresses- However, in the 

tatter case, both principal and joint-set stresses were used to obtain this result. Therefore, 

following the adopted strategy outlined at the end of Section 7.5.1, the next step in the 

analysis was to take the relations that exceeded the strength level required for M e r  

consideration and to simpl@ the interpretation by separating relations that utilized both 

principal and shear based stresses and by reducing the effects of MCL through the 

dimination of highly correlated combinations of regresson (to the R~ >O.9 level). 

A comparison of the appropnate sub-appendices (F.3.4.2 with F.3.4.3 and F.S.4.2 with 

F.5.4.3) with the originals (F.3A.1 and F.5.4.1), suggested that when relations are formed 

on the principal and shear-based regressors separately, the result is a 10 to 25% reduction 

in the stïength of the relations, This reduction indicates that. whiie there is certainly some 

unique information within the principal and shear stress variables, there is also some 

redundancy, which is not a surpiising result, given that al1 the shear-based variables were 

calculated originally from the principal stresses. However, when additional variables 

were eliminated to reduce the impact of MCL, many of the principal stress (F.3.4.2 and 

F.5.4.2) and shear stress (F.3 -4.4 and F.5.4.4) based relations dropped substantially in 

strength. Once again, other stratepies for reducing the effects of MCL were investigated. 

but the adopted strategy was found to be the most suitable inrtliod. d u r  to itie dual, 

ititerpretation-related, objectives of reducing both the impact of MCL and the number of 

regressors A summary of which variables were eliminated to reduce the effects of MCL 

is included in Appendix F.6. 



A review of the MCL-reduced results in Appendix F.3 and F.5 allows several general 

observations to be made: 

i) It is easier to predict stress values fiom seismic values with the reduced number 

of regressors than vice versu. In parf this is probably due to the better distribution 

of the seismic regressors and the relative van-ability in the seismic dependent 

variable values. In addition, the seismic variables are generally better predicted by 

die shear-based stresses than by the p~cipal-based stresses, which may be a 

refl ection of theu relative physical importance. 

ii) The relations associated with the J.S.#l shear stresses tend to be a Little 

stronger than average, whereas the relations on I.S.#2 and I.S.#3 are, perhaps, a 

Iittle weaker than average. Again, this obsewed variation in relation strength rnay 

reflect the relative physical importance of each orientation. 

iii) The elastic and plastic relations are similar in strength, with the equivalent 

plastic relations still being, perhaps, slightly stronger. 

iv) The stress change variables appear to be reasonably well predicted, but, 

unfortmately, many of these variables are fakly highiy correlated with their final 

values until the last mining step. As a result, very linle new information is 

contained in the majority of the stress change variables- 

v) Consistent with the findings of the multiple regression relations. the CCA 

relations fonned fiom the Iinear combination of the shear-based stresses are 

geiierally a M e  stronger than the ones utilizing the principal-based stress 

estimates. 

Despite the fact that the application of the first three of four steps in the adopted strategy 

(end of Sec. 7.5.1) substantially reduced the number of relations that achieved the 



strengh requirement for fiirther consideration, there are still more relations than can 

easiiy be evaluated and interpreted in detail. In particuiar. there is what arnounts to 

dupl icate relations within the plastic and elastic stress databases and within the six planar 

orientations. In an effort to further reduce the nurnber of relations for detailed 

considention, two questions must be resolved: first, whether the difference between the 

plastic and elastic relations is large enough to justi@ the additional effort associated with 

obtaining the plastic stress estimates (as was evaluated during the raw data analysis), and, 

second, whether the number of plana orientations bekg considered can somehow be 

reduced. Each of these issues will be explored in the following two sections. 

9.4. PIastic versus elastic cornparison 

As rnentioned, a comparison of the plastic and elastic results in Appendix F revealed that 

the plastic relations were, on average, slightly stronger. Even if strength were the only 

issue the observed differences in relation strength could not possibly ju- the large 

increase in time and effort that was required to obtain meaningfbl plastic stress estimates 

for each event location- However, there is another issue: are the relations simitar in 

rneaning? To address this concem, four of the most interesthg relations that continued to 

exceed the specified strength limit (except the elastic ESEp relation), in both the plastic 

and elastic datasets, were compared. While it is possible to make this cornparison only by 

inspecting the coefficients, it was decided, as before, to aIso assess the differences 

between the stress estimates by using the standardized coefficients (where necessary) 

tiom the elastic relation to predict values within the plastic database and to compare those 

predictions to the best possible ones (Le., using the plastic coefficients). In a similar 

iàshion to the raw data analysis. this cornparison was designed to favour tlie plastic 

stresses. by using the plastic dataset for the cornpanson. In addition, a consistent set of 

regressors was selected in such a way as to ensure that the important variables in both the 

plastic and elastic versions of the relation were present. Figure 91 shows the results of 

the elastic and plastic prediction comparkons for Sigmal. Tau1 and EJE, (using J.S. #1 

stresses). and cCn- (using LS. #4 stresses). 



Figure 9 1 - Prediction based on standardized coefficients from plastic relation (ordinate) 
versus prediction based on standardized coefficients fiom elastic relation (abscissa): a) 
Sigma 1 (non-standardized), b) Sigma 1 ,  c) Tau 1, d) EJE, and e) 

23 3 



Overdl, it was found that, for each of the test cases, the relations derived fiom the efastic 

and plastic databases were similar, except in the case of the E&, relation, which is Iinear 

but with a different slope. This variation in the E&, relation is Iikely due to the initialiy 

weak elastic relation- in the case of Sigma1 (Figure 91a and b), because the 

transformations were identical in both cases, it was possible to compare predictions using 

both standardized and non-standardized coefficients- Interestingly, it can be seen that the 

slight cliffierence in slope is corrected afler standardking, probably due to the dependent 

variable originally varying over a slightiy different range in the original units. in 

summary, the observed linear relation between the plastic and elastic predictions suggests 

that the stresses Vary sirnilady in both datasets and that the directions of the regression 

relations are sirnilar. This conclusion is generally supported by the values of the 

standardized coefficients themselves, except in the case of the Tau1 relation where there 

are some differences in the size of the coefficients. Keeping in mind the practid 

objectives of this study, it was concluded that, &et outlier removal and smoothing, the 

observed ciifferences in strength and meaning between equivalent relations in the two 

datasets were not large enough, overali, to justify the continued analysis of the much 

more dficult to obtain plastic stress estimates. 

9.5. Possible faiïure orientations 

The second strategy adopted to simplw the analysis was to compare the relations formed 

with the elastic stresses on the six different planar orientations, in the hope of eliminating 

some of the orientations fiom consideratioa. Appendix F.5 suggested that there is, in 

general, no substantiai difference in the strength of the relations formed on different joint 

orientations. Certainly the strength contrast is not great enough to defmitively suggest 

which orientation is failing. There are several possible reasons why the relation strengths 

formed on completely different orientations might be fairly similar: 

i) even with the reduced nurnber of regressors. there is still enough information in 

the remaining regressors to statistically predict nearly any dependent variable with 



a reasonable degree of success, although in this situation the meaning of the 

regression rnight be quite different for each orientation: 

ii) there could be several different orientations responsible for the seismicity in the 

dataset, resulting in no single orientation standing out clearly; or 

Ïii) the observed seismicity could be due to a network of joints, which would aIso 

result in no clear preference for any single orientation. 

While explanations i) and ii) are viable reasons, it is thought that explanation iii) is less 

likely for events of these source radii, since the slip surface appears similar in size to the 

joint persistence. Unfiortunately, given that that there is no straightfonvard and defintive 

method of evaluating either of the two former possibiiities, perhaps the only practicd 

rnethod of reducing the number of joint-sets under consideration is to assess whether the 

relations formed on the different joint-set orientations are Wamentally similar. Lf this 

could be established, then some of the similar ones could be elirninated without the loss 

of any unique interpretationai  orm mat ion. 

While standardized coefficients and cross-plots similar to the ones used in the 

comparison of the plastic and elastic relations (Figure 91) will dtimately be used to 

establish similarity between the relations on different orientations, it was felt that the 

number of cornparisons might be reduced by undertaking factor analysis. Because only 

the shear-based stresses Vary with orientation, the factor analyses were based on the 

relations fonned between the shear stresses and the seismic variables. In addition, since 

tliere is only one set of seismic variables, it makes sense to base the runs on a relation 

whrre these variables are tlie regressors. The obvious shear dependent variable for this 

investigation is Tay since relaiively hi&-strength multiple regression relations were 

kornîed on this variable on al1 orientations, However, Tau alone does not describe the 

distance to the failure envelope, so it was decided to use tlie ESS estimates for this initial 

comparison. 



In Figure 92a the ESS loadings aher varimax rotation (using the J.S.#I outlier removed 

dataset. as an example) are summarized for the first four factors. which represents ail the 

hcton having eigenvalues of at least 1.0, and in total explains 88% of the total variance 

in the dataset This figure shows that ESS2 through ESS6 are loaded on the first factor 

dong with ru from the seismic dataset; ESSl is loaded on the second factor with EJE, 

and G ~ G  E', and Mo are loaded on the third factor. and r,, on the tburth- It should be noted 

tliat the AodAo ratio is not heavily weighted on any of these four factors and, as a result, 

is the only variable with a cornmunaiity below 80%. Using datasets with outliers 

eliminated on other joint-set orientations had Little effect, as indicated by another typical 

result (Figure 92b). in this second case, the only reai difference was the reversal of the 

highly weighted variabtes associated with the 3rd and 4th factors. As it turned out, when 

the analysis was repeated, these observations were similar to the ones that would have 

been made had Tau k e n  used instead of ESS- 

The factor loading plots suggested that the rnultivariate relations that could be formed on 

the joint-set orientations (2,3,4,5 and 6) might be faVly similar, but that LS.#l might be 

substantially di fferent Using backward (step-wise) elimination to ident* wluch 

variables contribute most stmngly to the individual ESS relations supports this 

interpretation of the factor loadings. Table 16 shows, as expected, that both E ~ ~ T  and EJEP 

contribute significantly to the J.S.#l relation as does E.. which is highly loaded on 

another factor upon which ESS 1 was lightly weighted, and that the other orientations are 

similar, with r, being the most important regressor in each case. This table also suggests 

tliat the A o ~  /Ac variable is not highiy weighted on any orientation. which is consistent 

witli the low communalities observed during Factor analysis. Thus. stepwise regression 

supports the interpretation of the factor loadings tliat J.S.#L is quite différent ttom the 

otlier orientations and that it may. therefore. be possible to diminate froni coiisideration 

four of the five rernaining orientations. selecting only one to represent the interpretational 

information contained within the other four. 





Table 16 - Cornparison o f  most import4nt contnbutom to the ESS relation based on 
the order of elimination (1-most important and 7-least important) 

Based on the above results, the relation strengths in Appendix F.5, and the desire to use a 

rea1 joint-set orientation (as opposed to a MinFoS orientation), J.S.#4 was chosen as the 

representative for the information contained within J.S.#2, #3, #5 and #6. As it 

happened, this was also the joint-set orientation that was closest to the failure surface in 

Tau versus SigN space (see Figure 68c). The impact of the decision to retain oniy J.S.#4 

as the representative of the four other orientations can be M e r  evaluated by ushg the 

coefficients fiom the ESS4 relation to predict the ESS values associated with the other 

orientations. ClearIy, if the relations formed on ait orientations are similar, then the 

coefficients fiom the ESS4 relation wiil be good predictors of the ESS values on the other 

orientations, and if they are dissimilar the opposite will be true. Inspection of Figure 93 

suggests that, in general, the ESS4 relation coefficients predict the other ESS values 

almost as well as k i r  own relation's coefficients, except in the case of I.S.#l and 

perhaps J.S.#2. The fact that ESSl is poorly predicted using the ESS4 relation's 

coefficients supports the previous assertion that the relation formed on J.S.#l is different 

from the one formed on J.S.#4. Because the ability to predict Tau was generally of 

greater interest than ESS, the same procedure was repeated for the Tau relations and the 

conclusions were fond to be basically the same (Figure 94). In this case, however, it cm 

also be seen that J.S.#2 and J.S.#4 are more similar, which clarifies the residual 

am bigui ty from the ESS cornparison. Inspection of the standardized regression 



Figure 93 - Comparison of ESS values predicted using standardized coefficients €rom the 
J . S .#4 relation (ordinate) versus the values predicted using the standardized coefficients 
from their own relation (abscissa): a) J.S.#I, b) J.S.#2, c) J.S.#3, d) MinFoS#l, and e) 



Figure 94 - Comparison of Tau values predicted using standardized coefficients fiom the 
J . S .#4 relation (ordinate) versus the values predicted osing the standardized coefficients 
from their own relation (abscissa): a) J.S.#2, b) J.S.#3. c) MinFoS#l, and d) MinFoS#2 



coefficients for both the ESS and Tau relations genenlly supported the above tindings, 

except in the case of the MinFos#;? (Tau6) relation. which might not be as similar to the 

J.S.#4 relation as the above analysis suggests. However. because these are partiai 

regression coefficients. because the stepw-se regession indicated similarity in tenns of  

order of importance, and because the MinFos#:! orientation is artifcial. only J.S.#4 was, 

in the end. retained- 

9.6.1. Stepwise regression results 

The fourth and h a i  step in the adopted strategy (end of Sec. 7.5.1) was to take the elastic 

relations that stili exceeded the specified strength limit on J.S.#1 and J.S.#4, and 

eliminate regressors through stepwise regression that did not make a significant 

contribution to the relation. h the case of CCA there is no well-established stepwise 

equivalent so, to reduce the number of variables in a similar manner, stepwise regression 

was applied separately to both sides of the equation, using the other canonical variable 

scores as the dependent's variable values. As dictated by the adopted strategy, stepwise 

regression was not undertaken on al l  relations in Appendix F.5 that retained the required 

strength after the variables that suffered h m  high values of  MCL were eliminated, since 

some dependent variables were highiy correlated with others being considered (which 

also resulted in outliers not being removed on them). Appendix F.5 reveals that the fmd 

outconie of the adopted strategy is I l  reasonably strong, explmation-type relations. 

iitilizing a nmch reduced set of regressors. (t sliould be empliasized tliat it is no 

coincidence that many of the most fundamental and most physically meaningful 

dependent variables remain. Rather, their retention in the analysis is a direct result of 

ciioices that were made when dependent variables or regessors had to be eliminated from 

consideration. 



9.6.2. Final relations of interest 

Tlie smoothed relations of interest that will be subjected to detailed investigation and 

interpretation are as follows (see Table 17 thmugh Table 20): 

i )  the prediction of Sigma1 and Sig1 D i 0  witli source parameters (Appendix 

F.5.1.1); 

ii) the prediction of TauL. Tau144 Tau4. SigN4 and Tau444 with source 

parameters (fiom Appendix F.5.1-4); 

iii) the canonical correlation resuits u t i b g  principal stresses and skear based 

stresses on both JS.# 1 and #4 (fiom Appendices F.5 2 and F.5 -3); and, 

iv) the prediction of using LS.#4 stresses (fiom Appendix F.5.4-5). 

9.6.3. Mode1 adequacy tests 

Multiple regression makes several assumptions about the data and the relationship 

between the regressors and the dependent variable. Gross violation of these assumptions 

will result in unstable solutions in the sense that a slightly different dataset could result in 

a completely different regression mode1 being formulated (Montgomery and Peck. 1992). 

Included as Figure 95 througli Figure 98 are four sample mode1 adequacy test results. the 

remaining seven being found in Appendix G.I. Tlie first plot included in each figure is 

the observed versus predicted scatter plot designed to assess the strength of the relation. 

its linearity, and the presence of any remaining outlying points. The next plot gives an 

impression of liomogeneity of variance, the results from whicli may suggest a need for 

hrtlier transformations. The third plot shows the distribution of the residuals wliich. if not 

nornially distributed. will aftect the calculation of the t and F-statistics aiid. potentially. 



Table 17 - Suiiiniaiy tahlc of multiple regression relations of interest - smoothcd data 

6 SigN4 Smoothed 283 0.68 xJ 6% 
7 Tau444 h Smoothed 283 Q,65 7% 

Mode1 1 Stnbility 1 Prediction 
Adeguacy 

poor 
=. . -r- 

Table 18 - Summary table of canonical correlation relations of interest - smoothed data 





Figure 95 - Mode1 adequacy tests for Sigma1 (in MPa): a) predicted (fitted) versus 
observed (actual), b) residual versus predicted, and c) residual normal probability plot 



Figure 96 - Mode1 adequacy tests for Tau I : a) predicted (fitted) versus observed (actual), 
b) residual versus predicted, and c) residual normal probability plot 

246 



Figure 97 - Mode1 adequacy tests for the J.S.#4 shear-based canonical correlation results 
utilizing the first canonical variables: a) predicted (fitted) versus observed (actual), b) 
residual versus predicted, and c) residual normal probability plot 

217 



Figure 98 - Model adequacy tests for using J.S.#4 shear stresses: a) predicted (fitted) 
versus observed (actual), b) residual versus predicted, and c )  residual normal probability 
plot 



rnake the least-squares fit sensitive to a s m d  subset of the data (Montgomery and Peck, 

1992). Other diagnostics were also perfonned, as required, such as plotting the residuals 

against each regessor. In general, CCA requires assumptions similar to those for Iinear 

multiple regression (Thompson, 1984); however, there are no well-established graphical 

methods of evaluating the adequacy of the final canonical correlation model. Therefore, 

in an effort to be consistent and to gain a sense of the relation's model adequacy, the two 

canonical variables were treated as new variables and were regressed against one another, 

allo wing diagnostic plots similar to multiple regression to be created. 

Consideration of the 11 sets of model adequacy plots indicates that there is a range of 

relation qualities. In generai, the observed versus predicted scatter plots reveal. perhaps, 

two shortcomings: the presence of multiple groups and some non-linearity. in ternis of 

homogeneity of variance, there is also a range of dlfferent results, with the majority 

showing, at ieast, some signs of a conical pattern. However, it is generally believed that 

this level of inhomogeneity of variance is not strong enough to completely eliminate 

retations from consideration. It should dso be noted that several of the other relations, 

while perhaps not king strictly conical in pattern, are very irregular looking in this space- 

In terms of the distribution of residuals, the normal probability plots are almost entireiy 

nght-side-up and S-shaped suggesting that there are fewer residuals in the tails than a 

normal distribution, except in the case of the CCA results which tended more towards a 

bowed appearance, suggesting a skewed distribction- With the exception of the SiglDif3 

and Tau1 - 14 relations (Appendk G. 1.1 and G. 1.2), the obsewed deficiencies were not 

judged to be severe enough to eliminate the relations from consideration. It is also worth 

noting that, excluding a few observations, there are really no particularly large residuals, 

suggesting that any potential outliers have been removed. The make-up of the retained 

relations (except Tau4-14 which will be eliminated later) is sununarized in Table 19 and 

Table 20 and will be discussed, dong with the raw data relations of interest, in more 

detail in the following chapter. 



10. VALIDITY OF RELATIONS OF INTEREST 

10.1. introduction 

Tliere are three recommended validation techniques for relations of  the sort developed in 

tlie previous chapters (Montgomery and Peck, 1992): 

i) dataset splittuig, where the onginal data is divided, and the relation formulated 

on the fmt group of  observations is used to predict values in the second group, 

thereby obtaining a sense of the relation's stability (Sec. 10.2); 

ii) collection of new data upon which the predictive capabilities of the relation c m  

be evaluated (Sec- 10.3); and, 

iii) analysis of the coefficients relative to prior experience and physical theory 

(Sec. 10.4). 

The discussion of  each validation technique will follow the order presented above. since 

tlie results of the splitting and prediction wiil have an influence on the confidence with 

wliich the relations' meaning c m  be interpreted. 

Dataset splitting or. more precisely, in this case half-sample cross-validation, was 

accomplished in this study by dividing the dataset, on which the relations were formed. in 

half. both randomly and in ternis of time. It is not clear whether splitting in time is 

relevant after the data has been smoothed. except perhaps in the case of groups ofevents 

that are clustered both spatially and temporaily. In the worst case. the time splitting can 



be thought of as another random example. The stabiiity of the relation would normdy be 

assessed by comparing the predicted values for the second half (using the relation formed 

on the first half) with the observed second half values. However, since the objective is to 

see how similar the relations produced by the two halves really are and because there is 

scatter in the relations even when al1 the data is used, it was thought, as before, to be 

more informative to compare the values predicted for the second half observations (using 

the relation fonned on the first haif) with the best possible second haifpredictions (using 

the relation fonned on the second half observations)- Once again, in the case of the 

canonical correlation relations, it was necessary to develop a method by which the 

stability of the relations couid be assessed in a manner similar to the multiple regression 

tests. This was accomplished by comparing the second half scores deterrnined using the 

stress canonical variable f o d  on the first haif observations to the stress canonicai 

variable scores fiom the second half relation. This procedure was then repeated for the 

seismic canonical variable, 

The data splitting results for the two raw data relations and the nine remaining smoothed 

relations of interest are inciuded in Appendix G.2. Aimost without exception, each of 

these results suggests excellent stability when the splitting was done mndody. This is 

particularly noteworthy in the case of the canonicai correlation results. since the direction 

of each canonicai variable is dependent on the direction of the other, which should 

increase the possibility of instability when each side of the equation is evaluated in 

isolation. The splitting, however, was more of a problem, particularly in the case of the 

prediction type Den3 equation (Appendut G.2.1 c) and several of the J.S.#4 rdations (e-g, 

Appendix G.2.3a and c; Appendix G.2.6a and b). In the case of the Den3 prediction 

eauation. this instability is likely a result of the relatively large number of regressors and 

the MCL present amongst them. In the case of the J.S.#4 relations. the reason for the 

apparent instability is likely two-fold: first, the multiple regression relations were among 

the weakest being evaluated and, second, a cornparison of the distribution of values in the 

two halves revealed that the time splitting separated the two densest clustee of points, 

which led to fairly different relations king formed. None of these J.S.#4 relations will be 



eliminated from consideration at ihis point, but their ability to predict and be reliably 

interpreted must be considered questionable. Additional thoughts on why the J.S.#4 

relations tend towards instability will be provided in the following section. 

10.3. Predictiorr 

10.3.1. Introduction 

The second recommended method for evaiuating the vaiidity of the relations o f  interest is 

to test the prediction capabilities on new data. It stands to reason that if the relation 

represents some fundamental (physicdly interpretable) truth and if similar conditions 

exist in other areas, then the relations formed in one (the original) dataset should be 

capable of predicting new values in another (the test) dataset collected under similar 

conditions. Conversely, if this prediction were not successful. it would be diffifult to 

interpret such a relation with confidence. Kowever, the relatively small range of variable 

vdues caused by the decisions to limit the magnitude range and to restrict the onginal 

dataset volume may hamper the prediction capabilities of the relations formed in this 

s tudy . 

The required test dataset could rnost easily be created in one of two ways: either fiom 

events in an adjoining area or from events in the same area but for a different time penod. 

It was feit that testùig the relations on observations fiom a different volume but collected 

during the sarne time period would be the more difficult evaluation. Figure 15 shows that 

the spatial distribution of the seismicity between 6600 and 7000 levels is similar to that 

below 7000L. with some of the densest seismicity appearing in the footwall beneatli the 

overhanging region, where the confuiement supplied by the vertical stress is reduced- In 

addition. Figure 67b suggests that the stresses Vary similarly between the two datasets. 

al though there is more scatter above 7000L. As a result it was decided to use the events 

above 7000L as the test dataset for the relations developed on the original data below 

7000L- 



The same Examine3D model as was used for the stress estimates below 7000L provided 

the elastic stress estimates for the events above 7000L. This model, including mining up 

to 6400L. was originally evaluated for suitability to 6800L but. in an effort to maximize 

tlie number of events and capture most of the densest cluster, this limit was extended to 

6700L. The impact of this extension was roughly assessed, and the observed reduction in 

prediction performance was not found to outweigh the advantages of larger numbers of 

events- 

The same methodology was applied to the test dataset as was applied to the original 

dataset: 

i) al1 of the same variable values were calculated; 

ii) al1 non-random effects were removed; 

iii) the variable distributions were individually evaluated and transformed towards 

norrnality (or at ieast symmetry), as necessary; 

iv) outIiers were removed using exactly the same variables and techniques as were 

used earlier; and, fmally, 

v) tlie data was smoothed using the same 1 Sm (Soi?) sphere radius. 

During this process. it becarne apparent that variable tnnsformations different to the ones 

used on the original dataset were going to be required in certain cases (particularly within 

the stress database) for the test dataset. This difference suggested that there rnight be 

some fundamental differences between the datasets. As a result, it was necessary. fbr the 

most part, to predict using standardized coefficients. The inherent problem with 

standardizing is that it c m  intlate. or deflate. the importance of variables. relative to a 



relation fonned in their original units, if their variances differ substantially. In addition, 

as was observed before with the elastic versus plastic cornparison, standardizing can 

disguise an offset As a result, by standardizhg you are no longer predicting the absolute 

value but, rather, the relative variation of the value within the dataset, Therefore, 

successfil prediction with standardized values implies oniy that the relations between 

relatively high and relatively low variable values are the same in both datasets (i-e.. only 

the relation's general predictability capabilities can be evaluated after standardizing). 

10.3.2. Test case 

To optimize the procedure for predicting values, a test relation involving the prediction of 

Sigmal was selected, due to its practical importance and because standardized and non- 

standardized coefficients could be used (te., identicai transformations were used in the 

original and test datasets). The relation to be evaluated was the one depicted in Figure 

95a. utilizing four seismic regressors. 

To obtain Sigmal estimates at the event locations in the test dataset, the four source 

parameter values used in the relation were detemiined for each of the test events and 

multiplied by the coefficients fiom the original relation. The results of this prediction 

process cm be seen in Figure 99a and b, which shows that the predictions are quite 

scattered and that, in absolute terms, they are a little above the observed values. As 

anticipated, this offset was rectified through the standardization process. To better 

understand the reason for the observed scatter, the residuals fiom the standardized 

relation were plotted against their event locations and it was found tint many of the 

poorly predicted values were far removed from the ceiitre of tlie array ( ic. .  far €rom the 

footwall or distant eastings relative to the centre of mining). This observation is not 

surprising and was avoided in the original dataset by the volume reduction required to 

obtain the plastic stress estimates. Reducing the size of the test dataset voiume, therefore, 

should help ensure that only the events with the most representative source parameters are 

considered (due to better event locations and larger numbers of triaxials used in tlie 



Figure 99 - Predicted Sigmalvalues (ordinate) versus observed Sigma1 values (abscissa) 
for the events within the test dataset, using: a) non-standardized coefficients. b) 
standardized coefficients, c) a spatially filtered dataset and non-standardized coefficients. 
and d) a spatially filtered dataset and standardized coefficients 



estimation of the seismic variables). When spatial filtering was applied to the test dataset 

(N(5800-6300) and E(4000-5000)). the scatter was reduced. It can be seen from Figure 

99c and d, though, that despite slopes close to one, a lot of scatter remains, 

Tlirough consideration of methods by which fiuther prediction improvements mi&t be 

made. it became apparent that the spatial distribution of events was quite different 

between the two datasets. As can be seen fiom Figure 100 (a and b), a sparser spatial 

distribution in the test dataset r e d t s  in substantially fèwer events, on average, in each 

smoothing window, which can increase the scattering of the van-able values. Since it 

would be unreasonable to assume that al1 datasets should be smoothed using the same 

sphere radius. the arnount of smoothing in the test dataset was matched to that of the 

original dataset. This was accomplished by increasing the smoothing sphere radius in the 

test set at regular intervals until the distribution of events per window approximated the 

origùial dataset. A cornparison of Figure lOOa and c suggests that a similar distribution is 

achieved when a sphere radius of 24m (80fi) is used for the test dataset. Additionai 

support for this equivdent window size cornes fkom looking at the distributions of the 

inter-event distances. Figure lOOd reveais that approximately 900 event pairs were 

present in the original data at an inter-event distance of 15m (SOA), a number not matched 

in the test dataset until the 24m (80ft) smoothing sphere radius was applied. Figure 10 l a  

and b indicate that the increased smoothing reduced the scatter in the predictions for the 

Signal relation, although it also tended to enhance the bi-modal tendencies of the 

dependent variable. 

A number of other techniques were evaluated to fürther imptove the predictions of the 

Sigma 1 relation. including re-transfbnning the smoothed variables. 111 tliis case. the 

distributions of each of the variables involved in the relation were compared for the 

original and test datasets. Where the distributions differed substantially. one or the other 

wrts re-transforrned to achieve a better match- This did result in some srnall 

iinprovements in the predictions. but not to the extent required to justifi the added 



Figure 100 - Distribution of number of events in each smoothing window: a) original 
dataset, b) test dataset, and c) test dataset with a 24m (80ft) smoothing sphere radius. 
Plot d) distribution of inter-event distances for original and test datasets 



Figure 101 - Predicted Sigmal vaiues (ordinate) versus observed Sigmal values 
(abscissa) for spatially filtered events in the test dataset and using a 24m (80R) smoothing 
sphere radius. Predictions based on: a) non-standardized coefficients, b) standardized 
coefficients, and c)  standardized coeficients from relation formed on the test dataset (Le-, 
best possible prediction). Plot d) depicts ordinate in plot (b) versus ordinate in plot (c) 
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complexity of double transformations. Alternatively, to avoid the problem of 

standardizing the same tmsformations were used for both datasets, but this did not work 

well because it led to some poor variable distributions and it exaggerated the differences 

between the distributions- Limiting Sigrnal to the same range of values in the test dataset 

as was present in the original dataset dso did not work satisfactorily, as it made the 

distribution of Sigmal in the test set less syrnmetric. Lastly, both datasets were 

reprocessed and the outliers were removed oniy for the variables used in the final 

relations. While providing more data points for the compatison., thïs additional data did 

little to substantialiy improve the prediction capabiLities of the relation- 

A final possible explmation for the weak prediction capabilities was that the relation 

simply did not exist as stroagly in the test dataset To evaluate this possibility, multiple 

regression was run on the test dataset using the same variables as were used in the 

original relation and the scatter plot shown in Figure lOlc was produced. Cornparisons 

of this standardized scatter plot with the scatter plot resulting fiom the original dataset 

predictions (Figure 101 b) reveals some similarities. As before, to explore this similarity, 

the predictions using the original dataset relation and the best possible predictions (using 

the relation formed on the test dataset) were plotted against one another (Figure IOld). 

This plot reveals that the prediction fiom the onginal data, while scattered, is still 

reasonably close to the best possible prediction that could have been achieved with the 

selected variables (despite some differences in the standardized coefficients). As a result, 

it can be concluded that at least some of the remaining scatter in the predicted values is a 

function of the fact that the relation is just not as strong in the test dataset.. There are a 

number of possible explmations for this, but the two most likely are that the source 

paranieters are no: as well estimated above 7000L, and/or tliat there is some other 

seismicity generating process present within the test dataset which is not accounted for 

witli the current analysis. In the former case, this might result in increased scatter, while 

in the latter case, it is imagined that this change in the seismicity generating process might 

dictate which variables are most strongly related to Sigmal. In this second situation, 

relations of equal strength might. tlierefore. be formed on the test dataset but with a 



differirii set of variables. Partial support for this explanation cornes fiom repeating the 

entire adopted andysis strategy on the test dataset, the resdts fiom which suggested thaî, 

in some cases, nearly as stmng relations as those formed on the original dataset could be 

created by using different variables. 

103.3. Prediction with other relations of interest 

While the arguments presented in the previous section were Limited to the Sigma1 

relation, many of the steps applied a b v e  were repeated on the other remainllig relations 

of interest and the same basic conclusions were found to hold. Namely, the amount of 

scatter in the predictions was substantidy reduced, both by limiting the data spatially to 

those events towards the centre of the array and by applying a 24m @OR) smoothing 

sphere radius to the test dataset (except in the case of the spatial density predictions which 

were not smoothed). Ultimately, however, the quality of the predictions is quite poor 

(Appendk G.3), except in the case of SigN4 which shows some well-developed linearity 

(Appendix G.3.2e) and the Ded, Tau4-14, ~ d f  and principal stress canonid correlation 

results, which are aU poorer than average (Appendices G.3.la and c, G.3.3a, G 3 . 3 ~  and 

G.3.4a, respectively). 

It is interesting to observe the extrernely poor prediction performance associated with the 

Den3 prediction equation that was, after dl,  f o d a t e d  expressly for this purpose (G.3. lc 

and d). Earlier, it was indicated that, in the case of prediction equations, the 

consequences of MCL among regressors might not be as severe, as long as the predictions 

are confined to regions of regressor-space where the MCL holds approxirnately. 

However, this relation's poor prediction capability suggests that these conditions are not 

adequately satisfied in the situation under consideration. Further, if these requirements 

do not hold in this case, with two similar datasets, it is unlikely to ever hold for this type 

of study. [n total, the experience associated with the Den3 prediction equation suggests 

that the originai idea of using an explanation type equation (Le.. eliminating MCL to a 



known level and reducing the number of regressors) for prediction was, overall, a good 

approach, 

As far as the other relations of interest are concerned, when the predicted values using the 

coefficients fkom the onginal dataset were compared to the best possible predictions they 

were generally quite sImilar, except for the following cases: the Den3 relations (G.3.1 b 

and d); Tau4-14, where the predictions had exactly the opposite slope (G.3.3b); an4 the 

relation, which showed no relation whatsoever (G-3.3d). In tems of the canonicai 

correlation resuits, the J.S.#4 resuIts (G3 -6) were, in generaf. slightIy better than the other 

two (G.3.4 and G.3.5) and it was found that there was better agreement between the 

predicted seismic canonicai variable scores than the stress canonical variable scores, 

Possible reasons why at least some of the stress values do not make ideal predicting 

variables can be demonstrated by anafysing the Uiteresting results of Tau4-14, where the 

onginal dataset is quite simüar to the best possible prediction, except with the opposite 

slo pe (G.3.3 b). This result suggests that the important coefficients have opposite signs in 

the origioal and test &sets. To understand how this couid happen, the origiaal 

(untransformed and uasmoothed) Tau444 vaiues can be plotted for both datasets against 

distance into the footwall (represented by northing in Figure 102). This figure reveals 

that the Tau4-14 stress change values in the original dataset decrease towards zero as the 

distance fiom the stopes uicreases (decreasing northing), while they increase towards zero 

for the test dataset. Thus, if the seismic variables Vary similarly with distance from the 

stopes in both cases, the result would be as depicted in Appendix G.3.3b. This example 

demonstrates two possible problems with prediction using stress change variables: 

i) at least sorne of the stress change values are quite different between the two 

datasets in tems of both spatial trend and magnitude; and. 
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Figure 1 02 - Tau4- 14 versus northing: a) original dataset and b) test dataset 



ii) after standardizing, the stress change values for the test dataset and original 

dataset become equally important, despite the fact that the stress changes in the 

test dataset are much smaller- 

Togetlier, the above observations suggest that, if a stress change variable is a regressor in 

a relation, it may be an important source of scatter- On the other hand, if that stress 

change variable is a dependent variable, it may Lead to exactly the kinds of problems 

demonstrated by the Tau4 14 example. To evaluate the scatter producing capability of 

the stress change variables, the canonical correlation predictions were repeated for both 

J.S.#l and J.S.#4 without the shear stress change variables that were onginally present in 

these relations (Appendk G.4). It was found that the removal of these variables reduced 

the scatter (especially for J.S.#4) and that, in both cases, the stress canonical variable then 

becarne closer to the best predictions possible (compare Appendices G.4.1 and G.4.2 with 

G.3.5 and G.3.6). It should be noted that the principal stress canonical correlation and 

radiation efficiency relations dso utilized stress change variables. which could explain 

their weak prediction capabilities but, in contrat to the two shear canonical correlation 

results, the stress change variables, in these two cases, were too important to be 

elirninated fiom the relations. 

Given the extremely poor prediction performance of the prediction equation for Den3, it 

was eliminated fiom further consideration. Due to the observed improvement in the 

J. S .# 1 and J S  .#4 canonical correlation relations when the stress change variables were 

eliminated fiom consideration, these variables were permanently removed from both of 

these relations. This reduction resulted in a smaI1 decrease in the canonicat correlation 

(0.89 to 0.88 and 0.91 to 0.86. respectively), but also improved the stability of the relation 

in terms of dataset splitting. In addition. because it was observed that the Tau44 4 

rclations from the original and test datasets were complete opposites. this relation was 

also dropped fiom fi~rther consideration, Finally, despite the fact tliat the principal stress 

canonical correlation relation and Q- make use of stress change variables, bot11 of these 

relations were retained for future consideration, but their generaily poor prediction 



capabilities must affect the degree of confidence with which these relations can be 

interpreted, 

10.3.4. Separation o f  relatively high and low variable values 

Given the only Iirnited success at predicting observed values in the test dataset, an attempt 

was made to use the variables involved in the relations of interest to identiQ only 

volumes above or  below a specified valuee This was thought to be of practicai interest, in 

the situation where there was an increased Likelihood of encountering a particular ground 

control problem if the stresses exceeded a certain level. This was observed, for example, 

at the Ansil mine where the volume of the rock m a s  most likely to suffer stress induced 

damage could be delineated as the region where Sigmal estimates fiom an elastic 

numerical model exceeded 55 MPa (McCreary et. al., 1993). Similady, the ratio of the 

induced versus virgin stress conditions as estimated fiom numericd rnodels has been 

suggested as an indication of rockburst hazard (Tajdus et. al., 1997). McGarr et- al_ 

(1975) fomd that large events were generated where elastic model predictions for Sigmal 

exceeded 100 MPa or Sigma3 estimates were less than 16 MPa. Therefore, if it were 

possible, based just on the seismic variable values, to form a relation that separated the 

observations belonging to the hi& and low risk groups (in terms of encounterïng a 

particular ground control problem), it would then be possible to use any future seismicity 

to track changes in the hi& risk volume over the. Clearly, if you were able to predict 

variable values accurately (as was evduated in the previous section), this procedure 

would be unnecessary, because not only would you know whether a particular event 

location exceeded a specific value, but you would also know by how much. Therefore, in 

a sense, by being interested only in group membenhip, you relieve the "lmw rnuch" (or 

distance) constraint inherent in conventional prediction, which may, in tum, allow more 

practicable predictions to be made with the relations of interest. 

To develop the required methodology, the Sigmal relation was once again selected for 

detailed analysis. For the purposes of demonstration the threshold of interest was set at 



1 12 MPa. This implies that the objective of the analysis is to identie volumes of the rock 

mass where Sigrnal exceeds this value since, in the adopted scenario, locations above this 

limit would be subject to an increased rkk of a paaicular ground control problem. 

Because. in this particular andysis, we are not interested in how far an event location 

varies from this threshold level, this type of problem is well suited to investigation with 

discriminant function analysis (DFA). This multivariate statistical technique (Appendix 

A.4) is designed to create a fûnction that maximizes the separation between two pre- 

specified groups, whiie minimizing the inflation of each group (Davis, 1986). Once this 

function is created on the original dataset, it can then be used to separate events in a 

future (test) dataset In the selected example, with group membership for each event in 

the original dataset detemiined by whether it had a Sigmal value above or below 112 

MPa, DFA was run and a discriminathg hc t ion  created. As with multiple regcession, 

the standardized coefficients of the resulting function can be manuaily inspected and the 

variables identified which contribute most strongly to group separation. ui the Sigmal 

case, it was found that only three of the four seismic variables were necessary to separate 

the groups effectively. When the discriminant scores are used instead of the original 

Sigma1 values. group separation increases and, with if the likelihood of cotrectiy 

discriminating any fuhue events (compare Figure 103a and b). 

The discrimination capabifity of the created function cm be visualized by plotting the 

score versus the origind Sigmal values (Figure 103c). As indicated. the original limit of 

1 12 MPa has been replaced by a score threshold of 0.73 (the halfway point between the 

two group means). Events with scores less than 0.73 are classified by the function as 

group 1 events (predicted to be below 1 12 MPa) and events with scores greater than 0.73 

are classified as group 2 events (predicted to be above 1 12 MPa). The number of 

correctly classified events (Le., the nurnber identified by the function as belonging to the 

correct group when the score threshold is used) relative to the total number of events 

gives a success rate. In this example, the discnminating lùnction is able to correctly 

separate events into the two groups 93% of the time. 
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Figure 1 O3 - a) Distribution of event values in Sigmal space. b) distribution of event values in 
score space, c) Sigmal versus discriminant score for the original dataset d) Sigmal versus 
discriminant score for the test dataset (Note: the horizontal and vertical lines in these plots 
represent the discriminant threshold in Sigmal and score space. respectively), and e) 
discriminant score resulting from applying the original Sigma1 function to events in the test 
dataset versus the discriminant score from the (best possible) function created on the test 
dataset 266 



Having created a discriminant function on the original dataset. it can then be used to 

classi@ the events in the test dataset (using a 24m (80ft) smoothing radius) by 

transfbrming their source parameter values into a score and comparing this value to the 

score threshold. Cn this case, it can be seen (Figure 103d) that the ability of the fiunction 

10 correctly classifjr the events in the test dataset is limited, in that there are many events 

below the 0.73 threshold that are generated under stress conditions greater than 1 12 MPa. 

Therefore, it wouid be an error to conclude that, because the score was less than the score 

tl-ireshold, the actual stress at that location was below the critical value of 112 MPa, 

However, this same figure also suggests that approximately 85% of the events that were 

predicted to be within regions over 112 MPa were, in fact. correctly discnminated. in 

total. tlie results for the Sigma1 example suggest that, when using this function on the test 

dataset, there is a good possibility that the source region is relatively highly stressed if the 

discriminating function indicates that this is the case. The same, unfominately. cannot be 

said for the fùnction's predictions for events generated withïn less stressed environments- 

The preceding procedure was repeated for some of the other relations of interest In 

particular, functions based on Tau1 and Tau4 relations were determined and used to 

discriminate the events in the test dataset. The h a 1  results of both of these analyses can 

be seen in Figure 104. Ln the case of Taul, a conclusion can be made that is similar to tlie 

Sigma1 examplc: if the event's score is greater than the threshold, it probably was 

pnerated within a relatively highly stressed region while, if it is below the thresliold the 

relative stress conditions cannot be detennined with confidence- However. in the case of 

Tau4 the results are better, witli approximately 88% of the events in the test dataset being 

corrcctly classified into relatively high and relatively low stress yroups. In this case, 

bccause the function is a good discriminator, it can be interpreted in a rnanner sirnilar to 

the original regression equation. A cornparison of the discriminating function with the 

equivalent multiple regression relation reveals that thcy are. in fact. quite similür. wliich 

is not surprising since the original relation was quite strong and. therefore. a reasonably 
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Figure 104 - a) Tau1 versus discriminant score for events in the test dataset, b) 
discriminant score resulting from applying the original Tau 1 function to events in the test 
dataset versus the discriminant score from the (best possible) tùnction created on the test 
dataset, c) Tau4 versus discriminant score for events in the test dataset, and d) 
discriminant score resuiting from applying the original Tau4 function to events in the test 
dataset versus the discriminant score fiom the (best possible) tùnction created on the test 
dataset 



food discriminator in its own As a tinal evaluation. the best possible 

discriminating functions for the events in the test dataset were determincd Lbr cric11 

esample and compared to the ones determined from the originai dataset. Figure 104b and 

d suggest that the functions deterrnined on the original dataset for the Tau examples are 

very sirnilar to the best that were possible using the selected variables. while the Sigma l 

example is not as close (Figure 103e). 

In surnrnary. the results of this study suggest that by focusing on group membership and 

not on the precise values, it is possible, at Ieast in some cases, to correctly identity which 

events have been genemted within relatively Low and relatively highly stressed 

rnvironments. In the case where certain stress magnitudes are associated with a greater 

likelihood of a particular ground control problem, DFA, ushg only seismic variables, 

can. tlierefore, potentially identiQ volumes of the rock mass with an elevated risk of 

particular ground control problems. 

lO.4. Interpretafion 

lO.4.l. Overview 

The tinal test for the validity of the developed relations of interest is the andysis of their 

coefficients relative to prior experience and physical theory or. in a single word, 

interpretation. To assist with this process the reader is referred back to Table 14. Table 

15 and Table 17 througli Table 20 where the relations of interest and tlieir coeficienfs are 

s~imrnarized. In general. these tables indicate that all the relations fom~ed are liighly 

signitkant. with significance probabilities of less than 0.0000. which implies that 

relations of this strength could not be fomed from a randomly generated datasct even I in 

10 000 times. In addition. the variability (standard deviation) in the dependent variable 

lias not been signiticantly reduced due to smoothing. cxcept in the case o f  the single 

scisinic dcpendent variable relation (E,~)). This observation is consistent witli thci belief 



iliat it was the variability in the seistnic variables that initially prevented relatively strong 

relations from being formed and that the stress values were already quite smooth. As a 

result of the generdly small reductions in standard deviation, it can be concluded that the 

relatively high R' values for the relations of  interest were not likely hbricated by severe 

reductions in the variability of the dependent variables associated with smoothing. With 

respect to the comments made in the tabtes regarding mode[ adequacy, stability and 

prediction, they are restricted to those that resulted in the ethination of the relation fiom 

hrther consideration. In addition, the coefficients summarized in these tables are 

standardized coeScients, which allow the relative contribution or importance of each 

variable to be assessed without the complicating influence of different measurement 

units. Lastiy, because the canonical correlation results comprise two linear combinations 

of variables, one seismic and the other stress, the complete coefficient information is 

contained in two tables. 

Several generai comments should be made prior to the interpretation of  the variables 

included within the relations of interest- First, it should be emphasized that there is a 

danger of over-interpreting the relations of interest, especiaily considering the 

uncertainties in the variable values themselves and the amount of manipulation to which 

the observed data has been subjected- This would be especially tme for relations that are 

weak, poorly formed, unstable or extremely poor predictors, since the likelihood of these 

relations representing some physically reaiizable process is greatly reduced. In addition. 

due to the considerable latitude available for interpretation in multi-dimensional space, 

the inability to interpret is, perhaps, a more convincing argument against the validity of a 

relation rather than the reverse situation. Second, some comment sliould be made about 

the variables not used in the relations. At the start of this investigation, 129 stress and 

seismic variables were calculated for each event in the dataset. of which only a small 

number were ultimately used within relations of interest- The absence of the remaining 

variabIes does not necessarily imply that these variables have no value; rather. as was 

iiirntioned earlier. most of these variables were eliminated brcause tliey contained much 

the same information as the variables tliat were retained- It is interesting to note th& 



when PCA was evaluated as a method of combating the effects of MCL. 95% of the 

information in al1 the seismic variables could be described by four orthogonal 

components (Le.. four independent variables). Viewed in this Iighf it is not surprising 

that, in the end, so Few variables were needed as regressors in the relations of interest- 

In terms of the variables actuaily involved as regressors in the relations of interest, it can 

be seen from Table 19 that the variables of pnmary importance to the relations with 

seismic regressors are r, and Mo? both of which are almost aiways heavily weighted. but 

with opposite signs. In thÏs snidy, r, supplies information about the complexity of the 

source, since it is fairly highiy correlated with the rJro ratio ( ~ û . 7 8 ) .  which implies that 

r, oniy varies over a relatively narrow range. It is d s o  interesting to note that the Acd /AG 

van-abIe is not ofren used in the relations, perhaps because much of the source complexity 

information is aiready contauied in the r, variable. The third most important variable in 

the relations of interest, with considerably smaller coefficients, is the ~ ~ t f .  Of the 

remaining variables, E, is quite highly correlated with Mo, althou& this correlation has 

been somewhat reduced due to the different traLlSfonnation applied to the range-restricted 

Mo. As a result, these two variables appear to substitute for one another when used 

within the sarne equation. EJEp and ro only occasionally make contributions, perhaps 

because most of the relevant information about mechanism and size is contained in other 

variables. 

In terms of the few relations with stress regressors, Table 15 and Table 20 suggest that the 

most important variables are Sigmal and the shear stresses (Tau1 and Tau4) which, in 

combination with the equivalent normal stresses (SigN1 and SigN4). should be the most 

physically interpretable stress variables. Otlier stress variables of importance are the Tau 

oiid SigN changes associated with the last mining step on J.S.#4 (Tau4- 15 and SigN4-15, 

respcctively). In a similar fashion to Tau and SigN, one would expect these stress 

changes to more easily drive shear failure if they moved the event location towards the 

t3ilitre envelope. In addition, the second stress invariant (12). which niakes a rninor 

contribution to the explanation-type Den3 relation. represents a measure of tbr overall 



stress field; and the changes in Sigma1 and Sigma.3, associated with the third and last 

m i n e  steps (SiglDif3, SiglDif4, Sig3DiB and Sig3Dif4), make contributions to the 

Den3 and principal stress CCA relations. Once again, with this latter group of van-ables, 

it would be expected that the likelihood of dnving faiiure would increase as the event 

location moves toward the failure envelope. 

10.4.2. Detailed analysis: relation between stress leveis, r. and M. 

As mentione4 the most important seismic regressors are the increase in r, and decrease 

in Mo with increases in the various stress variables. This relation holds except in the case 

of SigN4, which forms a relation with the opposite sense. Therefore, it can be suggested, 

in the size cange under consideration, that, as the driving stress or in more generai terms, 

as the instability increases, the average size of the event decreases and the displacement 

becomes less complex in nature. Before this somewhat surprishg observation is 

discussed in detail, a couple of other points should be made. The observed r$r, and 

AodAa values suggest fairly simple sources, which means that the wmplexity referred to 

here should be thought of only in relative terms. In addition, as mentioned, the si* in a 

regression equation should be interpreted with caution due to their partial nature. In fact, 

the observed relation amongst stress, ïa and Mo should properly be read as: the stress 

variable increases with increasing r, for events with constant Mo, or, conversely, stress 

increases with decreasing M, for constant r,. However, in the case of Fa and, to a lesser 

extent &, the coefficients are genedly large enough to reflect the tme nature of the 

relation between the stress variable and the individual regressor, making them 

representatives of the total regression coefficients. The reason for the inverse relation 

between r, and M,, might be, in the case of a relatively complex source, due to the 

presence of an asperity locking the two sides of the eventual failure surface together so 

that when slip does evenhtally occur, it does so by breaking thcough the asperity, resulting 

in a relatively strong event. This is generally consistent with the findings of Tnfu (L987), 

who found (albeit for much larger events - ML>2.4) that as the rdro ratio decreased (Le-. 



increasing complexity) the event tended to be stronger and that when the stronger 

risperities failed, Iarger stress drops and source radii resulted. 

While the inverse relation between Mo and r, can possibly be explained as above. the 

surprising relation between increasing driving stress and decreasing cornplexity and 

strength is not easily explained. In fact, in terms of stress and source strength, the 

opposite argument wouid be easier to make: where the dnving stress is relatively large, 

stronger events are generated- This expected relation between driving stress and source 

strength is not only consistent with intuition but dso  wiUi the findings of certain lab tests. 

Assurning that there is a fundamental similarity between the failure processes acting at 

the Iaboratory and mine scales (Henderson et. al,. 1992; M c G m  1994)- the results from 

at least some tnaxial tests on intact sarnples suggest that, as the stress Ievels increase. the 

number of events should increase, accompanied by an increase in the relative number of 

strong events (as suggested by a reduction in b-values; Lockner et. al.. 1991; Henderson 

el. cd . .  1992). 

Perhaps, one reason why, in this study, we do not see this more straightforward relation 

between driving stress and event strengt? is that r, does not Vary substantially (Figure 

105). This impiies a breakdown in self-similar behaviour as suggested by the dependence 

between ACT and Mo- A natural consequence of this breakdown c m  be seen in Figure 

1 OSb, where the Mo versus ro values cross over lines of constant Ac- It should be noted 

that this non-similar behaviour was not a result of limiting the dataset to the complete 

magnitude range, since the same pattern existed when this restriction was lified. In 

addition, the observed non-simiIar behaviour does not strongly conflict witli the eadier 

applied concept of a complete magnitude range since the moment-frequency plot 

describes a general process. while ~el~sirniiarity was assessed on rnodel-based variables, 

wliich incorporate more specific information about the tàilure process. In the Iiterature, 

one explanation for non-similar behaviour has been attributed to a source effect resulting 

[iom the presence of a characteristic fault length (Aki. 1984: 1988). In other words. 

witliin the rock mass there exists a physical limit to the length of slip tliat can easily 
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smoothed Tau4 versus distance from the nearest stope surface 



occur. This restriction rnight be created by joint-set offsets acting as bamers (Urbancic 

et. ul., l992b) ancilor Iirnits to the length (persistence) of the slip feature. At Creighton. 

the average joint spacing for the footwall granites is approximately lm. which does not 

match the observed source size, However, the rnajority of the persistence observations 

range between 1.5 and 4Sm. which, as c m  be seen from Figure 105b. corresponds to the 

size of tlie majonty of the events (Le-. source diameters o f2  to 4m). As a result, it can at 

least be suggested that the size of the slip sutface may be structuraily controlled by the 

length of the joint and that, typicaily the driving stress is inadequate to extend the existing 

feature or to network a number of features together. Under these circumstances, there 

would be no strong relation between the driving stress and the source size, which is 

consistent with observation. In total, then, the results obtained suggest thaf contrary to 

initial expectation, higher driving stresses do not generate larger (in size) and. therefore, 

stronger events (for a given source complexity), at Ieast not in the cange of variable values 

present in the dataset being analysed. 

Given that the more straightfonvard relation between driving stress and event strength is 

not observed in the dataset, alternative explanations for the observed relatiooship between 

the stress variables and the strength of the event must be found. Specifically, if the 

strength of the event is not related to the size of the slip area then there must be some 

other influence present in the dataset to cause the observed variation in source strength 

tliat is not accounted for in the source model, One possible explmation is variations in 

shear strength. Consideration of the Mohr-Coulomb shear strength formula suggests that 

tlie two most likely candidates are the fictional propeaies of the slip surface and the 

amount of confinement (friction angle and tlie normal stress. respectively). In other 

words. the observed variation in Mo (or Ac because tliey are correlated) is. perhaps. 

controlled more by the shear strength of the slip surface than by the size of the slip 

surface. It is tempting to say that because there is no observed variation in the joint 

properties. the difference must be entirely due to confinement. There are two problems 

with establishing this: fint. ail of the sources are fairly simple so the variations in joint 

roughness may be small or on a scale that was not considered during the underground 



niapping; and, second, from a seismic point of view. roughness cannot be evaluated 

directly but. rather. it is necessary to gain insight into roughess from various measures of 

source complexity. The limitation of using complexity as a measure of roughness is that 

complexity and confuement are related. Specifically. under relatively high confinement 

conditions there is an increased likelihood of asperities being broken (Byerlee. 1970). 

making the event appear relatively complex, while. in contrast, under low contïnement 

conditions. there should be an increased tendency to ride over, rather than break througk 

the asperities, resulting in relatively simple events. Therefore, it is dificult to determine 

the cause of the variation in shear strength althou&, as will become clear, the 

confinement explanation is favoured- 

if the observed variation in event strength is related more to variations in the shear 

strength of the slip surface than to source ares then there should be a relationship among 

the strength of the event (Mo), the confinement (SigN), and the roughness (-complexity - 
r,) of the slip surface. As it happens, the SigN4 relation precisely relates these three 

variables. Consideration of  the relevant coefficients in Table 19 for this relation 

compietely supports the presented line of logic: as the confinement increases, the 

complexity of the source increases (for a given event strength) or, as the confinement 

increases, the event strength increases (for a given complexity). Modest support for a 

possible relation between confmement and event strength also cornes from several 

sources, including Iaboratory results on pre-cut triaxial samples (Lockner and Okubo, 

1983), where variations in source radius should be limited. These tests indicated. despite 

some variability, that the magnitude of the generated events could be controlled by the 

stress conditions. Specifically, the strength of the events increased with increasing shear 

and normal stress. [t might be speculated that had the cut surface had a hiplier coefticient 

of friction. the relation between nonial stress and event strength might have been better 

developed. The importance of confinement has also been emphasized by Urbancic and 

Trifu ( 1996). who suggested that high levels of resisting stress played an important role in 

tlic failure process. In addition. Bird (1993) suggested that a positive correlation existed 

belwern the minimum M ,  and Si@. Finally, as presented earlier. the analysis of 



Lockerby data suggested, despite weak relations, that there was a connecion between 

relatively high Sigma3 values (confinement) and source strength. 

The physical significance of this shear strength interpretation c m  be better appreciated by 

considering the spatial variation of these variables- At Creighton, the numerial models 

predict that confuiement will generally decrease as the foo~uall stopes are approached 

korn the south, due to the overhanging geometry and the proximity of the mined out 

region beîween 7000 and 7200 IeveIs. In Figure 106% this dominant trend in the 

smoothed SigN4 data is evident. Therefore, the proposed interpretation of the SigN4 

relation suggests that it is these events, generated relatively close to the stope d a c e ,  

which have relatively low strength and simple sources. This positive relation between 

SigN4 and Mo, combined with the obse~ation that Tau generally increases as the 

footwall is approached (e-g., Figure 106b), explains the initially unexpected inverse 

relation between driving stress and &- 

in total, the presented arguments suggest that it is insightful to investigate variations in 

the resisting stress (confinement), and that focusing on the driving stress relations made 

interpretation of these relations more f i c u i t .  In a broader sense, this observation also 

supports the application of muhivariate statistical techniques such as canonical 

correlation where both Tau and SigN can be simultaneously considered. It is interesting 

to note that, whiie the above interpretation emphasizes the importance of the resisting 

stress, most of the relations of interest relate to the driving stress, There are several 

possible reasons for this: 

i) When required to make a choice between a driving stress variabIe (e-g. Tau and 

Sigmal) and a resisting stress variable (e-g., SigN and Sigmd), the driving stress 

variable was always given preference because its prediction was generally thought 

to be of greater interest, 



ii) An investigation into the spatial distribution o f  the standardized smoothed 

SigN values reveals that SigN increases less uniformly than Tau with distance 

fiom the stope surface. This effect is most pronounced in the case of J.S.#l but 

can atso be observed for J.S.#4. When a relatively srnaIl group of events close to 

the overhanging 7000L mining was rnanually eliminated fiom consideration due 

to its disproportionately high SigN4 values (see Figure 106a), ihis had a 

substantial effect on the canonical correlation results. Specifically, SigN4 became 

more important in the stress canonical variable than Tau4. with vimially no 

accompanyïng change in the coefficients for the corresponding seismic canonical 

variable, 

iii) The observed variation in complexïty and source strength could be due to a 

spatiai variation in the fnctional properties associated with repeated failures, 

alteration, or subtle geological differences which together could result in smoother 

joint surfaces near the stopes. Therefore, any events generated within this region 

would be relatively simple and probably of lower strength. In this situation, the 

variation in confinement would not be as important from a physical point of view, 

resulting in an interpretation that focuses on the driving stresses and the variations 

in the fnctionaf properties. 

In combination, the first two points suggest that the reason the amount of confinement is 

not prominently featured in the relations of interest is more a fùnction of the methodoiogy 

used. and the cofinement's tendency to scatter more than the corresponding shear stress, 

rather than any lack of physical importance. On the other hand, the final point requires a 

change in the properties of the joints due ostensibly to repeated failure or. just as easily. to 

minor variations in the joint properties. Whiie this latter explanation could be equally 

valid. the original explanation emphasizing confinement is favoured. because it is known, 

for most orientations. that the confinement will genenlly reduce as the footwall stopes 

are approached. whereas variations in the granite joint properties is a point of complete 

speculation. In addition, in terms of the repeated failure theory. the dense cluster of 



events relatively far h m  the footwall would be just as likely a candidate for this type of 

reduction in the fnctional properties as any of the events closer to the footwall. Further, 

if the events close to the footwall became less complex over tirne, this observation would 

make the smoother joint explanation more attractive. However, over the three month 

time penod of particular interest, no convincing variation in any of  the complexity 

variables was observed. Favounng the confinement interpretation does, Iiotvever. make it 

dificult to explain the apparent inverse relation between Tau4 and SigN4 (Figure 106 - 
J.S.#l exhibits no well-developed relation) since every one of these points falls on the 

actual M u r e  surface. A possible explanation for this observation is that, for the 

relatively complex sources (Le.. relatively high confiement), the actual shear stress in the 

asperities controllhg failure is higher than the average values predicted by the numerical 

model. In addition, it would be expected that as the confinement reduced so would the 

Es/& ratio, which is not obsewed in the relations. As a result, it is most likely that, in 

reality, the seismicity is being controiled by variations in both Ectional properties and 

confinement. 

10.4.3, Relations of interest 

As a necessary part of the previous discussions, important aspects of many of the 

relations of interest have dready been discussed. ui addition, in the final malysis, the 

relations are quite simiiar to one another. Therefore, this section will only recapituiate 

previous interpretations, discuss the single unsmoothed relation of interest and bnefly 

mention some of the secondary strength variab1es. 

lO.4.3.l. Spatial densiîy muItipIe regressiorr rehtion 

As anticipated. the interpretation of the Den3 explanation relation is difficult. due to the 

inclus ion of both Sigma 1 and Tau 1 in the same relation (Table 1 5). Because Sigma1 and 

Tau1 bot11 decrease. in general. with increasing distance into the footwall tliey are 



genenlly positively correlated. Therefore, the opposing sigis in the relation are possibly 

a partial coefficient effect and the relationship should be properly stated as: for a given 

Signal value Den3 increases with increasing Taul or, conversely, for a gïven value of 

Tau 1 the Den3 increases with decreasing Sigma 1 values. While the former possibiliv 

rnakes some physical sense, the dense cluster of "structural" events, which do have 

relatively low S igmal values, may explain the latter statement. Another possibility is that 

tliis inverse relation between Signal and Taul is controiled by local variations in 

S igrna.3. I t  is conceivable that, in certain situations, Taul could increase while Sigmal 

decreases, if Sigma3 declined more rapidiy. This is no& however. supported by earlier 

plots (Figure 67) where more shear stress is almost always avaiiable at higher Sigmal 

values. As far as other variables are concerned, the small positive contribution of SigN is 

diEcult to explain physically, but is also perhaps influenced by the "stmcturaL" events 

relatively far in the footwall where the normal stresses are higher on average. The stress 

change variables in this equation cary little weight relative to the previous three variables 

and are also physically difficult to interpret. 

Overall, considering the confusing interpretation caused by principal and shear based 

stresses appearbg in the same equation, the relatively low strength, the modest mode1 

adequacy and the poor prediction performance, it is diEcult to have much confidence in 

this relation. Despite these factors, it is not believed that this relation is simply 

mathematical, without physical basis. Perhaps M e r  work adjusting how the spatial 

density is calculated could result in the creation of a more rneaningfhl relation of this 

tY Pe- 

10.4.3.2. Stress dependent varidle multiple regressiorr reiations 

AI1 the multiple regression relations of interest with stress dependent variables (Table 19) 

are similar and have been interpreted in detail in earlier sections. In genenl. the Sigmal 

ünd Tau relations are driving-stress-type equations. while the SigN4 relation is a resisting 

stress relation and has coefficients with the opposite signs. 



The opposing signs in the Sigmal relation for r, and ro slightIy emphasize the importance 

of the spatial variation in complexity @A). The negative coefficient for is hard to 

explain, but would be consistent in the unlikely situation where Sigmal provided 

confinement to the slip surface, since it could be extrapolated nom the work of 

Boat-ght and Quin (1986) that low rupture velocities should occur over relatively hi& 

strength features. In the case of the Taul relation, the importance of E, and the reduced 

importance of M,, are noteworthy. However, because these two variables are somewhat 

correlated they appear to have substituted for one another in this equation and can be 

interpreted in the same fashion. Support for this substitution cornes fiom the simïiarity 

between this Taul relation and the canonid correlation rel~tion on J.S.#l where the 

stress canonical variable is highly weighted on Taul. In addition, bot. E ~ R  and EJEp 

make minor contributions to the Taul relation. While the sense of the ~ ; n  contribution 

suggests higher rupture velocity with dnving stress, the sense of the EdE, contributions 

was opposite to that expected. The reasons for this could be the low correlations between 

the stress variables and the E& ratio, the relatively small ranges of complexity being 

considered or it could simply be a partial coefficient effect. Utimateiy, the Tau4 

equation turneci out to be quite similar fiom an interpretational point of view to the 

previous relations and involved no secondary strength variables. A secondary 

contribution to the SigN4 relation is made by another source complexity measure, 

AodAcr, which should, and does, carry an opposite sign to r, Confidence in the SigN4 

relation is somewhat diminished by its poorer than average stability in time; however, this 

deficiency is compensated for by its relatively good prediction capabîiities, the latter 

characteristic, perhaps, supporthg the importance of confinement from a physical point 

of view, 

Iû.4.3.3. Sekmic dependent variable rndtfple regression relation 

It has been fairly obvious, almost fiom the begiming, that a linear combination of seismic 

variables is better able to describe a stress variable than vice versa As a result, the 



prediction of G~ using L S M  stresses represents the ody relation of its type to meet the 

set relation strength requirernents afier variable elimination to combat the undesirabk 

rffects of MCL. One of the most interesting observations about the Ga relation is that it 

rnakes significant use of the final rnining step stress change variables (Tau445 and 

SigN4-15). suggesting that it may be more affected by the stress changes within the rock 

mass immediately prior to failure, than by the absolute value of the stress. The opposite 

signs for the SigN4 and SigN4-15 variables are only a little awkward from an 

interpretational point of Mew and could be related to two different influences. The first 

possibility is that the opposite signs imply that the stress path associated with the fmal 

segment is not the same as the average path from v i r a  conditions. Support for this idea 

cornes fiom the scatter plots, which suggest that the overall path to failure for thïs 

orientation is a combination of increasing shear stress and decreasing normal stress 

(Figure 68c) while the stress change associated with the fuial mining step is a 

combination of increasing shear stress with both increasing and decreasing normal stress 

(Figure 74d). A second possible explanation is that events which had the lowest fuiai 

SigN4 values expenenced the biggest increases durhg the final minhg step (an 

observation which can also be supported nom scatter plots). 

From an interpretational point of view, the &en relation suggests that generdly 

increases with increas~d instability. This is also consistent with the f o m  of this 

variable's contribution to al1 the stress dependent relations, except Sigma l . When this 

variable was introduced, it was indicated that experiments had suggested that is 

positively correlated with rupture velocity, which could be tied to variations in slip 

surface strength and stress. Specifically. these expenments suggested that relatively low 

strength features generally had higher rupture velocities which is consistent with the 

observed higher values near the footwall stopes where the confinement is reduced. 

Overail, confidence in this relation is diminished by its very poor ability to predict new 

values for the test dataset and the fact that the values calculated in this study tàl! outside 

the range reported from the theoretical study on which the variable's interpretation was 

based, 



10.4.3.4. Cmonical correlation reIations 

As mentioned, CCA relations may have an important advantage over multiple regression 

in that they are able tu incorporate a more complete description of the predicted rock 

inass stability by simultaneously finding relations between both Tau and Si@ (or Sigmal 

and Sigrna3) and the seismic variables. This overcomes the interpretational problem 

posed by the multiple regression relations, where information about the correlation 

between driving stress and confinement had to be known, apriori. in order to physicaily 

interpret the relations in the rnaaner presented. 

In the case of the principal stress canonical variable. it was found that the strongest 

relation was formed using the stress change variables. Recall that the stress change 

variables associated with the £irst three mining steps are faVly highly correlated with the 

tinal values of the principal stresses, which allows the Sig 1 DiB and Sig3Dif3 variables to 

be interpreted dong the same lines as Sigmal and Signal Therefore, the stress 

canonical variable can be interpreted as increasing with instability or. more specifically, 

Sigma 1 increases and Sigma3 decreases with the canonicai variable score, with a slight 

reduction in Sigma3 (fkom Sig3DX4) immediately ptior to f~ lure .  The interpretation of 

the equivalent seismic canonical variable is fiindarnentaily the same as for the seismic 

regressors in the multiple regression relations. In addition to these similarities, and as 

expected, Aod /Ac has the opposite sign to r,, but the very lightly weighted Es& is, 

again. opposite to what was hoped. In total, the principal stress relations suggest. as 

before. that as instability increases the resulting events are generally simpler and of lower 

strength. Note, however, that, due to the methodology adopted. this CCA result has 

basically the same strength as the Sigmal relation (r of 0.87 versus the equivalent of 0.86) 

and that the confidence in this relation is somewhat diminished by its poorer than average 

model adequacy and prediction capabilities. 

As h r  as the sliear-based canonical variables are concerned, t'or reasons discussed 

prwiously. SigN does not figure prominently in the stress canonical variables. resulting in 



close similarities between the Tau multiple regression equations and the equivdent 

seismic canonical variables. in both cases, the stress canonical varîable score increases 

with increasing instability. However, in the case of J.S.#l this is accomplished with a 

weak increase, rather than a decrease, in Si@, which is not a problem £km an 

interpretational point of view as it simply suggests a slightly dEerent stress path towards 

Failure for this planar orientation. 

18.4.4. Geometric versus structurai events 

Additional insight into the final form of the relations c m  be obtained through an 

examination of the differences between the previously identified geometric and struchiral 

event clusters (Figure 15b). Figure 107a and b, for example, suggest that, for the 

geometry under consideration, Sigma1 clearly increases with decreased distance £kom the 

stope surface and r, increases with Sigma1 - In both cases, the slope of the trends is at 

least partially controiied by the tight cluster of structural events between 46 and 69m 

(150 and 225ft) fkom the stop surfâce. Therefore, the structurai events can be 

charactenzed as being located within a relatively low stress region which generates 

relatively complex events, whereas the geometric events, because they are closer to the 

footwall, must be located within a relatively high stress region that generates less 

complex events. 

Support for these observed ciifferences between the events within these two clusters can 

be obtained by trying to separate them using DFA. In these mm, it was found that group 

separation was possible to a 95% success rate when al1 seismic variables under 

consideration were utilized- Even when the least important discriminators were 

systematically eliminated it was found, using only the r, and r, variables, that the two 

groups could be separated to a level of 94940. The opposing signs of these two remaining 

variables in the discriminant fùnction suggested the complexity variable (r&,) would be 

the single best discriminating variable. This was confirmed by Figure 107c7 which 



Figure 107 - a) Variation in smoothed standardized Sigmal with distance from the closest 
stope surface. b) variations in smoothed standardized Sigmal with standardized r;,, and c) 
discriminant score based on r, and r, versus the ri,/r. ratio 



indicates that the discriminating score and the rJro ratio are highly correlated. In the 

final anaiysis, then, of al1 the seismic variables considered. it is the difference in 

complexity that best distinguishes between the geometrk and structural events- This 

result. combined with the location of each goup, is at least one of the reasons why the 

relations of interest suggest that relatively low dnving stress levels are related to 

relatively complex events- 

Why the structural events are, generally, more complex could be a result of the relative 

simphcity of the events close to the footwail stopes or, aitematively, due to a complicated 

interaction of the large and small scale structures, the ore-waste contact and si11 

development, creating the local stress and strength variations required to create 

complexity. The importance of the structurai events to at least some of the relations may 

also offer a partial explanation as to why the relations of interest, in general, did not 

predict very well. 

10.43. Failure orientations 

In combination, the multiple regression and canonical correlation results offier no clear 

insight into which joint-set orientation is responsible for the seismicity. From an 

interpretational point of view, relations formed on both orientations appeared, in the end, 

quite similar. In generai, more relations of interest were formed on the J.SM orientation 

but. given the way that the strength iimits were set, this does not necessarily suggest any 

major difference in the physical importance of the datasets- 



1 1, IMPACT OF FILTERING ON STRENGTH OF RELATIONS 

1 1.1. Introduction 

In Chapter 5. extensive filtering of the dataset was undertaken p i o r  to fomiing the 

relations of interest. This work concluded that there were three major sources of temporal 

non-random behaviour present within the catalogue, any of whïch might adversely affect 

the analysis: blasts and their related events, large events and their related events and 

larger numbers of small events in the early moming hours (which resulted in the 

elirnination of events outside the complete magnitude range). After these three effects 

and the outliers were eliminated, the remaining events formed the dataset that has been 

subjected to detailed analysis in this study- In combination, it was felt that the applied 

filters increased the tikelihood that only the events with the most representative seismic 

variable values were used to form the relations of interest. ln general, the tendency 

during each of these filtering stages, and during outlier removal, was to err on the side of 

caution and eliminate any questionable events. This approach was adopted on the 

condition that, when relations of interest were eventuaily formed. the impact of each of 

these filtering decisions would be evaluated. The final step, then, in this analysis is to use 

the established relations of interest to evaluate whether the earlier filtering and outlier 

removaI was, in fact. necessary* 

As part of the filtenng process, five datasets were created. In order of increasingly severe 

fi 1 tering these were: 

i) the unfiltered dataset; 



ii) dataset (i) with events outside -l<M<O eliminated; 

iii) dataset (ii) with blasts and related events eiiminated; 

iv) dataset (iii) with large events and related events eliminated; and, 

v) dataset (iv) with outliers removed (Le., the fiilly filtered dataset). 

To evaiuate the impact of filtering, the dependent variable values, predicted fiom the 

coefficients for the fully-filtered dataset, were compared against the values that would 

have been predicted if the relations had been formed on any of the other less filtered 

datasets. To prevent any disguishg of offsets, the same transformations determined for 

the Wly-filtered dataset were applied to the other datasets. The resulting variable 

distributions were evaluated and found to be reasonably appropriate. A general overview 

of the representative r e su l~  depicted in Figure 108 through Figure 11 1 suggest that, 

except for the Den3 estimates, there is little difference between the predictions using the 

coefficients fiom the fully-nltered dataset and those h m  each subsequently less-nltered 

dataset until the final filtering step, where the b i t s  on event magnitude are lifted. In this 

latter situation, because each stress-dependent variable relation includes the M, as a 

regressor and since the relation was formed over a particular magnitude range, Li-g this 

source strength restriction causes prediction problems. It should be noted that the 

relation is not as affected by iirniting the magnitude range because of the low correlation 

between Mo and and because of its use of stress regressors. However, the range 

restriction does cause a problem for the majority of the relations of interest; therefore, in 

al1 subsequent discussions the least filtered dataset considered will be dataset (ii), which 

will hereafter be referred to as the new unfiltered dataset. 

In the case of the Den3 relation (Figure 1081, while linearity exists, there is a difference in 

slope. This slope change, which is maintallied from the first filtering stage, must have 

been caused by an attempt to fit a regression mode1 to a dataset that included influential, 



Figure 108 - Predicted Den3 (explanation equation) from fully filtered dataset values 
(abscissa) versus the best possible predictions (ordinate) using a dataset with: a) outliers 
included. b) outliers and large (and related) events included, c) outliers. larse (and 
related) events and blasts (and related events) included. and d) unfiltered dataset 
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Figure 109 - Predicted Sigma1 €rom fully filtered dataset values (abscissa) versus best 
possible predictions (ordinate) using a dataset with: a) outliers included, b) outliers and 
large (and related) events included, c) outliers, larse (and related) events and blasts (and 
reiated events) included, and d) unfiltered dataset 
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Figure 110 - Predicted Tau1 from NIly filtered dataset values (abscissa) versus best 
possible predictions (ordinate) using a dataset with: a) outliers included, b) outliers and 
large (and related) events included, c) outliers, large (and related) events and blasts (and 
related events) included, and d) unfiltered dataset 
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Figure 1 1 1 - Predicted Eff (tzeI1-) from filly filtered dataset values (abscissa) versus best 
possible predidions (ordinate) using a dataset with: a) outliers included, b) outliers and 
large (and related) events included, c) outliers, large (and related) events and blasts (and 
related events) included, and d) untiltered dataset 



Iow, Den3 values that were eliminated as outliers fiom the fully filtered model. It can 

also be seen that including these outlying events in the less filtered datasets results in 

negative spatial density predictions, which is a physical impossibility. Overall, though, 

the Den3 relation does not definitively support the need for filtering. Den3. however, 

may not be the best relation on which to evaluate the impact of filtering, suice the Den3 

values were determined oniy for the unnltered dataset and because the regressors (like the 

relation) are stress variables, not seismic variables, and therefore were not the ones 

thought to be most affected by non-randorn influences- 

In terms of the smoothed relations of interest, there are several possible reasons why 

filtering had less effect than expected- These include: 

i) inconsistent amounts of smoothing between different size datasets; 

ii) a substantitial proportion of the events within the less filtered datasets being the 

sarne events on which the relation was originaiiy formed, suggesting that the full 

impact of the filtered events may be disguised; 

iii) smoothing reducing the impact of the filtered values, particularly in the 

situation where these values are more or less evenly distributed arounci the mean 

unfiltered value, since they might offset one another when smoothed; and, 

iv) no substantial difference existing between the filtered and the unfiltered 

values. 

To evaluate the first possibility, the smoothing window size used with the new unfïitered 

dataset was reduced until a distribution in the number of events per window was achieved 

that was similar to the fulty filtered dataset. Using the second procedure developed 

earlier, the inter-event distance distribution for the new unfiltered dataset was also 

compared to that of the fully-tiltered dataset. This latter cornparison suggested 6m (20fi) 

as the equivalent amount of smoothing, but the distribution of the number of events per 



window suggested that I l m  (333) sphere radius was probably more suitable. The new 

unfiltered dataset was used For this comparison, since it has the greatest proportion of 

suspect (filtered) values and, therefore, would be expected to deviate the furthest from the 

fully-tiltered case. From the typical results in Figure 112 through Figure 114 it can be 

seen that using this smailer smoothing radius (1 lm or 35ft) increases the scatter in the 

predictions, which is consistent with what was expected given the smaller number of 

events being averaged in each window. Overall, this increased scatter does not 

substantially &ect the predictions, resulting in only minor slope changes, suggesting, 

therefore, that it is not over-smoothing of the Iess filtered datasets which is 

predominantly responsible for the similarity between the filtered and unfrkered relations- 

The second possibility is that the impact of the filtered ("suspect") observations was 

disguised by a substantial proportion (approximately half) of the events in the new 

unfiltered dataset king the same as those within the fully-filtered ("best") dataset on 

wliich the relations of interest were formed. To evaiuate chis possibility, a dataset was 

created consisting basically of suspect events and smoothed using an appropriate I 5m 

(50ft) sphere radius. From the typical results in Figure 115 there now appears to be a 

greater difference between the relations formed on the best and suspect datasets than there 

was between the relations formed on the best dataset and the dataset utilizing aiL available 

events (except in the case of the ~ ~ r e l a t i o n  which remained basically the same). As a 

result, the fact that a subçtantial proportion of the less-filtered datasets consist of good 

event values is a viable explanation for why there was so little difference between the 

relations formed on the fblly-fiitered and new unfiltered datasets. 

To more clearly demonstrate the diftèrences between the best and suspect datasets, the 

relations formed on each dataset have been summarized in Table 21 and Table 22. These 

tables suggest that. while there is increased scatter when the suspect values are used (m 

suggested by the reduced relation strength), the most important van-ables are the same in 

hot11 cases. In addition. the direction is similar since there are no sign reversds on highly 

weighted variables. except in the case of the principal stress CCA relation, which wits 
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Figure 112 - Predicted Sigmal values from fùlly filtered dataset (ordinate) versus 
(abscissa): a) observed Sigmal values fiom the new unfiltered dataset using a 15m (50ft) 
sphere radius, b) observed Sigmal values from the new unfiltered dataset using an 1 Im 
(35R) sphere radius, and c) best possible Sigmal prediction on the new unfiltered dataset 
using an 1 1 m (35tt) sphere radius 



Figure 113 - Predicted Taul values fiom fully filtered dataset (ordinate) venus 
(abscissa): a) observed Taul values fiom the new unfiltered dataset using a 15m (50ft) 
sphere radius, b) observed Tau 1 values from the new unfiltered dataset usùig an I 1 m 
(35ft) sphere radius, and c) best possible Taul prediction on the new untiltered dataset 
using an 1 l m (35ft) sphere radius 



Figure 114 - Predicted Eff values fiom fully filtered dataset (ordinate) versus 
(abscissa): a) observed Eff (e,.cr ) values from the new wdïltered dataset using a 15m 
(50ft) sphere radius, b) observed Eff ( ~ d  values from the new untiltered dataset using an 
1 1 m (358) sphere radius, and c) bat possible Eff prediction on the new unfiltered 
dataset using an 1 lm (3SA) sphere radius 

4= 

4.7 

4.8 

4.9 

s -1 
5 
O Y 

k -1 2 

-1.3 

-14 

-1s 

-1 6 
-f -1.6 -1.5 -1.4 -If -1.2 -1-1 -1 4.S 4 8 4.7 4.6 

ER Eff 

I I l 1 I , I 1 T 

- 
b) 

- O 

O  
- 

* O  l 

**:': 
- - e-• - 

R #: 
- -"'- l 

O  - * 0 O  - 0  

- - 

- - 
1 r l 1 1 I I f I 

8 1 1 T b i I t l 

- - 
- 

- - 
O  

- - 

fi" 1 - 
.. . 

t O  

- - 
- - 

1 1 I I 1 I 1 I I 

6 -1 5 -1 4 -1.3 -12 -1.1 -f -0.9 4 0  4.7 4 6  

a) 4.6 

4.7 

4 8  

4.9 

€ -1- 

O 55 
2 O -12 -1-f 

-1.3 

-1.4 

-LS 

-1 6 



. . . .  . . .  - .  
.. . . .  " J)( i.. ........-....-..........,ii.i...ii.......... i........i.i....i+...-. . . 

Figure 1 15 - Comparison of predicted values €rom the fully filtered dataset (ordinate) 
versus best possible predictions using the suspect event dataset (abscissa): a) Signal, b) 
Tau 1 .  and c )  Eff ( E ~ ~ ~ . )  







influenced by outliers Ui the suspect dataset, While there are differences in the 

coefficients between the best and suspect relations, it should be remernbered that if 

filtering were not applied, the final relations would Uiclude every available observation 

(ie.. best + suspect events). Therefore, evaluating the best and suspect relations 

separately, while providing insight into why the expected differences were not clearly 

revealed, is not particularly realistic. It can also be seen, therefore. from the summary 

tables that, when the new unfïltered ("dl") dataset is use& the strengths and coefficients, 

For the most part, Lie directly in between the resuits obtained when the relations were 

formed separately on the best and suspect datasets. This comparîson7 then, supports 

earlier graphical conclusions: it is easier to see the impact of the suspect events when 

relations created fiom a dataset consisting solely of these events is cornpared to relations 

formed on a dataset which does not incorporate any of these events. 

The third possibility was that the impact of the suspect values was disguised by the fact 

that these values were roughly eveniy distributed around the mean unfiltered vaiue and, 

therefore, offset one another during smoothing. This can be partially evaluated by 

calculating the standard deviation of the values that were combined during the smoothing 

process to obtain the reported average variable vaiue. For the best and suspect event 

datasets, this standard deviation cornparison for variables hvolved in the relations of 

interest suggested that the means were similar but that the standard deviations were 

slightly larger in the case of the suspect event dataset. This observation supports the 

supposition that one of the reasons why these two datasets do not differ substantially is 

because the suspect values' impact is reduced through the smoothing process. 

Al1 the above results suggest that, while the relations formed with the fully-filtered 

dataset are generally stronger than their less-filtered counterparts. there is little substantial 

difference between the relations in terms of their meaning. The observed differences rnay 

be attributed, in large part, to a combination of the "best" values forming a substantial 

proportion of "alI" the events in the dataset, and the fact that, through the smoothing 

process the irrpact of the suspect values is reduced. nierefore, fiom an interpretational 



point of view and for the currently applied whdow sizes. it cm be concluded that it was 

not generally necessay to fiiter the dataset prior to smoothing. However. if the purpose 

of forming the relation is to predict new values then filtering would be advisable to 

rnsure that the strongest possible relations were formed. In tems of this study, it would 

have been alrnost impossible to form relations that met the established strength 

requirements without applying some form of filtering, and a completely different and 

probably (even) more complicated approach would, as a consequence, have had to be 

developed, 



12. SUMMARY AND CONCLUSIONS 

In an effort to surnrnarize the important methodologïcal and result-oriented conclusions, 

tliis cliapter Iias been divided into seven parts: the tirst surnmarïzes the main tïndings 

associated with the process of collecting meaoingfbl seismic and stress variable values at 

event locations; the second documents the methodology developed to form and identie 

relations of interest; the third reviews the interpretation of the relations of interest; the 

fourth evahates the analysïs techniques appiïed; the f~ provides some general thoughts 

about the analysis, including how results fiom tbis type of study might eventually impact 

upon mine design decisions; the sixth lis& the main contributions of this snidy; and the 

last makes some suggestions for future research possibilities. 

12.1. Data collection 

12.1.1. Seismic database 

To obtain reliable source parameter estimates for the October to December. 1993. dataset 

of particular interest, it was necessary to determine the variable values for the seismic 

database using on-line (automatic) routines. To accomplish this. a study was initiated to 

better define the limitations of the adopted on-line approach and, if possible, to ïmprove 

its estimating capabilities. The main findings of this study were as follows: 

i) A cornparison of source parameters detemined off-line witli those obtained on- 

line Wr a single triaxial indicated fairly good agreement for al1 source parameters of 

interest. This result suggested that reliabIe source parameter estimates could be 

O btained in real time witli ceasonable confidence. 



ii) A comparison of source parameter values obtained automatically for different 

triaxial sensors initially resulted in substantial amounts of scatter- For the October. 

1992. dataset much of the observed scatter separated into two clusters which were 

coincident with events coming fiom hwo different Lues of the mine- This result 

suggested that improved ray-path attenuation corrections were needed to ensure 

reliable estimation of source parameters fiom multiple tnaxials. 

iii) A procedure designed to calculate the size of the attenuation correction for each 

individual triaxial was incorporated into the on-line program and evaluated for both 

the October, 1992, and October, 1993, datasets. It was found that the incorporation 

of the variable Q-routine resulted in more consistent source parameter estimates for 

each triaxial. This improvement was accomplished not only by applying a suitable 

correction to the waveforms but aiso by elirninating many of the poor quality signals 

that would have othenvise been used to calculate source parameter values. 

12-1.2. Stress database 

To obtain reliable stress estimates at each event location for the stress database, both three- 

dimensional linear-elastic (Examine3D) and non-linear-plastic (FLAC3 D) numencal 

modelling packages were employed. The main fmdings of the modelling phase of this study 

cvere as follows: 

i) Examine3D suggested that Sigma1 did not Vary substantially in the volume of 

interest while Sigma3 reduced sharply as the footwall was approached due to the 

overhanging geometry. As a result, an overstressed region was predicted to exist 

adjacent to the footwall stopes. In light of the possibility that this predicted failure 

mi@ affect the stress estimates at nearby event locations. an attempt was made. 

using Examine3D. to estirnate the impact of failure. Unfortunately, it was found 

that the impact could not be unambiguously assessed with elasticity. 



ii) The importance of rock mass failure in the volume of interest was assessed using 

FLAC3D. However, to utilize FLAC3D, several simplifications had to be  made to 

the excavation geometry, which irnpacted upon the predicted stress magnitudes and 

directions. In addition, to O btain values for the required non4 inear input panmeters. 

a second FLAC3D mode1 had to be created where suitable observational 

in forniation was available for calibration. The ensuing parametric study revealed 

that it was particularly important to speciQ material properties for the combination 

of cemented fill and transvenely oriented nb pillars that existed in the surrounding 

mechanked cut and fil1 stopes. The results also suggested that the specified ore 

properties were suitable and that straïn softening did not have sufficient impact to 

justi& the additional uncertainties and longer computation times. 

iii) When the input parameters detemïned h m  the calibration model were applied 

to the FLAC3D model in the volume of interest it was found that rock mass failure 

did not have a particulariy large impact, but that the inclusion of the backfiii and rib 

pillar combination did make a substantial difference to the principal stress 

distribution in the volume of interest The combined impact on the stress estimates 

of incorporating multiple materials, the correct extraction sequence, and rock mass 

failure was also evaluated and found to generally exceed the known rnodelling 

uncertainties associated with FLAC3D model set-up Limitations. 

Tlir following sub-sections summarize the methodology that was developed dunng this 

study. whicli eventually led to the tonnation of a manageable number of relatively strong 

relations of interest. Specifically. the first subsection documents the manipulations 

perforrned on the original dataset to get the data into a form where relations of suEcient 

strength could be created, and the second summarizes the strategy developed to identify a 

manageable nurnber of relations of interest among the thousands that could have been 

eval uated. 



12.2-1. Data manipulation 

Tliree types of data manipulation were applied to the original variable values and dataset 

so that relations of suficient strength could be formed: filtering (two types), 

trrins forming. and srnoothing- 

i) The f is t  type of  filtering applied in this study involved the elimination of events 

associated with non-random effects in tirne. It was felt that transient stress effects 

associated with bIasts and large events might contaminate the source parameter 

estirnates for events immediateIy following these disturbances. As a resuit, the 

blasts and the large events, as well as their associated events (as identified by a 

space-time criteria), were eliminated from consideration- in addition, events 

outside the complete magnitude range were also removed fiom the catalogue, 

which reduced the impact of the relatively large numbers of srnall events O bserved 

in the early morning hours. 

ii) The second type of filtering involved the elimination of outlying values. A 

detailed assessrnent of several different outlier removai methods was undertaken 

based on each method's impact on regression strength relation meaning and 

dataset size. Et was found, from the detailed investigation of selected test 

relations, that elirninating outliers improved the strength of relations, particularly 

in the case of the relations involving stress regressors, and that, in the end, 

removing outiiers had little impact on the meaning of the resulting relations- A 

multivariate method was finally selected Cor outlier removal, utilizing principal 

compo nents which. when applied. identified relatively large niimbers of events as 

outliers due primarily to the nurnber of variables involved and some poor stress 

variable distributions. 

iii) Transforrning variable values was found to be necessary for four reasons: to 

assist with outlier elirnination, to better meet the mode1 adequacy requirements, to 



chri@ interpretation. and to assist with prediction. Ln the first two cases. the 

ttansibrmations were appIied in such a way as to move each variable's 

distribution toward normality or. at least, symmetry. In the latter two cases, 

standardization was applied to assist with interpretation by eliminating the 

idluence of different measurement units and. in the prediction case. 

standardization was applied to account for different transfomations being used 

within the original and test datasets. 

iv) Srnoothing was employed to address the apparent mismatch in scales between 

variables within the stress and seismic databases. It was felt that this scale 

mismatch was the main reason why only a single raw data relation of adequate 

strength could be formed. The smoothing method eventuaily utilized involved 

replacing each event's variable value with the average o f  al1 the event values 

within a specified radius. A study on a series of test cases revealed that 

smoo thing provided a substantial improvement in the strength of the relation 

without having any major effect on the rneaning of the resulting relation. Separate 

studies suggested îhat the strength of the relations was enhanced primarily through 

the reduction in spatial varïability of the seismic variables. 

12.2.2, Identification of important relations 

The net result of filtering, transfonning and smoothing was the strengthening of the 

multivariate relations among the 129 variables within the stress and seismic databases to 

suc11 an extent that a Five phase stnteé,y was developed to reduce the number of relations. 

This strategy was designed to ensure that only the relations of greatest interest. of bighest 

strengtli and those most easily interpreted remained. 

i )  The first phase of the approach was to limit the investigation to relations that 

arose natunlly €rom four relation types of interest. 



ii) Tne second phase was incorporated to ensure that only the strongest relations 

were considered in detail. This was accomplished by setting a strength limit for 

consideration at  ~ 3 0 . 6 4  for multiple regession and r>0.8 for canonical 

correlation- 

iii) The third phase aided interpretation by reducing the number of variables in the 

relations. This was accomplished in several different ways: by eliminating 

variables which, if included in the same relation, would complicate interpretation; 

by eliminating regressors with near linear dependencies: and by eliminating 

variables making insignificant contributions through stepwise multiple regression. 

iv) The fourth phase involved the inspection of the remaining relations to identiQ 

which relations were similar firom an interpretational point of view, Specifically, 

the equivalent relations using plastic and elastic stresses were compared, as were 

equivalent relations on different planar orientations. It was found that, while the 

relations formed with the plastic stresses were generally slightly stronger and 

better formed the strength increase and difference in meaning was not sufficiently 

large to justify the increased effort required to obtain the plastic stress estimates. 

Similady, it was found that five of the six planar orientations considered were 

similar from an interpretational point of view. 

V) The fi& and final phase investigated the remaining relations in terms of mode1 

adequacy, stability and prediction. uiitially, it was felt that only relations that 

adequately passed these final tests could be interpreted with confidence. Mode1 

adequacy concems eliminated a few relations, while al1 relations proved to be 

quite stable. On the other hand. none of the relations predicted values in another 

similar dataset very well. The predictions were, however, often close to the best 

possible, which led to the belief that there was actually a difference between the 

seisrnicity generating processes acting within the original and test datasets. In the 



end, five multiple regression and three canonical correlation relations, utilizing 

smoothed variabIe values, remained to be interpreted in detail. 

12.3. In  ferpreta fion of relations of interest 

Interpretation of the single raw data and eight smoothed data relations of interest focussed 

on obtaining insight into the fdure  prucess acting in the rock mass. interpretation in 

muiti-dimensional space proved to be quite challenging due prïmarily to the number of 

variables and partid coefficient effects, the latter issue king of particular coucern with 

the secondary strength coefficients. 

i) The single raw data relation developed utiiized multiple regression to predict 

the spatial density of events with a series of stress variables. This relation proved 

to be very difficdt to interpret due to the presence of both the maximum principal 

stress and shear stress variables as regressors. 

ii) Among the smoothed stress dependent variable relations, the primary seismic 

variables were the asperity radius and the seismic moment The inverse 

relationship between these two variables suggested that, where a locked asperity 

did exist, its eventuai failure would result in relatively strong and complex events. 

In addition, the events appeared to become Less complex and weaker as the 

driving stress increased. The anticipated relation between higher dnving stresses 

and increased source strength was not observed because the source size was 

lirnited to a relatively small range of values- This characteristic length was 

thought to be due to the geological character of the rock mas, the most likely 

candidate k i n g  the joint persistence. With a non-similar relation observed 

between source strength and size, the observed variation in source strength was 

thought to be due to variations in shear strength on the slip surface. Since no 

variation in the fictional properties was observed, the preferred explanation for 

the variations in shear strength was confinement. It was hypothesized that the 



events under relatively Iow confinement conditions had relatively weak and 

simple sources, because of an increased tendency to i de  over, rather than break 

through, any asperities during displacement- Spatidly. the confinement was 

shown, on average, to decrease towards the footwall stopes while the driving 

stress increased, which was thought to explain the initially unexpected relation 

between increasing driving stress and simpler and weaker events. 

iii) The sole seismic dependent variable in the smoothed relations was the 

radiation efficiency, which accordhg to the dation increased with instabiIity- 

Spatially, the efficiency was found to increase towards the footwall stopes, which 

is consistent with the beiief that it shouid be higher within low shear strength 

regions. nie efficiency relation is also the ody  relation in the study that made 

important use of the stress change variables, suggesthg that at least some seismic 

variables may be more sensitive to changes than absolute values. 

12.4. Anuiysk techniques 

Two general types of anaiysis were undertaken in this study: qualitative and quantitative. 

The qualitative analyses were limited to techniques designed to get a ''feel" for the data, 

while the quantitative analyses applied three main multivarÏate statistical techniques. 

i) The first of the two qualitative approaches applied involved plotting each event 

location relative to rock mass and shear strength estimates. These plots suggested 

that the stress conditions were generally below the failure surface. Possible 

reasons for this were discussed and additional variables added to the stress 

database to account for these possibilities. The second approach used two- 

dimensional contour (trend) plots to compare the spatial distribution of variables. 

This method did not appear to be well suited to recognizing relations between 

pairs of stress and seismic variables, unless they were highly correlated or there 



was a Iogical reference orientation. Neither of these cntena was satisfied by the 

dataset under consideration- 

ii) Multiple linear regression, the £ïrst main quantitative analysis technique, 

proved to be an efficient method for assessing the strength and form of the 

relations between a dependent variable fkom one database and a group of 

regressors fkom the other. In addition, the presence of well-established model 

adequacy tests and procedures to assist with the identification of the most 

significant variables was an asset. DitFculties with this technique included: the 

inability to simultaneously account for variations in two dependent variables; the 

necessity to interpret staodardized coefficients which can affect the importance of 

particular variables relative to a relation formed in the o@.nat units; and, the fact 

that you are interpreting partial, not total, regression coefficients- 

iii) Canonid correlation analysis, the second quantitative analysis technique 

applied, was also reasonably efficient at examinùig relations between the stress 

and seismic variables and was included in this study to iovestigate relations 

between a combination of stress and a combination of seismic variables. The 

correlation between these two Linear combinations wiil always be stronger than 

the equivalent multiple regression relation. Difficulties included the absence of 

widely accepted methods for investigating mode1 adequacy, elùninating 

insignificant variables, and testing relation stabilïty. In addition, because two 

combinations of variables are involved, there is an increased risk of forming 

meaningless mathematical relations, Canonical correlation also shares with 

regression the interpretation problems associated with standardization and the 

equivalent to partial coefficient effects. 

iv) The 1 s t  main quantitative technique applied was discriminant function 

analysis, which was used in this study to separate, and subsequently predict which 

events were generated within relatively low and relatively highly stressed regions 



of the rock mas. In this application, the rnethod was shown to have an advantage 

over regession, since the fbnction is only required to predict whether the 

observations fail above or below a specified critical value. 

12.5- Gmeraï considerations 

This section is designed to discuss the practical benefits of the developed approach. 

Specifically, it outlines the generd benefits of quantitative analyses, what the abiIity to 

form rneaningful relations implies about the quality of the data, and how the formed 

relations could potentially impact upon mine design decisions. 

12.5.1. Assessrnent of the quantitative approach 

Choosing to use a quantitative approach in this study had several advantages and 

disadvantages. The primary advantages of this approach include: 

i) it allowed the investigation of relations in a space-dimension beyond that which 

cm be visualized; 

ii) a large number of relations could be investigated relatively efficiently; and. 

iii) the strength of the developed relations could be stated precisely. their validity 

evaluated, and their coefficients used to predict values in other datasets. 

The main disadvantages of the quantitative approach include: 

i )  the methodology developed in this study could not easily be repeated by mine 

staff since the procedure is too time consuming; and. 



ii) there is a danger of  over-interpreting a relation, which is particdarly true for 

relations that are not very strong, are poorly formed, are unstable, are extremely 

poor predictors, or require a large number of variables. 

12.5.2. Quality of data 

The resdts strongly suggest that it is possible, using the developed quantitative approach, 

to form relations between variables included within the stress md seismic databases. 

Despite the fact that the relations developed here were not particularly good predictors, 

they are relatively strong, can be meaningfiüly interpreted, are generally stable, and are 

highly statistically significant. Therefore, the results of this study suggest that the 

individuai variable values, or at least their relative variations, are meaningfbi despite their 

large inherent uncertainties. 

12.5.3. Prnctical applications 

AssUming confidence can be gained through experience with any relations formed using 

the developed methodology, then the insight provided could impact upon mine design 

decisions in several dBerent ways. 

i) The developed relations could be used to obtain information about the stress 

state acting at an event location immediately after the rvent was generated. This 

would allow, for example, a rock mechanics practitioner to identie relatively high 

and low stress regions of the rock mass and to monitor how they change over 

time. This information, if available, would be of great practical value, not only in 

closing the design loop, but in allowing adjustrnents to be made to minimize (or 

minimize the impact of) stress changes. Using seismic data, instead of numerical 

models, to obtain relative stress estimates is attractive, in that it would be possible 

to get estimates in real time and there are situations where large stress changes c m  



occur (cg-. from large events) with no, or only srna11 changes in the geometry. 

Whether a relation originally formed using stress estirnates fiom a numerical 

mode1 a n  be used to detect these types of changes is not known. In addition, 

while the relations exist in the unsmoothed data, the smoothing process 

substantially enhances them; therefore, obtaining stress estimates in real time 

would Iikely incorporate some srnoothing. 

ii) In terms of using the relations to predict seismic variable values, this could be 

usehi in both iong and short term planning. For example, if it were possible to 

recognize conditions that generated large numbea of events, or more relatively 

large events, then this information could assist with the selection of mining 

rnethod, s t o p  size and shape, block sequencing, extraction order within blocks. 

location of permanent excavations, access development location and support 

selection, 

iii) The relations also provide information about the failure process. Specifically, 

the resuits of this study suggest that more information can be obtained about the 

rock mass using an integrated approach than if either database is analysed in 

isolation. For example, the fomed relations suggested that the strength of the 

event was, at least partially, controlled by confimement. The importance of 

confinement to seismicity generating processes at Creighton is supported on a 

larger scale by the observation that there appears to be a spatial connection 

between the two instances of overhangïng geometrïes and the position of the two 

densest clusters of seismicity- Therefore, repetition of this geometry will likely 

resuit in a well-developed failure zone and relatively liigh lcvels of 

microseisrnicity. If this geometry cannot be avoided, the above observation may 

suggest the need for a modified extraction or devefopment sequence, more 

effective support methods or different re-entry policies. The spatial variation in 

confinement rnay also ex plain why the relatively well-con fined hangingwall 1x1s 

generally fewer events. 



iv) The ability to form meaningfûi relations also increases the engineer's 

confidence in both the observed data and the analysis rnethod applied. In a sense, 

tlien, through the relation, one database validates the other and allows both to be 

used in independent analyses with more confidence. The resulting improvement 

rnight be dong the same lines as a nurnencal mode1 calibnted against 

conventional instrumentation. 

v) There are aiso benefits when formerly reliable relations break down, This 

situation might alert the engineer to some fùndamental change in conditions, such 

as elastic stress estimates that are no Longer appropnate or a Fundamental change 

in the failure process. In this latter case, such a breakdown might occur when a 

relation formed on events near an excavation surface is applied to events 

generated near a large-scale feature. 

12.6. Contribu fions 

This study represents, as far as the author is aware, the first attempt to quanti@ relations 

between stress estimates provided by nurnencal models and large nurnbers of rnine- 

induced microseismic source parameter estimates. Pnor to this study, the ability to 

undertake this type of project was hampered by the inability to calculate meaningful 

seismic variable values for large numbers of mine-induced events and, to a lesser extent, 

by difficulties associated with obtaining reliable three-dimensional non-linear stress 

estimates on the scale required. Several advances were made. through the course of this 

study that should assist any subsequent researchers attempting similar studies. 

i) A methodology was formalized through which the validity of the automatically 

generated source parameter values could be tested and evaluated against their 

manually determined counterparts. 



ii) A detailed discussion of a variety of considerations relevant to obtainùig 

representative elastic and plastic stress estimates at seismic event locations was 

included- 

iii) A methodology was demonstrated through which blasts could be identified 

from non-the-synchronized datasets. In addition, this study discussed and 

presented methods of idenming and handling events associated with non-random 

influences acting within mine-induced datase ts - 

iv) A practicai and resuit-oriented method of removing outlying values was 

demonstrated and discussed, as was how smwthing can best be applied to 

strengthen the relations between two databases with a scale mismatch, 

v) Severai multivariate statistical techniques were evaluated for utility in creating 

interpretable relations between two independent databases and in predicting new 

variable values. 

vi) It was s h o w  that meaningfhl, stable and highiy statisticaiiy signifiant 

relations could be formed between variables within the stress and seismic 

databases- Interpretation of the developed relations demonstrated the benefits of 

integrated anaiysis in ternis of providing an enhariced understanding of the failure 

process acting within the rock mass. The developed methodology also suggested 

what types of variables were not desirable for inclusion in this type of study. 

vii) It was demonsuated that the developed relations could be used to predict 

variable values in a second dataset which were ofien close to the best that could 

have been achieved with the selected variables- In addition, in some cases, 

developed relations were shown to be able to discriminate between events 

generated within relatively low and relatively highly stressed regions of the rock 

m a s .  



viii) Lastly, it was shown, for sùnilar datasets, that it was not necessary tiom an 

interpretational point of view to calculate non-linear stress estimates, remove 

outliers, or fdter the dataset for non-random effects. However, when the filtering 

stage is omitted, the developed relations will be weaker. 

12.7. Future work 

While this study was originally envisioned as the definitive work in a senes of integrated 

analyses, in the end certain lines of investigation could not be fully developed. In 

addition, the results revealed some of the shortcomings associated with using Creighton 

for this type of analysis. Therefore, the lasting value of this study may be more in the 

methodological fiamework it provides and related discussions, rather than the details of 

the relations eventually developed. Having said this, experience also suggested certain 

me thodological improvements. 

12.7.1. Further analyses with Creighton data 

The foliowing points represent some of the unexplored avenues that might justify more 

detailed investigation using the current dataset. 

i) Near the conclusion of this study, new geological information became available 

in the volume of interest suggesting that large scale structure (shears) may play a 

Iàr more important role in seismicity generation than was initially believed. A 

similar investigation employing the stress estimates from a discontinuum mode1 

might. therefore, provide better boundary conditions for this type of analysis. This 

observation. perhaps. also supports one of the suggested reasons for the stress 

estirnates being below the appropriate failure curves and the ditticulties associated 

with forming relations with greater universal applicability. 



ii) The study suggested that the raw data relation involving the prediction of the 

spatial density variable had potential. Unfominately. the relation. as developed 

here, was neither strong nor a good predictor of new values. While preliminary 

investigations suggested that the resulting relation was not especially sensitive to 

the space-time criterion used to calculate the variabie values, a more detailed 

investigation might reveal a more suitable combination. 

iii) The relations developed in this study proved to have a fairly LimÏted ability to 

predict new values. A cornparison, however, revealed similarities in some cases 

between the best possible predictions and the final predictions using the reIations 

of interest. This suggested that there was some fundamentai difference in the 

seismicity generating process acting within these, otherwise similar, datasets A 

detailed investigation of the test dataset might suggest why these differences 

existed and may provide a clue as to how the relations could be made more 

universally applicable or, at least, better define the extent to which relations cm 

be used to predict new variable values. 

iv) Despite efforts to rectie the situation, some of the relations of interest in their 

final forrn retained some curvature. This residual curvature perhaps suggested 

that, in some cases, the incorporation of polynomial terms in the regession 

equations might have benefrcid effects. 

V) Results indicated that filtering non-random effects had little impact on the 

meming of the developed relations. However. a more detailed investigation 

might establish whether dynamic effects do exist and to wliat extent they affect 

source parameter values. 

vi) The results of the prediction phase of this research suggested that discriminant 

function analysis might have considerable practical application in separating 



volumes of relatively high and relatively low stress, providing that the oc-iguial 

group threshold could be specified in a meaningfbl way- In this shidy, the 

variables included in the fùnction were limited by the original relations of interest. 

Therefore, improved discrimination might result if d l  available variables could be 

initially included and their numbers subsequently reduced through a stepwise 

procedure. 

vii) Discriminant function anaiysis couid also be used to investigate the merits of 

alternative group dennitions, such as the separation of seismic and aseisrnic 

volumes of the rock mass. With this group dennition, however, only stress 

variables could be used because no seismic variable values would be available for 

the aseismic region. This analysis technique might also be used to effectvely 

separate relatively high and Low spatial density regions, identifjr the seismic 

signatures of blasts, or, perhaps, separate volumes of the rock rnass where both 

micro and macroseismïc events are generated nom those where only microseisrnic 

events are generated. 

viü) A choice was made in this study not to separate out and study particular 

spatial (or temporal) clusters, in an effort to maximïze the number of observations 

and make the relations as universaily applicable as possible. However, it was 

occasionally observed that individual clusters had different values, As a result, it 

may be interesthg to investigate the clusters individually and assess the 

importance of any differences- 

ix) During the interpretation phase it was noted that an alternative interpretation of  

the relations of interest could have focused on variations in the fiictional 

properties instead of on confinement. It was suggested that one way of creating 

these fictional variations would be through repeated seismic displacement on a 

particular feature. which might, in turn, reduce the average complexity of 

generated events. The three month dataset analysed in detail in this study did not 



show any convincing varktion in source complexity tor a dense cluster of events; 

however, a Ionger (-1 year) dataset rnight reveal a stronger trend- 

12.7-2. Characteristics of an ideal site 

Tliere may be substantiai benefits to repeating a sirnilar analysis at a mine other than 

Creighton. The original selection of Creighton for this study was no doubt a reflection of 

the qualitative successes at simpler mines but, in the end, Creighton proved to be far fiom 

the ideai site for the first quantitative analysis- The oniy important advantages Creighton 

offers to studies such as this one are the large number of events it generates and the 

relatively large number of tnaxials instailed there. The ideal site for this type of study 

wou!d have many of the following characteristics: 

i) a dataset of at least 500 events; 

ii) a seismic array capable of location accuracies less than 6m (20ft) for the 

majority of events in the volume of interest; 

iii) conventional instrumentation in the array volume against which the numerical 

mode1 could be caiibrated; 

iv) a minimum of three reliable triaxials within the volume of interest; 

V) an array covering a volume that incorporates seismicity under a range of stress 

conditions; 

vi) an array that records al1 events within two or three magnitude ranges; 

vii) a weil-constrained geometry (si11 pillar extraction. for example): 



viii) seismicity not intimately associated with large scale features: 

ix) accurately known biast times; 

x) large but well-spaced production blasts; 

xi) no active development headings in the volume of interest; and. 

xii) a relatively regular orebody geornetry. 

12.73. Suggested methodological ünprovements 

Several improvements can be made to the methodology presented in this report. These 

include: 

i) Variables should not be caicuiated and added to the databases that are highiy 

correlated with any other fidamental variable that is aiready present. 

ii) if reliable mechanism information for the events in the dataset c m  be 

determined, it should be obtained. This will prevent unnecessary potentiai faiture 

orientations fiom being included in the anaiysis. 

-.* 

[IL) The magnitude range should only be limited to the range over which reliable 

source parameters c m  be calculated. In general, the wider tlie range tlie better- 

iv) Additional methods for reducing the efiècts of multicollinearity among the 

variables need to be investigated. In the current study. many potentially 

interesting relations were eliminated from consideration due to large strength 

reductions associated with the variable elimination technique employed. 



v) While it is still beiieved that a multivarïate outlier routine is superior to a 

univariate routine. the multivariate routine applied was difficult to control and 

time-consuming to implement. In the end, if it is necessary. it may be preferable 

io apply a much simpler univariate method or find a way of sirnplifjrinp the 

application of the selected multivmiate routine. 

vi) If this type of analysis were to be repeated other methods of smoothing should 

be investïgated (such as weighting variable values inversely proportional to 

distance, knging, etc.). 

vii) Despite the inherent advantages of canonical correlation, the final relations 

were generally very similar to the multiple regression equations. Perhaps other 

methods of identifjing which variables make a strong contribution to the 

canonical correlation would increase the difference, such as a stepwise procedure 

that could account for changes on both canonical variables resulting €rom the 

removal of a single variable. 

viii) If there is any debate about the importance o f  access development to the 

stress predictions, the development should be incorporated into the model. 

ix) White, generally, the statistical software used in this study was very well 

suited to this type of analysis, it did lack certain functionality, such as: interactive 

variable transformations, influence diagnostics. and stepwise discriminant 

function analysis. It may. thecefore, in the end have proven more efficient to use a 

less convenient package. but one that incorporated some of these additional 

features. 
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A brief description of each of the muftivariate statistid techniques to be used during the 

analysis is included in the foiiowing sections. Whiie the foiiowing description of the 

various techniques is kept as general as possible. special reference will be made, on 

occasion, to the specific method applied or output provided by the selected sohare  

(Unistat, 1995). It should also be noted that a particularly detaiied description of multiple 

Iinear regression is included due to its importance to the analysis. 

A P P m C Y  A.1 . Multiple linear regressiom 

APPENDIX Al.1. Introduction and general approach to analysis 

Unless otherwise noted, the essence of the foliowing description is taken fiom 

Montgomery and Peck (1992). Multiple Iinear regression is, perhaps, the most 

fundamentai of multivariate techniques and a direct extension of linear regression in two- 

dimensions, the final equation king a multi-variable version of the familiar equation of 

the h e .  In general, the d t i p l e  linear tegression equation takes the fom: 

where 
y = dependent variable or response variable 
xi = ith regressor or predictor variable 
p, = constant 
Bi = regression coefficient for the ith regressor variable 
E = error tenn 

It should be noted that linear in multiple linear regression refers only to the coefficients 

not to the regressors, as rnany non-lineat relations between the dependent variable and the 

regressors c m  be handled with linear regression by, for exampk, simply makhg x, = 2. 



APPENDM A.1.2. Specifics 

The pariid regression coeficients (fi's) required for the regression equation give the rate 

of change in the dependent variable for a unit change in that particular regressor, 

providhg al1 other regressors remain constant (Davis, 1986). in generai. these 

coefficients differ from the total regression coefficients that would result from a simple 

regression between a single tegressor and the dependent variable. The least x p r e s  

estimators for the $'s (the 6 's) can be obtained by solving a series of lïnear equations that 

are derived through the prooess of minimizing the sum of squared errors or, more 

precisely, by differentiating the least squares fiinction and setting it equal to zero to find 

the minimum. Mathematidy thh procedure can be represented for n observations and k 

variables as: 

therefore 

and similarly, 

Since the errors are unavaiiable, in practice we minimize the sum of the squared residuals 

(e,), which represent the difference between the observed dependent variable value Qi) 

and the fitted value (&). The above equations can be rearranged, simplified and solved 

for the required coefficients. This latter step can be more clearly summarized in maabc 

fonn as: 

6 =(x .x ) - [X 'y  

where X contains xG, the ith observed value for regressor xj. 



The strength of the relation can be estimared by the coefficient of determination (p), 

which is calculated using (Davis, 1986): 

where 
SSR = sum of squares due to regression = - y)' 
SSE = residuai sum of squares = Z($ - y)' 

SSY = total sum of squares = -F)' 

With rhe knowledge that SSY divided by (n-1) is the variance of y (y+.yJ it can be 

concluded that the R' value describes the proportion of the variance in y explaïned by the 

regression equation. It c m  be seen, in the end member case where the tit was perfect, 

that the observeci values Q) and the predicted values (Y) would exactiy coincide, 

resulting in an error (SSE) of 0.0 and, therefore, a situation where SSR=SSY, and, 

consequently, a R2 equai to 1.0. tt should be noted, however, that a high R~ value does 

not necessarily imply that the regression mode1 is a good one, since adding a regressor 

will always increase the R~ value (unless the added variable is an exact liwar combination 

of the regressors already in the model; Davis. 1986). no matter how irrelevant the 

regressor. In generai, if an additional variable does not reduce the SSE sufficiently the 

standard error of regression (a) will actuaiiy increase. due to the loss of one degree 

of freedom, and the new model should be considered worse than the original one, since: 

SSR SSR MSR =-=- 
LW k 

MSR = regression mean square or variability in y accounted for by regression on 
the x's 

MSE = residual mem square or variability in y not accounted h r  by the 
regression 

d tR = regression degrees of f'reedom 
d E  = residual degrees of freedom 



In addition, the R~ value is dependent on ihe range or variabüity of the regressors: it wül 

increase as the regrpssors' varlability increases and vice versa Therefore, high R2 values 

can result if certain regressors are vaned over unreaiisticaily large ranges. 

To evaluate the significance of the regression and the significance of the individual 

regression coefficients, standard tests are used. In the former case, the test determines 

whether there is a iinear reIatiooship between the dependent variable and any of the 

regressors and, in the latter, the test helps to determine the importance of each of the 

regressors in the model to the prediction of y. The resulting significance probabüity c m  

be interpreted as the number of times a relation of the same strength could be created by 

chance. For example, a significance probability of 0.0005 indicates that a relation of that 

strength couid only be created by chance 5 out of 10000 tries (Clark, 1975) Born a 

randomly generated dataset of variable values, 

The signincance of the regression as a whole is ofien evaluated using an F-statistic, which 

is based on the F-distribution, a particular type of probability distribution which wouid 

theoretically result fkom repeated sampiing of the following ratio under the null 

hypothesis: 

The distribution changes with the number of degrees of &dom in the numerator and 

denorninator. The nuIl hypothesis states that ail regression coefficients are equal to zero; 

therefore, rejection of the nul1 hypothesis implies that at Least one regressor contributes 

significantly to the model. The greater the variability accounted for by the regression, the - 

higher the F-statistic and the more Iikely it will be that the nul1 hypothesis will be 

rejected. The F-statistic can also be calculated on individual regressors or combinations 

of regressors to determine the significance of their individual contributions. To 

accomplish this, a partial F value is determined by using the same equation, but replacing 

MSR for the model with MSR for the individual or combination of regressors. An 



alternative method of calculating the significance of individual regessors is to use the t- 

test, which is based on the t-distribution. This is another type of probability distribution 

which has a wider spread than a normal distribution to account for the increased 

uncertainty in estimating population variances fiom sample variances, but which 

approaches normal as the sample size increases, In the case of regression, the t-statistic is 

used to test the nuil hypothesis that a given regressor contributes nothing to the 

regression, or in other words, that it has a coefficient of zero (Scheaffer and McClave, 

1982). The t-statistic with n-k-1 degrees of fkeedom takes the form (Scheaer and 

McClave, 1982; Montgomery and Peck, 1992): 

and for linear regression 

where 
ssx = C(x -3' 

Therefore, the t-statistic represents the ratio of the coefficient to the standard enor or, in 

other words, the coeficient divided by an estunate of its (sarnpiing distribution) standard 

deviation (Scheaffer and McClave, 1982). The larger the relative variability, the greater 

the chance that the real coefficient is zero and the lower the significance of the regressor. 

The significance Ievel of the calculated t-value can be found by cornparison with standard 

tables ming the dfE. 

It is possible to create a relation with a high R2 value or high significance that violates 

some of the basic regression assumptions. To ensure that this does not occur, each 

relation should be tested for moâei adequacy 



APPENDM A.13. Model adequacy and transformations 

The key regression assumptions in te- of this analysis are (Montgomery and Peck, 

1992; T .Smith personal co~~~llunication): 

i) the relatiooship between the dependent variable and the regressors is 

approximately linear in the parameters, 

ii) the error term bas a mean of zero, 

iii) the error tenn has constant variance, 

iv) the errors are independent variabIes (or alternatively are uncorrelated if 

normally dktributed) , 

v) the errors are normally dïstributed. 

If the residuals are assumed to be ihe manifestation of the errors, then it is wt possible to 

properly evaluate reqyirement ii) since the residuals always have zero mean, and it is not 

possible to directly evaluate recpirement iv) because the residuals are always correlated. 

However, the use of cesidual plots to evaluate regression assumptiom can still have 

considerable diagnostic capabiiities even though the residuals do not behave exactly iike 

errors. Therefore, cornpliance with the remahhg assumptions will primarily be 

evaluated using the residuals and severai different graphical techniques. 

In terms of the fust assumption, several different scatter plots are useful. The fist 

indication of a departure from linearity is often curvature in the plot of observed 

dependent variable values versus the predicted values. This plot is often, also, the tirst 

indication that there may be outlying points which strongly influence the direction of the 

regression. Rectifying curvature of this type rnay involve the intermediate step of plotting 



the dependent variable versus each cegressor or the residuals against the regressors. 

Cumature in any of these plots rnay suggest that a traosformation of the dependent 

variable or one of tk regressors rnay be necessary. It shouid be noted that transformation 

is a practical part of many statktical analyses and is not designeci to force the data to fit 

some preconceived notion (Joreskog et. al., 1976). The appropriate transformation is 

sorneûmes suggested from theoretid considerations, but is often selected by iteratively 

detennining which transformation most effdvely moves the variable distil'bution 

towards n o d i t y ,  or at least symmetry. An example of transformations king suggested 

by more theoretical u>nsiderations is the commonly appiÏed logarithmic transformation of 

seismic source parameter values, which has been found to be the most appropriate 

transformation from self-similarity investigations (Gutenburg and Richter, 1944; Aki, 

1981). There are many benefits to symmetric variable distr'butiom, including the more 

meaningful calculation of the correlation coefficient, which is the heart of severai 

multivariate statistid procedures. In addition, symmetry is required for many outlier 

removal routines, and a near-normal distribution is preferred, when standardizing, to 

remove the effects of meas-g regressors in different units. The most common 

transformations are the logarithm and the xN and - x - ~  f ' e s .  

In ternis of the third regression assurnption, it is a basic requirement for regression 

analysis that the emrs have constant variance. If they do not, it is important to r e c t .  

the situation; otherwise, the regression coefficients wiil have larger standard errors than 

necessary and wiU not be as well estimated. In addition, constant variance will ais0 

increase the sensitivity of the statistical tests. The most common method of detecting 

inhomogeneity of variance is by plottîng the residuals against the predicted values. As 

can be seen from Figure A. 1, what is desired is that the cesiduais be in a constant band 

independent of the predicted value. If the residuals take the shape of any of the other 

plots in Figure A. 1, variance stabilishg transformations may be requued. 

The fifth major assumption is that the errors be n o r d l y  distributed so that the les t  

squares estimates for the coefficients will coincide with the maximum likelihood 



Figure A. 1 - Residual versus predicted dependent variable patterns: a) satisfactory, b) 
funnel, c) double bow, and d) non-iinear (after Montgomery and Peck, 1992) 

Figure A 2  - Residual nom~al probability plots: a) ideal, b) heavy tailed distribution. c) 
l iglit tailrd distribution. d) positive skew, and e) negative skcw (üfter Montgon~çry and 
Peck. 1992) 



estimates- Generaliy, srnaIl departures of errors fiom normality do not affect the 

inferences substantially, but large variations will affect the t- and F-statistics. ln addition, 

distributions with heavy tails (relative to a n o d  distribution) may make the least 

squares fit sensitive to subsets of the data. To test for the nomiality of errors, the 

residuals can be plotted on a normal probability plot. Large variations 60m a straight- 

line (oriented with emphasis on the points between the cumulative probabilities of 0.33 

and 0.67) indicate departure nom the normal distributions. Since even sarnples fiom a 

n o d  population Vary from normality, how far is too far is a matter of judgement. 

Several common d e f m  are included in Figure A.2. Once again, non-normaIity of 

residuais in some situations can be improved by transforming the dependent variable 

towards normality. In the case where several points are observed with parficularly large 

residuals, this rnay suggest the presence of outliers. 

APPENDIX A.1.4. Interpretation 

In this study, two of the regression objectives are to determine which regressors are most 

useful at fonning relations of particular interest and to understand or interpret the 

associated coefficients, both in terms of sense (sign) and magnitude. Two characteristics 

of the regressor variables hamper the ability to interpret coefficients effectively, even for 

strong relations that meet ai i  mode1 adequacy requirements: multicollinearity (MCL) and 

different units among the regressors . 

MCL results from a near-linear dependency among the regressor variables. When MCL 

is present, the lest-squares estimates for the regression coefficients may be poor because 

the standard errors will be too large, resulting in a relation that is sensitive to even 

relatively small changes in the sarnples collected. To detennine whether MCL is present 

between regressors, the correlation matruc can be investigated. A superior alternative is 

to evaluate whether any regressor c m  be well predicted by a linear combination of the 

other regressors. Based on Montgomery and Peck's (1992) experience, it is 

recornmended that a variance inflation factor (VIF= ll(1-R')) greater than 5 or 10 should 
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be avoided. Methods of dealhg with umcceptably high MCL include: collecting more 

data, eliminating certain regressors, combining regressors to fonn uncorrelateci new 

variables and using methods other than least-squares for the estimation of coefficients. 

Another, more involveci methoâ of eliminating MCL is to nui principal component 

analysis (PCA - a statkticai technique that will be discussed in more detail in the 

following section) on the original regressors. This creates a number of orthogonal 

components (or new variables) made up of linear combinations of the original regressors. 

If one or more of the resuiting eigenvalues is close to zero, this suggests that MCL is 

present and that these components should be elimhted from consideration. Using rhis 

method, the regression is then ru on the remaining componems' scores as though they 

were new variable values. UnfortwiateLy, because of the resulting linear combination of 

linear combinations this methoci can make iuterpretation very dficuit. It should be wted 

that, while an equation with MCL present may be very difficuit to interpret, it may not 

necessariiy be a poor predictor, as Long as the predictions are confined to regions of 

regressor-space where the MCL holds approxirnately or the sarne relations hold among 

the regressors. 

In multiple regression the coefficients reflect the original units of measurernent; therefore, 

it is possible that two eqyally important regressors might have coefficients that diEer by a 

factor of 1000, as in the situation where one is measured in Pa and the other in kPa. To 

elirninate this problem, and to get a clearer idea of the relative importance of the 

regressors by inspectiug the s k  of the coefficient, the variables are often standardized. 

Standardization is a special transformation, where the variable rnean is subtracted from 

each variable value and the result divided by the variable's standard deviation. Thus, 

standardizing neither changes the shape of the variable distribution nor the strength of the 

final relation, but, instead, it centres the variable distribution over a mean of zero with a 

standard deviation of 1.0. As a result, the original units of measurement effectively 

disappear and al1 variables are measured in units of standard deviation- The only major 

drawback to standardizing is that the resulting variables have equal variance, which may 

inflate or deflate the influence of certain variables (Joreskog et. d, 1976). 



Another technique that c m  be used to identw which regressors contribute significantly to 

the relation and, therefore, assist with interpretation, is stepwise multiple regression. 

This technique strives to identify an optimal set of regressors by eliminating from 

consideration ones that do not conmbute significantly. Besides sllnplifying interpretation, 

reducing the number of regressors is attractive in that tirne and money do not have to be 

spent obtaining vaiues for variables that are, ultimately, unimportant- In general, two 

variations on stepwise regression exist: forward selection and backward elimination. 

Fonvard selection attempts to find the best combination of regressors by inserthg 

regressors into the d e i  one at a time, starting with the one that, sfatistically, makes the 

most signifiant contribution to the prediction. This variable will only be kept in the 

equation if the F-statistic exceeds a specifïed F-in value. The second regressor added will 

be the one with the highest correlation with the dependent variable a k r  the effect of the 

fmt regressor is accounted for. This procedure is then repeated until no candidate 

regressor exceeds the specified F-in value. Baclcward elhination is essentially the 

opposite to forward selection in that it begins with ail eligible regressors present in the 

mode1 and then tries to eliminate them one by one. The order of elimination is 

determined by identifiring the regressor with tbe least signifïcant pardal F-statistic, a value 

which is calcdated for each candidate regressor as though it were the Iast variable to be 

added to the modet. If this partial F-statistic is less than the specified F-out value, that 

regressor is removed fiom the model. The procedure is then repeated, untii no variable's 

partial F-statistic meets the requirement for elimination. A modification on the forward 

selection procedure is also possible, where at each step the partial F-statistic for each 

regressor currently included in the equation is evaluated, and any variable whose partial 

F-statistic does not exceed the specified F-out value is eliminated due to redundancy. 

In terms of interpreting the sense of each regressor's contribution to the regression 

equation, there are particular circumstances where the coefficient appears to have the 

wrong sign relative, presumably, to some theoretical consideration or intuition. Rasons 

for this might include: the fact that the variance of the coefficient might be large (caused 

by severe MCL or by a very narrow range of values for that particular regressor) which 

might result in a negative estimate (for example) when the "me" coefficient is, in fact, a 
346 



small positive value; or, because the coefficient king interpreted is a partial, not total, 

regression coefficient. In the latter case, this can cause aa apparent sign reversal because 

the relationship between a given regressor and the dependent varïabIe is evaluated while 

keeping the other regressors constant. The third possibility is a computationai error 

resulting fiom round-off or tniacation problems. 

APPENDCYA.2. Princr'pal component analysis (PCA) and factor analjsis 

Unless otherwise noted, most of the foilowing discussion cornes fiom Davis (1986), and 

the interested reader is referred for more detail to Joreskog et. al- (1976). K t  is convenient 

to discuss PCA and factor aoalysis togeiher since the type of factor analysis applied in this 

snidy incorporates a standard PCA anaiysis as its fust step. This type of factor analysis 

should, perhaps, be more accurately d e d  principal component factoring and is used in 

this analysis oniy to cl- the interpretation of the components from PCA- It should be 

noted that the calculation of "true" factors is considerably more involved and will not be 

undertaken as part of this study. 

Both PCA and factor d y s i s  are muitivariate methods that can be used to anaiyse 

relations among variables in muItidirnensiooal space. Both methods produce a new set of 

variables called components (factors), which are vectoa formed fiom linear combinations 

of the original variables. The direction of the vector, and therefore ia meaning, can be 

detennined fiom inspection of the sign and size of the coefficient (loading) associateci 

with each variable. If necessary, the coefficients can be used to transform the data from 

its original space into the principal axes space, by replacing the original variable values 

with a principal component (factor) score. Sometimes, it can be found that a relatively 

small number of compownts (factors) describe most of the information in the original 

data- in these cases, the required number of components or factors suggest the m e  

number of linearly independent vectors in the data. Therefore, thwe techniques also have 

important data reduction çapabilities. 



As mentioned, PCA is the starting point for the factor analytic scheme to be described; 

therefore. the following more detailed description will begin with PCA. Geometncally, 

the cornponents determined through K A  Lie along orthogonal axes, which define an 

eIIipsoid in multidimensional space- The first axis is oriented in the direction that 

eccounts for the maximum variance in the dataset: absequent axes are then located at 

right angles to the first and in the directions that account for the largest remainins 

variances. This procedure is repeated. until ail the variance is described. In general. as 

many axes as variables would be required to describe aU the variabiiity in the dataset, 

except in the situation where MCL is present amongst the variables; then some axes may 

have zero length. The axes lengths and directions in PCA are detennined by obtaining 

the eigenvalues and eigenvectors of the variancecovariance ma&, It should be noted 

that, if standardized variable values are submined to a PCA analysis. the resulting 

eigenvalues and eigenvectors will be derived €rom the correlation rnatrix. Each 

eigenvaiue determined represents the squared length of an a i s ,  whose magnitude reflects 

the proportion of the variance explained by that axis. It is rnost usefiil to descnbe the 

variance as a percentage of the total variance, which, in the case of standardized 

variables, is equal to the number of variables (since each variable would have a variance 

of 1 .O). The direction of an axis is defined by the coefficients (loadings) on each variable 

as specified by the eigenvector. These loadings, when used to weight the original 

variables, become the component. With the Iength and direction determined for each 

component, it is possible to gain iosight into the relations that exist among the variables 

by analysing the relative loading size for the components of greatest Iength. 

PCA is a convenient starting point for the type of factor analysis ernployed because prior 

tci ninning factor analysis, the number of factors must be known. In some cases the 

appropriate number of factors is known a priori, based on. for rxnmple, thoretical 

consideratiom. However, in the case where the number of factors needed to account for 

ii substantial proportion of the total variation in the dataset is not known. PCA can be 

usrd to determine how much variance is explained by each component. The number of 

Iàctors c m  then be determined by looking at how many components were needed to 



describe the desired percentage of the total variance in the dataset (Joreskog er. a[., 

1976). An alternative approach with standardized variables would be to use as many 

factors as cornponents with vanances greater than the original variables (i-e.. eigenvalues 

greater than 1 .O). In either case, the wrnber of factors selected is usually considerably 

less than the original number of variables, except Ui the case where the original variables 

are weakiy correlated. The percentage of each variable's variance descnbed by the 

reduced number of factors is referred to as the communality, and in the standardized 

variable case is simply the sum of the squared factor loadings on that variable. It should 

be noted that if the number of factors used were identical to the number of variables, then 

the result of factor analysis would be identical to PCA. 

Once the number of factors has been specified, the factor analytic scheme employed here 

proceeds in a basicaiiy identical fashion to PCA, except that the eigenvalues and 

eigenvectors are always determineci fkom the standardized vanancecovariance matrix 

(correlation ma&) to ensure that aU variables are weighted equally. In addition, the 

eigenvectors are converted to factors by multiplying each loading by the length of the 

factor (Le., the square rwt of that factor's eigenvalue) so that the factors also account for 

the amount of variance they explain. Unfortunately, the meaning of the resulting factors 

is often difficult to detennine due to a large number of loadings that are neither smail nor 

large. To help alleviate this interpretationai problem, the fiml step in many factor 

analytic schemes (and this technique's prirnary advantage over PCA for this type of study) 

is to rigidly rotate the factor axes in factor space in such a way as to force the factor 

loadings to be near 0.0 or 1.0. One rigid rotation procedure which c m  be applied is 

varimax rotation, which strives to maximize the variance of the loadings on the tàctors. 

Other rotation schernes, such as the promax method, are sometimes used ro better 

maximize or minimize the individual loadings, by relieving the requirement that the 

factors be orthogonal, 

Conditions imposed on the data for PCA and factor analysis are simikir to other 

muitivariate techniques. Specitically, breskog a. ai. (L976) suggests that: 



i) variable frequency distributions should not be strongly multi-modal which could 

be caused by mixed populations; and, 

ii) variable distributions should not be highly skewed, the relation between 

variables should be near linear, and the presence of outliers should be accounted 

for, al1 of which should help ensure that the correlation coefficients are 

reasonable. 

APPEhDIXA.3. CanonicaC correlation analysk (CCA) 

Unless otherwise noted, the following discussions are taken fiom Davis (1986), and Clark 

(1975). The interested reader is referred to Clark (1975) or Thompson (1984) for more 

detaiied, but still fairly general, summaries. CCA is a multivariate technique which, in 

terms of concepts and objectives, is similar to multiple regression, but in terrns of 

computation, is closer to PCA. CCA is a natural extension to multiple regression, but it 

utilizes both a set of x variables and a set of y variables instead of a single y variable. 

This technique was thought to be particularly usehl in thÏs study because it could be 

applied where none of the multiple regression reiations were strong enough for 

consideration or when two or more y variables are cequired in order to be physicaiiy 

meaningful (both Tau and SigN or Sigma1 and Sigma3, for example). 

CCA attempts to fmd a linear combination of x variables (cg.. stress variables) that 

correlates most strongly with a linear combination of y variables (r -g . .  seismic variables). 

and. as a result. will always have a correlation higher than any possible multiple 

regression using any combination of the same variables. In CCA. the resulting 

correlation is called the -canonical correlation" and the linear combinations "canonical 

variables". These concepts can be summarized as follows: 



where 
S, = stress canonical variable score 
S, = seismic canonicd variable score 
xi = standardized value of the ith stress variables 
yj = standardized value of the jth seisrnic variables 
ai,aj = canonical weights 
canonical con. = correlation between S, and S, 

If a relation of sufficient snength could be created between the two canonical variables, it 

would then be possible to predict stress values (for example), once the seismic values 

were known- In addition, the weightings of each variable, within its ainonical variable, 

c m  be interpreted in a mariner similar to the coefficients in a regression equation or 

component loadings from PCA. However, interpretation of the canonid variables c m  

be more challenging tban a regression equation, because the investigator cannot contml 

which variables are heavily loaded on either side of the equation. This tlexibiiity also 

increases the risk that the resulting canonical correlation might represent just a 

mathematical combination of variables with no particula. physical importance. This latter 

problem is particularly likely when the canonid correlation is low- 

Geometricaliy, we can think of CCA as locating axes through two clusters of vectors in 

such a way that each axis accounts for the maximum amount of variance in each set, 

while simultaneously maximizing the amount of covariance between the sets. Once the 

best position for the € k t  pair of axes is found. subsecpent pairs cm be positiowd within 

the vector clusters at right angles to the fust, in positions that account for the Iargest 

amounts of the remaining correlation between the sets. Specifically, this is accomplished 

by taking the matrix containing the variances and covariances for the x variables and the y 

variables (or correlations if the values are standardized) and positionhg two vectors so 

that the covariances are maximized and the variances are equal to one. in mathematical 

terms, the required vectors are the eigenvectors of the partitioned variancecovariance 

matrix and the canonical correlations the root of the eigenvalues. Each eigenvector 



produces a canonical variable, the components of the eigenvector fonning the weightings. 

As a result, Thompson (1984) concludes that CCA can loosely be characterized as a 

double PCA, in tbat it identifies the components in one set of variables that are most 

closely linearly related to the components in another set. The signifiame of the final 

relationship can be determiwd by calculathg the chi-square value (fiom the Wilk's 

Iambda value) for the canonical variables and by lcnowing the degrees of fieedorn. 

For CCA to be meaningful, it is useful if (Clark, 1975; T. Smith, personai 

communication): 

i) the variables are rneasured over a continuous scale, 

ii) the variables are related to one another in a linear fashion, 

iii) the variables are normally distn'buted, 

iv) the relation does not suffer fkom severe inhomogeneity of variance, and 

v) the observations are independent. 

AS with multiple cegression, the above are theoretid requirements which can be deviated 

from, but judgement is required as to how far the researcher cm safely vary. Clark 

(1975) suggests that the nomiality of variable distributions is of particular ùnportance 

because it affects the analysis at two stages: when the correlations are calculated and when 

the raw data is standardized. In addition, he suggests that severe MCL arnongst the 

variables in either set of data can lead to unintelligible results. Thompson (1984) 

modifies the former requirernent by suggesting that, if w t  actually normally distributed, it 

is at least important that the distributions be ceasonably symmetric. 



APPENDLX A.4. Dkcriminant furrcrr'on maiysis (DFA) 

Unless otherwise noted, the following discussions are taken fiom Davis (1986) and Hand 

(1981). The interested reader is referred to the latter reference tor a more detailed 

account of the method. DFA is a multivarïate statistical technique that attempts ro fid a 

particular combination of variables that can be used to discriminate between two or more 

previously defined groups. For example, it would be of interest in this snidy to find an 

equation of seismic variables that is capable of separating events that originated withlli 

relatively high and relatively low stress volumes of the rock mass. It should be noted 

that, in this example, we know a priori that there are two groups of interest (Le.. high 

stress and Iow stress regions); therefore, the problem is one of discnminating beniveen 

observations in the two groups. However, in the case where the number of groups is 

unknown and the objective is to group simüar observations. the problem would become 

one of classification. Cluster analysis, which will be discussed in the following section, is 

an example of a classification technique. 

In the case where group membership can be determined by a single variable, 

discrimination of future observations would simply be a matter of assessing whether the 

observed value was above or below a particular (threshold) value. However, more 

cornmonly, a combination of variables is needed to effectively separate the original 

observations into groups. For example, it c m  be seen from Figure A.3 that group A and 

goup B cannot be adequately separated in either x, or x2 space. However, a linear 

hnction of x, and x, can be identified (Le., a discriminant Lunction) which perfectly 

separates the original observations into two groups. En this case, group membership for 

any tùture observation can be determined by the "discriminant score", the value of the 

discriminant function for that observation. This score represents the position of the 

observation along a line defined by the discriminant equation and is used to detemine 

group membership by cornparison with a threshold value. In the two-group case. the 

tlireshold is sirnply the mid-point between the mean score values for the observations in 

the two original groups. 



Figure A.3 - Example of how DFA can assist with group separation 
(afier Davis, 1986) 

Figure A.4 - Example of dendrogram created 
from hierarchical cluster analysis (after Davis, 
1986) 



in general. a Iinear discriminant function in kdimensional space takes the fom: 

w here 

R = the discriminant score 
h, = the ith weighting coefficients 
x, = the standardized value of the ith discriminating variable 

In these terms, it is the objective of DFA to determine the weighting coefiicieats that 

define the single orientation in k-dimensional space that separates the groups to the 

maximum extent possible, while simultawously causing the Ieast inflation. 

Mathernatically, this is roughly accomplished by rnaximizing the following ratio through 

differentiation. and sethg the resulting equation to zero: 

The eventual result is that the required weighting coefficients are the eigenvectors of 

W-' B. each with a corresponding eigenvaiue. This method can easily be extended to a 

multi-group case and is often referred to as canonical variate analysis. In this situation, 

more than one discriminant function is required. In fact. the number required is generally 

the smaller of the one minus the number of groups or the number of discnminating 

variables. In practice, for the two-group case, it is often more convenient to solve the 

fdlowing equivaknt relation in mauix fom: 

where 
= the required vector o f  coefficients of the discriminating function 

s,,' = the matrix containing the pooled variances and covariances 
D = the vector containing the differences between the mean variable values of 

each group 



The number of variables that are used in the function can be reduced using methods 

simihr to the forward and backward stepwise routines discussed earlier, except that the 

measure of a variable's contribution is assessed relative to its effect on the B/W ratio. 

However, in contrast to multiple regression, greater numbers of variabies do not 

necessariiy improve the discrimination because the data hecornes more sparsely 

distributed in higher dimension spaces. But, simiiar to regression, MCL arnongst the 

discriminating variables can result in highly unstable estimates for the coefficients. For 

the optimal linear discriminating funçtion to be meaningful (Davis, 1986; T. Smith, 

personai communication) : 

i) the observations should be mutually independent (cg.. spatially and 

temporally) ; 

ii) the probabiIity of a new observation belonging to either group should be the 

same (otherwise a weighting scheme would need to be employed); 

iii) the variables should be normaliy distributed within each group (modest 

departures are not a problem), 

iv) the variability of each variable shoutd be the same for each group (Le.. the 

variancecovariance matrices for each group are equal in size); and, 

V) the observations used to formulate the tùnction should not be misclass ified. 

The significance of the final relation can be assessed through the calculation of the chi- 

squared value from Wilk's lambda. Specifically, this test for signiticance assesses the 

discrimination afforded by the remaining eigenvectors afier a certain number have been 

used- An alternative, less formal, methoci for evaluating the separation is to calculate the 

distance between the group means, the idea k i n g  that for groups of similur variances, the 



creater the separation the greater the ability to discriminate. Ultimately. the success of L 

the discrirninating fiinction will be judged by the percentage of correct discriminations, 

APPENDIX AS. Cluster anaiysk 

Unless otherwise noted, the following bnef summary of cluster analysis is from Davis 

(1986) and Hand (1981). The interested reader is referred to the latter reference for more 

detailed information. Cluster analysis is a classification technique designed to group 

together similar observations, b u s e  there is no a priori information about the number 

of groups, this suggests that cluster analysis is fundamentally a tool for data exploration, 

It could be imagineci, for exampie, that it might be usehl to use cluster analysis to 

identiQ events that have the most similar source parameter values, perhaps due to some 

fundamental similarity in mechanisrn or spatial context. Alternatively, the method might 

be used to identiQ single events that bear the least similarity to the others in the dataset. 

But in al1 cases, the usefuiness of this technique depends on the selecrion of variables 

upon which the classifcation is based- 

There is a wide assortment of clustering techniques, but only hierarchical cluster analysis 

will be applied in this study. This m e t h i  cornes in hvo f o m :  agglomerative and 

divisive. Agglomerative clustering takes aU the observations and, using some rneasure of 

similarity, connects the two most sünilar. The comected observations then become a 

single merged observation and the process is repeated iteratively, untii al1 observations 

are merged into a single group. Divisive rnethods are exactly the opposite. beginning 

with the entire set of observations and splitting them into sub-clusters untii ail the 

observations are in separate singleton groups. 

One of the key issues in hierarchical cluster analysis is the choice of similarity measure. 

The most common are the correlation coefficient and Euclidean distance. An example of 

a drndrograrn using the correlation coefficient with pair averaging is included as Figure 



A.4. In this case, after the objects are arranged in a hierarchy so that the objects of 

highest mutual similarity are adjacent to one another. the most strongly correlated pair is 

connected. In the example given, it can be seen that D and E were the rnost similar with 

;L correlation of 0.66. The observations in D and E are then merged into a single cluster 

(in this case by averaging) and the procedure is repeated until all the observations are in a 

single cluster. In the end, cluster ABC is correlated with DEF at -0.59. By looking at 

the lengths of the vertical connections in the dendrogram ir is then possible to obtain a 

measure of the similarity between two merged clusters. in addition, given the shape of 

the dendrogram, a decision can be made as to what sImiIarity IeveI divides the 

observations into a meaningful number of groups- 



APPENDIX B. SUPPLEMENTARY SEISMIC IIVFORMA~ON 



A PPENDIX B. 1, Source modefs 

I n  the absence of underground observation the onIy idbmation available with which to 

cliaracterize a paiicütar seismic ment is through seismic recordings- The question is how 

to d a t e  the far-tield records (in velocity or acceleration) to what physicaIIy occurred at the 

source- This c o ~ e c t i o n  is achieved by calcutating a series of source panmeters based on 

specific source rnodels. in this way estimates of desirable physical quantities such as event 

streng#, size, stress drop etc- c m  be obtained. Several different assumptions are 

incorporated into the source model depending on the situation and the desired level of 

complexity. 

The critical aspect of any seismic model is the slip function (shear displacement versus time 

relation) for diffecent positions on the fault surface. Once the shear source-slip fûnction has 

been calculated, approximated. or assumed, the body waves ndiating fiom the tault can be 

calculated by applyïng a representation theocem (Madariaga, 1976). The representation 

theorem incorporates a Green's fûnction that represents the rock mass' response to slip (S. 

Gibowicz, personai communication). The simplest Green's functions assume that the rock 

iiiass behaves as a homogeneous elastic medium. Thus, the slip and Green's fùnctions 

together quanti@ the effect of the source and propagation on the recorded seismic signals. 

wspectively (Gibowicz and Kijko, 1994). 

As mentioned, there are several different methods by which a source-slip tùncrion c m  be 

obtained. Generally , the source models that have been used to provide the framework for 

source parameter calculations cm be divided into two broad categories: kinematid 

dislocation models and dynamickrack models. Kinematicl dislocation models. of which 

Brune's (1970) model is the most widely used, generally assumes that slip occurs instantly 

on a pre-existing two-dimensional circular surface within a linear elastic rock mass. The 

source-slip function is generally selected intuitiveiy with Iittle consideration of the time- 

dependent stresses (Gibowicz and Kijko. 1994). The main diffculty with kinamtic 



models is the fairly arbimry nature of the source slip function. this problem can only be 

rliminated by incorporating a more detailed description of the physical displacement 

processes (Aki, 1972). In dynamic or crack models. the arbitrary nature of the source- 

slip function is reduced by taking explicit account of driving and resisting stresses: the 

resulting slip is then derived by solving the equations of motion. As a result, this type of 

iiiodel must incorporate descriptions of dynamic stress drop, rupture velocity and rupture 

complexity (Gibowicz. 1990). Because of their geometric complexity there are few 

analyticaf solutions to dynamic problems; the ones available assume timt the fault is either 

serni-infinite or coastantty expanding. As a result, most solutions are obtained 

numerically (Urbancic, 199 1; Gibowicz and Kijko , 19%). 

In between these two extremes is a mode1 that has been proposed for a circular tàult area by 

Madariaga (1976). In this model. the crack motion is specified u priori, instead of being 

derived from a failure criterion. The essential components of Madariaga's quasi-dynamic 

mode1 are as follows: the rupture initiates at the centre of the tauit and migrates outwards at 

a constant (specified) rupture velocity; the slip velocity is initially essentially linear until the 

arriva1 of the stopping phase, at which thne the velocity reduces; and. dif5erent positions oa 

the fault hed at different times and, thus, the amount of displacement varies over the fault 

surface. In this case, it has been found, unlike in Brune's ( 1970) kinematic mode!, that both 

tlie far-field displacement pulse and the corner frequency Vary with observation angle. In 

addition, the source dimensions calcuiated £tom Madariaga's (1976) mode1 have, in certain 

circumstances, been found to agree more closely with observation (Gibowicz 1985: Trih 

cf-cd.. 1995). 

At this point it is wortli mentioning another general class of source inodels: asperity and 

barrirr models. These are really more of a retinement of existiny models ratlier than a 

coiripletely sepante class of n~odel and have been proposed to account for the effects of 

cuniplex ruptures. Coinplex ruptures occur when two lbms of natuml Iieterogeneity exkt 

witliin the fault zone: variations in stress drop and fncture strength (Gibowicz and Kijko, 

9 4 )  Asperities are patches of tlie rock m a s  that, prior to the event, are higlily stresscd 

and resist sliear failure. Thus. tollowing tailure. the stress distribution on the fàult-plane is 



inore even. Barriers. on the other hand, are parts of the fault surtàce that are skipped over 

during the rupture process and, thus. are hi&ly stressed afier the event (Aki. 1 984). 

McCiarr (198 1. 1991) proposed an aspecïty model designed to overcome somc of the 

Iiniitations associated with Brune's (1970) model. McGarr's model accounts tor tlie hilure 

oi'an asperity within an annular taulted region and showed t h  tlie peak acccleration. peak 

veiocity, and stress drop values associated with the asperity were higher tlian witliin the 

annutar region and were dependent on the ratio of asperity venus fault radius. In addition, 

McGarr ( 1991) suggem that his revised estimates of certain source parameters are. in many 

cases. supported by actual observation and the results fiom labontory testing 

APPENDIX B.2. Source parame fer calcuIation meîfiocls 

The key parameters required to calculate most of the important source parameters are: 

1. low fiequency spectral level (a) 
2. corner kquency (fc) 

3. energy flux (Jc) 

APPENDIX B.2.1. - Off-line approach 

In the off-line approach, the comer frequency and the low frequency spectral level are 

picked interactively from the displacement amplitude spectra. The spectra are calculated 

by Fast-Fourier-Transform (FFT) over a window of at Ieast 128 points seiected by the 

user. For this analysis, the frequency range over which the spectra were analysed extends 

from 50Hz to 5kHz. A band pass filter was, however. applied to the spectra at 300Hz 

and 3kHz since low and high frequency noise was observed for certain signals outside this 

frequency range. This filter is identical to the filter applied during the on-line processing. 

and lias a decay of 72 dBfoctave. The third parameter determined from the spectra is the 



energy flux, which is defined by Snoke (1987) as the integral of the square of the ground 

velocity or in displacement t e m  (U) as: 

where o is the mgular fiequency ( 2 ~ ) .  The k t  and third tenns are end effects, which 

assume a constant amplitude and -2 slope pnor to and following the specified low and high 

frequency ranges, respectively (vl = 300Hz aud v2 = 3k& in this particula. case). in ihis 

study the energy flux was calcuiated by limiting the end effects to between 50-300 Hz and 

3 k H z - 5 W  This modincdon was made because negligible energy contributions were 

expecteà, in this particular case, outside the 50Hz-51rHz fkquency range- 

APPENDM B.2.2. - On-line approach 

Al1 autornatically calculated source parameters are detennined over P-wave and S-wave 

windows. The P-wave window begins at the P-arriva1 and extends for a length of 15 cycles 

at the approxllnate corner fkquency, unies the calculateci S-wave arriva1 is within this P- 

wave window, in which case the P-wave window is shortened to just pnor to the start of the 

S-wave arrival. The S-window starting at the S-arrival is twice the length of the P-window 

(due to the assumed difference ui the kquency) d e s s  the end of the waveform is 

encountered, in which case the end of the S-window is the end cf the wavefom- The Iow 

fiequency spectral level and comer frequency were estimated over these windows using two 

tirne-domain parameters adapted nom Andrews' (1 986) fiequency-domain method- 

The comer frequency (fc) and the low ûequency spectral level (a) can then be estimated 

directly from the root-mean-square signal with: 



wliile the energy flux is obtained directly fiom S n  (see Section B.4). 

APPENDX M. Required consian& a d  variables 

A series of constants are required to calculate the source parameters of interest. For 

Creighton mine they are: 

a - P-wave velocity - 
e 

P - S-wave velocity - d 
c - notation for P or S-wave velocity - - 
FP - average P-wave radiation coefficient - - 
Fs - average S-wave radiation coefficient - - 
Ks - Brune source mode1 constant (S-wave) = 
KP - Madariaga source mode1 constant (P-wave) = 
Ks - Madariaga source model constant (S-wave) = 

P - rock density - - 
P - Shear Modulus (dynamic) - - 

6250 m/s 
d1.73 (3613 mk) 
a or P 
0.52 
0.63 
234 
2.0 1 
1-32 
2700 kg/m3 
pp2 = 35.2 GPa 

in addition, a series of variables are detennined: 

v,, - maximum velocity recorded ( d s )  from the root-meamsquare trace 
amax - maximum acceleration recorded (m/s2) fiom the root-meamsquare trace 
R - hypocentral distance (m) 

From the above List, the constant K. depends on the applied source model. As mentioned in 

Appendix B. 1 the most commonly applied source models are Brune's (1970) kinematic and 

Madariaga's (1976) quasi-dynarnic models. Which model is used has an effect primarily on 

the source dimension (source radius) and parameters that subsequently incorporate this 

dimension. Regardless of which source model is applied, the effect on al1 the source 

parameter values is a simple ot'fset created by a change in the size of the coefficient (i-e., 

there is no change in the relative parameter values between events). Currently, the on-line 

routines caicdate the source parameters assuming the Madariaga's (1976) model. 



APPENDIX B.4. Source paramefers formuIations 

Tlie following equations were used to estimate the source parameters values used in this 

study. 

a) Sourcc strength: 

Suismic moment'. 
(Aki. 1968) 

Moment magnitude 
( Hanks and Kanarnori, 1979) 

Energy release2 
(Snoke, 1987) 

otT-1 ine: 

on-line: 

b) Source size and displacement: 

Source radiusf- 
(Madariaga, 1 976) 

Asperity radiusJ. 
(following McGm, 199 1) 

modi fied? 

Average displacement 
(Aki. 1968) 

Maximum displacernen~- 
( to 1 lo wi ng McGarr, 1 99 1 )'. 

c)Stress release estimates: 

Statie stress drop4- 
( Rnine. 1 970) 



Apparent stress 
(Wyss and Brune, 1968) 

Rms stress drop3- 
(Hanks and McGuire, 198 1) 

ac tually used 
(Andrews, 1 986):' 

Dynamic stress dm$- 
(foiiowing McGarr, 1991)" 

d) Additional parameters: 

Radiation eff~ciency 
(Boatwright and Quin, 1986) 

Apparent volume 
(Mendeclci, 1993) 

Excess stress release 
(Urbancic and Trifir, 1996) 

ESR = 0 . 5 ( A ~ )  -O= 

Eauation Notes: 

1. total parameter value; an average of the P and S contributions 
2. total parameter value; the sum of the P and S contributions 
3. parameter calculateci on the S-wave only 
4. parameter calculated on the S-wave and fiom the total values 
5. F~0.57 (Spotijswoode and McGarr, 1975) andlor K~2.34 

(Brune source model) 
6. F d . 6 3  (Boore aiid Boatwright, 1984) andor K A  -32 

(Madariaga source model) 
7. where Sd and S* in the time domain are approximated by: 



In both the on-line and otf-Iine methods the magnitude of the applied attenuation correction 

is controlled by the specifed frequency-independent Q-value (quality factor). Tiie smaIler 

tlie Q-value, the greater the applied correction- In underground mines, Q-values have been 

Sound to range €rom 20 to 1 O00 (Spottiswoode. 1993). fn the off-Iine method the 

appropriate Q-value c m  be selected for eac h channel using the displacement spectral decay 

technique. All tliat is required to calculate the Q-value using this technique is the event 

location and the deviation in the displacernent spectnim dope tiom -2 beyond the corner 

Frequency. The -2 slope beyond the corner frequency was identifed by Brune (1970) as a 

mode1 of a non-attenuated dis placement spectrurn for a double-couple sliear failure 

rnecl~anism observed in the far-field. Therefore, the Q-value is selected in such a way as to 

approximate a -2 decay in the spectra above the selected corner frequency- 

In the sirnplest on-line method a constant Q-value is assrimed for al1 events. However, 

wIien the variable Q-routine is activated in the on-line routine a Coda-Q teclmique is used to 

determine the appropriate Q-value for each component of a triaxial for each event- The 

Coda-Q method examines the coda or trailing section of the seismic waveform to observe 

the decay characteristics of the signai as a h c t i o n  of time. In this study the coda was 

considered to begin immediateiy &ter the maximum S-wave amplinide and extend to the 

point where the signal to noise ratio fdls below 2.0. The decay-rate of the signai coda can 

descnbe the amount of attenuation affecthg the signal. which is a characteristic of the 

medium through whicii the waves travelled. tt has been theoretically and empirically shown 

tlmt although the decay-rate of the coda amplitude is frequency and tinie-dependent. it is 

i ndependent of hypocentral distance. The Q-value deterniined using th is teclinique is for 

ilie S-wave only: however. in this study the same Q-value was used t'or the P-wave. an 

assirrnption sirpported by other underground investigations (Feirstel. 1995). For more 

dctails on the two attenuation techniques applied in this study see Feustel el. cri. ( 1993) and 

Fcustel ( 1995) 



Once the Q-values have been detemined the formulae used to adjust the signal amplitudes 

is based on the following equation (Aki and Richards. 1980): 

R = the distance of propagation 
A,, = the signal amplitude at source 
A(R) = observed signal amphde  lit sensor 
F = seismic tiequency 

The only difference between the off-line and the on-line correction is that in the off-line 

method the size of the correction changes with frequency (Le.. f in the above equation 

clianges). In the simpiest on-line method an average corner frequency is assumed whiIe in 

the variabIe Q-routine the calculated corner frequency is used (see equation in Sec. B.2.2). 

The use of the constant frequency in the on-line approach is based on the assumption that 

the signal amplitudes propagating with the comer frequency are much larger than the signal 

amplitudes at d l  other frequencies- This on-line simplification results in slight over- 

correction for E?equencies below the corner fiequency and slight under-corrections for 

higher tiequencies. 





A PPENDIX B. 7. Aufornatic vrrsus ntanual source parameter plots 

APPENDIX B.7.ï.I. Seismic moment triaxial cornparison plots for  Octnher. 1993. 
clatmet (no attenuation correction) 
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APPENDIX B.7.2. Scismic moment tnaxhl  cornparison plots for Octobcr, 1993, 
dataset (variable attenuation correction) 
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APPENDIX C.  SUPPLEIMEINTARY NUMERLCAL MODELLING 
LNFORhlATION 
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APPENDLY C. I .  Depth of fuiflue predicted by the 64004800 FLAC3D de- 
stress dot mode1 for fypical long-section view (looking north): a) with no 
de-stress dot and b) with de-stress s10t 
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APPENDLY C.2. Depth of faihre predicted by the 6400-6600 FLAC3D de- 
stress slot model nssuming cemented fill properties for B.FJRib 
combination: a) plan and b) long-section view (looking north) 
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APPENDIX C.3. Depth of faihre predicted by the 6400-6800 FLAC3D de- 
stress siut modef assuming 50% residual ore properties for IRFJRib 
combinafion: a) plon and &) long-section view (fouking nurin) 



APPENDLY C.4. Depth of failure predicted by the 6400-6800 FLAC3D de- 
stress s& mode1 assuming residual ore properties for B.F&ib 
combination: a) plan and b) long-section view (lookhg north) 



APPENDIX C.5. Depth of failure predicted by the 6400-6800 FLAC3D de- 
stress dut model incorporating ore stroin-softening: a) plan and b) long- 
section vie w (looking north) 



APPENDIX C.6. Depth of failure predicted by the 64006800 FLAC3D de- 
stress slot modei assuming minimum likely ore strengths: a) plan and b) 
long-section view (looking no&) 



APPENDZX C. Z Deptli of failure predicted 6y the 64004800 FLAC3D de- 
stress dot mode[ ossurning maximum li&e& ore strengtks: a) plan and 6) 
long-section view (looking north) 



APPENDIX C.8. Depth of faiIure predicted by the 6400-6800 FLAC3D de- 
stress dot modelfor a long-section view at the centre of the p s t  VRM 
panel (looking north): a) minimum likeiy ore properties and b) 
maximum Iikely ore properties 



APPENDIX C.9. Depth of fdure predicted by the MOû-6800 FLAC3D de- 
stress slot model fur minimum likeiy B. FJRib strengths and marinrum 
likek'y ore strengths: a) plan and 6) long-section view (looking north) 





The t'ciur outlier removai niethods evaluated in this study are described below: 

i )  The tint univariate rnetliod evaluated identifies as an outlier any data point that 

exceeds a certain multiple of the standard deviation firom the mean ( Sadis, I 982). 

Values of 3, 3 and 4 standard deviations have been used. wIiicli would be 

eqitivalent to identifiing 5%, L% and 0.01% of the data as outliers for a normal 

distribution. respectively. This method can be used tor unimodal symmetrical 

distributions or even arbitrary distributions. but larger percentages would be 

identitied as outliers in bot11 of these cases. 

ii) A more sophisticated, iterative, univariate metliod involves calculating the 

sample kurtosis (Bmett and Lewis. 1978): 

where 
K = tlie sarnple kurtosis 
n = tlie number ofevents 
s = the sample standard deviation 

The kurtosis is especially suitable for outlier detemination because it increases 

the influence of the extreme observations. The actual application of the method 

involves calculating tlie kirrtosis for eacli variable: it- tlie kurtosis esceeds a 

specitied limit (based on a particular signiticance Ievel) tlicn tlic observation 

th-tlicst tEom tliai variable's mean value is eliminatcd and tlic proceclure is 

repeatrd until the kurtosis is below the limit value. This procedurc would tlien be 

repcated separately on each variable of interest. Two signi ficance levels were 

sekcted for consideration: 5% and 1%. 



i i i )  n i e  tirst multivariate rnethod applied involved conducting a Iiienrchical 

cluster analysis on al1 the variables of interest tlien identieinp events that are the 

iiiost dissimilar from tlic otliers through visual inspection O t' the resulting 

dendrogram. This approach is problematic. because it is subjective as t« wliicli 

events (or clusters) are most dissimilar and. therefore. it is a process tliat is not 

easily automated. In addition, tlie purpose of cluster aniilysis is to classitj. 

observations into more or less homogeneous groups (Davis. 1986). whicli is not 

quite the same as identiQing extreme values- 

iv) Tl-ie final method is a multivariate extension to tlie iterative kurtosis metliod 

discussed above. This extension to multivariate space requires running PCA on 

al1 the variables of  interest then using the components as the new variables 

(Bamett and Lewis, 1978). These new variables are then treated in the same way 

as the original variables in the univariate kurtosis method. There are a couple of 

advantages to this multivariate method: first, it is suggested that most of the 

outliers can be eliminated by looking at just the first and last few cornponents, 

thereby reducing the dimension of the probtem: and second. the linear 

transformations associated with the cornponents may irnprove the normality of the 

distributions by way of  the central Iimit theorem (Bamett and Lewis. 1978). 

A PPEIVDIX D.2. Test re fntions 

APPENDIX D.2.1. TauMax test relation 

-1-tic ti rst test 

variables. To 

relation involved the prediction of TailMa using a srries 01- seisrnic 

compare the perforinance of the four dit'ferent out1 ier n~etliods, several 

plots were created- Thc first (Figure D.la) depicts tlie nuniber of evcnts tliat were 

rctni iicd alter oiitlier removal iising tlie various tecliniqtics and the impact that this 

Iiltcring Iiad on ille coefficient of determination (R'). Since it was iinknown esactly liow 

iiiaiiy coniponetits to inchde in tlic multivariate PLA rnctliod, the ilrst timr tirid Iast four 



al1 data a: 
uni - 3 standard deviations 
uni - kurtosis ( I %) 
uni - kurtosis (5%) 
multi - cluster 

multi - PCA ( 1  %) - limited comp. 
multi - PCA (5%) - lirnited comp- 
multi - PCA (1 %) - a11 comp- 
multi - PCA (5%) - al1 comp- 

Outiier number 

Figure D.1 - Plastic TauMax relation: a) coefficient of determination (R') versus number 
of events in the dataset and b) sequence of outliers identified using different techniques 



were used in one case (Iimited comp.) and all components in another. The second plot 

(Figure D, 1 6) was designed to detennine whether the rnethods identified sirnilai- events as 

oiitliers. In tliis tigure. the abscissa represents the 79 evenis that were identitied by at 

Icast onc metliod as liaving outlying values. Theretbrc. when a Iine steps vcrtically by 

one unit, then that particular event was identified as liriving an oritlying valiie by tlint 

iiictliorl. Tlierc-fore. the Iines tliat track each other closely irlcnti- siinilar cvents as 

outliers. Tlie thal  plot (Figure D.2) was designed to assess what impact removing 

o~itliers had on the rneaning of the relation in multi-dimensional space. It is at least 

conceivable that  while the R' may not change very much. rernoving outliers may have a 

large impact on the size and sign of  the relation's coefficients (or signiiïcance 

probabilities) wliicli would suggest a change in the meaning (direction) ot- the relation. 

-1% evaluate tliis possibility, the regression coefficients and the significance probabilities 

are plotted against the regressor nurnber. In tliis plot, tlie srnalIer the signiticance 

probability (or the greater the significance) the greater tlie confidence witli whicli it can 

lie said that tlie actual coefficient is not zero- 

Observations t'rorn these three figures include: 

i)  Some of the techniques identify quite a few events as potential outliers. witli the 

m~iItivariate techniques generally identiQing a greater nuniber tlian the univariate 

(Figure D.la). However. at Least for this test case, the dimination of the outtiers 

does not have a substantial impact on the strength of the regression- 

i i )  Tlic multivaririte PCA inetliods delete similar events for tlie sanie signiticance 

lcvcl (Figure D.1 b). Tlic univariate kurtosis at 1% and the tlirctr standard 

clcvirition mivariate rnethods also deletcd similrir cvciits. wlicrcas tlic cvcnts 

idcntitied by the multivariate cluster n~ethod were conipletely d i t k c n t  h n i  tlie 

other iiictliods. In addition. wliile tliere was only a sniall diftkrence in the outliers 

idcntitied brtween the Iimited-component and all-con~ponent itiethods. the 

limilcd-component method had lower R' values. An investigation. usiiig this 



-4 ail data 

0 uni - kurtosis (1 %) 

. -a uni - kurtosis (Som) 

Variable number 
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Figure D.2 - Plastic TauMax relation: a) regression coefficient versus regressor number 
and b) significance probability versus regressor number 



cxrimple and others, reveakd that white the outiiers shoutd be on the first and Iast 

tëw components (Bamett and Lewis. 1978). in reality there were some on the 

middlr components that were not being identitied by the Iirnitcd component 

method. which reduced the strength of the relations. As a result. only the all- 

ccmponent method was considered tiom this point forward. In addition, because 

the duster metliod identitied completely different events. reduced the relation 

strcngth, and had questionable applicability, it was decided to also elirninate tliis 

rnetliod from f~rrther considemtion- 

iii) Tlie direction of  the regression line was not generally aftècted by tlie outlier 

elimination methods (Figure D.2). The signifcance probability plot supports this 

observation, except in the case of the univariate kurtosis method (at I % )  where 

variables 4 through 6 were not significan~ 

APPENDLX D.2.2. Den3 test relation 

The second test relation involved the prediction of  Den3 using regressors tiom the stress 

database. A series of  figures. sirniIar to those used in the tirst test relation, were 

produced- Observations from these figures include: 

i) Figure D-3 indicates that. once again. sorne of the tecliniques employed 

identitied quite a few events as potential outliers, but in this case the univariate 

kurtosis method identified more than the multivariate PCA itiethod for the same 

significance limit. In addition. the elimination of the oritliers does have a 

substantial impact on the strengtli of tlie regression. witli a steridy incrense being 

acli ieved witli reduction in event nunibers- Botli of ttiest: dit'ferences, cornpared to 

the observations made witli tlic previous test relation. are likely due to the 

gciicrally poorer variable distributions for the stress regressors- 
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Figure D.3 - Plastic Den3 relation: a) coefficient otdetermination (R') versus number of 
events in the dataset and b) sequence of outliee identified using different techniques 
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i i )  Figure D.36 suggests that the multivariate PCA method and univariate kurtosis 

~urrtliods idcntify similar events as outIiers. ln addition. tliere is not niuch 

dit'krence between tlie 5% and t% PCA rcsults- The univariate standard 

deviation niethod is considenbly di fferent tlian the other metliods. identitjring 

sribstantially ktver events- 

iii) Figure D.4 reveals tiiat the direction of the regression line is only slightly 

affected by the outlier eiimination rnethod, the largest difference being associated 

with the univariate kurtosis method. The significance probability plot genenlly 

supports this observation, except in the case of variables 7 and 8 (both of which 

have relativeiy small coeficients)- 

AP PENDIXD.3. Mecfion of outfier removal metftod 

From a methodological point of view. there is little advantage to using an outlier 

identification technique such as the univariate standard deviation method since it appears 

to make so little difference, at least in ternis of the cases evaluated- Extending this Iine of 

logic sugpests that, if you want to assess the impact of outlier renioval, you might as well 

select one of tlie more extreme methods. After d l ,  if an extreme metliod has Little impact. 

it can be fairly conciuded that one of the less extreme (but similar) metliods would have 

even less impact. It should be noted that the same conclusion cannot be dnwn for the 

rwcrse situation. This line of logic leaves only the univariate kurtosis or the niultivariate 

['ÇA metliods at 5% signiticance levels as contenders- In tlie end the PCA rnetliod was 

clioscii- becausc of the niultivariatc. nature of the strrdy and becriusc. in ~ h c  tcsr cases- the 

iinivnriate methoci showai slightly less directionai stability whcn cornparcd to the otlier 

iiictfiods wliidi were more sirnilar- 
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Figure D.4 - Plastic Den3 relation: a) standardized regression coefficient versus regressor 
number and b) signi ficance probability versus regressor number 



I r  is clcar f?om the previous examptes thal when the regressors are the seismic variables. 

I'cwcr outliers arc identified. In lems of location. a cornparison ot- Figure D.5a and b 

witli Figim 0-5c and d suggests tliat the outliers identitied wIien the TauMx test relation 

is uscd do not show any particular spatial pattern relative to the base dütasrt. On the 

otlicr hand. quite a few of tlie events identified as outliers, when the Den3 test relation is 

used. are relatively close to the footwall (Figures D.Se and f). Neither observation is 

s~irprising since. in the former case, there is no particular reason why any spatial cluster 

would be responsible for the identified outliers in the seismic regressors. while. in the 

latter case. the presence of outliers relatively close to the stope surface suggests tliat tliese 

rvents rnay be within. or adjacent to, the failed zone. resultinp in considenbly diffèrent 

stress estimates. Support for the observation that the outliers identitied in the stress 

regressor example seem to Locate relatively close to the failure surface cornes iiom sliear 

versus normal stress plots, wlücli indicated that the seismic oiitliers cover the range oof 

observed stress conditions, while the stress outliers generally occur cioser to. or on. the 

failiire surtace. 

In general, drawing conclusions about the identified oiitliers based on a sniall number of 

esamples is difficult since the identitied outliers will change depending on tlie variables 

being used. But it would appear- €rom these and otlier exaniples. tliat the nuniber of 

oiitliers identitied increases with dimension (ic.. with the number of regressors used). 

thrit more out1 iers are identified witli stress regressors, and that iiiany of the stress outliers 

arc close to the predicted tailure zone- 



Figure D.5 - Event locations: a) daiaset with no outliers removed in cross-scction (looking west), 
b)  dataset with no outliers removed in long-section (lookinp nortli). c) outliers removed using 
'TiiuMas relation in cross-section. d) outliers removed using TauMax relation in long-section, e)  
mitlicrs removed using Den3 relation in cross-section. and t) outlien removed using Den3 
relation in long-section 



APPENDIX E. SUPPLEMENTARY SMOoTEiING ANALYSES 



In an effort to gain a better understanding as to why smoothing makes sucli a large 

diftkrence to the strength of the developed relations. Four studies were initiated: tirst. to 

invcstigate the possibility t h  the relations after srnoothing were completely a function of 

tlic spatial distribution o f  the events (Appendix E l ) :  second. to assess the impact of 

siiioothing on the regressors (Appendix E2); third. to evaluatc the impact of apparent 

multi-niodaI variable distributions d t e r  smoothing (Appendix E.3): and toiirtli. to 

invcstigate the possibility that improved results could be obtained by transformation and 

oiitlier removal after smoothing (Appendix E.4). 

A PPENDlX E. 1. Effecf of spa fiai dktribution of even fs 

The first investigation was designed to assess what proportion of the observed benefits 

associated with smoothing were a fiinction of  the spatial distribution of events. This was 

tliought to be a necessary investigation based on the observation tliat nearby events 

\vould- afier srnoothing, have similar values, thereby introducing the possibility tliat tlie 

spatial distribution of events could play an important role in the resulting relation. To 

evaluate this possibiiity, the strength of a relation using observed values was compared to 

the equivalent relation created with smoothed randomly generated values tliat mimicked 

tlie range and distribution o f  the original dependent variable. The line of Iogic being that, 

i f randomly generated values after smoothing were capable of foming s trong relations. 

tlicn it is possible that any observed relations were actually created by the combination of 

siiiootl-iing and tlie spatial distribution of events and not by any pl-iysically interpretable 

proccss- 

[;or tliis cornparison, the prediction of Tau1 kom the plastic stress databrise- iisiiig tlie 

rcduced MCL (to R'>o.~) regressors. was used. The observed versus predictcd plot can 

hc scen in Fi yurr E. 1 a (~'=0.79). Figure E. 1 b shows the relation wlien random Tau 1 

v:iliics were smoothed (~'=0.24). For cornparison. when al1 availablr re,  ressors were 

iiscd. ilic R' using iIic observed values was 0.89. Iàlling to 0.40 wlicn thc riindom vrilurs 

wcrc L I S C ~ .  Consideration 01' Figure E.1 rcvcrils t h ,  in genrrril. wlicii tIic 
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Figure E. 1 - Predicted (fitted) versus observed (actual) scatter plots for the modlfied 
plastic Tau 1 relation: a) observed smoothed values and 6) random smoothed values 
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random values are smoothed, the result is a value close to the sample mean, giving nse to 

a substantial reduction in the varïability (variance) of the dependent variable (by 16 times 

in the case of  Tau1 or, in other tems, a 75% reduction in the standard deviation of tlie 

dependent variable). In conclusion, the real values are clearly more important than their 

spatial distribution, but it is possible to form relations in the ~ ' = 0 . 2  to 0.4 range from 

rneaningless values when the variability in the dependent variable has been substantially 

reduced. 

APPENDIX E, 2- Impact of srnoofthhg on regressors 

This investigation was designed to look at the spatial distribution of the regressors in 

order to better evaluate the impact of smoothing. The spatial relation used for this study 

was one between plastic Taul and northing. Although this relation was quite strong 

originally, it was enhanced by the elhination of some of the high-residual observations 

(Figure E.2a). Because of the strength o f  this relation, it then becarne possible to look at 

the effect of smoothing on the four regressors used to predict Tau1 versus the event's 

location in t ems  of northing. These four regressors were identified by backward step- 

wise regression and were found to be: Mo, E&, ro. and Acd /Ac. 

The predicted Taul values can be seen in Figure E.2b plotted against northing. If the 

individual smoothed regressor values used to make this Taul prediction are plotted 

relative to northing (Figures E.2c through f), it is possible to get a feel as  to why this 

prediction was possible and to understand something of the sense and strength of the 

individual (partial) regression coefficients (the coefticients being: Mc, = -0.52. EJE, = 

0-78, r,, = O.G8 and A a / A c  = -0.45). However, if exactly the sarne plots are produced 

with the unsmoothed (raw) data, it c m  be seen from a cornparison of Figure E.3a with the 

smoothed equivalent (Figure E.24 that, while smoothing had iittle effect on the observed 

stress value (supporting an earlier claim), the ability to predict this value from the raw 

data was weak (Figure E.3b). This poor predictability is evidenced in the spatial 
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distribution of the individual regressor values (Figures E 3 c  through t). These plots 

iiidicüte tliat- prior to snioothinp. tliere was no clear pattern between individual regessor 

voliics and northing in the raw data. In addition. it can bc seen that the range of values 

\\.as originalIy greater. contiming that tlie peaks and valleys cif the individiial variable 

values have been reduced via the smootliing process. 

A PPENDIX E.3. Multipk gro ups 

One of the problerns with smoothed data is that the variable values sornetimes becarne 

more clustered. In this situation. the regession may not be  representative of  any 

individual cluster but. rather, may be the best possible tit tlirough a number of clusters. 

Support for the presence of sevenl goups  came €rom investigating the after-smoothing 

variable distributions that., in some cases, showed a tendency towards bi-modal or tri- 

modal behaviour. From a purely statistical point of view it would be preferabIe if multi- 

modal variable distributions could be divided into uni-modal groups. each of  which 

would be liandled separately. In this study, separating the variable distrïb utions into 

groiips would only be practicabte if the division were appropriate for al1 variables of 

interest. tlie alternative being that group definition would depend on variable selection 

and the planned analysis would become impossible. 

To iiivestigate whether tliese groups aIways contained similar events hr eacli variable. 

several variables with bi-modal tendencies were selected and tlie location of  the events in 

cacli group plotted in plan and section to establish any similarities. As can hc seen tiom 

L l l r  plan virws (Figure E.4). cach group does not contain clic saine eveiits. A s  a 1-esult. i l  

wis dccicfed not to consider a fiirther rediictioii in the number of- observatic>iis. wliicli 

wiiiild arise Iiotn group separation. iinless it becanie absolutely necessary to lbrm 

rclnt ions of siifticicnt strength. Support for this decision cornes from the » bservation tliat. 

i u  scparritc the cvents into groiips wo~ild. in some ways. d c k u  tlic piirpose 01- tliis study. 

cspccinlly in tlie cÿsc of the sinoothcd data wlierc toming relations on iocrcüsingly 



Figure E.4 - Event locations in plan view: a) all data, b) SiymaP1 15 MPa c )  EJE,,>0.89. d) 
r,,--O. 12, and e )  - 1-34 



Iiornogeneous groups. while increasing the strenptli. woiild rt'fectively rcdiicr overall 

cxplanatory andfor predictive power- 

TIic Iast issue tliat arose from the need to smootli tlie data tvas wlictlier it was bettcr to 

transfonn the variables prior to smootiiing (as was done) or vice versa, To evaluate tlie 

impact of reversing the order of operations, the original variable distributions were 

compared to the distributions tbrmed when the variables were srnootlied in their onginai 

units and then transfonned. I i  was found, overail. that transforming afier smoothing 

sliglitly improved the variable distributions. In addition, it sliditly improved the strength 

oF the relations, aithough this improvement did not translate into obvious differences in 

tlie predicted versus observed plots, where little change was observed. However. for 

certain variables, transforming afier smoothing residted in an even greater tendericy 

to~vards bi-modal behaviour which had the surprking resiilt of eliminating many more 

events from consideration when the outiier routine was subsequentiy applied (recall that 

outliers can oniy be identified after the transformations). In these cases, the selected 

out1 ier routine completely eliminated one of  the two groups, resuiting in fully half of the 

data. being identified as outliers which should substantially improve the strength of some 

o f  tlie relations, but would obviously reduce overall expianatory powtx. This observation. 

conibined the dificuity associated with repeating the windotv size study on smoothed, 

(lien transtorrned, data (because each window size miglit require a dit'tèrent 

tl-ans formation) and tlie undesirability of multi-modal behaviorrr. led to the retention of 

~lic çurrent order of  operations: i) transform, ii) outlier removal and iii) smoothing. 



APPENDIX F. SMOOTHED DATA RELATION SUMMARY 



Tlic hiir cornments below expiain the logic behind the nurnbering systcm used For the 

hllowing siinlmary tables- 

i)  Sub-appendices F.2 and F.4 are the results using al1 the available events. wliile 

Sub-appendices F-3 and F-5 are tlie results obtained when observations with 

outiying variable values are removed- 

ii) Each of the Sub-appendices (designated as an X) was ticrther divided into tour 

parts designated 1, 2, 3 and 4- In al1 cases, F.X.1 is a table that summarizes the 

relation strengths detemined when multiple regression was nin on a relation 

where stress variables were used as the dependent variables and seismic variabies 

as the regressors. The F-X.2 and FX.3  appendices stimmarïze tlie canonical 

correlation results, the difference being tliat in F.X.2, principal based stress 

variables were used wliile in F-X.3 shear based stress variables were utiIized. in 

both cases, the same seismic variables were used in the seismic canonical 

variabte, The F.X.4 table summarizes the results when the seismic variables were 

used as the dependent variables and the various stress variables as regressors (Le.. 

opposite to F-X- 1 ). 

iii) The typical Iayout of a table included in Appendix F.X.1 is reviewed in 

Appendix F - Note 1 - The typicai F.X.2 and F.X.3 tables are similarly reviewed in 

Appendix F - Note 2 and the typical F.X.4 table is reviewed in Appendis F - Note 

3. These tables were only used in tlieir respective sub-appendices. c'scept in a 

co~iplc of circumstanccs wliere it was more convenient to iisc the typical 

Appendis F.X. 1 table in F.X.4 and vice vei-sc~. 

iv) In rlic situation in which the niultiple regression relations wcre iiivcstigatcd in 

inore detail (Le.. Ibr Suh-Appendices F.3 and F.5) iiiorc tlirin cinc trihic wns 

rcqiiircd, ln thesc cases the tables arc numbereti in the order in wiiicli tlicy rippcnr. 
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A PPENDIX F.6. Stdmrnary of variables rcsed and eiiminated in the smoothed 
duta anaiysii 

- 
I'rincipal Stress 

. Slicar Stress 
(J.S.# 1 ) 

Sliear Stress 
(J.S.#.r) 

M, 
L 
ut? 
r, 
L 
A c d  

-5s 
VA 
rJr0 
A o d A o  

orrnJA= 
SirrmaI 

Sigma2 
SiglGnd 
Sig 1 Dit3 
Sie I Diî3 
SidDif3 
Sie3Dif4 -- 
Tau 1 
S ieNI  - 
ESS 1 
Taut-14 
Taul-15 
SieN 1-1 5 
Tau4 - 
S ieN4 - 
Taul- 14 
Ta u 4 4  5 
SigN4- 14 
SieNI-15 

-CF,, ESR i 1 
t 1 

1L 
Noce: underlined reference variables are the reduced MCL variables used in the final relations of interest 



APPENDIX G. SUPPLEMKNTARY RELATIONS OF INTEREST 
INFORMATLON 



APPENDIX G. 1.1. Model adequacy tests for Sig1 Dif3 



APPENDlX G.I.2. Mode1 adequacy tests for Tnii1-14 



APPENDlX G. 1.3. Model adequncy tests for Tau4 



APPENDIX G. 1.4. Modei adequacy tests for SigN4 



APPENDIX G.1.5. Mode1 adequacy tests for Etu4-14 



APPENDIX G.I.L. Mode1 adeqiiicy tests for  cano~iical correlation 
results utilizing the first cnnonical vai.iiibles iind the principal 
stresses 



APPENDiX G.I.7. Model adequacy tests for canonical correlation 
resiilts utilizing the first canonical variables and the J.S.#l 
sliear stresses 
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A PPENDK G.2.I. Cornparison o f  second hrlî Den3 predictions - using the relation 
rormed on observations f rom the first l ia l î  (ordinate) versus iisii ig the relation 
îormed on the observations îrom the second h a l f  (abscissa): a) explanation 
eqiiatioii variables and splitt ing in time, b) explanation equation wiriables 
and splitt ing rrndomly, c) prediction equation variables and splitt i i ig in time, 
and d) prediction equation variables and spl i t t ing randomly 



APPENDIX G.2.2. Cornparison o f  second ha l f  variable predictioiis - usii ig the relation 
formed o i i  observations from the f i rs t  ha l f  (ordinate) versus iising the relation 
formed on the observations f rom the second hal f  (abscissa): a) Sigmnl  relation - 
splitt ing in time, b) Sigma1 relation - spli t t ing randomly, c) Tau1 relation - 
splitt ing in time, d) Tau1 relat ion - spl i t t ing randomly, c )  Tau4 relation - 
splitt ing in time, and f') Tait4 relation - splitt ing randomly 

44-4 



A P P EN D lX G.2.3. Corn parison o f  second half varia ble predictions - iising the relation 
rormed on observations from the first hnlf (ordinate) versus iising the relation 
forrned on  the observations from the second hal f  (abscissa): a) SigN4 relation - 
splitting in  time, b) SigN4 relation - splitting randomly, c) Tau4-14 relation - 
splitti i ig i n  tirne, d) Tau444 relation - splitting randomly, e) EFF relation 
- splitting i c i  time. and f) EFF ( E , ~ ~ )  relation -splittiiig randomly 

445 



A P PEND lX G.2.4. Cornparison o f  second hnlf (first canonical variable) scores - iising 
the relation formed on the I i rst  halC observations (ordinate) versais the relation 
forrned on the second hal f  observations (nbscissa): a) splitt ing in tirne 
(principal stress canonical variable), b) splitt ing in tinie (seisniic canonical 
variable). c) splitt ing randomly (principal stress canonical variable), tind d) 
splitt ing randomly (seisrnic canonical variable) 



APPENDIX G.2.5. Cornparison o f  second hal f  (first canonical variable) scores - using 
the relation formed on the first half observations (ordinate) versus the relation 
k r m e d  on tl ie second ha l f  observations (abscissa): a) splitt ing in tirne (shear 
stress (J.S.#l) canonical variable), b) spl i t t ing in time (seismic canonical 
variable), c) splitting randornly (shear stress (J.S.#l) canonical variable), and 
d) spli t t ing rnndornly (seismic canonical variable) 



APPENDIX G.2.6. Comparison of second halT(first cnnonical variable) scores - using 
the relation formed on the first half observations (ordinate) versus the relation 
formed on the second half observations (abscissa): a) splitting in time (sherr 
stress (J.S.#4) canonical variable), b) splitting in tinte (seisrnic crnonical 
v;irirble), c) splitting randomly (shear stress (J.S.#4) cii~ionical variable). and 
(1) splitting randomly (seismic canonical variable) 



A PPEND l X  G.3.1. Predicted standardized Den3 values based on the relation formed 
on the original drtaset (ordinate) versus observed standnrdized Den3 in the 
test dataset (abscissr) - predictions based on: a) J.S.#l explanation equation, 
b) .l.S.#l explanation equation wi th observed values being replaced by the best 
possible predicted values, c) same as (a) but  usilmg standardized Den3 
p i -d ic t ion eqiiation, and d) same as (b) b i i t  using Den3 prediction eqirntion 



APPENDIX G.3.2. a) Predicted standardized T a u  l values (oi0din:ite) versus the 
O bserved stnndardized T a u  l values (abscissa), b) predicted standardized T a u  l 
v:iliies versus the best possible predicted values, c) predicted standnrdized Tau4  
values versus the observed standardized Tau4 values, d )  predicted standardized 
T;w4 vcrsus the &est possible predicted values, e) predicted standardized SigN4 
values versus the observed standardized SigN4 values, and î) predicted 
st:iiidnrdized SigN4 values versus the best possible predieted vnliics. 
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APPENDlX G.3.3. a) Predicted standardized Tau444 values (ordinate) versus the 
observed standardized Tau444 values (abscissa), b) predicted standardized 
Tai14-14 values versus the best possible predictions, c) predicted standardized 
Eff values using J.S.#4 stresses versus the observed standardized Eff 

vdues and d) predicted standardized sCrr valiies using J.S.#4 stresses 
versus the best possible predicted values 



A PP EN D LX G.3.4. a) Predicted fint seismic canonical variable score (ordinate) 
versus predicted first principal stress caiionical variable score (abscissa), b) 
predicted Iirst principal stress canonical variable score versus best possible 
first principal stress canonical variable score, and c) predicted first seismic 
canonical variable score versus best possible f i rs t  seismic crnonical variable 
score 



A P PEND lX G.3.5. a) Predicted first seismic canonical variable score (ordinate) 
versus predicted first shenr stress (J.S.#l) canonical variable score (abscissa), 
b) predicted f i rst  shear stress (J.S.#I) canonical variable score versus best 
possible first shear stress (J.S.#l) canonici l  variable score, and c) predicted 
f i r s t  seismic ennonical variable score versus best possible first seismic 
~iin011 i c d  variable score 



AP P END lX G.3.6. a) Predicted f i r s t  seismic canonical variable score (ordinate) 
versus predicted first shear stress fl.S.#4) canonical variable score (abscissa), 
b) predicted first shear stress (J.S.#4) canonical variable score versus best 
possible first sliear stress (J.S.#4) canonical variable score, and c) predicted 
first seismic caiionical variable score verstis best possible first seismic 
crrnonical variable score 



A PPENBIX Ci. 4. Cunonical correfcltion prenielion~ with no stress change vc~rinbIcv 

stress c-.~iioni~~l uariablc 

A PPENDIX G-4. La)  Predicted f irst seismic canonical variable score (0rdin;ite) 
versus predicted f irst shear stress (J.S.#L- no stress cimnge wriables) 
canonical variable score (abscissa), b) predicted f i r s t  shear stress (J.S.#L- no 
stress change variables) canonical variable score versiis best possible f irst 
shear stress (J.S.#l- no stress change variables) canonical variable score, and 
c) predicted f irst seismic canonical variable score versus best possible f i rs t  
seismic canonical variable score 



APPENDIX G.4.2. a) Predicted f irst seismic c rnon ic r l  variable score (ordinate) 
versits predicted f irst shear stress (J.S.#J - no stress change variables) 
canonicai variable score (abscissa), b) predicted first shear stress (.I.S.#4 - no 
stress change variables) cmonical variable score versus best possible first 
slierr stress (J.S.#l - no stress change variables) canonical variable score, and 
c) predicted first seismic canonical variable score versus best possible f i rs t  
seismic cmonical  variable score 




