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ABSTRACT 

The Canadian concept for disposing of nuclear hie1 waste involves placing and sealing it 

in excavations 500 to 1 0  m deep in plutonic rocks of the Canadian Shield. 

Investigations pertaining to the Canadian concept for used nuclear hiel waste disposal in 

plutonic rocks were conducted at AECL's Underground Research Laboratory (LIRL). 

The URL is excavated within the Archean granite of the Lac Du Bonnet batholith 

(LDBB), approximately 120 km northeast of Winnipeg, Manitoba, at the western edge of 

the Canadian S hield. 

At the URL, AECL has undertaken a wide range of experiments to test the feasibility of 

burying nuclear fuel waste in granitic rocks. The investigations have included detaiied 

mapping of geological features, stress rneasurement, and a recording of excavation 

response. 

The purpose of this thesis is to show how the geological conditions affect excavation 

stability, in particular how the fabric of granite influences excavation damage 

development including overbreak around tunnel or shah perimeters. 

Most of the design of the excavations has been based on the assumption that the host 

granite is homogeneous (i.e. texturally and mechanicaliy homogeneous). This thesis 

demonstrates, through a program of field observations and laboratory testing, that the Lac 



du Bonnet, and probably most granites, are highly heterogeneous and anisotropic at both 

the macro and the micro scale. 

Field investigations includeà detailed mapping. This had four objectives: 

1. to defme the generd site charactenstics including: 1) the geology of the site, 2) the 

fault and fractures domains, and 3) the in-situ stress domains. This was supported by 

field and laboratory investigations including fracture, foliation and microcrack 

analyses. This work defined the nature and types of rock mass heterogeneities in the 

rock mas. 

2. to locate and describe evidence where fabric aoisotropy has infïuenced rock mas  

response. This was not restricted to ody present-day excavation response, but aiso 

included observations from ancient faults and fractures, whose distribution and 

orientation provided the t h  hint of the anisotropic behaviour of the LDBB granite. 

In this regard, the ancient fractures provide a natural analogue for the long-term 1 

large-scale response of the granite to stresses. 

3. to characterize areas where excavation damage, including overbreak, occurred, and 

4. to select and characterize areas where samples were collected for rock properties 

testing. 

For this last purpose, three locations were selected at the 420 m depth (420 Level) to 

provide a representative sample of the range of the compositional and textural 

heterogeneity present in the LDBB, and its affect on rock strength and rock mass 

response. These are: 

a fine grained granite dyke with subvertical flow banding, 
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a medium grained and weakly to moderately layered granite forming the main mass 

of the batholith, and 

a generally coarse grained and leucocratic unit that occurs as sills and recrystallized 

zones in the main phase. 

For the sake of convenience, these are referred to as the fine, medium and coarse grained 

granites, respective1 y. 

The three case studies were sited in newly excavated tunnels at the 420 Level(420 m 

depth of the URL) where the damage due to stress relief can be observed in the process of 

developing. The sites are in close proximity to each other. They are distant fiom faults 

or major fractures, and are in the same in-situ stress-domain- As such, they are subject to 

the same stress magnitudes and orientations. 

At each of the three locations, the tunnel profile was surveyed, and the geology and 

excavation damage were then added to the profile. An array of boreholes was then 

designed for each of the three locations. The arrays were designed to intersect the most 

prominent foliation / microcrack set at 90°, and then at 20-30° increments until the core 

axis was parallel to the foliation. Boreholes, twelve in all, provided a total of 17 1 

samples along these profiles. 

The core was logged for foliations and microcracks, and then cut to provide oriented 

samples for uniaxial compression tests. Structure orientations were measured and 

converted fiom a relative (borehole) coordinate system to tnie orientations. 
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SYMBOLS AND NOTATION 

Rectangular Cartesian coordina tes 

Young's modulus 

Shear modulus 

Poisson's ratio 

Maximum principal stress component 

Intemediate principle stress component 

Minimum principle stress component 

Uniaxial wmpressive strength 

Tensile strength 

Crack initiation stress 

Crack damage stress (start of unstable crack growth) 

Point load strength index 

Brazilian tensile strength 

ratio of Young's moduli in tension and compression 

volwnetric strain 

axial strain 

circumferential strain. 
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Chapter 1 

INTRODUCTION 
The understandkg of the mechanism of fracture development around underground 

openings is important for the design of a safe and stable openings in mining and civil 

engineering applications. In the design of nuclear waste disposal vaults, a speciai 

concem is the potential for significant propagation of existing fractures, or the creation of 

new fractures (excavation damage) through the consmiction of such a faciiity. 

Interconnected fractures could reduce the effectiveness of the rock as a barrier to 

contaminant movement by providing pathways for groundwater to transport contaminants 

released from a disposai vault. 

The Canadian concept for disposing of nuclear fuel waste involves placing and sealing it 

in excavations 500 to 1000 m deep in plutonic rocks of the Canadian Shield. 

Investigations pertaining to the Canadian concept for used nuclear fuel waste disposal in 

plutonic rocks are being conducted at AECL's Underground Research Laboratory (URL). 

The URL is excavated within the Archean granite of the Lac Du Bonnet bathoiith 

(LDBB), approximately 120 km northeast of Winnipeg, Manitoba, at the western edge of 

the Canadian Shield (Figure 1). The main purpose of AECL's investigations at the URL 

is to develop geologic data and experïence that can then be used in locating a permanent 

nuclear waste facility. 



Figure 1. Regional setting of the Lac Du Bonnet batholith of Manitoba, the study area at 
AECL's Underground Research Laboratory (URL), and the excavations comprising the 
URL. Locations referred to in the text are shown. 



CMPTER 1. INTRODUCTION 

Mapping of the shah and the various tunnels at the URL by the author, conducted during 

its construction, has indicated that excavation-induced fractures were far more numerous 

than natural fractures except within fault zones- In the shaft below Fracture Zone 2, in 

most of the 240 Level, and in al1 of the 420 Level, excavation-induced fractures are the 

only fractures present. Excavation-induced fractures are distuiguished fiom natural 

fractures by the absence of mineral innlling or wall rock alteration, by their position and 

geometry relative to blasthole remnants, and by their position and geometry relative to 

the tunnel profiles or tunnel face. In general, they form an onion-skin pattern of surfaces, 

simiIar to the exfoliation fractures seen in surface outcrops, but in the subsurface their 

orientation and size is dependent on their location relative to the tunnel penrneter, and to 

the location of tunnel faces during excavation. 

Prior to the excavations of the URL, there have been a number of studies to predict the 

response of the local granitic rocks to the new stress conditions imposed through the 

wide-ranging excavations, consisting of a central shaft and connecting tunnels and raises 

(Figure 1). Not one of these studies anticipated the massive fracture development 

(excavation darnage of AECL termïnology) that was later observed at compressive stress 

concentrations. There is one thing common to these and even to most of the later studies. 

They have ai i  assumed that the granite is homogeneous, isotropie and relatively 

unfractured. From this flowed the next asswnption that the in-situ strength of the granite 

should not be that much different fiom the intact rock strength determined in the 

laboratory using small drill core samples. 



Although the in-situ stresses at the W. site have been found to be much higher than at 

comparable depths elsewhere in the Canadian Shield, the stresses are still not high 

enough to cause even minor fhcture development in the intact rock sarnples used in the 

laboratory investigations. A one-half reduction of in-situ strength relative to the 

unconfined compressive strength due to environmental effects (heat, humidity and long- 

duration static loading) have been predicated by others (e.g. Lajtai et al., 1987) and some 

of the same factors have certainly been active at the URL site. This would explain some 

excavation damage, especiaIly in the highest stress environment at 420 m depth. They do 

not however explain: 

1. the fact that failure in the form of slabbing also exists under the much lower stresses 

present at the 240 m level, and 

2. that documented ciifferences in excavation damage within a single tunnel or shaft 

subject to the sarne in-situ stresses and excavated by the same means and schedule. 

Exarnples of the excavation damage inctude: 

1. slabbing and spalling of rock about tuanel perimeters at the 240 m depth (Figure 2; 

also Figure 3 and Figure 4) 

2. slabbing and spalling of rock about the shaft perimeter at 300 m depth (Figure 2; also 

Figure 5), 

3. breakout notches around the tunnels, bored vent raises, and the conventionally 

excavated (i .e. drill-and-blast) shafts (Figure 2), and 

4. blast- or stress-relief fractures radiating away from the blasthole remnants preserved 

on tunnel faces (Figure 2). 

None of the above c m  be explained while assuming homogeneous and isotropic 

conditions. Evidence that anisotropy of rock structure (i.e. average grain size, variation in 
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grain size, number and type of foliations, microcrack aiignments and their orientations) 

was contributing to excavation damage development was f m t  obtained during routine 

mapping of the shah and tunnels during the most early phases of construction by the 

author, in his role as the URL site geologist. Darnage development has bwn observed to 

Vary in response to textural and structural variations in the granite in both the vertical 

(Figure 4) and horizontal planes (Figure 5). 

The tunnels at the 240 Level demonstrate the influence of subtle fabric on excavation 

damage development in tumels (Figure 4). The axis of tunnel (Room) 207 is p d e l  to 

the maximum principal stress and to the strike of the while Room 2û9 is 

oriented perpendicular to them. There was hardly any damage m u n d  the tunnel oriented 

parallel to the intermediate principal stress, despite that fact that this orientation would be 

the most critical. One would expect the least darnage in Room 207 which is onented 

paralle1 to the maximum principal stress. Nevertheless, a 1 x 1.5 m slab spalled fiom the 

area where the perimeter is parallel to the layenng in the medium grained granite. 

The tunnel profile of Room 207 is asyrnmetrïc, with induced fractures paralleling the 

gneissosity k i n g  not only more frequent, but also larger than those in other directions. 

Damage here also includes a 1 x 1.5 m slab spalled from the area where the perimeter is 

parallel to the layering in the medium grained granite. In Room 209, the layering is not 

favourably oriented to serve as exfoliation (i.e. fdure)  planes, and as a result, the damage 

profile is symmetrical. The orientation and magnitudes of the in-situ stress at this 

Location are listed in Table 1. In this example, it is also noteworthy that the greatest 



d a m a ~ e  develomd not in the tunnel sub-iect to the hieher ai - 03 stress difference (25.5 - 

12.8). but in the tunnel sub( sstrss difference (16.8 - 12.8). In 

fact, the perimeter stress calculated from the Kirsch stress equation should Vary between 

20 - 40 MPa only. No frafture would be expected for a rock that has uniaxial 

compressive strength of about 200 M'Pa. Clearly, while the damage is initiated by stress 

release about the tunnel prof* the geometry and extent of this damage is very dependent 

upon the presence of the low-dipping layering. 

Table 1. 

In-situ stresses measured at the 240 Level. 

(Martin and Kozak, 1992) 

Magnitude trend plunge 

6 i 25.5 MPa 228" 8" 

The cross section of the shaft excavation damage zone (provided by the flmr of the 300 

Level shaft station) further demonstrates the influence of subtie fabric on excavation 

damage development (Figure 5). Incipient breakout notches are developing in the NE 

and SW quadrants of the tunnel perimeter, in response to the stress orientations shown. 

Damage development varies with rock type, k i n g  best developed in the fine grained 

granite, and is weak or absent in the medium grained granite. This is the opposite of 

what would be expected based on the published strength data on these two rock types 
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(e-g. Martin, 1993), and from wbat would be expected based on the excavation response 

observations fiom the 420 Level (Read and Martin, 1990, 1991 ; 1992; and 1996). 

Mapping by the author, of the damage zone and geology at the 300 Level has revealed 

that the "anomalous damage" in the fine grained granite is due to the separation of slabs 

dong a vertical foliation (planes of aligned biotite). Again, the conclusion is that while 

damage is initiated by stress release about the tunnel profile, the geometry and extent of 

this damage is very dependent upon the preseace of a suitably onented fabric element. 

The purpose of this thesis is to show how the geologicai conditions affect excavation 

stability, in particular how the fabric of granite influences excavation damage 

development including overbreak around tunnel or shaft perimeters. Fabric refers to 

natural planes of weakness in the form of pre-excavation microcrack alignments, 

compositional layering, foliation and changes in average grain size. 



1. breakout notches 

2. spalling along 
foliation 

3. excavation-induced 
fractures 

4. excavation-induced 
fractures radiating 
from blasthole 
remnants on face, 
and from pilot 
borehole. 

mineral olignment (foliation) S I  

Figure 2. Schematic representation of excavation damage types observed in the URL. 

Breakouts (1) occur in ai l  shafts and tunnels below 300 m, whether bored or blasted. 

Spalling and other excavation-induced fractures (2,3.4) occur ai al1 levels in the URL, but 

are most intensely developed in the highly stressed rock below 300 m. 



Figure 3. Spalling developed dong a turne1 waii at the 240 Level of the URL during its 

construction. The tunnel axis is parallel to o, (25.8 MPa), q (16.8 MPa) is nearly 

horizontal while os (12.8 MPa) is nearly vertical. 



Room 209 
Tunnel axb 
normal to i strike of f d i i o n  03=12.8 MW 

Room 207 
Tunnel cuis 
parallel to 

strike of fdiation 

Figure 4. Influence of rock fabric on excavation damage - example from the 240 Level. 
This figure presents a schernatic view of the fabric elements present at the 240 Level, and 
the damage-associated with different tunnel orientations. Both tunnels are constructed in 
the same medium grained, coarsely layered granite, but differ in their orientation. The 
profile of Room 209 is in the ai / a3 plane, while the profde of Room 207 is in the a2 I 
0 3  plane. Mapping of the two tunnel profdes revealed that the darnage about Room 209 
is limited to minor surface exfoliation, with a symmetrical distribution of excavation- 
induced (stress-relief) fractures. In contrast, the damage about Room 207 is more 
extensive, with a markedly asymmetrical distribution of excavation-induced (stress- 
relief) fractures. A lx  1.5 m slab spalled fiom the tunnel in the area where the perimeter 
is parailel to the layering. 



Fine grained granite (dyke) 
with vertical fdiaüon 

\ foliation in fine 
grained granite 

Medium grained granite 
(inclusions) with foliitim 
dipping 300 southeast. 

foliation in medium 
30' grained granite 

Figure 5. Influence of rock fabric on excavation darnage - example from the 300 Level. 
At this depth, weak or incipient breakouts were occurrïng in the NE and SW quadrants of 
the shaft, due to spailing of slabs from the shafk wall. Most spalling occurred in the NE 
quadrant, and the presence of additional "loose" (incipient or partially spalled slabs) was 
indicated by a holiow sound when hit hard with a scaling bar. The corresponding 
breakout in the SW quadrant was, in cornparison, insignifiçant and intact (no loose). 
Mapping of the station fioor at this depth provided a cross section of the damage about 
the shaft, and an explmation for the difference in breakout development described above. 
In the NE quadrant, spalling was enhanced by parting dong the subvertical foliation in 
the fine grained granite. In the SW quadrant, the foliation was subhorizontal, and 
therefore not favourably oriented to promote fractue development under these stress 
conditions. 



C'APTER 1. INTRODUCTION 

Section A-A 
Vertical foliation ExcavaüorMnduced 
paraltel to foce 

Low-dipping folidion iailun 
normal to foce 

Average 
foliation 

/ Foliation 
Breakout depth > 0.5 

Breakout depai c 0.5 
Fine grained granite 

O Medium grained granite 

Figure 6. Influence of geology on breakout development within a single drill-and-blast 
tunnel. Room 407 at the 420 Level of the URL provides an example of the uinuence of 
subtle differences in geology on breakout development in granite where conventional 
excavation is used. The tunnel profiles developed in the medium grained and fine 
grained granites are shown in A and B, respectively. In the medium grained granite, the 
parting of the rock dong planes of biotite facilitates breakout development. In the fine 
grained granite, a biotite foliation also exists but it is subvertical and normal to the tunnel 
axis. As such, its presence does not infhence breakout development for this excavation 
orientation and geometry. 



Figure 7. Influence of geology on breakout development within a single d n l h d ~ b l a s t  
tunnel. Room 421 at the 420 Level of the URL provides an example of the influence of 
subtle differences in geology on breakout development in the fine grained granite where 
conventional excavation is used. In the previous figure it was noted that . . . "a biotite 
foliation also exists in the fine grained granite, but it is subverticd and normal to the 
tunnel axis. As such, its presence does not influence breakout development for this 
excavation orientation and geometry". In Room 421 however, the tunnel axis is paraiiel 
to the strike of the foliation, and spaiiing now crccurs dong this structure. 



1.2. Objective, Scope of Work, and Thesis Organization 

The objective of this research is to investigate and document the contribution of rock 

fabric on excavation damage development. This thesis demonstrates, tbrough a program 

of field observations and laboratory testing, that foliation and other seemingly minor 

textural variations in the rock are major contributors to the observed variations in 

excavation damage, and the lower than expected strength. 

The rock propenies testing conducted in this study was intended to detine the influence 

of foliation and preferred microcrack orientations in creating strength anisotropies, which 

in mm influence excavation damage development. Techniques sensitive to planar 

anisotropy in rock were identified fiom the literahire. It is recognized that fabric is just 

one of the factors contrïbuting to lowenng of strength from what is observed under 

laboratory conditions. Other factors include e-g. sanirated versus unsaturated conditions, 

the duration of loading, the rate of loading, and whether loading is cyclic. Treatment of 

these factors is outside the scope of this investigation. 

This investigation is the first of its kind in both scope and emphasis. The essential 

contribution of this work is to take the data from AECL's Underground Research 

Laboratory (URL) and document the contribution of rock fabric in granite to the observed 

excavation darnage. This damage includes overbreak due to stress relief, and to visible 

excavation-induced fractures. This work presents a unique and unprecedented data set 

on: 



1. the considerable fabnc variations present witbin what was previously thought to be a 

type example of a homogeneous granite, and 

2. the relationships between excavation damage and geology, 

This thesis will summarize: 

what was learned fiom the URL that is usehl  in friture site characterization, 

how geological features in granite infiuence excavation damage (i.e. the Iink between 

geology and engineering), and 

the role of rock fabric on rock mass response (including rock properties testing and 

in-situ stress measurement). 

An outline of the scope of work and the organization of this thesis is provided in Table 2, 

with details provided in the following sections. 
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Table 2- 

Scope of Work 

................... Literature Review. .. .... ,..... .......................................................... (Chapter 2) 

Rock Mass Descrivtion. 

................. General Geology, Fault and Fractures, In-situ stress domains (Chapter 3) 

............ .......................... 8 Fracture, foliation and microcrack mapping .,. (Chapter 4) 

Field Evidence of Fabnc Anisotro~v on Rock Mass Reswnse. - 

Ancient Faults and Fractures ..................................................................... (Chapter 5) 

Excavation ïnduced Fractures .................................................................... (Chapter 5) 

......,.......*......... ............-. Selection of detailed studv areas for sam~ling. ... (Chapter 6) 

Excavation damage mapping ................. 3 linescan samples anci tunnel profiles. 

Drilling .................................... .... ........................... 3 arrays, 12 boreholes. 

S ampling ........................................................................................ 1 71 sarnples. 

Characterization of sample structure and texture. ...... 171 sample sur-jace maps. 

Classification of Fabric elements ... foliarions, lineations, and microcrack sets. 

Measurernent of fabric orientations ................... ,. ................. -5&l orientations. 

Rock Properties Testinp; ......................... .... .................................................... (Chapter 7) 

for preferred microcrack directions and their relative strengths. ............. 
..................... .. ................................................. 103 Point Load Tests.. (Chapter 8) 

for tensile strength and anisotropy. ............................. 57 Brazilian tests.. (Chapter 9)  

for rock strength. ...................................... 11 uniaxial compression tests. (Chapter 10) 

Surnmarv and Conclusions ............................................................................ (Chapter 1 1) 



The site descri~tion (Chapter 3) provides a summary of the general geology. with 

emphasis on the foliations, natural microcracks, and other structures present in the 

granite. Also included is a summary of the in-situ stresses. The range of site 

characterization work previously completed by the author is summarized in Table 3. For 

the most part the work listed in Table 3 defines the general geology, excavation damage, 

petrography, natural microcracks, and the influence of rock structure on rock mass 

res ponse. 

The site characterization work and the determination of the ancient or natural 

microcracks (Chapter 4) were major elements of the e o p e  of work, providing new data 

on these important structures and their variation with depth in a granite pluton. The 

results of the analysis of naturai microcracks is provided in Chapter 4. h Chapter 5, field 

evidence for anisotropic behaviour of the rock mass is presented. The case is made that 

the rock mass behaved as an anisotropic medium when fust subject to brittle deformation 

in the Precambrian, and that the present-day excavation response is simply a continuation 

of this behaviour. 

Locations (sample areas) selected to examine the interaction between rock fabric, rock 

mass anisotropy, and excavation damage are descrïbed in Chapter 6. Three locations 

were chosen for mapping of excavation damage and for collection of a suite of samples 

for rock properties testing. These provide a representative sample of the range of the 



CHAPTER 1- lNTRODUCTiOAf 18 

compositional and texturai heterogeneity present in the Lac du Bonnet granite, and their 

affect on rock strength and rock mass response. These are: 

1. fine grained granite dykes wi-th subvertical flow banding, 

2. medium grained and weakly to moderately layered granite which fotms the main 

mass of  the batholith, and 

3. generally coarse grained and leucocratic unit tbat occurs as sills and recrystallized 

zones in the main phase. 

For the sake of convenience. these are referred to as the fine. medium and coarse ~ra ined  

granites. resoectively. 

The three study areas were sited in newly excavated tunnels at the 420 Level(420 m 

depth of the URL) where the darnage due to stress relief can be observed in the process of 

developing. The sites are in close proximity to each other. They are distant from faults 

or major fractures, and are in the same in-situ stress-domain. As sucb, they are subject to 

the same stress magnitudes and orientations. 

Excavation damage m a ~ ~ i n g  was conducted at each of the study areas. "As-built" and 

"final" tunnel cross-sections were obtained to show progressive damage development, 

and to indicate the overbreak due to spalling. A linescan survey was then done for each 

study area, along the line of the surveyed tunnel profiles. Excavation induced fractures 

encountered along this profile were mapped and their orientation and surface 

characteristics noted. The rock types and the local structures were also mapped. 

Examples of excavation-induced fractures formed by parting along compositional 



layering or other fabrics present at each case study site were noted. This mapping 

revealed those visible differences in excavation response (damage development) 

correlated with variations in the average grain size, the structure type and structure 

orientation. For example: the degree of excavation damage, including breakout 

development, follows the progression shown in Table 4. Within a given rock unit, the 

darnage in the form of breakout notches is most pronounced in tunnels constructed dong 

the strike of the layering. 

At each study area, oriented core was obtained h m  an array of boreholes as listed in 

Table 5. The arrays were designed to intersect the most prominent foliation 1 microcrack 

set at 90°, and then at 20-30" increments until the core axis was parallel to the foliation. 

Al1 samples are segments of HQ- sized core (46 mm diameter), the choice of specimen 

diameter being largely dictated by budget constraints. Specimens were prepared in 

accordance with the procedure described by Gyenge and Ladanyi (1977a,b), Gyenge 

(1980), and the method suggested by the International Society for Rock Mechanics 

(Brown, 1981). The end surfaces of each of the specimens were ground flat to 0.015 mm 

to ensure that they were parallel to each other and prpendicular to the axis of the 

specimen. The average dimensions and bulk densities of samples from each of the three 

rock types are listed in Table 6. The bulk density ranged from 2.54 to 2.72 @cm3, these 

corresponding to the leucocratic and melanocratic layers in the coarse grained granite. 

Additional information on sample properties is presented in the individual chapters on 

rock properties tes ting. 
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Sample locations within the boreholes were chosen to minirnize the possibility of damage 

caused by proximity to the excavation. Such damage is represented by discing of the 

core (which is relatively easy to see), and by the opening of microcracks along grain 

boundaries or other directions (which is not easily detected). The term "discing" refers to 

the tendency for core to split spontaneously into thin discs by the formation of closely 

spaced fractures perpendicular to the core mis. In general, discing is the resul t of tensile 

failure, which occurs wherever stresses radial to the borehole are high relative to: 1 ) the 

stresses along the borehole axis, and 2) the unconfined compressive strength of the rock 

(Engelder, 1993). According to the author, core discing occurs only in a high stress 

environment, which he defines as greater than 1 km depth on average, but which can be 

found at any depth in the URL The extent of discing in any given area is a tunction of 

the room geometry (stress concentrations around the tunnel perimeter), and of the rock 

type, the fine grained granite k ing  less susceptible to discing than the coarser grained 

types. 

To avoid core damage, either from discing or from the opening of grain boundaries, 

samples were taken from the ends of each borehole as s h o w  in Figure 9. a schematic 

representation of the general area affected by discing in core as seen iri arrays 

surrounding the tunnels of the 420 Levet (D.R. Woodcock, unpublished data)- 

To test for non-visible damage, rock properties tests results (such as tensile strength from 

the Brazilian Tests), were plotted against the specific gravity of the sarnple on 

scatterplots. If reduced tensile strengths were associated with lowered specific gravity, 

and these in turn correlated with distance from the excavation, it would be assumed that 
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damage, in the f o m  of microcracking, was present. The results (presented in Chapters 6 

and 7), showed no correlation with distance from the tunnel wail, and as such, are 

assumed to be free of damage due to proximity of the excavation. 

The core was logged for foliations and rnicrwracks, and then cut to provide onented 

sarnples for rock properties testing. Logging procedures, particularly those relevant to 

distinguishing natural and induced fractures, followed recommendations by Kuiander et 

al. (1980). Each of the 171 samples were also mapped individudy for: foliations, 

microcracks, alteration products aiong grain boundaries, nature of grain boundarim 

including microcracking aiong boundaries, miaeralogy variations, and mineral 

orientations. The sample maps for each specimen are presented in Appendices A and B. 

The rock aroverties testin? vrogram is describeci in Chapters 7 to 9. Evidence for 

natural weakness planes (mechanical anisotropy) was defmed by the preferred 

orientations of fractures induced by 103 axial Point Load tests (Chapter 7). Directional 

anisotropy in tensile strength was determined by the 57 Brazilian tests (Chapter 8) and in 

compressive strength by 1 I uniaxial compression tests (Chapter 9). In each of these 

chapters, correlations between the rock properties tests and measured foliations and 

natural microcrack orientations are presented. To better examine the complex 

geometries between these data and the various structural elements in each rock type, al1 

the above were plotted in their proper three-dimensional context using stereographic 

projections. 
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A s u m m q  o f  results is provided in Chapter 10, A relative ranking of rock strength 

correlating with average grain size is presented. The results are then compared with field 

observations of excavation damage development, and with pubiished rock strengths. 

Directional anisotropies in rock strength are compared to the orientation of known fabric 

elements such as  natural microcracks directions and some foliations, The results are 

consistent with tunnel mapping observations regarding preferentid development of 

excavation damage in some rock types and in certain directions. 
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Table 4. Rationale for Selection of the Sample Sites 

Variations in Excavation Damage with Average Grain Size and Foliation. 

1. Coarse Grained Granite (Rwm 41 8) 
Strong Low dipping foliation and compositional layering 

Variable but significaut damage developing within hours 

2. Medium grained Granite (Room 417) 
Weak low dipping foliation 

Significant damage developing within hours 

3. Fine Grained Granite (Room 421) 
Strong subvertical foliation and subhorizontal naturai micrmracks 
Least damage, deveioping over a period of days or weeks. 

Table 5. Sample and Testing Summary 

Granite Type Bore hoIe Orientation test type and number 
Trend Plunge Uniaxial Brazilian Point - 

compression Load 

1. Coarse Grained 418451-RT1 324.90" 77-10" discing * 
41 8-05 1 -RT2 143.61 " 54.76" 1 8 15 
418-051-RT3 143.40" 35.40" 1 8 6 
4 18-05 1 -RT4 143.56" 19-70" 1 7 6 
418-051-RT5 143.38" 0.40" 1 4 12 

- -- 

2. Medium Grained 403-014-MB2 225" O" 1 
417-071-RT1 Not drilled. 
417-071-RT2 190.43" 59.44" discing 
417-07 1 -RT3 190.20" 39.48" discing 
417-071-RT4 189.10" 19.50" 1 6 6 
4 17-07 1 -RT5 189.70" -0.20" 1 4 8 

3. Fine Grained 42 1 -032-RT 1 133 .99" 0.23 " 1 4 10 
42 1 -032-RT2 157.6 1 " 0.46" 1 6 7 
421-032-RT3 175.8 1" 0.80" 1 5 10 
42 1 -034-RT4 199.05" 0.00" 1 6 13 

* The term "discing" refers to the tendency for core to split spontaneousIy into thin discs by the formation 

of closely spaced fractures perpendicular to the core axis, For further information on discing see page 20. 



Coarse grained Granite 

strong low-dipping fabric 

4 uniaxial compression tests 

27 Brazilian Tests 

40 Point Load Tests 

Medium graineci Granite 
weak low-dipping fabnc 

3 uniaxial compression tests 

9 Brazilian tests 

20 Point Load Tests 

Fine grained Granite 
subvertical fabric 

4 uniaxial compression tests 

21 Brazilian tests 

43 Point Load Tests 

-. Fine grained granite (dyke)r 

Figure 8. Distribution of measurements relative to rock structure. The orientation of the 
arrays relative to the local rock structure is shown (iayering 1 foliation indicated by the 
line symbols). The influence of the subhorizontal layenng is tested by the arrays in the 
coarse and medium grained granite, while the influence of the subverticd layering in the 
fine grained granite is tested by the third array in the fine grained granite, which occurs as 
dykes intruding the medium and coarse graineci granites. The geometry of the complete 
sample array at each location is also shown. 
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Figure 9. Approximate extent of the zone of core discing around a tunnel at the 420 Level. 



Table 6. Sample Properties 

Diameter Thickness Densitv 
(mm) (mm) *cm3 

Granite type Number of 
samples max max rnax 

mean mean (average) mean 
min min min 

Fine grained granite 21 44.9 1 28.36 2.67 

Medium grained granite 

Coarse grained granite 27 44.8 1 27.55 2.72 
44.60 25.05 0.56 2.65 
44.43 22.03 2.54 



Chapter 2 

LITERATURE REVIEW 

2.1. Introduction 

Understanding the mechanism of fracture development around underground openings is 

important for the design of a safe and stable opening. This understanding applies to 

mining and civil engineering works as well as nuclear waste disposal vaults. The 

Canadian concept for disposhg of nuclear fuel waste involves placing and sealing it in 

excavations 500 to 1000 m deep in plutonic rocks of the Canadian Shield Of concern is 

the potential for significant propagation of existing fractures or the creation of new 

fractures (excavation damage) during construction. Interconnected fractures could 

reduce the effectiveness of the rock as a bmier  to contaminant movement by providing 

pathways for groundwater to transport contaminants released fiom a disposal vauit. 

The literature was reviewed for studies that considered the role of rock mass anisotropy 

in excavation-induced displacements around tunnels with particular emphasis on 

cylindncal tunnels in highly suessed brittle rock masses. More specifically, the 

objectives of this literahve review were to identify information relevant to the objectives 

of this thesis regarding: 



1. the factors affecting rock strength, 

2. the influence of foliation and other fabncs on strength and excavation response in 

rocks where these structures are weIi developed and f h t  tested (slates, schists, etc.), 

and for granites in general, 

3. the laboratory methods designed to test for and quant- anisotropy in rock mass 

response at a variety of scales and in different rock types, 

4. the recognition of primary and secondary fabrics within plutons, and 

5. previous related work within the Lac du Bonnet Batholith. 

A recent compilation by the United States National Research Council(1993) reviewed 

the state of the art regarding the stability problems that occw in sediments and 

metarnorphic rocks, with less emphasis on granite or other crystalline intrusives or 

extmsives. The editors concluded that field observations on circular openings of varying 

scales have highlighted the complex interrelationship between: 

1. the stress field (either static or transient), 

2. the geometry of the opening (radius and time dependence), and 

3. the in-situ material characteristics (strength, discontinuities, and rockmass 

anisotropy). 

Factors inducing strength reduction in rock include: 

1. time-dependence, 

2. influence of pore fluid on strength, 

3. influence of specirnen size, and 

4. influence of anisotropy. 



CHAPTER 2. LITERATURE REVIEW 

The fmt  three factors, although important in predicting rock mass response to excavation, 

are of secondary importance to thk thesis, affecting o d y  the collection of samples and 

the rock properties testing. Each of these is exarnined in the sections 2.2-1 to 2.2.4 

following. The influence of anisotropy, the subject of thk thesis, is reviewed in the most 

detail. 

2.1.1. Influence of pore fiuid on strength 

The presence of water in the pores of a rock causes a reduction in its uniaxial 

compressive strength. Hoek and Brown (1985, p. 155) showed that the presence of water 

caused the strength of samples of shale and sandstone to reduce by a factor of 2 hPm 

oven dried to saturated specimens. The following ratios between the uniaxial 

compressive strengths of dry and saturated specirnens were reproduced by Hoek and 

Brown (1985), fiom Broch (1974). and Colback and Wild (1965). 

Quartz diorite 1 3 1  

Gabbro 1.7:l 

Gneiss (normal to foliation) 2.1:l 

Gneiss (paralle1 to foliation) 1.6: 1 

Sandstone 2: 1 

S hale 2: 1 

Lajtai et al. (1987), on the other hand, found that a reduction in strength for Lac du 

Bonnet granite due to moisture was strongly time-dependent. In a fast uniaxial 
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compression test, the change in strength was negligible. However the strength reduction 

in long-tenn loading tests was considerable, corresponding to a ratio of 2: 1. 

Ao~lication to this thesis: As a precaution, samples for this thesis were stored and tested 

under the same conditions (Le. dry), and tested at the sarne time. Accordingly, the 

differences observed between rock types are considered to be intrinsic differences 

between the rock types and different sample orientations, rather than to differences in 

rnoisture content, 

2.1.2. Influence of specimen size 

One of the most common explmations given for the differeuce between the laboratory 

strength of rock, and the rock strength found in-situ, is the eflect of specimen scale 

(Martin, 1 993). However, the rock mechanics literature contains a number of conflicting 

observations on the effect of specimen size upon the strength of rock. As noted by Hoek 

and Brown (1 985, p- 157) for the general case involving al1 rock types: 

1. some authors report no change in rock strength with change in specimen size (e.g. 

Hodgson and Cook, 1970; and Obert et al., 1946), while 

2. others note significant strength reductions with increasing specimen size (e-g. Mogi 

1962, Bieniawski, 1972; Pratt et al., 1972; Protodiakonov and Koihan, 1963; and 

Hoskins and Horino, 1969). 
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The case for scale-dependence specific to the Lac du Bonnet granite, was examined in a 

comprehensive study conducted by Jackson and Lau (1990), Lau and Gorski (1 99 1 a,b,c) 

and Martin (1993). 

Uniaxial compressive stren& and scaledependence 

The study by Jackson and Lau (1990) was conducted specifically to study the effect of 

specimen size on the ambient-temperature uniaxial mechanical properties of the Lac du 

Bonnet grey granite. According to the authors: 

1. Specimens up to 63 mm, while showing some variation, indicated no trends with 

increasing specirnen size. 

2. However, as specirnen diameters increased from 63 mm to 294 mm, the uniaxial 

compressive strength and tangent modulus of elasticity decreased. 

Jackson and Lau (1990) concluded that " ..This decrease is well explained by the 

increased probability of the existence of a critical flaw or flaws in larger specimens 

(Weibull's "weakest link" theory) and is adequately described by any of the Hoek and 

Brown, Gyenge and Herget or Weibuil models". Martin (1993) concluded, " the effect 

of scale on the compressive strength of Lac du Bonnet granite is not very significant" for 

the normal core diameter range (Le. below 63 mm). 

Field evidence collected by the author for this thesis supports the interpretation by 

Jackson and Lau 1990. The samples for the study by Jackson and Lau (1990) and also by 
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Lau and Gorski (199 1 a, b, c) were taken fiom what was described as "massive grey 

granite". In reality, the granite fkom which their samples were taken is layered, with the 

layenng varying between 100 and 300 mm in thickness, and the layers separated by thin 

planes of aligned biotite (Eventt and Read, 1989, also Figures 10, 12 and 13 of this 

thesis). It is suggested by the author that the decrease in strength in the larger samples 

obtained by Jackson and Lau (1990), reflects the increasing likelihood that these samples 

contain more than one layer and layer boundary (Le. their critical flaw or flaws 

interpretation). 

For this thesis, the diameter (43 mm) for uniaxiai compression test samples is in the mid- 

range where no size effect was noted by Jackson and Lau (1990) or Martin (1993), and 

was small enough to keep the samples as texturally and structurally homogeneous as 

possible. This Iast point was a concem as samples chosen for this thesis were specifically 

chosen to avoid having multiple orientations of foliations. 

Tensile strength and scaledemndence. 

Hodgson and Cook (1970), and Martin (1993) showed that under uniform stresses, tensile 

strength would be independent of size. However, in situations with high stress gradients, 

such as are created by Brazilian testing, strength will be a fiinction of sample size. with 

Brazilian tensile strength showing an increase at the smaller scdes. This was based on a 

cornparison of test results from samples with diameters of 25 mm, -30 mm, -35 mm, 43 

mm, - 50 min, -55 mm, 63 mm and -105 mm. Nevertheless, it bas been shown that 

tensile strength is independent of sample size for the most comrnon core diameters (35 - 
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63 mm). For the LDBB, Martin (1993) concluded that samples larger than 63 mm 

diameter were beyond any scale effect and provided an accurate measure of tensile 

strength for granite from the Lac du Bonnet granite. Similar results were obtained by 

Wijk et al. (1978) for the Bohus granite. 

In this authors view, the caution about sample size relative to the scde of textural/ 

structural domains in the rock also applies here. That is, the decrease in strength in the 

larger sarnples may reflect, at least in part, the increasing likelihood that these samples 

contain more than one layer and layer boundary (Le. critical flaw). Given this caveat, the 

sarnple size (43 mm) used for this study is regarded as acceptable, especially as the 

objective of the testing is to test for directional anisotropy related to fabric within a given 

suite of samples. The absolute tensile strength of the LDB granite is of secondary 

importance, and as this study demonstrates - tensile strength is rock unit and orientation 

specific anyway. 

2.1.3. Influence of anisotropy 

A rock is mechanically anisotropic when the mechanical behaviour changes for different 

stress orientations. Foliations or Lineations formed by the parallel alignment of 

rnicaceous minerals, or of rod-like minerds like hornblende, impart a strong iextural and 

mechanical anisotropy. Thus, metarnorphic rocks like schist and date are often markedly 

direc tional in their behaviour (Davis, 1984; Goodman, 1989; and Behrestaghi, 1998). 

Anisotropy also occurs in layered mixtures of different components, as in banded 

gneisses, or in alternating sequences of sandstone, shales, cherts, and limestones (United 
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States National Research Council 1993, Hoek and Brown). ln al1 such rocks, strength 

varies continuously with direction and demonstrates pronounced minima when the planes 

of syrnmetry of the rock structure are oblique to the major principal stress. 

According to Goodman (1989), strength anisotropy can be evaluated best by systematic 

laboratory testing of  specimens drilled in different directions from an oriented block 

sample, 

Experimental deformation shidies of the Martinsburg slate by Donath (1 96 l), and a oïl 

shale (intercalated marlstone and kerogen). McLamore (1 966) demonstrated the 

mechanical effect of well developed mechanical anisotropy, by rotating the loading axis 

relative to the fabnc in increments from O" to 90°, the angle between the two king  

referred to as @. The results indicate that a strong mechanical anisotropy will control the 

orientation of the failure plane over a broad range of loading geometries, and that this 

control is reflected by the variation in breaking strengths. Donath (196 1) concluded: 

Jr < 45" failure is preferentially developed along the plane of the slaty cleavage, with 

breaking strength at its lowest when the fabric is at 30" to the loading axis. 

Jr = 45O to 75" the failure planes reach a maximum of about 60" to the loading axis, and 

the breaking strength continued to increase. 



P = 90" the plane of failure retums to about 30" (considered the ideal angle as would 

exist in a homogeneous rock), and the breaking strength reaches its maximum 

at this geometry. 

The ratio of minimum to maximum unconfineci compressive strength in the slate was 

approximately 25% (Donath, 1961), and approximately 17% in the oil shaie (McLarnore, 

1966). The minimum strength occurred at approximately 30° to the fabric plane in both 

examples. Similar results in sandstones were noted by Hoek and Brown (1980), and in 

metamorphic rocks - with the lowest axial strength (at various confining pressures) at 

30" to loading axis. 

Exarnples of structural or textural anisotropies affecting rock mass response in 

sedimentary or metamorphic rocks are common in the literature (Hoek and Brown, 1980; 

Goodman et al., 1993). The causative structures include: 1) spaced singular 

discontinuities at the tunnel-scale, such as bedding planes and joints, and 2) fabrics such 

as foliation, slaty cleavage, or lineations which are pervasive at the tunnel and hand - 

specimen scales. The latter should be considered as an intrinsic characteristic of the 

intact portion of jointed rock (Behrestaghi et al., 1996). 

The anisotropic strength behaviour of four varieties of schists was examined by 

Behrestaghi et al. (1996), through the testing of specimens with varying orientation of 

schistosity with respect to the major principal stress under uniaxial and triaxial 

conditions. The results of this study were anisotropic deformation properties and natural 

planes of fracture defined by foliations. This structural anisotropy influences rock mass 



response through either the development of unstable block geometries. and by anisotropic 

response of the intact rock including the development of fractures in orientations related 

to the fabric (also USNRC, 1993; Goodman et al., 1993). 

The role of bedding in controlling breakouts in excavations has k e n  described by Komar 

and Frohne (1973) and by Haimson and Edl(1972). Oriented Brazilian compression 

tests (Ewy et al., 1988b) determineci that the failure location was controlled by rock 

strength anisotropy, with failure occun-ing where the tangentid stress amund the hole 

was parallel to the bedding plane. These examples are analogous to the situations at the 

URL described in Chapter 1 of this thesis (Figures 4,s and 6), with the foliation and 

composi tional layering in the LDBB granite corresponding to the bedding and SC histosi ty, 

respectively, 

The conclusions by the United States National Research Council(1993) regarding the 

role of rock mass anisotropy, and their signifkance to this thesis were as follows: 

1. ". . . The role of anisotropy , discontinuities and imperfections wiil undoubtedly play 

an even stronger role in engineering situations outside of a controlled laboratory 

environment , . . ", 

2. many factors affect the displacements and ultimate stability of both shafi and tunnel 

wail rock. ". . . Foremost among these are the magnitude and ratio between the 

horizontal principal stresses, the extent of rockmass anisotropy and geological 



discontinuity, the time Iag between excavations and support installation, and the 

influence of intersections into the primary opening, such as shaft stations and loading 

pockets". 

These factors were considered in the selection of sample locations to assess the role 

of rockmass anisotropy for thïs thesis. Al1 samples are fiom intact rock and are 

confined to a single in-situ stress domain. Al1 samples are from the portions of 

tunnels remote from intersections with adjoining excavations, fiom the ends of 

tunnel, and from the ends of blast rounds. 

3. ". . . that there are no strict lithology rules.. ." .. their synopsis emphasizing the 

importance of the in-situ stress field in combination with the materials strength 

characteristics, and highlighting the risk of arbitrarily correlating excavation stability 

with lithology. This may be re-phrased as the risk of assuming that there is a typical 

behaviour from any given rock type. 

This last statement is especiaily noteworthy, as will be demonstrated in this thesis, where 

statements such as the following from the Iiterature are shown to be oversimplifications. 

1. The LDBB is a type example of a homogeneous granite (Hoek et ai., 1995) where the 

authors noted that there was "no influence of geolo~v" to be seen in the damage 

zones about the URL excavations. 
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2. The fine grained phase of the LDBB granite is stronger and less susceptible to 

damage than the medium grained granite (Martin, 1990; Martin, 1993; Lau et al., 

1991 a, b, c). 

As was noted earlier in Chapter 1 of this thesis, and as wiii be exarnined in the chapters 

following, the extent of excavation damage within a particular variety of the LDBB 

granite depends upon the orientation of its fabnc relative to the orientations of the 

excavation and the in-situ stresses. 

2.2. The Experimentd Determination Of S trength Anisotropies 

This section identifies methodologies from the general literature which were used, in 

circumstances sirnilar to those of this thesis, to define mechanical anisotropy and its 

relationship to fabnc anisotropy. Specific objectives were: 

1. to determine if there are naturally occurring directions of preferred fracture in 

otherwise intact rocks, 

2. to correlate these with variations in the tensile strength, and 

3. to determine the compressive strength and its variations with orientation. 
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2.2.1. Determination of Teosile Strength 

Tensile fracture is a ubiquitous feature of rock failure ranging in size from micro- 

fractures to the large-scak explosive failure accompanying rock bursts. Hence the 

resistance of rock to failure in tension, the tensile strength, is one o f  the fùndamental 

parameters of rock strength. 

Although the measurement of tensile strength is perfomed in many projects in a routine 

manner, little attention has been paid to possible variation in tensile strength with the 

direction of loading (lajtai, 1980; Duncan, 1987)- 

Methods to detemine the tensile strength, and its variation with direction, include the 

point loading and line-Ioading (Brazilian) tests. 

In the point-loading method, core discs are loaded axially between a pair of indentors 

while in line-loading method; the disc is placed on edge and loaded in the direction of its 

diameter between two flat platens. 

In the line-load or Brazilian method, the diametral fracture plane is constrained by the 

position of the  loading indentors, while in the point-Joad test, the diarnetral fracture plane 

is free to take any orientation. In practice, failure tends to be controlled by 

heterogenei ties in the rock, such as foliations or microcracks, which are close to or 

parallel to the plane of failure under this ioading geornetry. Heterogeneities well outside 

this plane, such as incipient core discing, do not affect the test. 
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According to Lajtai (1980) ".. . The Brazilian test seems to yield a more accurate 

definition of both the tensile s m g t h  and its variation with direction ... (and is the more 

comrnonly applied tool for this application in rock mcchanics) .... The point load test is 

more suitable for the determination of the minimum value of tensile strength, and ...( in 

detennining if there are preferred directions of fracture)..,". 

2.2.2. Point Load Test 

This method has been used to determine if there are preferred orientations of failure 

under conditions of tensile fracture, in what may otherwise appear to be intact rock. 

Testing under controiied conditions has shown that, in artificially produceci isotropic 

materials, such as a concrete aggregate composed of cernent and fine grained sand, 

tensile fractures induced by Point Load testing develop in random orientations (Paulman, 

1966). However, the same test method applied to a variety of rock types is consistent in 

producing one or more prefemed orientations of test-induced tensile fractures, whose 

orientations are, upon inspection, found to be con~olled by natural microcracks or others 

structures which: 1) refiect the rock's deformation history, and 2) which are pemasive at 

the specirnen scale. Examples include: 

1. Test-induced fractures correlate with the microscopie fractures in sandstones 

(Cardium sandstone - Reik and Cume, 1974). (Mispec, Peny and McCoy sandstones 

- Lajtai and Alison, 1979), and (various Devonian to Carboniferous sandstones from 

New Brunswick and Prince Edward Island - Lajtai, 1980; Lajtai and Stringer, 1991). 
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2. Test-induced fractures correlate with the microscopic fractures in granite (Shield 

Quarry, Manitoba - Duncan, 1987, and the Charcoal granite - Friedman and Bur, 

1 974). In the latter exarnple, a preferred orientation of  residual strain and framework 

of feldspar grains with approximately the same attitude as the microscopic fractures 

was considered as contributing to the fiacture anisotropy). 

More commonly in rock engineering, the Point Load test is used as a relatively simple 

method to detennine a strength index, the Point Load strength index, which is related to 

the uniaxial compressive strength of rock (Broch and Franklin, 1972; Bieniawski, 1975; 

Broch, L983). The Point Load Strength Index" is given by the following (Goodman, 

1989): 

Point Load strength index (MPa). 1, = P I D ~  , 

where P = the load to break the specimen, and 

D = the distance between the platen contacts. 

According to Goodman (1993), tests are nonnally done on pieces of drill core at least 1 -4 

times as long as the diameter- In practice, there is a size effect so a correction must be 

made to reduce results to a common size. Point Load strength is found to fa11 by a factor 

of 2 to 3 as one proceeds from cores with a diameter of 10 mm to diameters of 70 mm; 

therefore, size standardization is required. The Point Load index is reported as the Point 

Load strength of a 50 mm core (size correction charts are given by Broch and Franklin). 



2.2.3. Brazilian Tensile Streagth Tests 

The Brazilian test is a recognized as an indirect but convenient method for estimating the 

tensile strength (Goodman, 1989). It has been found that a rock core will split dong the 

diameter and parallel to the cylinder axis when iine loaded on its side in a compression 

machine. The reason for this can be demonstrated by examining the stress inside a disk 

loaded at opposite sides of a diametral plane. In such a configuration the horizontal 

stresses perpendicular to the loaded diameter are u n i h m  and tensile. At failure their 

magnitude detemiines the tensile strength: 

2P Brazif ïanTen.de strength, a,, = - mt 

where P = load at failure, 

D = diameter of the specimen, and 

t = thickness of the specimen. 

The "Brazilian tensile strength - a &' (in MPa) is estirnated fiom the test result from the 

applied stress corresponding to the peak compression load. The actual cause of M u r e  

may in fact be more cornplex, reflecting the interaction of small-scale flaws, compression 

parallel to the eventual rupture plane, and the horizontal tension induced by this loading. 

The Brazilian test has been found to give a tensile strength higher than that of the direct 

tension test, probably owing to the effect of grain-sale (and larger) discontinuities. 

However, the Brazilian test method is preferred, as it is much easier to perfonn this test 
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than to arrange the precise alignment and end preparation required for a direct tensile test 

(Goodman, 1989). 

Jaeger and Cook (1979) compared tensile strengths results as determined by various test 

procedures. For three different rock types it was found that Brazilian tensile strengths are 

generally sirnilar in range to direct uniaxial tensile strengths but only haIf the value of 

three-point bending tensile rupture strengtbs. Lajtai (1982) also found that Brazilian 

tensile strengths of LDBB granite to be approximately half the three-point bending tensile 

rupture strength. He attributed strength variations to volume differences as specified by 

Weibull's theory. Based on Jaeger and Cook's (1979) discussion it may be concluded 

that a higher tensile strength of intact Shield granite determined using the modulus of 

rupture tests is Iikely the function of the mechanics of the physical testing procedure: the 

Brazilian tensile test sets up a uniform tensile stress normal to the diametrd plane of 

compression of a rock disc k ing  loaded uniaxially, whereas the rnodulus of rupture test . 

is a three-point bending procedure that sets up non-unifom stresses through the sample 

in the direct plane of loading. This produces a zone of compression in the upper portion 

of the block, and a zone of tension in the Iower portion of the block. The resulting stress 

gradient leads to higher tensile strengttis. 

Duncan (1987) noted that the rupture tensile strength data did not corroborate the sarne 

tensile strength anisotropy indicated by the BraziIian tensile strength data, which shows a 

good correspondence with the microscopie fracture anisotropy. He concluded that . . ." 

the Brazilian tensile strength test is very sensitive to the Mcroscopic fracture properties 
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that exist.. .", and that the modulus of rupture test method is not as effective a test 

procedure for detemining tenuous differences in tensile strength in granite- 

2.2.4. Compressive strength 

Methods to investigate the effect of fabric anisotropy on compressive strength and other 

deformation properties have been described in several references in recent literature- 

The testing methods are similar, regardless of rock type, and follow the general procedure 

laid out by the earliest investigations into anisotropy in rocks, such as the by Donath 

(1 964), and for other, less obviously anisotropic rock types as: 

Sbale Mesri and Gibala (1 972), 

Metamorphic rocks Behrestaghi et al, (19961, 

Granite Feves and Simmons (1 976); Duncan (1 987); and 

Kusumi et al. (1997). 

LDBB granite Duevel and Haimson ( 1997); Lajtai ( 198 1 ); Lau and Gorski 

(1 990; 199 La,b,c); and Lau et al. (1 994). 

The anisotropy or anisotropies in the rockmass are identified prior to testing. using one or  

more of the following techniques (from Sano et al., 1992; Hoek and Brown. 1980: 

Goodman, 1993): sample surface mapping, petrographic examination. sonic velocities, 

variations in tensile strength, or thermal conductivity. 
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Oriented samples are then taken nom the rockrnass, with the structural anisotropy 

(usually slaty cleavage. foliation bedding, or microcracks) inclined at angles fiom O0 to 

90°, usuaiiy through increments of 20"-3û0 to the intended loading a i s .  

Alternatively, comparatively homogeneous rocks, granites in particular, have been cut to 

provide cylindrical samples parallel to each of the following: the rift, the grain, and the 

hardway as defined fiom the quarrying operations where the samples were collected. In 

each study, these structures are correlated with sets of natural (ancient) microcrack 

development. The sample set is therefore intended to investigate the influence of the 

microcrack sets on compressive strength and other deformational properties (Feves and 

Sirnmons, 1976; Duncan, 1987). 

Samples are then subject to one or more of the foilowing test procedures: uniaxial or 

triaxial compression tests, single or cyclic, conducted under saturated or unsaturated 

conditions (e.g. shale - Mesri and Gibala, 1972; granite - Feves and Simmons, 1976; 

Duncan, 1987; LDBB granite - Duevel and Haimson, 1997; metamorphic rocks - 

Behrestaghi et al., 1996). 

The data from these tests is then plotted as senes of conventional stress-strain diagrams 

for each sample orientation, or as rose diagrams or x-y plots illustrating the variation in 

the measured parameter with the (hm-dimensional) onentation of one of the structures 

present. In spite of the fact that most rocks contain more than one fabnc elernent at 

various angles of intersection, the use of three-dimensional or stereographic projections 
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to portray such data are rare in the literature, even when the effect of intersecting fabric 

planes is the topic of discussion (e-g. Figure 77, p. 163 of Hoek and Brown (1980), which 

shows the variation in rock strength for a rock with multiple discontinuities, by means of 

a rose diagram of axial strength against discontinuity inclination ). 

2.2.5. Application to this Thesis 

The methods used in this thesis were those outlined in the preceding sections. Point Load 

tests were employed to determine if there were preferred directions of fracture in the 

massive rocks of the LDBB, and Brazilian tests to determine if there are variations in the 

tensile strength with the direction of loading. The Point Load index was catcuiated for 

each of the samples tested in this thesis to show strength differences between rock types 

and from di fferent orientations. 

Directional variation in uniaxial compressive strength related to layering and other 

structures was investigated using a series of samples from an array of boreholes. 

Oriented samples were then iaken from the rockmass, with the structural anisotropy 

(layenng or microcracks) inclined at angles from 00" to 90°, usually through increments 

of 20"-30°, to the intended loading axis. The data from these tests are plotted as series of 

conventional stress-strain diagrams for each sample orientation, and then summarized for 

each rock type using x-y-z diagrams depicting various measures of compressive and 

tensile strength versus orientation (Chapter 9). 



2.3.1. Introduction 

Although rock fabric is a well recognized factor infïuencing rock strength and response in 

metarnorphic and sedimentary rocks, plutonic rocks (whether mafic to felsic) are still 

generally regarded as homogeneous and isotropic. with the LDBB k i n g  descnbed as a 

massive (Martin. 1993), and a type example of an isotropic granite in a recently published 

general reference text (Hoek et al.. 1995). This assumption of granite isotropy has been 

maintained in spite of: 

1. nearly a century of literature on the structural and textural variations within plutons. 

such as presented in the original work by Bak (1937). Cloos (1946), Mayo (1941), 

2. repetition of the conclusions in later compilations such as in Dennis (1972). and 

Davis (1984), and Bouchez (1997), 

3. recent case studies appearing in the published literature and major conference 

proceedings on the complexities of pluton structure by Bouchez (1997)- Cruden 

(1990), Cruden and Lanueau (1994), and 

4. for the LDBB in particular. detailed mapping of pluton structure by McCrank (1985). 

Brown et al. (1989a), Cerny et al. (1987). Stone et al. (1989), Eventt and Brown 

(1986), Everitt et al. (1990, 1994, 1996 and 1998). 



The inappropnateness of the assumption of granite isotropy as it affects geotecbnical 

investigations, including work for a used fuel disposal facility, has been noted by 

Goodman et al. (1993). They concluded that in addition to joints, granites aiso contain a 

variety of foliation planes and schistose zones. The authors aiso noted that insufficient 

attention has been paid: 

1. to mapping the structural complexity of granite in site investigation programs, and 

2. to incorporating this complexity in the design of sampling programs to define rock 

properties. 

It is suggested here, from the literanire reviewed for this thesis, that this tendency to refer 

to granitic plutons as homogeneous and isotropic may be due to a combination of the 

following four factors: 

1. Inadeauate site investigations or im-perfect evaluation of geological information, as 

emphasized by Goodman (1993). Davis (1984, p.255) noted that: " . . . foliations and 

lineations in granitic rocks are not always conspicuous. Many granitic rocks display 

very subtle foliations and/or lineations whose physical reason for existence is not at 

al1 obvious. Microscopic study is often required to determine the petrographic basis 

for the foliations and lineations. Foliation and Iineation may reflect any number of 

textural configurations, including aligned feldspars, elongate or discoidai quartz, and 

closed-spaced fractures or cleavages ". 



2. Scale of Observation: It is inherently difficult to recognize fabncs in coarse grainecl 

rocks in general. and especiaily in core samples whose limited dimensions rnay 

obscure structures othenvise readily apparent in outcrop. The latter point is especiaily 

problematic when samples are routinely shipped from a remote site to another 

location for lab analyses, without mention of the core orientation relative to any local 

fabrics. 

3. Limitations to site investigation. Most geotechnical work pertaining to plutonic rock 

originates with the various international nuclear waste programs. Apart fiom the 

Canadian program, which is unique in having large volumes of intact or sparsely 

fractured rock (Davison and Sirnmons, 1985; Davison et al., 1989, 1993) the granites 

investigated by other countries with a similar disposal plan, are aii sited in naturally 

fractured blocky rock (S weden (Stanfors, 1996; Backblom and Olsson, 19961, 

Finland (Vira, 1996; Tolppanen et al., 1998), France (Raynal, 19%), Spain (Olmo, 

1996), Belams (Kudelsky, 1996), Ukraine (Khshchov and Starodumov, 1996). 

The high fracture frequency in the waste disposal programs of other countries 

overshadows any flow and mechanical anisotropy that may be induced by foliation 

and other fabrics . Accordingl y, site characterization and design in these programs has 

concentrated on modelling rock mass response for a discontinuous medium (e.g. 

Christiansson, 1989; Christiansson and Hamberger, 1991; Komfalt et al., 1991; 

Olsson and Conterra AB, 199 1; Ouchterlony et al., 199 1 ; Rawlence, 1990). The 



rockrnass within the fracture-bound blocks tends to be ignored or is considered 

isotropic. 

4. Sam~line bias. The aimost universal assumption of granite homogeneity that appears 

in the literature is perhaps the result of a fundamental sampling bias, inherited fiom 

the dimension stone industry @SI) where homogeneity is the prime basis for 

selecting a quarry, and for its continued development. Dimension stone is defmed 

as: a natural rock material that has been selected, trimmed, or cut to specfied or 

indicated shapes or sizes with or without one or more mechanically dressed surface" 

(Taylor, 1992). 

In a recent compilation of the DSI in Ontario, Marmont (1993) notes that the geology 

of a prospective dimensionai granite quarry should be as simple as possible. In te- 

of lithology, this means that the quarry should ideaily consist of uniform 

granite/granite gneiss free from crosscutting veins, dikes and inclusions of other rock 

types. 

The dimension stone industry Literature therefore shows a strong bias towards the 

selection and development of the most homogeneous plutons or parts of plutons 

(Bergeron, 1991a,b,c; Gerow and Bellinger, 1990; W, 1989a,b; Hill, 1990a.b; Hinz 

et al., 1994; Kennedy and Shelock, 1988; Lacey, 1989; Marmont, 1993; Martinsen et 

al., 199 1 ; Ontario Ministry of Northem Development and Mines, 1989, 1990,1992; 
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Papertzian and Earrow, 1995; Verschuren et al., 1986; Verschuren et al., 1989; 

Verschuren et al., 1985; and Vos et al., 198 1). 

This bias has Iikely suppressed the provision of more representative sampling of 

granite. Such a bias is especiaily significant when one considers that the published 

Iaboratory work identified in this literature review is largely based on samples 

provided by quarries. Examples include: 

Westerly Granite - e.g. Kronenberg et al. (1990); Feves and Simmons (1976), 

Oshima Granite from the Yamanashi Quarry, Barre Granite fkom the Rock of 

Ages Quarry, and Chelmsford Granites from the Fletcher Quarry - Sano et 

aL(1992). 

Lac du Bonnet Batholith fiom Cold Spring Quarry - e.g. Svab and Lajtai (198 1); 

Duevel and Haimson (1997); and Martino J.B. (1994). 

Samples of an u ~ a m e d  granite pluton fiom the "Shield Quanies of Canada" 

near Whitemouth, Manitoba. - Duncan (1987). 

In spite of these oversights and sampling biases, review of the recent geotechnical 

Iiterature indicates progress has been made in a number of areas relating to the 

recognition of the existence of fabric anisotropy in granites, and the effe t  of this 

anisotropy on measured rock properties. (e.g. Kronenberg et al., 1990; Goodman et al., 

1993; Goodman ,1993; USNRC, 1993). The next sections review progress made in: 

1. the recognition of original and deformation fabrïcs within plutons, 

2. and evidence fiom the dimension Stone industry @SI) and the general geotechnical 

literature for the influence of this fabnc anisotropy in producing mechanical 

anisotropy in granite. 



2.3.2. Field evidence for prîmsry and secondnry fabric snisatmpy in granite, 

Evidence for significant fabnc anisotropy in granites is increasingly apparent in the 

geological literature. Relatively recent compilation maps of Ontario (e-g. Stockwell, 

1370) did not differentiate between the various types and ages of granite within the vast 

areas between the greenstone belts, nor did the mapping efforts include much work on the 

internal structure of these plutons. However, the granites within each geologic province 

of the Canadian Shield have since been subdivided and re-classified on the basis of 

composition, internai structure and age of intrusion (Thunton et al., 1991; 1992 a,b; and 

Card and Poulsen, 1998). Some types most usually predate regional deformation, while 

other types generally postdate it; however, these relatioaships Vary locally. The timing of 

intrusion relative to orogeny is important as it defines to some extent: 

the style and extent of fractures found within the batholiths, 

the complexity of the pluton's geometry and internal structure, 

rn the types of faults, fractures, deformation structures and recrystailization present, 

and fiom these 

the in-situ stresses and rock properties. 

Table 7 provides a highly abbreviated summary of the plutonic rocks of the Superior 

Province. The "vast pink areas" shown in the geological maps of Canada fiom the 

1970's (Stockwell, 1970) are now recognized as including 5 separate suites of plutons, 

each with its own range of compositional variation and structures. 



Table 7: 
Plutons Suites in the Superior Province (Thurston et al., (eds.) 1991, 1992 a,b). 

- - 

Suites 1,2: Gneissic Tonalite Suite & Foliated Tonalite Suites: This suite is largely 

Suite 3: 

Suite 4: 

Suite 5: 

pre-orogenic and as such, is recrystallized and moderately to strongly 
deformecl. It occurs as large cornplex batholiths to siLi-like remnants, which 
incorporate several compositional varieties. The interna1 structure of these 
suites tends to be very complex and heterogeneous with abundant, often 
kilometre-scaie, mafic inclusions and strong compositional layering, and 
several generations of granitic and mafic dykes. Secondary and relict primary 
foliations and lineations are widespread. 

Granite-Granalionte Suite: This suite includes the Lac Du Bonnet Batholith, 
and is often the most abundant pluton type in any given subprovince. In form. 
many are generally curved sheet-like crescents that may outcrop over a 
considerable area but be relatively thin in section (les than 2 km thick). 
Others may reach considerable dephs (iû- 15 km) and may outcrop over an 
area of 2000 km2 (e-g. the Lac du Bonnet Batholith). This suite is generally 
regarded as syn-tectonic but, in some areas, it includes rnulti-phase pulses, 
some syn-, some late- and some pst-tectonic. Their intrusion near the end of 
the Kenoran Orogeny, their size and abundance, and a prolonged cwling 
history are believed to have contrïbuted to the large areas of sparsely fractured 
rock reported in some members of this suite (Stone et al-, 1989; Beakhouse, 
199 1; Breaks, 199 1; M. Gerow, Ontario Ministry of Northem Development 
and Mines, pers. comm., 1993; B. Schrnidtke, Manitoba Energy and Mines, 
pers. comm., 1993; F. Beard, Ontario Ministry of Northem Development and 
Mines, pers. comm., 1994). 

This suite is homogeneous when compared to the other suites, but mapping of 
the LDBB (by the author and others) has determined that much of this 
homogeneity is the result of a sampling bias. 

Muscovite-Bearine Suite: This suite includes syn- or post-tectonic batholiths 
and stocks of regional extent, as well as numerous pegmatitic dykes. 
Individud plutons are generaUy less than a few tens of kilometres in area. The 
granites are comrnonly very xenolithic and have irregular interfingering 
contacts with the surrounding host rock (Everitt et. al., 1998). 

Dionte-monzonite-eranodiorite suite: This suite may appear under a 
variety of names dLpnding on location and the rationale for classification. As 
defined in Thurston et al., (eds. l99la), it includes a compositionally diverse 
group of s yn- to pst-tectonic batholiths. Although widespread throughout the 
Shield, they are neither abundant nor individually large. 



Within any single pluton, recent structural analysis has indicated a wide range of textural 

and structural variations related to the mode of intrusion, timing of intrusion, and the 

effects of later deformation. Examples, with the structures listed in their relative order of 

formation, include: 

sheet-li ke injections of granite between xenolithic zones are common (e-g. Clarke et 

al., 1998; Cruden et al., 1997; Cruden, 1 W8), syn-magmatic folding and a 

subvertical foliation (Roman-Berdiel et al,, 1995)- 

the existence of both pnmary and secondary (deformation) foliations within a single 

pluton (Benn et al., 1998; Gleizes et al., 1998; Djouadi et al., 1997; Riller et al., 

1 W6), 

Textural variations indicative of the progressive ductile deformation of a pluton 

(Schulmann and Mlcoch, 1996; Riller et al., 1 W6), 

several sets of fractures including early brittie structures related to the crystallization 

and cooling of the pluton (Rousell and Everitt, 1981; Guermani and Pennacchioni, 

1998), 

partial erasure of such joints by subsequent localized ductile deformation (Guermani 

and Pennacchioni, 1998; Rousell and Everitt, 1977; 198 1 ), and finally, 

one or more episodes of brittle deformation and joint formation. 

The orientation and density of these fractures is &en controlled by compositional and 

textural anisotropy. Examples of fabric control of joint orientation in granite are 
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described in Reitan and Murphy (1983). Rousell and Everitt (198 1). Guermani and 

Pemacchioni (1997). 

2.3.3. Application to this thesis 

As such, there is abundant field evidence supporting the view that homogeneity of 

granites is more the exception rather than the rule, and that granites are intemaily 

cornplex with structures that influence their mechanicd properties. 

The need to recognize this heterogeneity when sampling for geotechnical investigations 

was emphasized by Bouchez and Gleizes (1995). The authors made speciai mention of 

the need to create ". . ..a sampling pattern consistent with mapped rock types.. -" so that 

measured rock properties are representative- 

This precaution has been overlooked in geotechnical studies, such as in dam foundations 

as noted earlier by Goodman (1993), and in the sampling for previous rock properties 

testing done for the Canadian Nuclear Fuel Waste Management Program, as discussed in 

section 2.5. 

The next section examines correlations between rock fabric and rneasured rock 

properties, as noted by the dimension Stone industry (DSI), and in select references fiom 

the literature. The former provides field-scale evidence of fabricl rock properties with 

some lab analyses, and is useful in indicating how common granite anisotropy actually is. 
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The role of layering, foliations, texture, and microcracks in rock response is exarnined 

through selected investigations frorn general geotechnical literature. 

2.4. Field And Laboratory Evidence For Mechanical Anisotropy In Granite. 

This section summarizes the influence of fabric anisotropy, in producing anisotropy in 

rock properties as determined fiom select case studies in the literature. 

The influence of large-sale layering, grain size, mineral alignment and natural 

microcracking are presented in tum. However, it is recognized that the effect of each of 

these fabric anisotropies are interrelated, and in many cases it is not possible to separate 

out the individual effect caused by (e-g.) the alignment of grain boundaries (foliation) 

and grain boundary cracks. 

2.4.1. Large-scrile (e.g. decimetre) compositional layering or heterogeneity 

Various texturehck mass response phenornena have been identified in granite by the 

DSI and in the general engineering literature. Marmont (1993) and others have made the 

foilowing observations in recent compilations of the DSI. 

The DSI follows the Amencan Society for the Testiog of Materials (ASTM) 

specifications for the standards which building stones shouId rneet, and the test methods 

to establish them (e.g. ASTM, 1989). The more important tests measure water 

absorption, rnodulus of rupture, compressive strength, abrasion resistance and flexural 

strength. Other tests measure the thermal coefficient of expansion, weather resistance, 

stain resistance, and indentation under concentrated load as a measure of serviceability 
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fhlarmont, 1993). Significantly, it is noted that ". . - .slabs sawn in different orientations 

from the same rock may have markedly different strengths, and care must be taken to 

determine the rock's properties in each direction.. .". Marmont aIso notes that 

". . .potential planes of weakness may Lie parallel to the layenng in some granites.. .". 

This statement applies equally to the primary layenng observed in tme granites, as weil 

as to the more obvious metamorpàic layering in gneisses. 

2.4.2. Influence of texture 

For this discussion, texture is lirnited to grain size. Efforts to define the influence of 

foliation and lineation on mechanicd properties are described in following section. 

Zarifa (1998) acknowledged that: 1) granitic rocks show a variety of engineering 

properties that may affect quarrying operations, tunneling, mining, dope stability and the 

use of rock as a construction material, and 2) that the physical and mechanical properties 

of granite are a function of the rninerdogical and textural characteristics of the rock. He 

applied correlation analysis to investigate the relationships between petrographical and 

engineering properties of a variety of granitic rocks from different parts of Turkey. 

These were subjected to petrographic analysis, the samples were then tested to determine 

specific gravity, dry and saturated unit weight, water absorption, effective and total 

porosity, sonic velocity, Schmidt hardness, point load strength index, uniaxial 

compressive strength, t e n d e  strength and modulus of elasticity. The relationships 

beiween these properties and the petrographical characteristics were then descnbed by 

regression analyses. The study revealed that the influence of the textual characteristics 



on the engineeri: .g properties appears to be more important than the mineralogy. It also 

detemined that the types of contacts, grain shape and size significantly influence the 

engineering properties of the granitic rocks- These results are consistent with those 

obtained from similar tests on the LDBB (Svab and Lajtai, 198 1)- 

Marmont (1993) and Stecich et al. (1992) identified potential structural problems in 

dimension Stone quarrying associated with coarse or very coarse grained granite. 

According to these authors, very coarse-grained granites are not as widely used as finer- 

grained varieties, and equigranular varieties are preferred over porphyritic. The coarser 

or more inequigranular rocks are recognized as k ing  susceptible to time-dependent 

degradation by stress relief cracking along grain boundaries or along the cleavage planes 

in feldspars. An exarnple of such degradation is especially well developed in a highly 

stressed intact outcrop exposed at a quany near Whitemouth, owned by Canital Granite 

of Manitoba (Schmidtke, 1986; also Everitt et al., 1994)- Specimens, cut and polished to 

serve as floor tiles, will disintegrate after a storage period of as little as a month due to 

the propagation of grain boundary microcracks. 

2.4.3. Mineral alignment and natural micrucracking 

In addition to the aforementioned responses related to grain size, it has also long been 

recognized that even the most homogeneous and uniform granites usually possess a 

microscopie structure which predisposes them to break more easily in one direction than 

another (Duncan, 1987; Marmont, 1993). This is usually caused by weak alignment of 

elongate mineral grains, and /or by sets of petvasive natural microcracks, either 
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intergranular, or transgranular (Richter and Simrnons, 1977). The DSI terminology for 

this mechanical anisotropy is as foiiows: 

rift: the direction dong which granite splits most easily is the called rift, 

grain: the next easiest direction of splining, 

hard way: the direction dong which the rock is hardesi to split (also known as the 

"head). 

The rift is commonly horizontal or vertical, the grain is usually perpendicular to the rift, 

and the head perpendicular to rift and grain. These directions commonly correlate with 

batholith structure. S tecich et al. (1992) describes the rift in dome-shaped granite 

intrusions being parallel to the granite's contact with the enclosing rocks. The rift and 

grain are used to plan the quarrying and processing of stone, with stone cut parallel to the 

rift being stronger than stone cut across it. Understanding of this is considered critical in 

large architectural panels (Marmont, 1993). 

Many of the granites included in the dimension stone literature are technically gneisses, 

having undergone one or more episodes of deformation and recrystallization (e.g. 

Marmont, 1993). Marmont notes that good strength characteristics are associated with 

the more massive granites with ". .cornplex interlockhg grain s hapes . . .". In gneissic 

granites a well-developed rift usuaüy accompanies the layering. Many granites also 

possess a linear structure formed by alignment of mineral grains in the plane of the 

layering, which frequently determines the orientation of the grain. The hard way cuts 
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across both layering and lineation. Marmont Accordiog to the author ".. xare must be 

taken in the retrïeval o f  dimension Stone to establish that gwissic layering is-not a plane 

of weakness, , ,". 

2.4.4. Foliations and mineralogy 

Sano et al. (1 992) conducted an experimental determi-nation of the elastic constats for 

the Oshima, Barre and Chelmsford granites. This study is unique in its examination of  

the effect of minera1 anisotropy and its contribution to anisotropic elasticity in rocks. 

According to tbe authors, the major rock foming minerals have anisotropic elasticity, 

with the crystals of quartz, orthoclase and plagioclase k i n g  trïgonal, monoclinic, and 

triclinic, respectively. A preferred alignment or segregation of these minerals within a 

rockmass should therefore result in an anisotropy of the Iinear elasticity and the 

coefficients of thermal expansion for the rockmass. To test this hypothesis, their granite 

samples were cut into polyhedra- These were then used to measure the longitudinal and 

shear wave velocities in various directions of propagation and polarization, which they 

then related to the fabric of the samples. The results showed: 

1. that oriented microcracks are mainly responsible for the orthorhombic elasticity of 

both granites under lower confining pressures up to 120 MPa (6-8 k m  depth). 

2. However, a slight anisotropy, oblique to the microcracks, was found eveo at 

180 MPa. This correlateci with the preferred alignrnent of biotite and chlorite. 



2.4.5. Microcracks: 

In addition to structures such as bedding or foliation, oriented pores and cracks are aIso a 

significant cause of anisotmpy in rocks. The role of naturai microcracks, specifically their 

influence on rock mass properties, was sumrnarized in a review by Sano et al. (1992), and 

by others as follows: 

1. In granitic rocks, oriented microcracks are very typical, and these cracks may be 

associated with either residual or external stresses (Dale ,1923; Nur and Simmons, 

1970; Sprunt and Brace, 1974; Plumb et al., 1984; Kudo et al,, 1987; Homand- 

Etienne and Sebaibi, 1996). 

2. Natural microcracks include the following types: 1) submagmatic, quartz - mica 

filled intergranular fractures mouchez et al., 1992), 2) planes of aligned fluid 

inclusions representing re-sealed ancient microcracks ( h g  et ai., 1989; Rehrig and 

Heidrkk, 1972), 3) oxide-filled ancient microcracks, and 4) open to partiaily sealed 

microcracks formed dong grain boundary and mineral cleavages (Ren et ai., 1989; 

Richter and Simmons, 1977). 

3. The fabric of microcracks in granite rocks shows a correlation with the anisotropy of 

physical properties: for exarnple, with sound velocity (Simmons et al., 1975), 

Young's modulus (Douglas and Voight, 19691, compressibïiity (Tod et al., 1973), 

uniaxial compressive strength (Douglas and Voight, 1969)' tensile strength (Peng and 

Johnson, 1972), dilatancy anisotropy under compression (Scholz and Koczynski, 

1979). 



4. Duncan (1987) in a snidy of a Precambrian granite, found that the presence of 

rnicroscopic fractures in the intact rock influences the Brazilian tensile strengih of 

intact rock, such that reduced tensile strengths occur across those planes characterized 

by a higher degrees of subparallel microscopic fracture development. 

Peng and Johnson (1972) found similar variations in Brazilian tensile strength for several 

orientations of Chelmsford granite. They found that the tensile strength was: 

lowest in the direction normal to the plane of the prefemd orientation of 

microcracks. 

second highest normal to a plane charactenzed as having a preferred onentation of 

mica cleavages, and 

generally higher dong other orientations for which there were no corresponding 

fabric elements. 

Baek (1997) examined the effect of oriented microcracks on acoustic wave velocity and 

axial Point Load indices. Specimens were cored from blocks of medium grained 

leucocratic granite, bearing strong anisotropy parallel to the rift plane. The 

circumferential acoustic wave velocity was measured to detennine the direction of the 

minimum velocity, presumably perpendicular to the dominant microcrack direction. The 

direction of fractures induced by the axial point loading was found to be closely related to 

the direction of natural microcracks in the specimen, interpreted from the circumferential 

velocity anisotropy, and supporteci by rnicroscopy. 



Chen et al. (1997) examiaed the correlation between microfkacture type and physical 

properties of two granites. The Inada granite is anisotropic in ". . .dynamic property or 

perrneability" and spiittiag planes, while the Kurihashi granodiorite is isotropic with no 

clear splitting planes. Three types of microfractures were distinguished in both 

specimens: intracrystalline cracks, intercrystalline cracks and grain boundary cracks. 

The orientations of these were measured and a total length per unit area calculated. It 

was concluded that: 

1. the Inada granite was anisotropic due to a preferred orientation of intercrystalline and 

intracry stalline cracks, while 

2. the Kurihashi granodiorite was isotropic as it contained no preferred orientation of 

intercrystailine cracks, but there is a strong preferred orientation of grain boundary 

cracks and intracrystalline cracks, which the authors correlate with indistinct splitting 

planes. 

Sirnilar results linking mechanical anisotropy and preferred orientations of natural 

microcracks were obtained by Kusumi et al. (1997) (Effect of structural anisotropy on 

deformation properties of granite under cyclic loading), and Park (1996 ) (The anisotropy 

of the granite revealed by t e n d e  tests). 
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2.4.6. Conclusion - Influence of Fabric Anisotropy in Other Granites 

Strong evidence from quarrying operations and from rigorous rock properties testing in 

granite using a variety of sonic and rock properties testing, has indicated that granites are 

texturally and mechanically anisotropic. Most often tbis anisotropy can be linked to 

preferred orientations of natural microcracks. These tend to be enhanced by sampling 

and stress relief, with the effect markedly less noticeable at high confining pressures 

typical of depths of 6-8 km. Mineral alignment or mineral segregations also induce 

mechanical anisotropy to a somewhat lesser degree, but their influence is not affected by 

confining pressure. 

2.5. Rock Properties Testing in the Lac Du Bonnet Batholith. 

This section reviews relevant case studies from the published Iiterature, which examined 

the deformationai properties of the LDB granite and, where data was available, their 

variations with direction- Comments on the results of these studies and their significance 

to this investigation are provided. 

Svab and Laitai (1981) examined the effects of variable mineralogy and minera1 habits on 

tensile fracture paths through LDBB granite. They noted that the most obvious indicator 

of anisotropy within the LDBB granite was a (Le. single) foliation, marked by subvertical 

quartz-biotite lenses and mineral alignment striking 075". To test for strength anisotropy 

related to either foliation or to microstructural control of fracture, they used: 1) biaxial 

tension tests to define the orientation of preferred fracture, and then 2) Brazilian tests to 

evaluate the strength of the anisotropy. The first technique is sensitive to weakness 
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directions in the rock, while the second provides more accurate values of the tensile 

strength associated with these weakness directions. 

The samples used by Svab and Lajtai (198 1) were from the Cold Spring Quany near Lac 

Du Bonnet, Manitoba. The background information on the geology for this study was 

based on initial mapping results of the Lac du Bonnet Batholith published by 

Tammemagi et al. (1979; 1980; 1982). At that time, the major phase of the batholith was 

described as: ".. .a medium to coarse grained (0.5-20 mm), pink, and relatively 

homogeneous granite. Foliation is limited to several kilomemes dong the contact, 

trending approximately 075" with a steep northwesterly dip at the quarry." 

The testing (by Svab and Lajtai, 1981) of vertical core revealed that: 1) the subvertical 

075" foliation was a plane of preferred fracture, 2) fractures also clustered around 005" 

and 15S0, but there were no recognized foliations for these orientations, and 3) although 

there was a foliation / fracture correlation at 075", tensile strength in this plane was only 

slightly lower than in any other orientation and ". . . not statistically different to justify the 

assumption of a multimodal population.. ." within the horizontal plane. 

Subsequent investigations by the author and others (most notably, Brown et al., 1989; and 

Everitt et al., 1999) have shown that: 1) the sample location used by Svab and Lajtai 

(198 1) is more homogeneous than most other locations in the LDBB and at the URL, and 

the foliations and microstructures less well deveIoped, 2) the pink colour of the granite is 

due to hematite fiom alteration and recrystallization which partiaily cements grain 



boundaries and naturai microcracks, 3) that foliation is not limited to the margins of the 

batholith, 4) that some foliations and natural microcrack sets present in the LDBB have 

been partiaiiy sealed by mineral infilhg and alteration (including the 075" foliation), and 

5) that there are severd foliation and natural microcrack sets aligneci with the 005" and 

155" preferred hcture directions noted by Svab and Lajtai (1981) (see Figure 16 of 

Brown et al., 1989). Accordingly, it is not surprising that a greater degree of mechanicd 

anisotropy was not detected. The two preferred directions of fracture in the horizontal 

core - 029"/6S0 NW and 029"/75" SE, may correlate with any number of foliation or 

natural microcrack sets found in the URL and elsewhere in the LDBB. 

Duevel and Haimson (1997) conducted a mechanical characterization of pink Lac du 

Bonnet granite to test for evidence of nonlinearity and anisotmpy in samples of the pink 

granite. It was taken that the pink granite may better represent the in-situ properties of 

darnaged grey granite recovered from highly stressed rock. Sarnples of grey granite, 

obtained from depth. exhibit mechanical anisotropy due to sample damage induced by 

stress-relief (Martin, 1990). This sample damage includes discing in core, and the 

opening of grain-scale microcracks dong mineral cleavages and grain boundarïes due to 

stress relief. 

The samples used by Duevel and Haimson (1997) were from the Cold Spring Quarry near 

Lac Du Bonnet, Manitoba. The background information on the geology for this study 

was based on original mapping and core logging results for the Lac du Bonnet Batholith 

and the URL. published by Brown et al. (1989). Additional comments on the 
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rnineralogy, joint orientation and microcracking were based on Martin (1990). and Manin 

and Stimpson (1994). The batholith was again described as ". . . medium to coarse 

grained (0.5-20 mm). and relatively uniforni in composition and texture, but varying in 

colour from grey to pink". The pink granite was described as ". . . shows no visible 

microcracking (Martin, 1990), though joints are more prevalent at the surface, with the 

most prominent set strikuig at 020" and dipping vertically, with a spacing of 1-2 m". 

To test for mechanicai anisotropy, a suite of specimens was taken fkom core oriented in 

three orthogonal orientations: eas t-west (E-W), north-south (NS), and vertical (V). 

These were then subjected to: sonic velocity tests, uniaxial and triaxial compression tests, 

and Brazilian and Uniaxial tension tests. These results were then correlated with known 

fracture orientations, but no microstnicture of fabric analysis of the specimens was done. 

Sonic velocity tests yielded minor directional differences on the order of 10% - with the 

velocity high in the V (vertical) direction whkh the authors attributed to the predorninant 

vertical joint set, and to microcracks. The lowest velocity was the E-W direction, 

approximately normal to the subvertical 020"-striking joint set. Although no 

microcracks were observed in the test specimens, the authors concluded that the velocity 

results suggest that they do in fact exist, and are predominantly subparallel to the 

outcrop-scale surface joint set. 

The uniaxial and triaxial compression testing results point to compressive strength 

isotropy. For the uniaxial compression, the maximum difference between any two 
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directions was 6 MPa (iess than 3%), while the variation within each direction was less 

than 5%. The overall average uniaxial compressive strength is 219 (I9) MPa Duevel and 

Haimson concluded that the preferred microcrack orientation implied fiom the sonic 

velocity results does not affect failure in compression. 

Uniike the compression tests, the tension tests showed evidence of strength anisotropy. 

Brazilian and uniaxial tensile strengths were both found to Vary up to 25% between 

orientations. For both measures of tensile strength, the E-W direction was the weakest 

while the V direction was the strongest. The tensile modulus displayed more anisotropy 

than any other property measured in this study. The results of the sonic velocity and 

tensile strength tests suggested the existence of microcracks aligneâ with the predominant 

surface joint set. The authors again correlated the directions of the least and largest 

tensile strengths with the smallest and largest veloçities, respectively, and these in turn 

with the preferred orientation of vertical microcracks. 

The elastic parameters in both compression and tension varied continuously with the 

stress magnitude, indicating nonlinear stress-strain behaviour. The tensile modulus of 

deformation was substantially lower than that in compression. The authors concluded 

". . .Our work brings into question the use of isotropie models in excavation design, in 

which compressive material constants detennined at one level of loading are employed 

regardless of the local s tate of stress.. , ". 



Duevel and Haimson (1997) concluded: 1) that the pink Lac du Bonnet granite is 

practicaily isotropic with respect to uniaxial and triaxial compressive strength, 

compressive elastic parameters, and sonic velocities, but 2) the tensile strength shows a 

difference of 25% between directions, and the tensile modulus of deformation showed an 

even stronger anisotropy, with differences of up to 80% between directions, 3) that this 

anisotropy is due to natural microcracks with the same orientation as outcrop-xale joints, 

and 4) ". . . . As the gray Lac du Bonnet granite dïfKers from the pink variety only by 

possessing stress-induced microcracks created d u ~ g  sampling, it can be deduced ihat the 

97 preceding results describe the in-situ gray granite as well.. . . . 

The cnticisms made earlier regarding the study by Svab and Lajtai (198 1) are also 

applicable to the study by Duevel and Haimson (1997). These are: 

That the Cold Spring quarry is not representative of the LDBB, especiaiiy as seen in 

the W. 

That Duevel and Haimson may have combined results from dissimilar phases of the 

LDBB granite, 

That their study been done without identifying the fabric elements actudly present at 

the site from where the sarnples were taken, and 

That the orientations chosen for sampling are oblique to each of the various 

subvertical and subhorizontal structures known to exist at the batholith-scale. There 

is also no indication how these orientations relate to any local structures at the quarry. 
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Detailed geological mapping (Brown et al., 1989; and Everitt e t  al.. 1999) has shown that: 

1) the Cold Spring quarry from which the samples were taken is more homogeneous than 

most other locations in the LDBB and at the URL, and the foliations and microstructures 

are less well developed. 2) that colour is not a valid basis on which to categorize the 

mechanical behaviour of the LDBB granite. As is described in Chapter 3, there are 

several geneticaliy distinct phases of the LDBB, which differ from each other in their 

average grain size, range of grain sizes, degree of  recrystallization, and in the number, 

type and orientation of foliations and natural microcracks. Pinking is the result of 

secondary alteration superimposed on these diverse rock types wherever hc tures  have 

opened the batholith to groundwater movement. 

Svab and Lajtai (198 1) identified a subvertical striking - 075" foliation in their samples 

from the Co!d Spring quarry, which biaxial tension tests revealed to be one of several 

planes of preferred fracture. The study by Duevel and Haimson (1 997) makes no 

mention of any foliation in their samples, or of the results of the earlier work by others. 

As such it is dificult to detemine: 1 ) what textural / compositional rock type was 

actually being tested, 2) what structures were present, and 3) how the test results are 

affected by the orientation of the samples. Accordingly, it is not surpnsing that a greater 

degree of mechanical anisotropy was not detected. Also, it is uncertain to what extent 

the results can be applied to the various types of  grey granite at the 420 Level of the 

URL, which hosts the various geomechancial experiments. 
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An alternative approach to definhg the in-situ properties of highly stressed rock at depth, 

would be to identie the granite vaneties present at the intended test location and depth, 

and then to obtain samples of these same vaneties where they are exposed at or near the 

surface. In adopting this approach, it would be necessary to determine if the granite at 

surface and at depth differ substantially in the characteristics of their naîural microcracks. 

2.6. Conclusions 

From the literature - geaeral observations on fabnc anisotropy. methodology and earlier 

site work are as follows: 

1. Rock fabric is a recognized factor influencing rock strength and response in 

rnetarnorphic and sedimentary rocks, but plutonic rocks (mafic to felsic) are generally 

regarded as homogeneous and isotropie. 

2. Most work pertaining to plutonic rock cornes from the various international nuclear 

waste programs. The majority of this is from the Canadian program as Canada is 

unique in having large volumes of intact or sparsely fractured rock - in other words - 

the granites of other countries are anisotropic due to their pervasive fracturing. 

3 Significant fabnc anisotropy has been recognized in other granites. 

4. Recent investigations provide evidence that, in other granites, these fabrics, usually 

foIiations or natural microcracks, influence deformational properties, 

5. The dimension stone industry (DSI) has long recognized the existence of mechanical 

anisotropy reiated to fabric anisotropy in granites, and has utilized these phenornena 

to facilitate exploration and excavation. in contrast, the inherent anisotropy of 

granitic rocks has been overlooked by the various radioactive waste disposa1 
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programs, but especially in the Canadian program which is unique in that it is king 

conducted in large volumes of unfraftured and intact rock. Programs in other 

countnes are k i n g  conducted in granites which are inherentl y anisotropic due to 

abundant joints and other discontinuities, 

6. The Lac du Bonnet Batholith is incorrectly referred to as a homogeneous granite in 

iiterature as recent as 1998, while Hoek and Brown (1995) incorrectly refer to the 

Mine-by Experiment at the 420 Level as demonstrating that there is no influence of 

geology. 

The methodologies used in this thesis are based on the findings and recommendations of 

earlier researchers. An array of oriented samples was obtained. Strengtb anisotropy and 

the influence of foliation was then systematically investigated using rock mechanics tests 

that are sensitive to planar anisotropy (Point Load and Brazilian tests), the former 

defining planes of naturally preferred fracture. Variations in the compressive strength 

of the granite related to grain size and fabric was examined through uniaxial compression 

testing of an array of samples providing a range of angles between the loading axis and 

the fabric. 

Although the material properties of granites (and the LDBB) have been investigated in 

the literature, these investigations differ from this investigation in the following areas: 

1 - other studies (e-g. Duevel and Haimson, 1997) have been done without identifjhg 

the fabric elements present in the granite tested, or have combined results from 



dissimilar phases of the LDBB @te, or have incorrectly identified the orientation 

of structures present 

2. other studies have oot identified and classified the foliations and other anisotropies 

present in granite at a variety of scales, 

3. nor have they combined this information witb the influence these anisotropies have 

had on the devetopment of both ancient and excavation-induced fractures. 

In these aspects, the present study is unique and original in its approach, scope and 

application. 



Chapter 3 

SITE DESCRIPTION 

3.1. General Geoiogy of the Lac du Bonnet Batholith 

The study location for this investigation into the influence of foliation on rock mass 

properties is the Lac du Bonnet Batholith (LDBB). Its Location and regional setting are 

shown in Figure 1. The Lac du Bonnet Batholith is one of many late-tectonic granites 

emplaced in the western Superior Province of the Canadian Shield towards the end of the 

2760-2670 Ma Kenoran event (McCrank et al., 198 1; Davis et al., 1986; Stone et al., 

1989). The presence of very large sparsely fractureci volumes within these plutons is 

characteristic of this suite, and is attributed at least in part to: 

1. their intrusion at or near the end of regional deformation (Brown et al., l989), 

2. to prolonged cooling, which delayed the onset of brittle deformation, due to the size 

of the bodies and their proximity to each other, and 

3. to the distance separating the intrusions regionaliy fiom later tectonic events in the 

Superior Province (Everitt et al., 1990). 

To the north, the batholith is in sharp contact with a narrow belt of metavolcanic rocks in 

the Bird River Greenstone Belt, and to the south it is in gradational contact with gneisses 

and migrnatites of the Winnipeg River Subprovince (Beakhouse, 1977). From a tapered 

eastern margin, surface exposures of the batholith extend westward 85 km. West of the 

Winnipeg River, the batholith is largely concealed by glacio-lacustrine sediments and by 
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Paleozoic carbonate rocks; however, geophysical data indicate that the granitic rocks 

extend westward at least another 20 km (McRitchie, 1971). 

3.2. Underground Research Labmtory 

The Lac du Bonnet Batholith was selected for investigations by Atomic Energy of 

Canada Limited (AECL) as part of a program to assess the concept of nuclear waste 

disposal in plutonic rocks of the Canadian Shield (Whitaker, 1987). The geology of the 

batholith was defined through surface and airborne studies and by 130 boreholes, some 

reaching depths of 1100 m. The subsurface structure has been further characterized in 

detail by the author through geologic mapping of the shafts and galleries of AECL's 

Underground Researc h Laboratory (URL). 

The URL (Figure 1) includes a vertical access shaft that extends to a depth of 443 metres 

and several hundred metres of tunnels at depths of 240 and 420 rnetres (240 and 420 

Levels, respectively). Additionai exposure is provided by raise-bored ventilation shafts, a 

timber-frarned raise at the 420 Level, and small shaft stations in the main access shaft at 

depths of 130 m and 300 m. Boreholes from the base of the shaft and lowest level 

provide an additional 600 m of vertical exposure. These excavations and the boreholes 

provide an 1100 m cross section of the roof zone of the Lac du Bonnet Batholith, two 

low-dipping thrust faults and associated splays, and the subvertical intrabiock fractures 

that fiank the major faults. The roof zone is marked by deuteric alteration and by 

shallow-dipping compositional layering. Low-dipping fractures, including thrust faults, 

parallel the large-scale compositional layering, and are generaily confined to the contacts 
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between massive leucocratic and foliated xenolithic litho-structural domains. The 

geology of the URL is representative of the batholith. 

3.3. Batholith Structure 

The many late to pst-tectonic granites in the western Superior Province, and the LDBB 

in particular, are noted for their structural and compositional homogeneity over extensive 

surface areas (Beakhouse, 1991; Cemy et ai., 1987; MacLeod, 1980; McCrank, 1985), 

and have been described as type examples of "massive homogeneous plutons" in the 

literature. However, mapping in the 443 m deep access shaft at the Underground 

Research Laboratory (URL), borehole logs, and detailed surface rnapping clearly 

demonstrate that dekametre-scaie layering and smaiier scale structures are widespread in 

the LDBB. Simplified geological maps of the upper and lower portions of the URL 

access shaft are shown in Figure 10 a and b, respectively. The upper shaft (O to 257 m 

depth) has a rectangular cross section. From left to right are shown the north, east, south, 

and West shaft wails. The main unit of the granite is shown in white, while the 

metavolcanic xenoliths and the three generations of slightly younger dykes, sills and 

masses are shown in other colours. The shaft between 257 m and 442 m has a circular 

cross-section. The numerals on the left side of each shaft segment are the Lithostructural 

dornain reference numbers, and the depth (in metres) from the shaft collar. To the nght 

side of each segment are shoa descriptions of the domains or of other distinctive features. 

Block diagrarns summarizing the structures in the Lac du Bonnet Batholith as seen at 

AECL's URL are shown in Figure 1 1. 



Individuai layers or litho-structural domains are distinguished by the type and abundance 

of xenoliths and late residual or metasomatic segregations, by auto-intrusive contacts, and 

by variations in style and orientation of mesoscopic foliations (Note: the term auto- 

intrusive refers to late residual segregations, coming from the same magma as that 

compnsing the buik of the bathoLith, and it specificaily excludes other dykes or veins 

related to younger plutons and tectonic events). The iitho-structural domains are 

inconspicuous at swface due to their low dip and the flat topgraphy; however, detailed 

mapping in the central part of the URL has identifid their surface expression as a senes 

of broad and open antiforms and synforms. The textural and compositional layering is 

clearly delineated in the URL shaft (Everitt and Brown, 1986), where it bas been shown 

to exert a strong control on the localization 

fkequency and properties of the subvertical 

of low-dip thrust faulting, and on the 

fractures. 

The litho-structural domains host three systems of auto-intrusive dykes, siils, and 

recrystallized zones whose abundance and mode of occurrence change with depth. Late 

magrnatic granodioritic dykes are the predominant rock type below 3 0  m depth at the 

URL, but the swarm narrows rapidly up-dip, and at surface is represented oniy by narrow 

zones of alteration and ductile deformation. Late pegmatite-aplite dykes are pewasive 

across ali rock types at surface, but are limited to the larger fine grained granite dykes at 

420 m depth at the URL. The distribution of inclusions, alteration and fractures in the 

LDBB suggest the present topographie surface is close to the original roof zone of the 

batholith. 
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Table 8. 
Cornparison of Petrologicai Uni& from surface and subsurface mapping 

of the Lac du Bonnet Bathohth. 

Occurrence Reference 
Unit Cemy et ai.( 1987) McCrank (1985), Eventt et al, (1998) 

# Stone et ai. (1984) 
xenoliths Predominantl y 

tonalites and 
arnphibolites but also 

main unit 

auto- 
intrusive 

dykes 

auto- 
intrusive 

dykes 

auto- 
intrusive 

dykes 

some granitoids 

Bioti te granite 

Late-tectonic biotite 
gramdionte dykes 

Pegmatite dykes 

Biotite granite, and 
textural variants. 

Irregular pegmatitc 
masses and 
porph yroblas tic 
SC hlieren 

Pegmatite - aplite 
dykes, and quartz 
veins 

Granite to pegmatitc 
sills, and Iesser 
masses, dykes and 
porphyroblastic 
schlieren * 
Granite-granodionte 
dykes* 

* Note: For the sake of convenience, units 3,4 and 5 are referred to in this report as the 
medium, fine and coarse grained granites, respectively. 
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Continued rn 

Grey granite 

Figure 10a. Simplified geological map of the upper portion of the URL access sha€t 
(continued next page. refer to text for explanation). 
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Depth from collar 

Continued - 
Units 1,2 
Amphiboîiie and 
other xenokths 

E d %  
granite 

Xenolith 
zone 

endeci granite 
wiUi abundant 
p!a!tEt and 

dykes and siiis 

Tonallc and 
undinerentiated 
xendith zone 
with only minor 
granlic material 

s.21 :is 

Wakly to moderately 
biyded grey granite 
wnh coafse grained 

dons ocairring 
as d es and silts -Yg 

&nphibolitic xenoiiis- 
in a wane  to pegrnatiüc 
grande matru< 

Wakîy to moderately 
banded grey granle- 
with mnor kmcratic 
segregations and 
pegmaütic dykes 

Wakly to moderately 
band- grey granite- 
wlh  mnor leucocratic 
segregaüonsand 
pegmatitic d ykes 

unit 4 F-PF Contact of pin* hidile 
COap grained @L alteration halo a shear zone granRe 

Figure lob. Simplified geological map of the Iower portion of the URL access shaft (refer 
to text for explanation). 
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A: 
Lithology 

and 
Structure 

B: Faults, joints and !!EEaL 
natural microcracks Joints 

u 

-500 - Sparsely Fractured Rock1 
In 

-600 - Grain Boundary 

Natural (ancient) 
Microcracks in Ouar 

Figure 1 1. Block diagrams summarizing the structures in the Lac du Bonnet Batholith as 
seen at AECL's URL. A: Large-scale compositional layering and the low-dipping thmst 
faults, which are concordant with the layenng. B: Faults, joints and naturd microcracks 
within the same area. 
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Figure 12. Rock units and structures recognized at depth in the URL, and selected for rock properties 
testing in this study. Each photograph is of a vertical tunnel face. The sales are approximately the same. 
each photo showing an area o f  approxirnately 3.5 m by 2.5 m. The measuring stick is lm long. The fine 
and medium grained granites are s h o w  in the upper photograph (A). The coarse graineci and (locally 
xenolithic) granite i s  shown in the lower photograph (B). 
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Figure 13. Typical appearance in core, of the granite types selected for rock properties 
testing in this investigation. From top to bottom are the fine-, coarse-, and medium- 
grained granites, respec tivel y, and the pink (altered) equivalent of the coarse granite. 
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Fine Medium Coarse 

Figure 14. Grain sizes and variation with mineralogy, of the three rock types selected for 
rock properties testing. 

3.4. Outcrop-scale Rock Units 

On the basis of mineralogy, texture, intrusive relationships, and geochemistry seen from 

surface exposures. various authors have identified up to six units, with additional textural 

variants (Table 8). These may be broadly grouped as follows: 

meta-volcanic xenoliths and earlier granites (units 1 and 2 in Table 8), 

severai sets of auto-intrusive dykes (units 4,5 and 6 in Table 8), which range from 
fine- to very coarse-grained. 
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Photographs of these units as they appear at the tunnel- and borehole-scales are show in 

and Figure 12 and Figure 13, respectively- Colour is not a distinguishing characteristic of 

the rock units nor is it a guide to compare rock mass response, although it has been used 

frequentl y as such in the literature (e-g. Lau and Gorski, 199 1 a,b). Each of the rock units 

listed ranges from a unifom grey, to a red or pink where altered. Most reddening is 

associated with fractures, where the rock has been subject to long-terni exposure to 

groundwater, and cuts across rock unit boundaries (Brown et al., 1989; Stone et al., 

1989). Low temperature alteration overprints the bigher temperature foms in the area of 

the major low-dipping fracture zones. Illite replaces epidote and biotite and Fe-oxides 

are removed, leaving the rock bleached in appearance. 

Three distinct textural varieties of the Lac Du Bonnet granite, differing in type and 

orientation of foliation were identified and selected for testing- These are: 1) fine 

grained granite dykes with subvertical flow banding, 2) medium grained and weakly to 

moderately layered granite fonning the main mass of the batholith, and 3) a generally 

coarse grained and leucocratic unit that occurs as sills and recrystallized zones in the 

main unit. For the sake of convenience, these are referred to as the fine, medium and 

coarse grained granites, respectively. The grain sizes for each of these units are 

illustrated in Figure 14. 

3.4.1. Fine Grained Granite 

This rock unit (unit 5 in Table 8) occurs as a dyke swam, which increases in both size 

and complexity with depth. A typical exposure of the contact between a fine grained 
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granite dyke as seen at the 420 Level, and the medium grained granite is shown in 

Figure 12A. The location selected for sampling was similar to this exposure. 

Initial petrographic analyses of samples fiom the 240 Level confinned Cemy's (1987) 

grandionte classification for this unit, but subsequent analysis of additional samples 

from the 420 Level indi cate this unit straddles the granite-granodiorite boundary of the 

KJGS classification, with substantial overlap into the (biotite) granite field (NGS, 1973). 

At the 240 Level, these dykes comprise up to 1W of the rockrnass, and are up to 5 m 

thick with well-developed chilled margins and flow banding. Flow banding is defined by 

a preferred alignment of biotite crystals, biotitic aggregates and inclusion trains. At the 

3 0  and 420 Levels of the URL, gmnodiorite occurs as a stockwork of  large dykes and 

minor interconnecting sills and is the most abundant rock type. The largest dykes at and 

below the 420 Level are medium grained and, apart fiom the orientation of the foliation, 

are indistinguishable in hand specimen from the biotite granite they intrude. 

3.4.2. Medium Grained Granite 

This rock type comprises the main unit of the granite (unit 3 in Table 8, the unshaded 

area in the shaft geoiogy maps (Figures IOa and b, and Figure 1 1). Its description 

matches that of Cemy et al- (1987) and McCrank (1985) from surface mapping, but in the 

subsurface, its fabric ranges from massive to schlieric, its texture from equigranular to 

porphyritic. The area selected for sampling of this rock type was sirnilar to the exposure 

but was free of inclusions and schlieren, and the layering was weakly developed. 
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3.4.3. Coarse Grained Granite 

This rock type (unit 4 in Table 8 and s h o w  in Figures IOa and b, and Figure 1 1) 

comprises a heterogeneous assemblage of residual leucocratic segregations and 

porphyroblastic zones. Textures range from aplitic to pegrnatitic, and porphyrïtic to 

equigranular. The contacts of this unit range from sharp to gradational, and are generally 

parallel to the layering of the main unit granite. The largest zones (up to 30 m thick) 

occur in association with xenolithic horizons, and have cornplex margins and interna1 

fabrics. The photograph shows the actual area where the samples for this rock type were 

taken. Note the well developed layering. The dark area on the le ft hand side of the 

crown is the scar left by the spalling of a slab aloag a plane of biotite-rich band. 

3.5. Rock Fabric 

A summary of fabric elements present at the (420 Level) ievel of the case studies is given 

in Figure 1 5. The structures are listed in order of relative age. The orientations of each 

structure are summarized on the stereographic projections, and in the accornpanying 

conceptual block models which also summarize the age relationships. Poles to the 

gneissosity and larger scale layering cluster about a pole with a stnke (dip direction) dip 

of 032°(1220)/220. The basic geometries of the fine grained granite and pegmatite dyke 

systems are similar but are differently oriented. For each system: 

poles plot along great circles but several sets are recognized; 

the subvertical set is dominant; 

the subsidiary sets fall into two groups, those inclined about 45" to 60" from the 

subvertical set and those whose orientations indicate Iwal control by older fabric 



elements (e.g. the southeast dipping fine grained granite sills follow the gneissosity 

and the subvertical pegmatites follow some of the fme grained granites). 

Points to note from the block models include the normal offset of the layenng by the 

subvertical fine grained granite, the orientation of the subsidiary fine grained granite 

dykes relative to the layenng, and the location and pattem of the pegmatites and the 

minor joints relative to fine grained granite. The pegmatites and joints at the 420 Level 

are largely confined to the fine grained granite. 

The litho-structural domain boundaries and the srnali scale gneissic layering are thought 

to represent primary compositional layering in the batholith. The fine grained granite 

dykes are considered to be auto-intrusive (Everitt and Brown, 1986). Their orientation 

and general pattem of offset suggest at least local extension of the batholith roof. This 

may have been initiated by subsidence of the roof zone of the batholith, or by variations 

in the relative rate of intrusion. The subsidiary, low-dipping sets are thought to represent 

secondary shear fractures developed to accommodate differential movement within the 

dyke swarrn. 

The pegmatite dykes, the quartz veins and the minor joints intersected in some boreholes 

are largely confined to the fine grained granite dykes, and are interpreted as successive 

generations of cooling fractures. For the joints, this interpretation is based on their 

parallelism to the fine grained granite dyke swarm in which they occur, the infilling 

assemblage of lineated quartz-chlorite-sericite-sulphide, and on the similarity of these 

fractures to other late- to pst-magmatic fractures found elsewhere within the URL. The 
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unoxidized sulphides on the Eracture surface and the absence of waii rock alteration and 

detectable seepage support the conclusion that these fractures are closed. 



A. CompositiorioI and Textual (Gneisic) L m n g  

B. Fine Grained Granite Dykes 

C. Pegmatite üykes and Quartz Veins 

Figure 15. A summary of fabric elements present at the 420 Level, listed in order of  
relative age. The orientations of each structure are summarized on the stereographic 
projections, and in the accompanying conceptual block models which also sumrnarïze the 
age relationships. 



E. Low-dipping ihrust foults (hadure Zones 1.5 and 2)  

Figure 15 (continued). A summary of fabric elements present at the 420 Level, listed in 
order of relative age. The orientations of each structure are summarized on the 
sterwgraphic projections, and in the accompanying conceptual block models which also 
surnmarize the age relationships. 
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3.6. Faults and Fractures 

The URL access shafts provide a cross section of the roof zone of the batholith, and of 

two low dipping thmst faults and associated splays. in tenns of scale, fractures at the 

URL include: 

1) kilometre-scale low-dipping thmst faults (Figures 16a and b), 

2) subvertical joints, (Figure 16), and 

3) natural (i.e. ancient) microcracks. 

The naturai microcracks are described separately in Chapter 4. 

Shaft mapping has shown that the thmst faults are low-dipping, variously permeable 

horizons that contain both Iow-dipping and steeply dipping fractures. The thrust faults 

have chloritic slip surfaces which grade into complex cataclasite zones where fault 

movement has been significant (on the order of metres). The cataclasites consist of 

recrystallized fault rubble cemented by a fine grained chlonte-carbonate matrix, and they 

are crosscut by chloritic slip surfaces, minor fractures, and seams of soft clay - goethite 

gouge. This assemblage is in varying stages of groundwater-induced decomposition. 

The thmst faults and splays follow the large scaie compositional layering, and divide the 

rockmass into a number of tabular to wedge-shaped blocks. These blocks are crosscut by 

one or more sets of subvertical joints, the pattem and ftequency of which varies fkom one 

block (fracture domain) to the next (Figure 16). The factors influencing the pattern of 

intrablock joints include: 

1) the overall distance €rom the surface, 

2) the proxirnity to the bounding faults, and 
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3) the local rock type. 

With increasing depth, the subvertical joints become less frequent, less continuous, and 

with fewer preferred orientations. They also become increasingly confmed to the 

immediate margins of the fault zones or to lithological heterogeneities such as dykes. 

These trends may reflect a general change from three-dimensional, to predomuiantly two 

dimensional, strain in the lowermost thrust sheets at the base of the sequence. The 

subvertical joints were interpreted as extensional intrablock fracturing generated during 

and after faulting (Everitt and Brown, 1986). Flexing of the fault blocks during thnisting 

is the most likeiy mechanism for their initiation. Reactivation may have occurred as a 

result of regional extension associated with subsequent cycles of uplift and erosion, and 

likely resulted in continued flexing of the thrust plates, reactivation of existing fractures, 

and the formation of new fractures. 

Sarn~les for this studv were taken from intact rock below the lowest thrust fault. at the 

420 Level(420 rn depth from surfacel. Drilling and excavation at the 420 Level have 

exposed six quartz-chiorite filled fractures. Ail were dry and tight. They appear to be 

srnaller-scale (and lower temperature) equivalents of the pegmatite-aplite dykes, formed 

by parting dong the flow banding during cooling and contraction of the dykes. None 

were observed in the areas of the 420 Level selected for sarnpling. 
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Upper thrust-fault block 
Fracture sets: 3 subverticaî plus numemus local variations 
Distribution: Pervasive fm top lo bottom of biock. 
Alteration: Complete hematüation (pinking) thmghout 

Upper thmst fault (Fwtum Zone 3) 
Offset strike-slip. dip-slip, 6 oblique-siip disphcement 

Middle thrust-fault block 
Fracture sets: 1 subvertical plus numemus local variations 
Distrikition: Remnant intact rock in centre of Modt 
Alteration: Remnant unaiterd (grey) granite in centre. 

Middle thmst fault (Fracture Zone 2.5) 
Offçet: strike-slip and dip-slip displacement. 

Lower thnist-fault block 
Fracture sets: 1 subvenical fracture sets plus local sets 
Distribuüon: Rare and iimited to local heterogeneities- 
Aleratiori: Limited to 1 to 5 frorn the bounding faults. 

dipdip displacernent only. 

300 
Intact fmtwall 
Fracture sets: No significant fractures to a depIh of at Ieast 1100 
Distribution: Minor (4 length) in local iiiiogic hetemgeniües. 
Aleratiori: Limited to area 1 to 5 fro the bounding faults. 

Figure 16. Summary of the faults and subvertical fractures as seen in the walls of the 
access shaft (the shaft from surface to 25Sm has a rec tangular cross section, which 
changes to a circular cross section below this depth). The shaft below 290m is 
unfractured, and for this reason is not shown. Fracture Zone 2 is shown in greater detail 
in Figure 16 b following. 
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Shan SE 7.3 m reverse dip slip 
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- by the incremantal offsets 
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\ - by the many intersections of 
(He) the displaced dyke and ihe < l - -  
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m- (an& 3 of which are shownl. 

Movement on 
Fracture Zone 2 

URL shaft 

1 - 

chloritic 
slip surfaces 

su bsidiary 
hematitic 
fractures 

average fault 
orientation hanaingwall fault interior footwall 

Figure 16b. Fracture Zone 2 as seen in the access shaft and its environs. The vertical 
section shows the offset determined fiom multiple borehole intersections and shaft 
rnapping. The incremental nature of offset and the sense of movement is indicated in the 
inset (a portion of the shaft wall). Fracture orientations and the average fault orientation 
in the hangingwall, fault intenor and fwtwall are shown in the stereographic projections. 
(rnodified from Everitt and Brown. 1996). 
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Legend 

Extracratonic areas 

( Related intracratonic delormation 
(fracturing, dykes, intnisions) 

] Active defornation/ rifiing zones 

Superior Craton 

Figure 16c. Faulting in the Late Archean -Early Proterozoic. The low dip thmst faults and associated splays are believed to be 
associated with the craton-scale faulting shown (modified from Osmani 1991). 

URL - Underground Research Laboratory 
TA - Transcontinental Arch 
MS - Matachewan and Hearst Dyke Swams, 
Fault zones with relative offset, 

WRF - Winisk River Fauit, 
KFZ - Kenyon Faufi Zone, 
SWFZ - Stull LakeMunnuvin Lake Fault Zone, 
PSZ - Panask Lake Shear Zone 
MRF - Miriss River Fauît, 
NTSZ - North Canbou LaMotagon Lake Shear Zone, 
SL-SJF - Sydney Lake-Lake St, Joseph, 
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Figure 17. In-situ stress domains in the W U  in relation to the fracture domains (stress 
data from Martin, 1989). The variations in average stress orientation and magnitude with 
depth are indicated by the dark green lines. For explanation refer to text. 
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3.7. In-situ Stresses 

Figure 17 and Table 9 summarize the general orientation of principal stresses at the URL 

and their geometnc relationships with the rock structure. The figure hcludes the 

following cornponents : 

A. a biock model of the URL showing the thmst faults, the jointed rock between them 

and the intact rock below the main thnist fault (FZ2). 

B. two charts depicting the variation in stress orientation and stress magnitude with 

depth, and 

C .  the shaft fracture map with the locations of the thmst faults, jointed rock, and intact 

rock highlighted. 

The thmst faults, Fracture Zone 2 (FZ2) in particular, act as stress domain boundaries 

(Everitt et al., 1990; Martin, 1989b; 1990; 1993). Intact rock below the fault preserves 

high in-situ stresses, but these have been relieved above the fault by movement and 

fracture formation. The large arrows on the block model represent the average 

orientation of the maximum horizontai stress above and below the main thmst fault 

(FZ2). In the sparsely fractured rock below Fracture Zone 2, the maximum horizontal 

stress is oriented NW-SE, perpendicular to the strike of the thnist fault. In the fault 

block above Fracture Zone 2, the maximum principal stress is considerably lower and is 

onented NE-SW, parallel to the dominant fraçture set and the strike of Fracture Zone 2. 

This presumably represents a reduction and re-orientation of stresses through the 

formation of fractures in the hangingwall block. The fwtwall, including the area of the 

420 Level has not been affected by the reorientation and reduction of stresses associated 

with the formation of the subvertical joints above Fracture Zone 2. 
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The thrust faults are believed to have formed during the late Archean - early Proterozoic 

in response to tectonism in the orogenic belt to the south (Figure Mc, also Everitt et al., 

1990). Based on the geometry of the fault system, the intermdiate and maximum 

principal stresses were subhorizontal and directed northeast-southwest and 

northwest-southeast, respectively. The present in-situ stresses at this level in the URL 

(Le. in the intact rock beneath FZ2) retain this geometry, which supports the suggestion 

by Haimson (1990) for a domain within the mid-continent region in which the maximum 

horizontal principal stress is directed northwest-southeast. Whether this is a remnant 

stress field or a fortuitous aiignment of recent and ancient stresses is unknown. 

The in-situ stress measurements shown in this figure are a compilation of results obtained 

over the duration of the facility (Martin, 1989b; 1990; 1993). The measwement 

techniques have included: 

1. convergence measurements 

2. overcoring 

3. hydraulic frac turing, and 

4. microseismic monitoring 

A brkf explmation of these techniques, based on Chandler et al. (1996) and other 

unpublished material provided by Paul Thompson and Jason Martino of AECL folIows. 
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3.7.1. Convergence Measurements 

Convergence measurements are traditionally taken to obtain information related to the 

performance of underground support systems, especially in rock masses where the 

convergence is expected to be several centimetres or more. Convergence measurements 

in stiff rock masses are more difficult to accurately determine however, with the 

appropriate instrumentation and an understanding of the time dependent nature of the 

deformation, it is possible to rneasure convergence in unsupported rock mass, and to back 

calculate the horizontal in-situ stresses fiom the measured convergence. Martin et al, 

(1996) presents the analytical solution used to calculate the in-situ stresses from 

convergence measurements and also illustrates the role convergence rneasurements 

played in establishing the in-situ stress state at the URL when traditionai testing methods, 

such as overcoring, were not M y  successful. 

The convergence of the circular shaft was measured at 26 locations between 267 and 

430 m depths (Martino, 1989). Convergence pins were installed within 300 mm of the 

shaft floor at eight locations around the circumference of the shaft, facilitating 

convergence measurernents across four diameters. The Kem Distometer used for taking 

convergence measurements had a repeatability of I+ 0.1 mm, sufficient for the back 

analysis of in-situ stresses. The total convergence measured in the shaft typically varied 

between I and 3 mm, and was generally attained once the excavation face had advanced 

two or three shaft diameters (10 to 15 m) below the elevation of the convergence array. 
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The circular shaft geometry facilitated the calculation of in-situ stresses from the 

measured convergence vaiues using a formulation proposeci by Goodman (1989) based 

on the Kirsch equations for stresses and displacements amund a circular opening (this 

was explaineci in detail in Martin et al., 1996). In-situ measurements of the displacements 

ahead of an advancing face suggest that 50-60% of the total displacement had aiready 

occurred ahead of the advancing excavation. These observations and numerical 

modelling supported a 60% correction factor for convergence measured in the shaft. 

Horizontal in-situ stresses calculated from shaft convergence measurements are shown in 

Figure 17. 

3.7.2. Overcoring 

Overcoring involves instailing a strain-measuring instrument either at the flattened 

bottom of a borehole, or in a smaLl-diameter pilot borehole driiied concentrically at the 

base of a larger hole tben extending the original borehole past the instrument location (i.e. 

overcoring the instrument) usuaily by using a special thin-walled bit. For typicai 

overcore tests at the URL, the large hole size is HQ (96-mm-diameter) and the pilot hole, 

if used, is EWG (38.7 mm diameter). Overcoring relieves the stresses acting on the 

cylinder of rock containing the instrument, thus inducing strains. The induced strains can 

then be used to back-calculate the stresses acting on the cylinder prior to overcoring if the 

stress-strain behaviour and properties of the rock are known. Depending on the strain 

rneasuring instrument, either the stresses in the two-dimensional plane orthogonal to the 

borehole, or the complete three-dimensional stress tensor, can be determined. 
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The overcore technique of stress measurement using borehole deformation or USBM 

(United States Bureau of Mines) gauges (Hooker and Bickel, 1974), triaxial strain cells 

(Leeman, 1967) or doorstopper gauges (Leeman, 1971) is well doçumented and 

thoroughly tested. Overcoring is used to determine the stresses in either the two- 

dimensional plane perpendicular to the borehole using USBM and doorstopper gauges, or 

the complete three-dimensional stress tensor using CSIR (Council for Scientific and 

Industrial Research) and SSPB (Swedish State Power Board) cells. Ail of these 

instruments have been used at the URL in the determination of in-situ stresses. The CSIR 

triaxial strain cell, in particular, provides consistent three dimensional stress information. 

In total, approximately 1 0  overcore tests have been conducted at the URL, 350 of 

which are far-field triaxial stress measurements. 

The greatest limitation to conducting overcore stress measurements at the URL is the 

high horizontal stress below Fracture Zone 2 which frequently induces discing of the 

core, making elastic interpretation of the results inappropnate. 

The doontopper (Leeman, 1971) is the narne given to strain gauge rosettes that can be 

attached to the flattened end of a borehole and subsequently overcored. Doorstopper 

gauges have been used on the 420 Level of the URL when core discing makes it 

impossible to conduct USBM and triaxial ce11 tests. In theory, doorstopper strain 

measurements are unaffected by discing of the core. At the URL, the method of 

Corthesy et al., (1993) was used to detemine non-linear and anisotropic elastic constants 

from doorstopper biaxial tests, and of applying these constants to the results from 
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overcoring in order to determine the in-situ stresses. This metbod has been applied to 13 

doorstopper tests conducted in four boreholes on the 420 Level. 

3.73. Hydraulic Fracturing 

Hydraulic fracturing (hydrohcing) involves isolating a section of a borehole with a 

straddle packer system and creating fiachires by injecting fluid into the zone at a pressure 

high enough to fracture the rock (Wijesinghe, 1 987). The pressure required to fracture 

the rock (Le., the breakdown pressure) and the "shut in" pressure or pressure required to 

re-open the fiacture are used to calculate the rock stresses in the plane orthogonal to the 

borehole axis. The initial breakdown pressure is theoretically a function of the tensile 

strength, and the near-field tangential stress acting around the borehole. 

In hydraulic fracturing, the straddle packer is lowered to the testing location and the 

packers inflated. Packer pressures are rnaintained slightly above the pressure in the zone 

isolated between the tow packers. The zone pressure is increased until the measured 

pressure drops suddenly indicating that the fluid is lost into a newly created pressure (Pb)- 

A break in the plot of pressure versus time is often referred to as the "shut in pressure" 

(Psi). The shut-in pressure is often determined using a variety of graphical techniques and 

is believed to correspond to closure of the fracture. More recently, a slow 

repressurization test has been used to detemine at what pressure the fracture reopens. In 

most cases, the reopening pressure is very nearly the same as the shut-in pressure but is 

generally more accurately detennined. 
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The equations for maximum and minimum stress in the plane perpendicuiar to the 

borehole (otf and ah) are as follows: 

= 3 a h  + T-Pb'P0 

and 

a h  = Psi 

where T is the tensile strength of the rack and Po is the ambient pore pressure. The rock 

pore pressure is often taken to be the water pressure in the fluid filled borehole at the test 

location, since the borebole provides drainage to the rock where the fiacnire will initiate- 

It is important to note that these equations assume: 

1. that one of the principal stresses acts parallel with the axis of the borehole, 

2. that the plane of the induced fracture is parailel with the axis of the borehole and 

propagates in the direction of the maximum principal stress, 

3. That the rock rnass tested is mechanically isotropic. 

As is shown in this thesis, the last assumption does not correlate with either the mapping 

results done during excavation (this chapter), or with the results of the rock properties 

testing program presented in the following chapters. 

Six senes of hydrofrac test have been conductd at the URL in twelve different 

boreholes. Hydraulic fracturing was conducted in 1981 and 1982 prior to shafl sinking 

and was the first stress determination used at the URL. Nine tests were conducted in the 
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borehole URL-1 from 50 to 600 m depth (Haimson, 1982) and a second series of twelve 

tests was conducted in borehole URL-6 (Bawden, 1982). A third series of fifteen tests 

was done from the 240 Level in a subvertical probe hole (206420-PHI) drilled down 

form the 240 Level (Doe, 1987). A fourth series of tests was conducted in three 

horizontal boreholes drilled fonn the 240 Level and huo horizontal boreholes drilled fiom 

the 420 Level (Doe, 1989). A fifth series of fourteen test was done in borehole 401-009- 

HF 1 drilled downwards fonn the 420 Level of the URL (Haimson, 199 1) and a sixth 

series was conducted in three holes oriented in three different ciiredon on the 420 Level 

(Haimson, 1992). 

The tests produced consistent results at depths less than 300m, the depth corresponding to 

the predominant fracture zone (FZ2). Although tests were conducted both above and 

below FZ2, the induced hydraulic fractures below the fracture zone were either 

subhonzontal or could not be induced within the limits of the testing equipment, 

Evidence from the shut-in pressures was sufficient to conclude that the fiacture zone 

acted as a stress domain boundary (i.e. a sharp transition from moderate to high in-situ 

stress magnitudes). The horizontal stress magnitudes from the hydraulic fracture tests 

conducted above FZ2 were later confirmed by overcoring stress measurements. The two 

stress determination methods provided very similar results for stress magnitudes 

(Figure 17). However, there is a 30" to 60" discrepancy in the azimuth of the major 

horizontal stress between the two methods. This difference has been attributed to either 

the natural variation of preferred joint directions in the rock leading to variation in the 

direction of induced hydraulic fractures, or to the existence of magnetite in the granite at 
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the URL wbich may affect the compass directions recorded on impression packers. '& 

data and observations vresented in this thesis sumort the first intemretation - that is, 

control of fracture orientation by the rock fabric. Evidence of this was fmt obtained in 

the first application of hydrofracing at the URL in 1983. Hydrofiacing was conducted 

from a pilot hole centered on the axis of the shaft prior to excavation. The tiydrofrac was 

stained by a dye. Careful mapping of the shaft floor and walls was then done, as the 

excavation of the shaft provided a rare opportunity to observe the detailed geometry of a 

hydrofracture (unpublished mapping by the author and A. Brown, 1984). The exposures 

provided clear and conclusive evidence that the rockmass was not isotropic and that the 

orientation of the hydrofracture was not detennined solely by the in-situ stress 

orientations. Instead, the hydrofracture foliowed narrow (40 cm) pegmatite veins, 

altemating between vertical and horizontal whenever the veins changed orientation. It 

should be added, that these veins were tightly sealed and closed surfaces before the 

hydro fracing. 

The presence of these veins and their structural control was not realized at the time of the 

hydrofrac tests. The evidence for fabric control invalidates several assumptions under 

which the test is based - namely - the fracture orientation is controlled by the in-situ 

stress, and that the rock mass is isotropic. 

3.7.4. MicroseisNc Monitoring 

Microseisrnic monitoring requires the use of arrays of triaxial accelerometers and / or 

geophones to record the low energy seismic waves from small scale cracking and 

microcracking around tunnels. The system is used to ideniify darnage as it occurs during 
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excavation. This damage is related to stress redistribution around the excavations (Read 

and Martino, 1996). AE/MS systems have been used at the URL during shaft extension 

and Mine-by Expriment. 

Accelerometers were installed in boreholes collared fiom the 300 Level and incïined 

downwards 45' around the shaft extension Young and Talebi (1989). The system was 

used to monitor events during shah excavation between 324 and 443 m. In a horizontd 

plane, most of the microseisrnic activity was located within 1 to 2 m of the shaft walls 

and in some cases showed a preferred orientation sirnilar to the zones of microcracking 

mapped at the 300 Level (Everitt et al., 1988). The events are concentrated in the zone of 

maximum compression, and indicate a northwest-southeast maximum horizontal stress 

orientation. This orientation agrees with observations of shaft wall notching, core discing 

and with results fiom convergence measurements. 

Another array of sixteen accelerometers was installed around the Mine-by tunnel (Talebi 

and Young, 1990) also showed a concentration of events (Figure 46) in the orientation 

perpendicular to the maximum stress direction Tdebi and Young (1992). The AE/MS 

system has been shown to provide valuable information regarding the orientation of in- 

situ stresses in a moderate to high stress environment. 

In surnrnary, the convergence measurements provide idonnation on the defornation 

resulting from excavation, fkom which the orientation and approximate magnitude of the 

in situ stresses can be infemed. The microseismic monitoring during excavation 

identifies regions of high compressive stress concentrations which, in tum, c m  be used to 
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infer in situ stress directions. The hydrofracing method provides both the stress 

orientations and magnitudes, but is susceptible to spurious results resulting frorn fabric 

control of hydrofrac development. The overcoring methods have provided the best 

estimates of in-situ stress orientation and magnitude, however only in intermediate to low 

stress rock not affected by core discing. 

Table 9 

In-situ stresses measured at the 240 Level. 

(Martin and Kozak, 1992) 

Magnitude trend plunge 

6 I 25.5 MPa 228" 8" 

0 2  16.8 MPa 135" 23" 

a 3  12-8 MPa 335" 65" 

In-situ stresses measured at the 420 Levet. 

(Martin, 1 993) 

Magnitude trend plunge 

1 55* 3 MPa 135" 14" 

6 2  48* 3 MPa 47" 8" 

tJ 3 14* 2 MPa 73" 74" 



Chapter 4 

NATURAL MICROCRACKS 

Nanirai microfractures in quartz and other minerals are visible on  close inspection of the 

coarser grained phases of the Lac du Bonnet granite (Figure la), and are common in thin 

section. This chapter provides a compilation of the author's work on natural 

microfractures in quartz at the URL. The objectives of this work were as follows: 

1. Are there prefened orientations or patterns of development for the natural 

rnicrofractures? 

2. Does their frequency and development Vary with depth and in a manner consistent 

with the domains of large-scale fractures and the in-situ stresses? 

3. Can microfiactwe orientations be used to infer the orientations of the iarger scale 

fractures in areas of sparsely fractured rock? This application is considered to be 

most valuable during the initial stages of site investigation, as it would provide 

information on which to base the planning of exploration drilling and in the 

placement of in-situ stress measurements. 

4. Are the naturai microcracks responsible for the certain phenornena at the tunnel scale, 

such as the preferred development of excavation-induced fractures in certain 

orientations? 
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5. Can natural microcracks be responsible for strength anisotropies identified by rock 

properties testing (Point Load. Brazilian and uniaxial compression tests)? 

This chapter presents the variations in microhcture orientation with depth at the URL, 

and their spatial relationship to the domains of macroscopic fractures and in-situ stresses. 

This study was undertaken in three stages: 1) an initial reconnaissance survey, 2) a more 

detailed reconnaissance survey, and 3) a study of samples from the 420 Level only to 

correlate with the samples taken for geomechanical testing. The data is presented in 

Everi tt (2000). 

Table 10 

Microfracture types 

1) Naîural rnicrohctures which are dependent on some pre-existing fabric anisotropy, 

which includes: 

a) microfractures developed along grain boundaries, or 

b) microfractures formed by parting along crystallographic directions such as the 

cleavages in feldspars or biotite, and 

2) Natural microfractures that are independent of some pre-existing fabric anisotropy, 

the most signifiant of which are those developed in isotropie minerals such as 

quartz- 
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Figure 18. Exarnples of microcrack varieties as seen in a coarse grained phase of the Lac 
Du Bonnet Batholith, exposed on a tunnel wall at the 240 Level of the URL. The whitish 
linear groove mnning the length of the photograph is the remnant of a percussion-drilled 
perimeter blasthole as seen on the tunnel wall. The rock immediately adjacent to the hole 
appears whiter than the rock surrounding it due to abundant blast-induced microfractures. 
A rnuch larger but related (20 cm long) excavation induced "microfracture" mns parallel 
to the blasthole. These are easily distinguished fiom natwal microcracks by the presence 
of mineral infilling or alteration, as in the prominent hematite -stained microcrack in the 
large microcline crystal near the centre of the photograph. 
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4.1. Terminology 

For the purposes of this report, microfiactures are defined as grain scale discontinuities. 

Their importance lies in their influence on rock mass response, whetber in the lab dunng 

testing, or in the excavations themselves. Preferred directions of natural microcracking 

have long been recognized and utilized in the quarrying industry. Two general types of 

natural microfractures c m  be disthguished, based on their mode of occurrence- These 

are listed in Table 10, 

It is not uncornmon for each of these microfracture types to exist together in any given 

sample, and each or al1 may be the result of both ancient and recent processes 

(Figure 18). Stress relief and blast damage in the proximity of an excavation, drilling, 

and sample preparation tends to accentuate the fabric-related fractures, but can also lead 

to the formation of new transgranular or intragranular microfractures (including both 

types 1 and 2). These induced microfractures, along with any changes to the type 1 

microfiactures, are considered sample damage. 

Ancient or natural microfractures are related to geologic events, including the 

developrnent of the larger scale faults and fractures, and tend to be penetrative (pewasive 

or statistically homogeneous) through large portions of the rock volume. As such, they 

are associated with consistent patterns of rock mass response, such as the rift, grain and 

hardway descnbed in the dimension stone industry. 

In a report on exploration targets for the dimension stone industry in Ontario, Marmont 

(1993) noted that even the most homogeneous and unifotm granites usually possess a 
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microscopie structure that predisposes them to break more easily in one direction than 

another. This is usually caused by weak alignment of elongate minera1 grains, andor by 

sets of pervasive naturai microcracks, either intergranular, or transgranular (Richter and 

Simmons, 1977). The direction dong which a granite splits most easily is the rift, the 

next easiest in the grain, whiie the direction dong which the rock is hardest to split is the 

hard way. The rift is comrnonly horizontal or vertical, the grain is usuaiIy perpendicular 

to the rift, and the hard way prpendicular to rift and grain (Marmont, 1993). These 

directions commonly correlate with batholith structure, with the rift in dome-shaped 

granite intrusions k i n g  parallel to the granite's contact with the enclosing rocks. 

Experienced stone workers can see or feel the rift and grain, and plan their quarrying and 

processing accordingly. Stone cut parallel to the rift will be stronger than stone cut across 

it. Determining the existence and orientation of these natural anisotropies is considered 

criticai in large architectural panels (Marmont, 1993; Stecich et  al., 1992). 

Of the natural microfractures types recognized, those developed in quartz are the most 

widely recognized and studied (Richter and Simmons, 1977). They are thought to have 

originated during cooling (or heating) in the presence of fluids and a deviatoric stress 

field (Jang et al., 1989). Their development in an isotropie mineral, their pervasiveness 

on the hand- specimen- scale, and their tendency to occur as sets related geometricaiiy to 

the causative stresses, make microfractures in quartz usefùl fabric elements with which to 

interpret the stress and fracture history of their host. Their use in determining regional 
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stress orientations related to specific orogenic events have k e n  described by Iang et al. 

(1 989), and Ren et al, (1989). 

The natural rnicrofiactures in quartz are also the type most easily distiuguished from 

sample damage. In this study (and in general), natural rnicrohctures were distui y ished 

from induced microfractures by the presence of mineral filling or alteration, or by trains 

of fluid and minera1 inclusions. The predominant filling mineral in the URL samples 

appears to be hematite, but in most instances the filling and fluid inclusion compositions 

were not optically determinable. Open (Le. induced microcracks) were abundant in the 

UEU samples. They were usually cuniplanar to conchoidal, transgranular, and had no  

obvious pattern. The filled microfractures in contrast, were usually intragranular, planar 

and generally displayed some type of repeating pattern on the thin section scale. 

4.2. Scope o f  Work 

This study of natural microfractures in the Lac Du Bonnet granite at the URL was done in 

three stages to accommodate fiinding and construction schedules, and included: 

1. an initial reconnaissance survey; 

2. a more detailed reconnaissance survey, 

3. a study of samples from the 420 Level only, to correlate with the samples taken for 

geomechanical testing. 

In stages 1 and 2, the purpose of sampling was to identiQ the variation in microfracture 

pattem, with depth and location relative to the major faults and the large-scale fracture 

domains. Samples were obtained from each of the following stnictunilly-defined blocks 



(as shown previously in Figures 18 and 19, Chapter 3), each of which is bound by a thmst 

fault, and is represented by considerable differences in the nurnber, size and spatial 

distribution of outcrop-sale fractures). 

Fracture Domain A: (the pervasively fractured rock between the ground surface and 

extending to the base of the uppermost thmst fault - Fracture Zone 3). 

Fracture Domains B and C: (the moderately to sparsely frac- rock between 

Fracture Zones 3,2.5 and 2), and 

Fracture Domain D: the sparsely fractured rock below FZ2. 

The results of the three stages of microcrack study are presented in Everitt (2000). The 

rnethoàology used and an overview of the results are presented in the following sections. 

4.3. Sampling 

AU sarnples were taken from oriented core, in areas of homogeneous granite away from 

the low-dipping thrust faults and their alteration halo, and any subvertical fracture zones. 

Three mutuall y perpendicular, polished thick sections (100 p) were made from each 

specimen, one perpendicular and two parallel to the core axis. 



Figure 19. Photornicrograph of a single hematite-mled natural microcrack in quartz. 
Photograph by C. McGregor. A - Sealed microcrack with fluid and mineral inclusions. 
B - open microcrack with hematite infilling. 

4.4. Natural vs. induced microcracks 

Natural microcracks were distinguished from induced microcracks by the presence of 

mineral filling or alteration. or by trains of fluid and minera1 inclusions. A single. 

hematite filled natural microcrack in quartz is shown in Figure 19. The predominant 

filling mineral appeared to be hematite, but in most instances the f a n g  and fluid 

inclusion compositions were not optically determinable. 

Open cracks with no visible wall rock alteration or filling were abundant. but were not 

measured to avoid grouping natural microcracks related to the stress relief history of the 
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rock, with others probably induced by excavation, drilling or sample preparation. Open 

(Le. induced microcracks) were usually cuMplanar to conchoïdal, transgranuiar, and had 

no obvious pattern. The filled microcracks in contrast, were usually planas and generally 

displayed some type of repeating pattern on the thin section scale. 

4.5. Microcrack Distribution 

Microfracture homogeneity on the sample-scale was investigated by systematic mapping 

of three mutualiy perpendicular thin sections (Figure 20). Photomicrographs, taken at 

low magnification were used as a base on which were plotted the grain boundaries, and 

the location and identifying letter of each measured microcrack. 

The mapping was undertaken to determine if there was any indication that the pattern of 

natural microcracks in quartz was spatialiy and geometricaliy related to any textural 

heterogeneity at the specimen-scale (such as a radial pattem around feldspar phenocrysts 

or xenoliths). No such evidence was found, and it is concluded that the naniral 

microcracks are pervasive, reflecting the site-scale paleo-strain, and not local-scale 

textural anomalies. 

Quartz is typicaliy interstitial and allotriomorphic in al1 thin sections. Most of the quartz 

shows undulose extinction (Le., the crystal lanice of the quartz is strained). If this strain 

is due to one or more episodes of cooîing and/ or tectonic stresses as described by West 

(1991), it has not k e n  relieved by recrystallization. This undoubtedly contributes to the 
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strains measured in rock properties testing at the ZIRL, but the relative magnitude of this 

influence is not known. 

Microfractures were present in both strained and unstrained grains at al1 levels, and 

crossed the partially recrystallized margins (sub-grain fabric) of some strongly undulose 

quartz. This superficiaily resembled transgrmular cracking, but the microfractures are 

limited by the onginai grain boundaries. 
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Figure 20. Map of natural microcracks (hematite or fluid inclusion-füled planes) within a 
sample from the 420 Level. 
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Natural Microcracks 
in Quartz 
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Figure 2 1. Summary stereographic projections of poles to fracture and microcracks sets 
from the 130,240 and 420 Levels. - average pole to local fracture set in low-dipping 
fracture zones. Infilling types: He -hematite, Ch1 - chlorite, Go - goethite, Ca - 
carbonate. 
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4.6. Natural Microcrack Sets 

The orientations of the natural microfractures were then determined along with the 

orientations of quartz c-axes using a 5 - axis Universal stage, mounted on a petrographic 

microscope, at a magnification of 10x as described by Jang et al-(1989). and Rousell 

(1 98 1 ), The relative orientations measured in each section were converted to tme 

orientations, and these were plotted on surnmary stereographic projections for each 

sample. 

The results of this study indicate that the pattem and domains of microcracking are 

consistent with the patterns and domains previously defined for the macro-scale fractures 

at this site (Figure 21). The microcrack sets at each level correlate well with the sets of 

macro-scale fractures. This includes a well developed microcrack pattem above Fracture 

Zone 2, and a weak and predominantly low-dipping pattern below (Figure 22). 

Micrucracks in the sarnples fiom the 420 Level are weakly developed. They are 

predominantly low dipping, and very similar in orientation to the major lowdipping fault 

zones. Microfractures are more abundant above Fracture Zone 2 (e-g. from the 240 and 

130 Levels), with a well defined low dipping set and two subvertical sets. 

The iow-dipping set in the sample from the 240 Level parallels the average orientation 

for Fracture Zone 2, as well as the compositional layering, which this fault follows. The 

low dipping set in the sample from the 130 Level parallels the orientation for Fracture 

Zone 3 (based on an average taken over a 500 m2 area), but not the local compositional 

layering, which deviates here from the regional nom. This is consistent with other URL 
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surface work, which showed that the iow-dipping fracture zones are fabnc-controlled 

where the layenng is near the theoretical fdure plane, but not where the layering varies 

substantidy in orientation (Brown et al., 1989a). 

thrust faults and splays 

jointw and 
altered (pink) 
granite 

intact or sparseiy 
fracturecl and 
unaitered (grey) 
granite 

Figure 22. Schematic iiiustration of the sets of natural microcracks in quartz at the URL. 
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4.7. Natural Micmmek Length 

Average microcrack lengths are dependent on depth from surface and average grain size. 

A summary of natural microcrack lengths for sarnples ranging from surface to the 420 

Level is shown in Figure 23. Mean crack length decreases noticeably with increasing 

depth from surface. In the moderately fiactured rock above Fracture Zone 2, microcracks 

equal or exceed the grain size, while in the sparsely fractured rock at and below the 240 

Level, the microcracks are usually less than the grain size. Microcrack apertures are also 

dependent on depth and sample disnubance (stress relief) (Chemis, 1981; 1984). 

Avefage mkroccick iength (mm) 
O 0-1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

unfractured & unaltered 
(grey) granite 

microcracks in 

i 
"-7- 

t i 
i i - 

Figure 23. Variation with depth of the average length of nahiral microfractures in quartz. 



4.8. Conclusions d Micmfmctute Study 

There are preferred orientations for the ancient naturai microfractures at the URL, which 

are consistent with the patterns and domains previously defined for the macroscopic-scaie 

fractures at this site. This suggests that the microfracture orientations could have been 

used to provide estimates of the iikely orientations of larger scale fraftures, not 

intersected by boreholes, in the sparsely fractured rock at this site. Changes in the overall 

geometry of rnicrocracks, such as exists on opposite sides of Fracture Zone 2, Uidicate the 

existence of different fracture domains. 

Natural microfractures in quartz are pervasive at the sample scale, even in areas of 

sparsely fractured rock, and as such must be considered in assessing sample response to 

testing. Correlations between microcrack orientation, sample response to testing, and 

excavation damage at the tunnel-scale exist, and are describeci in the foiiowing chapters. 



Chapter 5 

FIELD OBSERVATIONS ON THE 
INFLUENCE OF GEOLOGY ON 
FRACTURE DEVELOPMENT 

5.1. Evidence of Fabric Control of Natural and Induced Fractures at the URL 

The present-day response of an intact rockmass to stress can be gauged by its history of 

deformation. Fabnc control of fractures, for example, is an indication tbat the rwkmass 

has reacted as an anisotropic medium when previously subjected to brittle deformation. 

Fabric control refers to the preferential development of fractures, in certain locations and 

(or) directions, due to the presence of mechanical anisotropy in the rockmass. This 

anisotropy may be induced by the presence of compositionai and textural layering, and by 

the development of secondacy stxuctures such as foliations and lineations. This 

phenornenon is widel y recognized and anticipated in sediments and metarnorphic rocks 

with obvious structure (e.g. Reitan and Murphy, l983), but is often overlooked in rocks 

such as granite where the fabric is far more subtle. 

The rock mass response in "apparently homogeneous" rocks can be defined thorough a 

(costly) program of drilling, mechanical testing, and modelling. However, before this is 

undertaken, physical evidence of a mechanical anisotropy in a r o c h a s s  and of its 
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geometry, can be obtained fiom an examination of tbe distribution of the ancient, natural 

frac tues and natural microfiacnires. 

Detailed mapping of the URL excavations, the shaft in particular, and borehole data have 

clearly indicated that texturd and compositionai heterogeneities control: 

1) the location of large-scale fault zones, 

2) the extent, distribution and infilling charactenstics of laser-scale fractures between 

the fault zones, and 

3) the extent and density of excavation-induced hctures (Everitt and Brown, 1986; 

Everitt et al., 1996). 

It has also been demonstrated, in a qualitative manner, that crack initiation and 

propagation stresses are influenced by rock fabric and grain size. Breakout development 

for example has been observed to vary in response to texturd and structural variations in 

the granite present at the tunnel- and site-scales (Everitt et ai., 1996, and in the sections 

following). In particular, at compressive stress concentrations the breakout is far more 

extensive in the coarser grained variants, especially where the foliation coincides with the 

direction of expected slabbing. 

The following sections describe examples where even subtle fabric in the 

"homogeneous" granite of the LDBB has influenced both natural and excavation-induced 

fractures at a variety of scales and excavation orientations. 
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5.2. Fabric Control of Large Subhorizontal Faults 

The URL access shafts provide a cross section o f  the roof zone of the Lac Du Bonnet 

Batholith, and of a system of low dipping thnist faults and associated splays, each 

extending more than a kilometre along strike, and spaced in the order of 50 to 200 m 

apart. Detailed mapping by the author has revealed that: 

these faults follow the large scale compositional layering in the roof zone of the 

batholith, which in tuni is defined by the batholith shape. The similarïty between 

the orientation of the fault, and of the floor of the batholith, is obvious (Figure 24). 

that each of the three faults and lesser splays are confined to the more heterogeneous 

layers (e-g. as s h o w  in Figure 25, Fracture Zone 2 (a low-dipping thrust fault), has 

developed within a one to two metre thick "plane" of  arnphibolitic inclusions and 

biotitic schlieren. The surrounding granite is more weakly layered or massive, and 

is not fractured. Site drilling has detemined that this fault continues to foUow this 

Iayer over a kilometre from the shaA, along both the dip and strike directions. 
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11 Borchole collar and projection to surface. 
,) 0 .  URL- , M- and B- d e r ,  rcrpcclivcly, 

Structure contours with elcvation in 
210 rnetrcs relative to mean sea level, 
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Figure 24. Influence of batholith contacts and interna1 structure on fault orientation. Structure contours showing the dept h (in km) to the base of the Lac du 
Bonnet Batholith are shown in (A) (as interpreted from profiles appearing in Tomsons et al. (1995) based in tum on gravity and magnetic data). 
Dekamctre-rale layering within the pluton varies locally in orientation, but is broadly puallel to the lower contact. The low-dipping fault zones (e.g. Fracture 
Zone 2) are controllcd in location and orientation by the layering. Structure contours on the lower contact of Fracture Zone 2 are shown in B. 
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5.3. Fabric Corrtrol of Subverticil Natural Joints 

The rockmass between the fault zones is host to one or more sets of subvertical Fractures, 

the pattern and frequency of which is affected by variations in the room-scale fabric. 

This influence is summarized in Figure 26, with the horizontal axis representing the full 

range of fabric variations, and the vertical axis representing the frequency of several 

classes of natural fractures (faults and joints) for each of the ten fabnc types. The 

frequency curves are based on a continuous 240-m long swi-line down the ClRL upper 

vent raise. It is apparent that fractures, both subvertical and subhonzontal, are most 

frequent where the granite is mostly strongly layered. This situation is analogous to the 

situation in sedimentary strata, where frequency for a given lithology varies in a direct 

l inear relationship with bed thickness (Price and Cosgrove, 1994). 

Fracture frequency and extent are also affected by local heterogeneities. 

As shown in Figure 27, natural hematite -filled microfractures have been preferentially 

developed within a zone of very coarse microcline crystals. At any given depth and 

distance from faults, the subvertical fractures at the URL are generally more frequent in 

structural / textural vanants of the host granite, such as the aplitic, granitic and pegmatitic 

dykes or sills (e-g. Figure 28). Apart from grain size and homogeneity of grain size, 

these rock units differ from the surrounding host granite in that they contain a vanety of 

interna1 contacts, schlieren, vein-filled fractures, and foliations. As will be discussed in 

this work, these structures contribute to strength anisotropy, and promote the formation of 

both natural and excavation-induced fractures. 
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Figure 27. The Influence of Rock Fabric on Natural Fractures in the Lac du Bonnet Granite - An example of fabric control of fracture 
orientation and location on the grain scale - natural microcracks developed in a zone of coarse microcline crystals. 
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Figure 28. Control of frafture location and extent due to variations in granite at the 240 
Level. Fractures are most m u e n t  in the coarse grained granite sills, and in the fine 
grained granite dyke, while the main phase medium grained granite is largely 
unfractured. Note: these are al1 phases of the Lac du Bonnet Batholith, and not separate 
unrelated rock units. 
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5.4. Fabric Control of Excavation - Induced Fractures 

Mapping of the s h a h  and the various tunnels at the 240 Level indicated tbat excavation- 

induced fractures were far more numerous than naniral fractures except within the fault 

zones. In the shaft below Fracture Zone 2, in most of the 240 Level, and in al1 of the 

420 Level, natural fractures (e.g. shear zones and joints, whether open or sealed) are 

absent, and the only fractures present are those induced by excavation. This result, based 

on mapping, is supported by the detailed logging of several kilometres of boreholes. An 

1 100 m long steeply-dipping borehole collared at the 420 Level intersected only one 

fiacture (Everitt and Woodcock, 1999)- 

Excavation-induced fractures are distinguished from natural fractures by the absence of 

mineral infilling or wall rock alteration, by their position and geometry relative to 

blasthole remnants, and by their position and geometry relative to the tunnel profiles or 

tunnel face. In general, they f o m  an onion-skin pattern of surfaces, similar to the 

exfoliation fractures seen in surface outcrops, but in the subsurface their orientation and 

size is dependent on their location relative to the tunnel perùoeter, and to the location of 

tuanel faces during excavation. 

Evidence that rock structure was contributing to excavation damage development was 

first obtained dunng routine mapping of tunnels during the construction of the 240 Level 

(Everitt and Read, 1989), and was confinned by subsequent observations during: 1) the 

extension of the URL shaft (Everitt and Passmore, 1993; Everitt et al., 1993), and 2) 

during level development at the 420 Level (Everitt et al., 1993). Damage development 

has been observed to Vary in response to textural and structural variations in the granite in 
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botb the vertical and horizontal planes (Everitt et al., 1996). In particular, at compressive 

stress concentrations damage is far more extensive where the foliation coincides with the 

direction of expected slabbing. 

In areas where the rock fabric is tnily massive (i-e., homogeneous, as in the strict sense of 

this term), or where the fabric is normal to the excavation ais, the geometry of the 

excavation darnage tends to be symmeincal about the tunnel or shaft profile. This 

symmetry tends to be lost however; in areas where the excavation axis mns along the 

"grain" in the rock. This is demonstrated in the following examples from the tunnels at 

the 240 and 420 Levels, and h m  the sbafi at the 300 Level- 

5.5. Fabric Control of Excavation - Induced Fractures in Eorizoatal Tunnels nt 
the 240 Level 

The tunnels at the 240 Level demonstrate the influence of subtle fabric on excavation 

damage development (Figure 29). The a i s  of tunnel (Room) 207 is parallel to the 

maximum principal stress and to the stnke of the gneissosity, while Room 209 is oriented 

perpendicular to them. The tunnel profile of Room 207 is asymmetric, with induced 

fractures paralleling the gneissosity k ing  not only more frequent, but also larger than 

those in other directions. in Room 209, the layenng is not favourably oriented to serve 

as exfoliation planes, and - the damage profile is symmetncal. In this example, it is also 

noteworthy that the greatest damage developed not in the tunnel subject to the higher 

stresses, but in the tunnel subject to the lower stresses. Clearly, whiie the damage is 

initiated by stress release about the tunnel profile, the geometry and extent of this damage 

is very dependent upon the presence of the low-dipping layering. 
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Figure 29. Influence of rock fabric on excavation damage - example fkom the 240 Level. 
This figure depicts the damage associated with different tunnel orientations in the same 
rock type - a medium grained granite. Whde apparently massive in hand specirnen, more 
careful inspection reveals that the granite possesses both a weak mineral alignment 
(foliation) and a decimetre-scale layenng. These apparently weak structures nevertheless 
impart a mechanical anisotropy to the rockmass, which is evident in the ciifferences in 
excavation damage between these two profiles. The tunnel profile of Room 207 is 
asymmetric, with induced hctures parallehg the gneissosity k i n g  not only more 
frequent, but also larger than those in other directions, wiih spalling developing in the 
upper right corner (also shown in Figure 30). In Room 209, the layering is not 
favourably orienteci to serve as exfoliation planes, and - the damage profde is 
s ymmetrical. 



CHAPTER 5. FIELD OBSERVATIONS ON THE INFLUENCE OF GEOLOGY ON 138 
FRACTURE DEWXOPMENT 

The excavation damage is also infiuenced by other fabnc elements present. In addition to 

the layering and foliation shown in the medium grained granite, it is also host to steeply 

dipping fine-grained granite dykes. Where present, these inhibit the sp&g developed in 

the tunnels parallel to the foliation (Room 207 of Figure 29), as is shown in Figure 30. 

As will be shown in the section 5.6 following, similar rock type-dependent damage 

relationships exist at the 420 Level (e-g. cf. Figure 30 with Figure 32) where the 

development of a breakout notch in the medium grained granite, is arrested wherever the 

fine grained granite occurs. 
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Figure 30. Influence of Rock Fabric on Excavation Damage - example from the 240 
Level. This photograph shows the surface of the large spall formed by separation dong 
the plane of layering and parallel biotite alignment in the granite in Room 207 (shown in 
Figure 29). The inset shows the field of view and the relationship between the tunnel 
profile, layenng and the spail. This type of damage is not present in the tumels, which 
are normal, or near nomial to the strike of the layering. Spalling dong the layering is 
arrested wherever the layering is absent or recrystallized - as in this case - by intrusion of 
fine grained granite dykes on the nght and left sides of the field of view. 
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5.6. Fabric Controt of Excavation - I ~ d u c e d  Fractures in Horizontal Tunnels at 
the 420 Level 

Excavation damage characteristic of the 420 Level is shown in Figure 3 1, and includes: 

1. Stress-induced subhorizontal fractures which have propagated from pilot boreholes, 

along the plane of gneissosity, prior to excavation, 

2. Excavation induced fractures of uncertain ongin (Le. blasting and. or stress 

redistribution) on the t u ~ e l  surface, and 

3. Breakout notches in the crown and floor of the tunnel. These notches comprise; (1) a 

broad zone where the rearning hole half barrels have spalled off, and (2), a central "V 

shaped" crush zone where the rock disintegrates into slabs and chips by a process of 

grain-scale fracturing. 

The stress-induced subhonzontal fractures that have propagated from pilot boreholes or 

bootleg remnants (damage types 1 and 2 in Figure 3 1) can be large and pervasive at the 

scale of a tunnel face. In the medium and coarse grained granites, they are clearly 

developed along the plane of gneissosity, but they also occur in the fine grained granite, 

where they are discordant to the steeply-dipping flow banding, but parallel to the 

preferred orientation of natural microcracks at this level (as noted in the preceding 

chapter, and in Chapter 7, Figure 52). The subhonzontal induced fractures are interpreted 

as propagating from stress concentrations such as boreholes, their orientation controlled 

by the ambient stress field (Le. normal to m), with their development aided by the 

presence by of favourably onented foliations and natural microcracks. 

The rate of development, location and extent of the breakout notches (damage type 4 in 

Figure 3 1) appears to result from a combination of factors, including the sequence of 

excavation, the angulanties in the rwm geometry, and the variations in local geology. In 
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excavation, the anplarities in the room gwmetry, and the variations in local geology. In 

particular, at compressive stress concentrations the breakout is far more extensive where 

the foliation coincides with the direction of expected slabbing. Subsequent extensional 

failure (buckling) and spalling dong these surfaces led to the developrnent of breakout 

notches in the crown and flwr. Where the layering was reoriented or absent (due to the 

presence of either fine grained dykes or xenoliths), notch development was much slower 

to develop (the-dependent, with time vaqing by rock type), and reduced in size. 

The infiuence of geology on excavation response is iliustrated using two exarnples fiom 

the 420 Level. In the first example, (Figure 32) excavation was by carefully controlled 

line-drilling and mechanical excavation - blasting was avoided so the purely stress- 

reIated effects of excavation could be assessed. Damage was allowed to progress to a 

stable state by careful scaling and limited (temporary) screening. In the second example 

(Figure 33), excavation was by conventional drill-and-blast methods. The tunnels are 

parallel to each other, approxirnately 50 m apart, with the same geology and stress 

environment. The tunnel axes paralle102 at this level, with their transverse sections in 

the CI a3 plane. In both examples, the tunnels were designed with circular cross-sections. 

In both exarnples, spalling and notch development began almost irnmediately in areas of 

medium to coarse grained granite, and progressed rapidly (within a week) to their final 

fom. The rate of notch development in the fine grained granite was much slower, 

regardless of excavation method, and in some areas never developed at dl. For the area 

within the medium grained granite (in Figure 32), the ceiling and floor notches kept Pace 
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development feii one or more rounds behind the advancing face and was much reduced in 

It should be noted however, that al l  the previous examples were conducted in areas where 

the tunnel axis was normal to the subvertical foliation in the fine grained granite. In tbis 

orientation, the presence of the foliation does not iatluence breakout development. This 

situation changes in those few tunnels where the tunnel axis is parallel to the saike of the 

foliation. As shown in Figure 35, spalhg is now preferentiaily develop dong this 

structure. As will be described in the following section, a similar damage / fabric 

relationships was observed in the 300 Level shaft and station, with damage king most 

prevalent in the "generally stronger" fine graineci granite. 

layering and 
mineral alignment (foliation) a i  

breakout notches 

spalling along 
foliation 

excavation-induced 
fractures 

excavation-induced 
fractures radiating 
from blasthole 
remnants on face, 
and from pilot 
borehole. 

Figure 3 1. Influence of rock fabric on Excavation Damage - example from the 420 Level. 
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Figure 32. Influence of geology on breakout development within a single line-drilled tunnel (the Mine-by Experiment). Room 415 ai 
the 420 Level of the URL provides an example of the influence of subtle differences in geology on breakout development in granite. 
The geology, notch depth and construction are shown. 
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Figure 33. Influence of geology on breakout development within a single drill-and-blast 
tunnel. Room 407 at the 420 Level of the URL provides an example of the influence of 
subtle clifferences in geology on breakout development in granite where conventional 
excavation is used. The tunnel profiles developed in the fme grained and medium 
grained granites are shown in A and B. respectively. 
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Figure 34. Influence of geology on breakout development within a single drill-and-b 
tunnel. Room 421 at the 420 k v e l  of the URL provides an example of the influence 
subtle differences in geology on breakout development in the fine grained granite wh 
conventional excavation is used. In the previous figure it was noted that a biotite 
foliation also exists in the fine grained granite, but it is subvertical and normal to the 
tunnel axis. As such, its presence does not influence breakout development for this 
excavation orientation and geometry". In Room 421 however, the tunnel axis is para 
to the strike of the foliation, and spalling now occurs dong this structure. A similar 
situation occurred in the shaft at the 300 Level, with spalling developed dong this 
foliation where it paralleled the shaft wall (see Figure 35 and section 5.7 foiiowing). 
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5.7. Fabric Control of Excavation - Induced Fractures about the Vertical Shaft at 
the 300 Level 

The 300 Level Shaft Station (Figure 35) is located in unfractured grey granite below 

Fracture Zone 2. The grey granite here is cut by three generations of auto-intrusive dykes, 

the most noteworthy of which, a granodiorite swarm, is the predominant Iithology at this 

stop. The host phase of the batholith is represmted by angular inclusions of granite and 

by vanously disrupted blocks between the dykes. 

Special efforts were made during the excavation of the 300 Level Shafi Station to 

optimize the amount and quaIity of exposure available in order to characterize the 

damage zone around the circular access shaft. Prior to construction of the 300 Level Shaft 

Station, the shaft was excavated to a depth of about 15 m, or 3 shaft diameters below the 

floor of the station to accommodate any time-dependent behaviour in the formation and 

propagation of the excavation damage, and to avoid the effect of stress concentration. 

The 300 Level Shafi Station access station was then excavated using controlled pilot and 

slash techniques for the walls, floor, and crown- This was done to duplicate the quality of 

excavation characteristic of the shaft, and to avoid inadvertent excavation of damaged 

rock. Two surfaces were then made available for observation of the excavation damage 

zone about the shaft perimeter. These were: 1) a temporary 90" brow formed by the 

intersection of the shaft walls, 2) the station crown (once photographed, this was t k e d  

to a more stable 45" dope), and 3) the station floor. A third area, refened to as the station 

lip and lip pocket, provided a sarnple of the darnage zone beneath the floor of the station 

as seen from the shaft walls. 
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The resdts of the excavation damage zone mapping are shown in Figure 35. Although it 

may be possible to distinguish in outcrop certain specific fractures that originated either 

through excavation-induced stress or through blasting (chiefly on the bais  of location 

and pattern), most fractures are likely to be the result of a combination of processes. 

Damage distribution may be correlated with rock fabnc and with the principal stress 

orientations. In Figure 35, note the preferential development of induced fractures in the 

fine grained granite, on the east side of the shaft. As was the situation in Figure 34, the 

fine grained granite contains a subvertical foliation which, where parallel to the 

excavation surface, facilitates spailing. This does not occur in the medium grained 

granite, where the foliation is subhorizontal and therefore not favourably oriented with 

respect to the local stresses to induce spalling. 

Clearly, while the damage is initiated by stress release about the shaft profile, the 

geometry and extent of this damage is again, very dependent upon the presence of a 

suitably oriented fabric such as layering or foliation. 
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Figure 35. Simplified geological map showing the excavation damage at the 300 Level 
station. 
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5.8. Conclusion of Field Investigations into Fabric Control of Excavation - 
Ind uced Fractures 

Within the allegedly homogeneous Lac du Bonnet Batholith, there is ample evidence at 

al1 scales, that even subtle variations in rock type, and in the degree and orientation of 

foliations and other fabrics have clearly influenced subsequent britt le de formation, 

whether this was natural or induced by excavations. This influence is present in 

excavations with vertical or horizontal axes, and in tunnels excavated by diffèrent 

methods. At compressive stress concentrations around excavations, breakout is far more 

extensive where the foliation coincides with the direction of expected slabbing. Rock 

fabnc and its influence on rock strength are therefore significant to the testing and 

interpretation of rock mass response, and to experïment and excavation design. 



Chapter 6 

SAMPLE COLLECTION FOR ROCK 
PROPERTIES TESTING 
Three locations (sam~le areas) were chosen to further examine the interaction between 

rock fabnc and excavation damage, through the collection of a suite of samples for rock 

properties testing. The three locations selected provide a representative sample of the 

range of the compositional and texturd heterogeneity present in the Lac du Bonnet 

granite, and their affect on rock strength and rock mass response. These are: 

1. a fine grained granite dyke with subvertical flow banding, 

2. a medium grained and weakly to moderately layered granite fonning the main mass 

of the batholith, and 

3. a generally coarse grained and leucocratic unit that occurs as sills and recrystallized 

zones in the main phase. 

For the sake of convenience. these are referred to as the fine. medium and coarse aained 

granites. respeçtivelv. 
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The hree case studies were sited in newly excavated tunnels at the 420 Level(420 m 

depth of the URL) where the damage due to stress relief can be observed in the process of 

developing. The sites are in close proximity to eacb other. They are distant fiom faults 

or major fractures, and are in the sarne in-situ stressdomain, As such, they are subject to 

the same stress magnitudes and orientations. 

The general location of the 420 Level, and the names of the various horizontal tunnels 

and inclined ramps referred to in this text are shown in Figure 36. The location of the 

samples, and the local geology at each sampie location are shown in Figures 37-38 and 

39. 

At each site, oriented core has been obtained from an array of boreholes. The arrays were 

designed to intersect the most prominent foliation / microcrack set at 90°, and then at 

20"-30" increments until the core axis was parallel to the foliation (as noted earlier in 

Table 5 and 6, p. 24 and p. 27). The core was logged for foliations and microcracks, and 

then cut to provide oriented samples for uniaxial compression tests. Strength anisotropy 

and the influence of foliation were then systematically investigated using rock mechanics 

tests that are sensitive to planar anisotropy (Point Load and Brazilian tests). 

6.1. Coarse Grained Granite 

The geology, tunnel profile, excavation damage, and sarnpling amy at the coarse grained 

granite study location in Room 41 8 is shown in Figure 40. This tunnel (Rwm 4 18) 

trends O%*, plunges at 15% (06"), and is parallel to a2. The tunnel section is oval, with 
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its major axis rotated 1 Io fiom horizontal to align with the ai direction. The rocbass 

here contains a variety of pervasive and non-pervasive foliations including decimetre to 

dekametre-scale layering, and a parailel mineral foliation (chiefly biotite). These are 

deformed or crosscut by boudinage structure and ductile faults, and by fine grained 

granite dykes, semi-ductile faults. and mineral alignments. Spaliing dong compositionai 

layering and biotitic schlieren, was weil developed in the area of the floor and crown. 

Compositional heterogeneity also appears to be responsible for a pop-up developed at the 

floor at the array location. This pop-up (1.95 x 0.3 x 0.03 m) between two drill traces 

popped up (Le. buckled) at the array. U m e  similar popups at this level. (e.g. Figure 32, 

p. 144) this one was oriented such that the long axis of the buckled slab was aligned with 

the tuonel axis rather than tangential to the tunnel. 

6.2. Medium Grained Granite 

The geology, tunnel profile, excavation damage, and sampling array at the medium 

grained granite study location in Room 417 is shown in Figure 41. This tunnel trends 

235". plunges 00°, and is parallel to 02. Haif barrels, an indication of controlied quality 

blasting, were evident in the sidewalls following blasting, but were lost by spalling over a 

2 to 3 m section of the roof where notch development occwed. Blast-induced fractures 

radiate away frorn blastholes on the tunnel face, but those dipping IO0-40" to the 

southeast are much larger and more fiequent than other directions. Tensile fractures 

oriented radial to the tunnel periphery in the tensile s idewd region are aiso present. This 

orientation is coincident with the al / plane (or the normal to e3), and as noted in 

Chapter 4, is coincident with the preferred orientation of natural microcracks. 
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6.3. Fine Grained Grrurite 

The geology, tunnel profde, excavation damage, and sampluig array at the fine grained 

granite study location in Room 421 is shown in Figure 42. Room 421 trends 23S0, 

plunges at ( 0 7 O ) ,  and is parallel to 02. The tunnel section is oval, with its major axis 

horizontal. At this location, the fine grained granite has a tendency to break in a blocky 

fashion, with block surfaces being defmed by a weli-developed subvertical flow banding, 

and by low-dipping excavation-induced fractures. No natural fractures were encountered. 

Blast-induced fractures on the tunnel face radiate away fiom blastholes but those dipping 

10"-40" to the southeast are much larger and more muent  than other directions. This 

orientation is coincident with the ai - plane (or normai to a3). It is also paraiiel to the 

average orientation of the thnist faults above this level, and to one of the microcrack sets 

developed at this level. Half-barrels were evident in the sidewalls following blasting, but 

were removed by spalling from a 2.5 to 3 m section of the roof in each round. 



Ventraise 1 
to 240 Level 1 , 

Access shaft 
to 240 Level 

Figure 36. General location of the 420 Level, and the names of rmms referred to in this text. 
The black ellipses represent the sample locations. 
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Figure 38. 420 Level geology, main level (depth 415 m). 
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Figure 39. 420 kvel geoiogy, iower level, (de@ 437 m). 
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Figure 41. The 

RT3 W 

geology, tunnel profile, excavation damage, and sampling array at the medium grained granite location in Room 417. 





Chapter 7 

POINT LOAD TESTING 

7.1. Introduction 

This section sumrnarizes Point Load testing conducted to identify variation in tensile 

strength with the direction of loading, and its relationship to rock fabric withui the granite 

of the Lac Du Bonnet Batholith. Three texturaily distinct end-members of the granite of 

the Lac Du Bonnet Batholith were tested: 1) fine grained granite dykes with subvertical 

flow banding, 2) a medium grauied and weakly to moderately layered granite forming the 

main mass of the batholith, and 3) a generally coarse grained and leucocratic unit that 

occurs as sills and recrystallized zones in the main phase. For the sake of convenience, 

these are referred to as the fine, medium and coarse grained granites, respectively. 

7.2. Specimen Preparation 

Samples used in these tests were obtained from the boreholes listed in Table 1 1. Al1 

sarnples are segments of HQ- sized core (46 mm diameter), the choice of specimen 

diarneter being largely dictated by budget constraints. Specirnens were prepared in 

accordance with the procedure described in (Coates and Gyenge, 1966; Gyenge, 1980), 

and by the International Society for Rock Mechanics (Brown, 1981). The end surfaces of 

each of the specimens were ground fiat to ensure that they were pardel to each other and 

perpendicular to the axis of the specimen. 
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A total of 105 oriented specirnens were selected as surlll~larized in Table 11. Their size 

and density statistics are sumrnarized in Table 12. The mean bulk density ranged fkom 

2.54 to 2.72 gn/crn3; these corresponding to the leucocratic and melanocratic layers in 

the coarse grained granite. Density variations showed no correlation with distance fiom 

the excavation, 

Each specimen was retained after loading to failure for detailed mapping of their fabnc 

and the test-induced fractures fonned. The orientations of foliations, natural microcracks 

and the test-induced fkactures, ail relative to the core reference line, were recorded and 

these were then converted to tme onentations. The fabric 1 fracture maps for each 

specimen and data tables for each specimen are provided in Appendix A. 

The orientation of al1 fabnc elements and test-induced fractures in the samples were 

required so that the compressive and tensile strength results could be compared to the 

results from tunnel mapping of rock structure, to the natural microcrack investigations, 

and to the in-situ stress data and rock structure. Accordingly, each specimen was retained 

after loading to failure for detailed rnapping of their fabric and the test-induced fractures. 

The onentations of foliations, natural microcracks and the test-induced fractures, relative 

to the core reference line, were recorded and these were then converted to tnie 

onentations. The angles necessary to convert relative onentations to tme orientations, 

given the trend and plunge of the borehole are shown in Figures 43 to 45. 
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Table 1 1. 
Sample and testing summary 

Rock Type Borehole Onentarion test type and number 
trend Plunge Linia.uia1 Bmzilinn Axial 

cooipression Point Load 
Coarse grained granite 418-05 1-RT 1 324.90 77.10 Disring 

418-05 
4 18-05 
4 18-05 
418-05 

Medium grained granite 403-014 
4 17-07 
417-07 
417-07 
417-07 

1-RT2 143.61 54-76 1 8 15 
1-RT3 143.40 3540 L 8 6 
!-RT4 143.56 19.70 1 7 6 
1-RTS 143.38 0A.I 1 4 12 
-MB2 L 
-RT 1 Not drille3 
-RT2 190.43 59.44 Dix-ing 
.-RT3 190.20 39.48 Disc-~ng 
-RT4 189-10 19.50 I 6 6 

417-07 1-RTS 189.70 -0.20 I 4 8 
Fine grained granite 42 1-032-RT 1 133.99 0.23 I 3 10 

Table 12. 
Sample Properties 

Granite Number Diameter Thicirness bmE Density Point Load 
type' of (mm) (mm) TID sm/cm3 Strength Index 

samples Ratio (MPd 
,,,il. -mean-- -mean-- 

Fine 43 4 4 - ~ s  44.87 igm 20.37 z3zu 0.55 261 2.64 L67 ,620 21.32 2'.w 

Medium 16 44.68 44.73 am ='* 0.46 2.62 263 16.32 trS8 19.4û 20-73 
0.45 ~4 2.65 272 Coarse 41 ,J, 44.80 45-10 18.m 20.50 ,330 15-00 l8.O0 

1 Listed by average grain size, these are the abbreviated names. The full rock names are: 1) fine grained 
and flow banded granodionte dykes, 2) the homogeneous to weakly banded main phase granite, and 3) 
the coarse grained xenolithic leucocratic granite- 

z These are averages based on al1 boreholes. The Point Load Index (and the tensile suength) is in fact 
anisornopic, and varies with respect to the orientation of the loading axis relative to one or more fabric 
elements within each rock type. 
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7.3. Methoàotogy 

The most commonly used laboratocy methods to snidy tensile strength, are the point- 

loading and the line-loading (or Brazilian) methods. In the point-loading method, core 

discs are loaded axially between a pair of indentors while in line-loading method; the disc 

is placed on edge and loaded in the direction of its diameter between two flat platens. 

In the line-load method. the diameval fracture plane 1s constrained by the position of the 

loading indentors, while in the point-load test, the diarnetral fracture plane is fiee to take 

any orientation. In practice, failure tends to be controlled by heterogeneities in the rock, 

such as foliations or microcracks, which are close to or parallel to the plane of failure 

under this loading geometry. Heterogeneities weli outside this plane, such as incipient 

core discing, do not affect the test. 

According to Lajtai (1980) "... The Brazilian test seems to yield a more accurate 

definition of both the tensile strength and its variation with direction ... (and is the more 

cornmonly applied tool for this application in rock mechanics) .... The point load test is 

more suitable for the determination of the minimum value of tensile strength, and .,.(in 

determining if there are preferred directions of fracture)...". 

The same approach was applied in this snidy: with Point Load tests to determine if there 

are preferred directions of fracture in the massive rocks of the LDBB, and Brazilian tests 

to determine if there are variations in tensile strength with the direction of loading. 
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The Point Load test was also used to provide a relative ranking of the tensile strength of 

the various rock types, although this was a secondary objective of this experiment. This 

ranking is based on calculation of the "Point Load Strength index" (Goodman, t 989). 

The "point load index" is given by the following: 

Point Load streugth index, I, = P / D ~  , 

where P = the load to break the specimen. and 

D = the distance between the pfaten contacts. 

The methodology used in tbis study followed the recommendations laid out in 

Brown (198 1), Goodman (1989), and Gyenge (1980). The tests were perfonned in the 

CANMET Bell's Corner's Laboratory. The testing machine incorporated a loading 

system, a system for measuring the load required to break the specimen and a system for 

measuring the distance between the two platen contact points. Two sphencally 

truncated conical platens (an upper and lower), transmitted the load to the specimen. The 

load measuring s ystem incorporated a maximum-indicating device so that the reading 

was retained in the case of sudden specimen faiiure. 

There are two variants of the Point Load Test: the diametral test and the axial test. In the 

diametral test, the spechen is inserted in the test machine and the conical platens 

advanced to make contact along a core diameter, ensuring tbat the distance, L, between 

the contact point and the nearest free end is at least 0.7 D. In the axial test, the specimens 
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are loaded parallel to the core axis. In both cases, the inclination o f  layering, foliation or 

other plane of weakness is recorded with respect to the Iine o f  loading. 

For this project o d y  axial loading was conducted, as the length o f  core available was 

insufficient to allow for multiple samples for both diametral and axial loading, as well as 

Brazilian and uniaxial compression tests. Sarnpling was also limited by the fact that 

there is suficient fabric heterogeneity at the core-scale to make it difficult to limit 

samples (for a given test type) to a single texture/ composition / fabric domain. 

7.4. Determination of Orientation 

The orientation of al1 fabric elements and test-induced fractures in the samples were 

recorded so that the compressive and tensile strength results could be compared to the 

results from tunnel mapping of rock structure, to the naturd microcrack investigations, 

and to the in-situ stress data. and rock structure- 

The upper figure shows the angles necessary to convert relative orientations to true 

orientations, given the trend and plunge of the borehole 
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Load 

reference Iine fracture 
ised to orient a r e  

\ 

induced 
by testing 

KT- ., . foliations 
-\\Y 
-!- ' (various orientations and 

-types incîuâing laYecing 
nd minera1 alignrnent) 

discing 
(potential or 

incipient) 

results not affected by discing 

Figure 43. Point Load testing, rotation of loading direction relative to foliation. Rock 

cylinders were placed verticaily in a loading frame and subjected to axial point loading as 

shown. The orientation of the test-induced fracture, and the fabrics present were 

recorded, and converted to give the tme orientation. 
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3. relative orientation (strike) 

reference line , / 1.  test-induced fracture 

4. relative fracture dip angle 

Figure 44. Method for recording orientation of  test-induced fracture. 
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test-induced 
fracture 1 

test-induced 
fracture 2 

test-induced 
fracture 3 

test-induced 
fracture 4 

test-induced 
fracture 5 

Figure 45. Conversion of relative orientations to tme orientations. In each case, the " R  
and red mow represent the reference line painted on the up-dip side of the core, and 
onented to show the trend and plunge directions. : A senes of samples with test- 
induced fractures. In this view, the core is aligned dong the trend of the borehole, but 
"held" in a vertical orientation so that it plunges 90°. The strike of each fracture is 
recorded relative to the reference line. B: The data Erom A plotted on a lower hemisphere 
equal area projection, with the reference line and the poles to the induced fractures 
indicated. C: As A, but with the core rotated to the correct plunge for this borehole. Q: 
Lower hemisphere equal area projection of the data in C. The reference line "R" rotates 
from its position in B, to the location shown here. The poles to each fracture rotate in the 
sarne direction and orientation. 
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Table 14. 
Average Point Load Strength Index by Rock Type and Borehole. 

Table 13. 
Average Point Load Strength Index by Rock Type and Borehole. 

1 Fine Granite 

Fine Granite 
RT1 RT2 RT3 RT4 

Count 10-0 10.0 10.0 13.0 6.0 14.0 15.0 6.0 6.0 11.0 
Mean 21.8 19.9 23.3 20-5 16.4 16.2 15.0 14.4 15.3 15.1 

Median 21.3 20.3 23.4 20-6 15-7 16-1 15.3 14.3 15.2 14.1 
Maximum 24.8 22.2 27.0 23-2 21.0 19-7 16.8 15.9 175 18.0 
Minimum 19-9 16.2 19.3 17.3 13.9 13.8 13.4 13.4 13-4 13.2 
Skewness 0.9 -0.9 -0.2 -0.2 1.7 0.7 0.0 1.0 0.3 0.7 
Kurtosis -0.5 0.0 -1.2 -0.1 3.5 0.6 -1.4 1.5 -1.1 -1.1 
Std. dev. 1-7 1.9 2.8 1.6 2.4 1 -5 1.2 0-9 1.5 1.8 

Medium 
RT4 RTS 

Maximum 
+ I std-dev 

Mean 
- I std-dev 
Minimum 
S kewness 

Kurtosis 
Std. dev. 

Coarse Granite 
RT2 RT3 RT4 RT5 

Medium 
21.0 
18.3 
16.3 
14.3 
13.8 
1 -2 
2.0 
2.0 

27.0 
23.4 
21.4 
19.4 
16.2 
4 .1  
-0.4 
2.0 

Coarse Granite 
18.0 
16.3 
15.0 
13.6 
13.2 
0.5 
-05 
1.3 
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7.5. Summary of Point Load Testhg Results 

7.5.1. Presentation 

The data from each rock type are presented in the foîlowing format and order: 

1. summary tables for each rock type, which lists the boreholes, the samples from each 

borehole, the sample densities, and the tensile strengths recorded (Table 13 and 141- 

2. a summary figure of the average point load indices grouped by grain size fo indicate 

the relative strength of each rock type (Figure 46). The resultant ranking is consistent 

with that determineci from the uniaxial compression test data, but much of the 

variability shown is in fact direction dependent. 

3. For each rock type and borehole, a pair of histograms which show the strike of the 

test-induced fractures, and the strike of the foliations in the same samples (Figures 47 

to 51). 

Additionai information is provided in Appendix A. Drawings of the foliations and test- 

induced fractures in each of the samples. The axial point load testing results, including 

the sample dimensions, load at failure, the index and the index normalized to the average 

sample size are also included. 
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Figure 46. Cornparison 
grain size). 

h M ù n  

of Point Load Strength Indices by rock type (relative average 
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7 5.2. General Observations. 

The Point Load testing indicated that failure was controlled by heterogeneities in the 

rock, such as foliations or the preferreâ onentation of naturai microcracks, which are 

close to or parallel to the plane of failure under the various loading geometries tested. 

This affect was present to some degree in ali three of the rock types tested, but varies 

systematically with the rock heterogeneity, and with the relative onentation of the 

loading direction. The Coarse Grained Granite has the most repeated tendency to spiit 

dong dominant (iow-dipping) fabric elements, with the Iowest average tensile strength 

and Point Load strength index. The Medium Grained granite has a lesser tendency to 

split dong dominant (and other) fabric elements, but with a comparable average tensile 

strength and Point Load strength index. The Fine Grained Granite has the least repeated 

tendency to split dong any fabric, which in this case altemated between the steeply- 

dipping flow banding and the plane correlating with the preferred orientation of natural 

rnicrofractwes, and with the highest average tensile strength and Point Load strength 

index. 

This systematic variation reflects the relative strength of the low-dipping fabric, which 

comprises a mixture of coplanar compositional layering, minerai alignment, and natural 

microcracks. Ail of these elements are present and well developed in the coarse granite, 

the weakest and most mechanically anisotropic of the group. Where this fabric is less 

well developed or absent, as in the medium and fine grained granites, this is refiected by 

an increase in rock strength and isotropy. 
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7.5.3. Influence of Grain Size on T e d e  Strength 

As noted earlier in this presentation, the Point Load test provides a relative index of the 

tensile strength of the various rock types (the Point Load Index, Goodman, 1989), 

although this was a secondary objective of thk expriment. The result, shown in Figure 

46 and in Tables 13 and 14, is consistent with the uniaxial compression testing describeci 

in Chapter 9, in that relative strength decreases with increasing grain size. 

7.5.4. Influence of Fabric on Tensik Strength 

The principal objective of applying the Axial Point Load Test in this study was to 

determine if there were preferred orientations of failure, and if these existed, their 

correlation with rock fabric. In the axial point configuration, the fracture is free to form 

in any orientation. If however, the rock is anisotropic, there is a tendency for failure to 

follow one or more preferred orientations that generally correspond with some fabric 

element such as nanual microfractures, mineral alignment, etc. The results of this testing 

for the coarse, medium and fine grained granites are presented for each rock type in the 

following sections. 

7.5.5. Coarse Grained Granite, Borehole 418451-RT 2,3,4,5. 

The results of point load testing in each of the 4 boreholes from the coarse grained granite 

are shown in Figure 47, and in Tables 13 and 14. A pair of histograrns for each borehole 

shows the strike of test-induced fractures, and the strike of the foliations in the same 

sarnples. This granite is marked by a well developed low dipping foliation refened to for 

convenience as the large scale layenng, but in fact a mixture of metre to rnilîimetre scale 

compositional layering, mineral alignment, schlieren (in some cases showing evidence of 

slip) and natural microfractures in quartz. 
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In this rock type, there is a very clear tendency for the tensile failure to be localized by 

the foliations present in each sample. Wbich foliation is responsible is dependent upon 

the orientation of the borehole (and sample) axis. In shailow dipping boreholes (< 45 O), 

axial point loading of the core produces fractures following the strongest fabnc. In 

steeply dipping boreholes, the layering is not favourably oriented with respect to axial 

loading, and the plane of failure then '3urnps" to other, steeper dipping foliations (this 

transition is reflected in the values of the average tensile strength), and is shown 

schematically in Figure 48. 
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Figure 47. Point Load test results fiom the coarse grained granite. For each borehole, a 
pair of histograms shows the stdce of test-induced fractures and the strike of the 
foliations in the same sarnples. 
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low-dipping steeply dipping average tensile strength 
foliation foliation in direction indicated by anow 

Figure 48. Schematic representation of the variation in tensile strength in the coarse 
grained granite and its correlation with the fabrics present. In shallow dipping boreholes 
(c 45 O), axial point loading of the core produces fractures following the strongest fabric 
(referred to for convenience as the large scale layering, but in fact a mixture of metre to 
millimetre scale compositional layering, mineral alignment, schlieren (in some cases 
showing evidence of slip) and natural microfractures in quartz). In steeply dipping 
boreholes, the layenng is not favourably onented with respect to axial loading, and the 
plane of failure then "jumps" to other, steeper dipping foliations (this transition is 
reflected in the values of the average tensile strength). These relationships are s h o w  
schematically above. 
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7.5.6. Medium Grained Granite, Bomhde 417-071-RT 4,5. 

The results of point load testing in each of the 2 boreholes from the medium grained 

granite are shown in Figure 49, and in Tables 13 and 14. A pair of histograrns for each 

borehole shows the strike of test-induced fractures, and the strike of the foliations in the 

sarne samples. This granite is marked by a weakly developed low dipping foliation 

referred to for convenience as the large scale layering, but which is in fact a mixture of 

metre - scale compositional layering, mineral alignment, and natural microfractures in 

quartz. 

In this rock type, there is also a tendency for the tensile failure to follow the direction of 

the large scale layenng, but the correlation is not as strong as in the corne grôuied, well- 

foliated granite, and the load required to break the rock dong this plane is, on average, 

greater. 
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Figure 49. Point Load test results from the medium grained granite. This pair of  
histograms shows the strike of the foliations (upper) and the strike of  the test-induced 
fractures (lower) from the same samples. 
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7.5.7. Fine G h e d  G d &  Boreh01e 421432-RT1,2,3,4. 

The results of point Ioad testing in each of the 4 boreholes from the fine grained granite 

are shown in Figure 50, and in Tables 13 and 14. A pair of histograms for each borehole 

shows the strike of test-induced fraçtures, and the strike of the foliations in the same 

sarnples. This granite is marked by a weil developed subverticai flow banding, and a 

low-dipping natural microcrack set. 

In this rock, the tendency is for splitting to occur in the plane of the natucal microcracks, 

and to a lesser extent, dong the subverticd layering. This is consistent with the Brazilian 

tests. 

The links between rock structure and the preferred orientations of the fiactures induced 

by the point load tests are also shown in Figures 51 and 52. The former is a summary 

plot of poles to fiactures induced by axial point loading in each of the specimens taken 

from the 4 boreholes, each oriented at diEerent angles to the foliation. The latter is a 

lower hernisphere equal area plot of poles to natural fiactures (fluid inclusion or 

alteration-filled planes in quartz) obtained by universal stage mapping of thin section 

from the granodiorite. The correlation between the test-induced fractures (Figure 5 1) 

and the natural microcracks (Figure 52) is obvious. 

The pattern of point load induced fractures is dominated by the low-dipping to 

subhonzontal fractures (the vertical sets are quantitatively minor in both outcrop and in 

specimens). The orientation of the low-dipping fiactures is consistent with that of the 

natural microcracks (Figure 52). 
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Figure 50. Point Load test results from the fine grain& granite. The histograrns show 
the strike of the test-induced fractures (upper), and the strike of the foliations (lower) 
from the same samples. This granite hosts a weU developed subvertical flow banding and 
a low-dipping natual microcrack set. Fractures induced by axial point loading 
preferentially follow the (low-àipping) plane of the natural microcracks (which strike 
-90" in this 2-D view), the subverticd foliation being ignored. This relationship between 
the natural microcrack set and the point-load induced fractures is displayed to better 
effect in Figure 51 following. 
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Figure 5 1. Lower hemisphere equal area plot of poles to fractures induced by axial point 
loading, in fine grained granite from boreholes 421-032-RT1,2,3 and 4. 

Figure 52. Lower hemisphere equal area plot of poles to natural fractures (fluid inclusion 
or alteration-filled planes in quartz) obtained by universal stage mapping of thin section 
fiom the granodiorite. The induced fractures in Figure 5 1 share the same general 
orientation as the naturai fractures shown here. 



Chapter 8 

BRAZILIAN TESTS 
The Brazilian test rnethod is a convenient but indirect method for estimating the tensile 

strength (Goodman, 1989). It has been found that a rock core will spiit dong the 

diameter and parallel to the cylinder axis when line loaded on its side in a compression 

machine. The reason for this can be demonstnited by examining the stress inside a disk 

loaded at opposite sides of a diametral plane. In such a configuration the tensiie strength 

is calculated from: 

2P BrazifùanTensile strengrh O, B = - Equation 1 
mt 

where P = load at failure, D = diameter of the specimen, and t = thickness of the specimen 

The "Brazilian tensile strength - a &' is estimated fiom the peak compression load. The 

actual cause of failure may in fact be more cornplex, reflecting the interaction of srnail- 

scale flaws, compression pardlel to the evenniai rupture plane, and the horizontal tension 

induced by this loading. 

The Brazilian test is an indirect but popular method, as it is much easier to perform this 

test than to arrange the precise alignment and end preparation required for a direct tensile 

test (Goodman, 1989). According to Goodman (1989). the estimates it provides are 
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generally higher than those produced by direct tension tests, and the difference between 

estimates increases with increasing grain size and heterogeneity. This is attributed to the 

effect of grain-scale (and larger) discontinuities, in which ". . .largerfissures in the course 

rocks weaken a direct tension-specirnen more severely than they weaken a splitting 

tension specimen .... , The ratio of B r d i a n  to direct tensile strength has been found to 

Vary fiom one to more than ten as the length of preexisting fissures grows larger. 

In this study, values for tensile strength were also calculated using the modification 

suggested by Chen (1993), which includes a correction needed for modulus values owing 

to the presence of rnicrocracks. The correct tensile strength can be approxirnated by the 

following fùnc tion: 

Equation 2 

where k = ratio of Young's moduli in tension and compression 

(the value used was that of the Westerly granite (0.24) given on p. 79 of Chen, 1993) 

A cornparison of values calculated using both equations is given in Table t 5. The results 

are consistent with the general observation, with the coarser rocks king most strongly 

affected. 



Table 15. 
Cornparison of Calculateci Brazilian Tensile Strengths 

Average tensile strength F i e  Medium Coarse 

From equation 1 7.0 MPa 5.0 MPa 6.0 MPa 

From equation 2 2.4 MPa 1.25 MPa 1.5 MPa 

Ratio ( 2 1  %) 34% 25% 25% 

The testing methodology used in this study followed the recommendations laid out in 

Brown (1981); Goodman (1989); Gyenge (1980), and in the Pit Slope Manual 

Supplement 3-5 (Gyenge and Ladanyi, 1977). Al1 specimens were prepared in 

accordance with the procedure described in the Pit Slope Manual Supplement 3-5 

(Gyenge and Ladanyi, 1977) and the method suggested by the International Society for 

Rock Mechanics (Brown, 198 1). 

Rock c ylinders were placed verticail y in a loading frarne and subjec ted to line-loading in 

compression dong a preset diameter at a known angle to some reference line or foliation 

(Figure 53), and then repeated through a senes of angles (Figure 54). These angles were 

recorded, and converted to give the true orientation of the tensile strength vector so 

deterrnined (Figure 55). The tests were performed by the author, at the CANMET 

Laboratories at Beiis Corners, Ottawa. The compression machine used includeà a load 

measunng system for indicating the failure load, and a maximum-load indicating device, 

i.e. one which retains the maximum load so that the latter can be recorded after specimen 

failure loading platens. 
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Figure 53. Configuration of loading for the Brazilian test as seen on a single specimen. 
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Figure 54. Brazilian tests, rotation of loading direction relative to foliation. 



CHAPïER 8. BRAZlL5î.N TESTS 

N 
I 

test-induced 
fracture 1 
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Figure 55. Conversion of relative orientations to tme orientations. ln each case, the "R" 
and red arrow represent the reference line painted on the up-dip side of the core, and 
onented to show the trend and plunge directions. A: A senes of samples with test- 
induced fractures. In this view, the core is aligned dong the trend of the borehole, but 
"held" in a vertical orientation so that it plunges 90'. The strike of each fracture is 
recorded relative to the reference line. 8: The data from A plotted on a Iower hemisphere 
equai area projection, with the reference line and the poles to the induced fractures 
indicated. C: As A, but with the core rotated to the correct plunge for this borehole. Q: 
Lower hemisphere equal area projection of the data in C. The reference line "R" rotates 
from its position in B, to the location shown here. The poles to each fracture rotate in the 
sarne direction and orientation. 
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8.1. Rock Type and Specimen Preparatioa 

Samples used in these tests were obtained from the boteholes listed in Table 16. Al1 

samples are segments of HQ- sized core (46 mm diameter), the choice of specimen 

diameter k ing  largely dictateû by budget constraints. Specirnens were prepared in 

accordance with the procedure described in the Pit Slope Manual Supplement 3-5 

(Gyenge and Ladanyi, 1977) and the method suggested by the International Society for 

Rock Mechanics (Brown, 1981). The end surfaces of each of the specimens were ground 

flat to 0.015 mm to ensure that they were parailel to each other and pecpendicuiar to the 

axis of the specimen. 

The average dimensions and buik densities of sarnples fiom each of the three rock types 

are listed in Table 17. The mean bulk density ranged ffom 2.54 to 2.72 @cm3; these 

corresponding to the leucocratic and melanocratic layers in the coarse grained granite. 

Specimen lengths varied fkom 22.03 to 28.36 mm and diameters varied fiom 44.43 to 

44.9 1 mm, with length to diameter ratios ranging from 0.56 to 0.58- 
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8.2. Brazilian Test Results 

The data for each rock type are presented in the following format and order: 

a summary table that lis& the boreholes. the samples from each borehole, the sample 

densities, and the tensile strengths recorded Crables 18 to 20). 

a summary figure that depicts the variation in average tensile strength between 

boreholes (Figure 56,60.63). This was done to look for directional anisotropy that 

rnight not be obvious at the hand-specimen scale of testing. 

an x-y plot of sample density versus their respective tensile strengths (Figures 57, 

61, and 64). This was done to see if any variations in tensile strength could be due 

to sample damage. If the damage zone around the excavation affecteci the samples, 

it would be expected that such damage would lower both the rock density and the 

tensile strength, and that the specimens affected would be closest to the excavation 

(or to the known stress concentrations about the excavation). 

m an x-y plot of the Brazilian tensile strengths of each sample against the inclination 

of the Ioading axis relative to the preferred orientation of the dominant fabric 

element(s) (Figures 58,62,65). Insets on these plots graphically illustrate the 

orientation of the loading axis (arrows) relative to the flow banding as seen in a 

cross section of the core. The best-fit Iinear regression cunie, the equation for the 

curve, and the R~ comelation coefficient are included. 
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8.3. General Observations. 

The following observations. though qualitative, illustrate the differences in mponse to 

loading which correlate with rock fabric. 

1. 23% of the coarse grained granite samples displayed audible cracking weii before 

failure. When loaded parallel to the foliation / minerai banding, failure was often 

marked by a simple weak "pop", with the sample splitting into two pieces dong the 

foliation plane. ln contrast, failure in the medium and fine grained granites was 

sudden and sharp. These observations are consistent with those fkom tunnel mapping, 

and highlight the importance of the foliations as weakness planes. 

2. The load rate to failure increased much more slowly in the coarse (and heterogeneous) 

granite than in the medium and fine grained granites. It is suspected that this 

behaviour is attributable to a greater degree of crack closure under loading in the 

coarse grained granite, than occurred in the other finer grained rock types. 

8.4. Fine Grained Granite, Borehole 421432-RT1,2,3,4. 

Brazilian test results for the Fine Grained Granite from boreholes 42 l-O32-RTl,2,3,4 

are summarized in Table 18. This summary includes, for each sample, the loading axis 

angles relative to structure, and two calculated tensile strengths for each sample. The 

first strength (mm) represents the value at failure. The second strength (min.) includes 

values in which audible cracking (fracture initiation) preceded failure. As this occurred 

in only one sample for this rock type, this data set is nearly identical to the fmt, and is 

not further discussed. 



Summary statistics for the Brazilian tests fiom the entire borehole array within the Fine 

Grained Granite are shown in Figure 56. The array of boreholes was arranged in a 

horizontal plane, and onented to intersect the subvertical flow banding at angles of 

approximately 60°, 4S0, IO0, and 00°, respectively. The data from each borehole 

includes loading orientations ranging fiom 00' to 90" to the foliation, but have been 

averaged together to look for directional anisotropy at the metre-scale. This was done to 

test for systematic variation within the horizontal plane, or put in another way - to 

examine the affect of borehole orientation when sampling for rock propeities testing. 

The results indicate that there is significant direction -dependent anisotropy. 

To determine if this trend is a function of varying degrees of sarnple damage, the tensile 

strength for each sample was plotted against its density (Figure 57). The tensile streagth 

of the sample suite decreases with increasing density, which is the opposite of what 

wouId be expected if the sample was damaged by discing and enhanced microcracking. 

This result indicates that the direction anisotropy seen is not due to damage. 

The influence of the subvertical flow banding on tensile strength is examined in 

Figure 58. The tensile strength is somewhat lower when the loading axis is parallel to the 

flow banding, but the tendency for this is weak, and the data curve could be subdivided 

into linear segments. This is beiieved to reflect the influence of additional fabnc 

elements in the rock, most notably the natural microcracks. At this location in the URL, 

these microcracks are subhonzontal or have a shallow (40" )  southeast dip. Variation in 

the tensile strength relative to the preferred orientation of the microcracks is shown in 



Figure 59. In this case, the data spread is much less, and the anisotropy is mucb greater - 

i.e. the tensile strength parailel to the natual microcrack set is - 65% of that measured 

perpendicuiar to the rnicrocracks. 
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Tensile Strength Testing Results 
Fine Gralned Granite (boreholes 421432-RT1,2,3,4) 

1- ~ a x  x Mean t 1 std. dev. i Mean x Mean - 1 std. dev, -Min 1 

Boretrok and approximate orhtation to t h  foliation (cmpoattionrl lryerlng) 

Figure 56. Summary statistics for the Brazilian tests from the entire borehole array within the Fine Grained Granite. The array 
includes boreholes 421-032-RTl, 2.3.4. These were arranged in a horizontal plane, and oriented to interseet the subvertical flow 
banding at angles of -60". -45", - IO0, and -O0, respectively. The data from each borehole includes loading orientations ranging 
from 0° to 90" to the foliation in each borehole. This was done to test for systematic variation within the horizontal plane, or put in 
another way - to examine the affect of borehole orientation when sampling for rock properties testing. The results indicate that there 
is significant direction -dependent anisotropy. 
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Flne Grained Granite (Borehoie 421432-RT1,2,3,4) 
Variation in Tensiie Strength with Denuity 

Figure 57. Brazilian test results for the Fine Grained Granite from boreholes 421-032-RT1,2,3, and 4. showing the variation in the 
estimated tensile strengths of each sample plotteà against the comsponding sample density. If the damage zone around the 
excavation affected the samples, it would be expected that such darnage would lower both the rock density and the tensile strength, 
and that the specimens affected would be closest to the excavation. Instead, there is no correlation between density and location (as 
given by the sample numbers). Tensile strength actually decreases with increasing sample density, which is the opposite of what 
would be expected if damage was present. 
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Flna Gralned Gtanlte (Borehole 421-032-RT1,2,3,4) 
Varlation In Tenrlb Strengîh Relatlve to Flow Bandlng 

Figure 58. Brazilian test results for the Fine Grained Granite from boreholes 421-032-RTl, 2,3, and 4. Variation in the estimatcd 
tensile strennths of each samole a~ainst the inclination of the loadine mis relative to the flow banding. The three insets show the 
orientation of the loading a i s  (arrows) relative to the flow banding as seen in a cross section of the core. The best-fit linear regression 
curve, the equation for the curve, and the R~ correlation coefficient are included. in this example, the tensile strength is somcwhat 
lower when loading is done parallel to the flow banding, but the trend is dispersed. 
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Figure 59. Brazilian test results for the Fine Grained Granite from boreholes 421-032-RT1,2,3, and 4. Variation in the estimated 
tensile strengths of each sample against the inclination of the loading axis relative to the preferred orientation of natural microcracks. 
The thne insets show the orientation of the loading axis (amows) relative to the microcracks as seen in a cross section of the core. The 
best-fit linear regression curve, the equation for the curve, and the R* correlation coefficient are included. in this example, the tensile 
strength parallel to the natural microcracks is - 65% of that peipendicular to the microcracks. 
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8.5. Medium Grained Granite, Borehole 417-071-RT 4,s. 

Brazilian test results for the Medium Grained Granite h m  boreholes 4 17-07 1 -RT 4,s 

are surnmarized in Table 19. This summary includes, for each sample, the loading axis 

angles relative to structure, and two calculated tensile strengths for each sample. The 

first strengt h (min.) includes values in which audible cracking (fracture initiation) 

preceded faihe,  while the second strength (max) represents the value at failure. Three 

samples were affected by this phenomenon. These sarnples do not appear to be 

anomalous in shape (finishing), texture or in terms of their orientation and location. 

Summary statistics for the Brazilian tests from the entire borehole array within the 

Medium Grained Granite are shown in Figure 60. The array of boreholes was arranged in 

a vertical plane, and onented so as to intersect the very inconspicuous low-dipping 

layering at angles of -4S0, and +NI0. The data from each borehole includes loading 

orientations ranging from 00" to 90" to the foliation in each borehole, and have been 

averaged together as if the rockmass was massive. This was done to test for systematic 

variation within the horizontal plane, or put in another way - to examine the effect of 

borehole orientation when sampling for rock properties testing. Although this array was 

less extensive than the arrays in the fine grained and coarse grained granites, the results 

confirm a similady orienteci direction -dependent anisotropy. 

To determine if this trend is a h c t i o n  of varying degrees of sample damage, the tensile 

strength for each sample was plotted against its density (Figure 6 1 ). The tensile strength 

of the sample suite decreases with increasing density, which suggests that the direction 

anisotropy seen is not due to damage- There is no correlation between density and 
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location (as given by the sample numbers). Further, tensile strength decreases with 

increasing sample density, which is the opposite of wbat would be expected if damage 

was present. This evidence suggests that the observed variations in tensile strength with 

orientation are not the result of sample damage. 

The iduence of the low-dipping fabrics (an inseparable combination of compositional 

layering, mineral alignment and natural microcracks) on tensile strength is examined in 

Figure 62. Tensile strength pardel to the preferred orientation of these structures is up to 

70% of that measured perpendicuiar to these structures. 

Table 18. 
Brazilian test results 

Fine Grained Granite fkom boreholes 421-032-RT1,2,3,4. 

Borehole Sarnple Density hading angle relative Minimum Tensile Maximum Tende 
to low-dipping Strength Strength 

composi tional layering (Crack Initiation) (Failure) 
(MPd ( W a )  

RTL D 2.64 90 3.01 
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F I ~ U I ~  OB.OB,C~I Tensile Strength Results Medium Gralned Granite (Boreholes 41 7-071 -RT4,5) 

Borehob Amy 
Figure 60. Summary statistics for the Brazilian tests from the entire borehole may within the Medium Grained Granite. The array 
includes boreholes 417-071-RT4 and 5. These were arranged in a vertical plane, and oriented to intersect the subvertical flow banding 
at angles of -45", and -00°, respectively. The data from each borehole includes loading orientations ranging from O0 to 90' to the 
foliation in each borehole. This was done to test for systematic variation within the horizontal plane, or put in another way - to 
examine the affect of borehole orientation when sampling for rock properties testing. The results indicate that there is significant 
direction -dependent anisotropy. 
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Brazilian Test Results. 
Medium Gralned Homogeneous Granite, Boreholer 417-071-RT4 & 5. 

2,590 2.595 2.600 2.605 2.610 2.61 5 2,620 2,625 2.630 

ûenrity (gmlmm3) 
Figure 61. Brazilian test results for the Medium Grain4 Granite from boreholes 417-07 1-RT4 and 5. Variation in the estimateâ 
tensile strengths of each sample against the comsponding sample density. There is no correlation between density and location (as 
given by the sample numbers). Tensile strength decreases with increasing sample density, which is the opposite of what would be 
expected if damage was pnsent. 
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8.6. Cmrse Grained Granite, Bo~ehole 418451-RT 2,3,4,5. 

Brazilian test results for the Coarse Grained Granite fiom boreholes 417-07 1-RT 2,3,4, 

5 are summarized in Table 20. This summary includes, for each sample. the loading axis 

angles relative to structure, and two calculateci tensile strengths for each sample. The Lust 

strength (min.) includes values in which audible cracking (fracture initiation) preceded 

failure. Six samples were effected. These samples do not appear to be anomalous in 

shape (finishing), texture or in temu of their orientation and location. 

Surnrnary statistics for the Brazilian tests from the entire borehole array within the 

Medium Grained Granite are shown in Figure 63. The array of boreholes was arranged in 

a vertical plane, and oriented so as to intersect the lowdipping fabric elements, an 

inseparable mixture of compositional l a y e ~ g ,  mineral foliation, and natural microcrack, 

at angles of -90°, -30°, - lSO, and -O0, respectively. The data from each borehole 

includes loading orientations ranging from O" to 90" to the foliation in each borehole, but 

have been averaged together here as if the rockmass was massive. This was done to test 

for systematic variation at the metre-scale, or put in another way - to examine the affect 

of borehole orientation when sampling for rock properties testing. The results indicate 

that there is significant direction -dependent anisotropy. 

To determine if this trend is a hinction of varying degrees of sample damage, the tensile 

strength for each sample was plotted against its density (Figure 64). The tensile strength 

of the sample suite increases with increasing density, which is the opposite of what is 

seen in the other rock types. However, this does not appear to be attributable to damage, 
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but rather to the marked differences in composition and degree of bandingl foliation that 

occur at the array scale. This conclusion is supported by the fact that there is no decline 

in sample density and strength with proximity to either the borehole collar, or to areas of 

known stress concentration- 

The influence of the low-dipping compositional layenng on tensile strength is presented 

in Figure 65. The tensile strength is lower when the Ioading axis is parallel to the low- 

dipping fabric. The scatter in the data reflects the compositional heterogeneity noted 

eariier, and is indicated in this figure by the syrnbols used for each data point. Strength 

anisotropy in this rock type is marked. The tensile strength varies from a low of 

approxirnately 1 MPa in the plane of the layering, to approxirnately 2 MPa normal to this 

plane. (4 and 10 MPa, respectively using Equation 1 from p. 180). 

Audible crack initiation was heard more frequently in this rock type than in the others 

types combined. The samples affected do not have any obvious charactenstic in 

comrnon. The phenomena occurred over the whole range of borehole orientations, 

loading angles. There does not appear to be any correlation with distance from the 

excavation, and any stress release phenomena that would be associated with proximity. 

Incipient discing is not a factor as any discing fractures would be unfavorably oriented 

for propagation under the diametric line loading of Brazilian tests. 
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Table 19. 
Brazïlian Test Data 

Medium Grained Granite (Borehole 4 17-07 1 -RT4,5) 

Borehole Sample Denaty Loading angle relative Minimum Tensile Maximum Tensile 
to low-dipping Strength Strength 

compositional layering (Crack Initiation) (Fail ure) 
W a )  W a )  

RT 1. 2.3 - not suitable due to core dixing - 
RT4 A 2.62 90" 1.49 
RT4 B 2.60 90" 1.79 
RT4 C 2.60 70" 0.9 1 1.14 
RT4 D 2.63 4Sa 1.33 
RT4 A' 2.62 90" 1-03 1.22 
RTS A 2.63 90" 1.32 
RT5 B 2.6 1 30" 1.09 
RT5 C 2.62 O" 0.87 1 .O7 
RT5 D 2.63 60" 0.87 

Table 20. 
Brazilian Test Data. 

Coarse Grained Granite (Borehole 418-05 1-RT2,3,4,5) 

Borehole Sample Density Loading angle relative Minimum Tende Maximum Tensile 
to Iow-dipping Strength Strength 

compositional layering (Crack Initiation) (Failure) 
(MPa) W a )  

RT1 - not suitable due to core discing - 
RT2 A 2.67 90" 1.70 

B 2-70 75" 1.75 
C 2-68 90" 2.07 
D 2 -67 O" 1 -49 
E 2.66 45" 1.69 
F 2.68 O" 1.1 1 
G 2.63 1 O" 1.17 
H 2.67 O" 0.60 1.39 

RT3 B 2.70 45" 1 -45 
C 2.69 75" 0-67 2.0 1 
D 2.67 90" 2.53 
E 2.70 85" 2.49 
F 2.7 1 0" 1.88 
A' 2.68 55" 1.56 
G 2-65 60" 0.60 1.65 

RT4 A 2.6 1 50" 0.96 
B 2.59 45" 1.2 1 
C 2.60 45" 1.04 
D 2.56 15" 1.33 
E 2.60 20" 1.53 
F 2.60 38" 0.62 0.88 
G 2.6 1 52" 0.54 1.42 

RT5 A 2.62 O" 0.93 
B 2.54 25" 0.52 1.18 
C 2.65 45" 1 .52 
D 2.64 85" 1.65 
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1 - Max x Mean .t 1 std. dev, i Mean X Mean - 1 std. dev. - Min 1 

Borehole and approxlmate orientation to the foliation (comporitional layering) 

Figure 63. Summary statistics for the Brazilian tests from the entire borehole array within the Coarse Grained Granite. The array 
includes boreholes 418-051-RTl, 2,3,4. These were arranged in a vertical plane, and onented so as to intersect the compositional 
layering at angles of -WO, -30°, - l S O ,  - 0°, and -10'. respectively as shown by the schematic illustrations - (the tunnel profile is 
represented by the ellipse, a xenolithic zone by the grey shading, the layering by the light grey dashed lines, and the boreholes by the 
solid lines Note: the near-vertical borehole RT1 was not useable due to discing). The data from each borehole includes loading 
orientations ranging from O" to 90' to the foliation in each borehole. This was done to test for systematic variation within the vertical 
plane, or put in another way - to examine the affect of borehole orientation when sampling for rock properties testing. The results 
indicate that then is significant direction -dependent anisotropy in tensile strength. 
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Coarse Grained Heterogeneous Granite 
Variation In Tenslle Strength (max, and min. estimates) wlth Sample Density 
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Figure 64. Brazilian test results for the Coarse Grained Granite from boreholes 418-051-Rn, 3.4, and 5. Variation in the estimated 
tensile strengths of each smple against the corresponding sample density. This suite differs from the fine and medium grained 
granites in that tensile strength increases with increasing density. This does not however, suggest sarnple damage, as there is no 
comlation between strength and the depth of the sarnple from the borehole collars. Instead, this relationship appears to be due to a 
combination of factors, including the orientation of the borehole relative to the layenng, and to differences in rock composition and 
degree of fabric development as indicated in the boxes above. 
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Coarse gralned Heterogeneous Granite 
Varistlon In Tenslle Strength Relative to Composltlonal Layering 
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Figure 65. Brazilian test results for the Coarse Grained Granite from boreholes 417-07LRT2,3,4, and 5. Variation in the estimated 
tensile strengths of each sample against the inclination of the loading axis relative to the low-dipping compositional layenng. The 
three insets show the relative orientation of the loading axis (arrows) relative to the flow banding as seen in a cross section of the core. 
The ksi-fit linear regression curve, the equation for the curve, and the R~ correlation coefficient are included. Tensile strenph is 
lowest when splitting occurs along the plane of the foliation. The scatter in the data reflects the compositional heterogeneity noted 
earlier, and is indicated in this figure by the following symbols (m- sample has obvious compositional banding and minera1 foliation, 
A - sample has mineral alignment only, X - sample appears nearly massive or has a chaotic or folded foliation). 



CHAPTER 8. B R A Z I M  TESTS 

8.7. Summnry and Conclusions from the Bmziüan Tests 

The Brazilian tests reveal that tensile strength varies with average grain size, and is also 

anisotropic, k i n g  dependent upon the orientation of loading relative to the fabncs in each 

granite. 

The tensile strength in the fine grained granite varies with the orientation of the sampling 

borehole, and on the orientation of loading relative to the fabnc in each sample. 

Directional anisotropy in strength is most noticeable in the vertical plane. In this case, 

the tensile strength measured in the plane of natural microcracks is approximately 65% of 

that measured normal to the microcracks. In the horizontal plane, the tensile strength is 

lowest when loading is parailel to the flow banding, and greatest when normal to this 

stnicture. 

The medium grained granite shows directional anisotropy in tensiie strength, which may 

be correlated with the rock mass fabric. T e n d e  strength parailel to the preferreci 

orientation of the low-dipping layenng and natural microcracks is - 70% of that 

measured perpendicular to these structures. 

The coarse grained granite is the most heterogeneous of the rock types tested. A low- 

dipping fabric dominates its structure at the tunnel and the hand specimen scales. This 

fabnc includes a largely concordant assemblage of compositional and textural layering, 

an alignment of biotite and feldspstr laths, and a preferreâ orientation of natural 

microcracks in quartz. This fabnc induces a marked directional anisotropy, with the 



Brazilian tensile strength parallel to the layering k i n g  - 40% of that nieasured normal to 

this plane. 

The correction for caiculation of the Braziiian test recornmended by Chen (1993) reduces 

the calculated strengths by approximately 50%, but does not affect the presence of 

directional anisotropy in tensile strength, or their correlations with rock fabric. 



Chapter 9 

UNIAXIAL COMPRESSION TESTS 

9.1. Introduction 

This chapter summarizes the uniaxial compression testing conducted to define strength 

anisotropy related to the textural and structurai variations in the Lac Du Bonnet Batholith. 

The purpose of this test is to measure the ultimate compressive strength of a cylindrical 

rock sample loaded axially. The axial deformation of the specimen is also measuted to 

obtain information on the deformation and failwe charactenstics of the rock substance to 

its ultimate strength. 

9.2. Rock Type and Speeimen Preparation 

As noted eariier, three distinct textural varieties of the Lac Du Bonnet granite, ciifferhg in 

type and orientation of foliation were ideatified and selected for testing. Eleven samples 

were obtained from the boreholes Listed in Chapter 1. Al1 samples are segments of HQ- 

sized core (46 mm diameter), the choice of specimen diameter king  largely dictated by 

budget constraints. Specirnens were prepared in accordance with the procedure describeci 

in the Pit Slope Manuiil Supplement 3-5 (Gyenge and Ladanyi, 1977; and Gyenge, 1980) 

and the method suggested by the International Society for Rock Mcchanics (Brown, 

198 1). The end surfaces of each of the specirnens were ground flat to 0.015 mm to 

ensure that they were pardel to each other and perpendicular to the axis of the specimen. 
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93. Test and Appoirattus And Procedure 

For each sample, axial and lateral s h s  induced during compression were provided by 

the attachecl suain gauges. AU samples were loaded, parallel to their long axis, in the 

testhg apparatus at the Canadian Mine Technology Laboratory, Muung Research 

Laboratories, CANMET, Energy, Mines and Resources Canada in Ottawa- For a detailed 

description of the testhg apparatus and its operation, the reader is referred to Gorski 

(1987). The data records for each specimen were saved as ASCII text frles, and included 

the time (sec), load m a ) ,  and corresponding axial and lateral strains. Loading was 

continuous rather than cycled. As the peak strength of the specimen was approached, 

loading was close1 y monitored to prevent rapid failure. 

9.4. Presentation Of Results 

The data obtained in this expriment were compiled as foïlows: 

1. Stress-strain data tables for each sample, which list the axial, lateral and volumetric 

strains recorded for each strain gauge by the data acquisition system, under 

accumulating load. Volumetric strain was computed by using the following equation: 

eV = E ,  +2E, 

where E, = volumetric strain, & = axial strain, and & = circumferential strain. 

2. Stress-strain diagrarns for each sample, showing the axial, lateral and volumetric 

strains under accumulating loads. 

3. Summary tables listing the tensile strength (from the Brazilian tests), and the values 

for crack closure, the onset of dilatancy (yield stress), and the peak load failure 
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obtained by inspection of the stress-strain cuwes, as described in the foiiowing 

section. 

4. Summary charts depicthg the tensile strength (fkom the Brazilian tests). and the 

values for crack closure, the onset of dilatancy (yield stress), and the peak load failure 

obtained by inspection of the stress-strain curves, as described in the following 

section. 

The data readings (1)  and stress-strain diagrams (2) are provided in Appendur C, while 

the summary tables (3) and summary charts (4) are presented in this Chapter. 

9.5. Interpretation of Stress-strrriin Cumes 

Figure 66 illustrates the generai stress-strain characteristics for the Lac du Bonnet granite 

under uniaùal compression. When an applied load exceeds the rock strength, bonds 

break and separate and a fracture (or microcrack) is formed with an attendant release of 

energy. For bnttle rocks, under tensile conditions, the initiation of cracking coincides 

with failure. However, under compressive loading, crack initiation occurs weil before 

failure. Bieniawski (1967a,b) identified five stages of crack developrnent on brittle rock 

(also Goodman, 1989). 

1. Crack closure: Grain boundaries act as, or may contain, microcracks. Microcracks 

can aiso exist within grains especially if stress-relief or previous loading has 

occurred. This first stage of loading involves the closure of microcracks which are 

not paraliel to the applied stress. This increases the modulus of elasticity of the rock 

and produces a non-linear stress-strain curve. This region is more prominent for tests 

performed at low confining pressures than those performed at high confining 
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pressures, typical for rock samples obtained from the 420 Level of the URL, due to 

the presence of stress-induced microcracks in those samples. 

Linear elastic deformation: This stage follows crack closure, and is noted by a linear 

""straight line segment of both the axial and lateral strain curves, the sample 

approximating linear elastic behavior. 

Crack initiation: During the active loading of each specimen, Y.. a change from a 

deformation that is elastic and therefore recoverable to one that involves permanent 

deformation occurs at a point where the initiaily linear stress versus lateral strain, or 

stress versus volumetric strain curve defiects from its initial, linear trend ...... From 

this point on. the rate of lateral strain increases above what can be attributed to purely 

elastic deformation. The point of deflection is the "crack initiation point". More 

than one crack initiation point can occw in a given specirnen, due to the contribution 

of different mineral phases, or to grain or sub-grain scale heterogeneities ..." (Lajtai, 

1982). 

Stable crack ~ r o ~ a e a t i o n :  Existing cracks extend and new cracks c m  nucleate. As the 

cracks develop paralle1 to the major principal stress, the strain gauges oriented dong 

the specimen axis (axial) still produce a Iinear response while those oriented laterally 

produce a non-linear response. The volumetric strains ais0 becorne non-linear at this 

time. The point of crack initiation varies with rock type ad structure, but a range of 

40-50% of the peak strength is cornmon for brittle rock. 

Unstable crack mowth: Also referred to as the onset of dilatancy, this point in the 

loading curve, occurs at approximately 80% of the peak strength. It is marked by a 

relativelv sudden chanrre in the ~a t t e rn  of ~ronagating: cracks. bv reversal of the sien 
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of volumetric strain. with a rapid increase in volume. There is permanent lateral 

(circumferential) and volumetnc strain on loiiding. 

6.  Failure: In this region, crack formation, crack growth and sliding on existing crack 

interfaces results in a decrease of the dope of each of the strain curves. Failure of the 

specimen is the peak stress achieved which is easily noted by a decrease in am-al 

strain on the stress-strain curve. The final pst-peak stage is denoted by decreasing 

stress (i .e- not load-bearing). 

Figure 66. Idealized stress-strain diagram for a bnttle rock with the stages of bnttle 

deformation as represented by the axial. volumetnc and lateral stress-strain curves. 
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9.6. Summary of Observations 

The results of the uniaxial compression tests are presented in the summary charts which 

show: 1) the influence of grain size, and 2) the influence of loading angle relative to the 

dominant fabnc element. Crack closure, the onset of stable crack growth (also referred 

to as the onset of dilatancy), and the peak load at fdure a i i  Vary in a systematic manner 

with the average grain size of the rock, and with rock mass fabric. 

9.6.1. Influence of Grain Size 

The relative minimum rock strength data are listed in Table 21, and are shown in 

Figures 67,68 and 69 for each of the fine, medium and coarse grained granites. The 

stresses conesponding with crack closure, the onset of dilatancy and the peak load failure 

were determineci from the stress 1 strain curves in Appendur C. The data for the very 

coarse granite is fiom Everitt (1995). 

Strength decreases as the grain size and heterogeneity of the granite increases 

(Figure 67). This trend is shown best by the minimum estimates for each of the various 

measures of strength. This trend is obscured by the specimen-scale heterogeneity in the 

coarser granites, where the mean and maximum strengths are more variable (Figures 68 

and 69). In other words, depending on the location and orientation of the borehole, the 

coarsest ganite can be either weaker than, or stronger than, the medium grained granite. 

9.6.2. Influence of Rock Fabric 

-&sotropy of the various measures of compressive strength as a function of rock fabric is 

presented in Table 22 and in Figures 70,71 and 72. The "measures" referred to here 

include: the peak load at failure, the onset of dilatancy, the crack initiation point, the 
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crack closure stress, and the average tensile strength. The average tensile s a n g t h  was 

obtained fiom the Brazilian tests. The values for crack closure, crack initiation, the onset 

of dilatancy and the peak load failure were determineci fkom inspection of the individual 

stress / strain curves in Appendix C. There is insufficient &ta to review the influence of 

fabric in the medium grained granite on compressive strength. 

Anisotropy of compressive strength related to rock fabric, is most strikingly displayed by 

the fine grained granite (Figure 70). In tbis rock, each of the various measures of rock 

strength decrease together in a systematic manner as the orientation of the sampling 

borehole, (and therefore the axis of the test specimen) rotaies towards parallelism with 

the strike of the rock unit contact. The weakest direction correlates with the strike of the 

dykes and of rare subvertical fractures found at this level. 

Directional anisotropy is also evident in the coasse grained granite, although its 

relationship to the rock fabnc requires more explanation. The variation, with orientation, 

of the compressive (and tensile) strengths for the coarse grained granite is shown in 

Figure 71. Inspection of this figure indicates that samples are weakest in compression 

when the centimetre- to decimetre -scale layenng intersects the sample axis at an angle 

between 20" and 40". The rock is stronger (at the specimen scale) when the sample is 

within the plane of layering, or sharply inclined to it. This interpretation is consistent 

with field observations and with the Point Load and Brazilian tests, in that the contacts 

between layers provide more clearly defined and continuous weakness planes, than those 

structures that would promote axial splitting of the specimens (Le. grain alignment or 
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natural microcracks) at the test-specimen scale. Simiiar results were obtained from the 

tests for the medium-grained granite (Figure 72). 

For this coarsely layered medium grained granite, the various meastues of strength were 

lowest when the layering, and the subparallel natud microcracks, were inclined 30 

degrees to the loading axis. 

9.6.3. Summary and Conc~sioans fmm Uniaxial Compression Tests 

The uniaxial compression tests conducted in this study reveai that the compressive 

strength varies with average grain size, and with the direction of loading relative to the 

dominant fabric present in each sample. Directional anisotropy, related to different types 

of fabric elements, exists to a significant degree in each of the three rock types. The 

minimum estimates for peak load strength for the fine, medium, coarse, and very coarse 

grained granites are 168, 155, 125, and 120 ma, respectively. 
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Table 2 1 
Summary tables of peak load failure and other strength measures (in MPa) 

as detetmined by manual inspection of the stress-ssain curves. 
(tende strength data irom Brazilian tests), 

Minimums 
Very coarse granite Coarse manite Mediummanite Fine -te 

1 Peak load failure 120 125 155 168 

Onset of dilatancy 

Microcrack closure 20 

/ Tensile strength 3.5 3.7 3.5 4.6 

Means 
Very coarse manite Coarse manite Medium manite Fine granite 1 

Peak load faiiure 

Onset of dilatancy 

Microcrack closure 

Tensile strength 

Maximums 
Very coarse m i t e  Coarse aanite Medium manite Fine manite 

Peak Ioad failure 183 166 210 

Onset of dilatancy 128 104 150 

Microcrack closure 20 24 40 

Tensile strength 10.1 7.1 9.1 
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Table 22 
Uniaxial Compression Testing Summary by Rock Type and Borehole (in MPa) 

(tensile strength data from Brazilian tests) 

Fine p i n e d  granite 
Minimums 42 1 -032-RT 1 42 1 432-RT2 42 1 -032-RT3 42 1 -032-RT4 

75* 501' 35* IO* 
Peak load failure 2 10 196 168 120 

Onset of dilatancy 150 136 108 88 
Crack initiation 130 120 82 60 

Microcrack closure 40 40 40 28 
Average tensile strength 9.1 8.7 8 7.9 

Medium p i n e d  granite 
Minimums 403-0 14-MB2 4 17-07 1 -RT4 4 1 7-07 1 -RT5 

53 * O* 30" 
Peak load failure 166 163 155 

Onset of Dilatancy 92 1 0 4  95 
Crack initiation 75 90 60 

Microcrack closure 23 32 24 
Average TensiIe strength 5 5 5 

Coarse grained granite 
Minimums 418-051-RT2 418-051-RT3 418-051-RT4 418-051-RT5 

40* 20* O* I5* 
Peak load failure 140 125 183 183 

Onset of Dilatancy 92 96 128 126 
Crack initiation 72 84 96 100 

Microcrack closure 16 16 20 20 
Tensile strength 4 4 4 4 

Note: The angle between the borehole and the dominant rock structure is indicated in italics 
below each borehole name. 
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Figure 67. X-Y-Z cornparison chart of the minimum uniaxial compression and 

grai 

grai 

bite 

iite 

(Brazilian) tensile strengths of the 3 rock types. The stresses corresponding with crack 

closure, the onset of diiatancy and the peak load failure were determined fiom the stress / 

strain curves in Appendix C. The data for the very coarse granite is from Eventt (1995). 

The figure clearly indicates that the various measures of strength decrease as the grain 

size and heterogeneity of the granite increase. Compare with Figures 68 and 69 showing 

the mean and maximum Uniaxid Compression and (Brazilian) Tensile Strengths, 
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Figure 68. X-Y-Z cornparison chart of the mean uniaxial compression and (Brazilian) 

tensile strengths of the 3 rock types. The stresses corresponding with crack closure, the 

onset of dilatancy and the peak load failure were detennined from the stress / strain 

curves in Appendix C. The data for the very coarse granite is from Everitt (1995). The 

figure clearly indicates that the various measures of strength decrease as the grain size 

and heterogeneity of the granite increase. Compare with Figures 67 and 69 showing the 

minimum and maximum Uniaxial Compression and (Brazilian) Tende Strengths, 

respective1 y. 
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Figure 69. X-Y-Z cornparison chart of the maximum uniaxial compression and 

(Brazilian) tensile strengths of the 3 rock types. The stresses corresponding with crack 

closure, the onset of dilatancy and the peak load failure were determined from the stress 1 

strain curves in Appendix C. The data for the very coarse granite is from Everitt (1995). 

As was shown in Figure 67 (minimum values), the various measures of strength decrease 

as the grain size and heterogeneity of the granite increase. This trend is obscured by the 

specimen-scale heterogeneity in the coarser granites, where the mean and maximum 

strengths are more variable (Figure 68 and 69). In other words, depending on the 

location and orientation of the borehole, the coarsest granite c m  be either weaker than, or 

stronger than, the medium grained granite. 
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MPa 

Figure 70. Anisotropy of compressive strength related to rock fabnc, is most strikingly 

displayed by the fine grained granite. This figure compares the variation in the various 

strength estimates with orientation. Orientation refers to the angle between the strike of 

the dyke and the sampling boreholes, which ranges fiom 10". 3S0, 50°, and 75" in 

boreholes -RT4, - RT3, - RT2 and - RT1, respectively. The values for the peak load 

failure, onset of dilatancy, crack initiation, and microcrack closure are derived from the 

uniaxial compression data (stress /suain curves) in Appendix C. The t e n d e  strength is 

from the Brazilian tests. In this rock, each of the various measures of rock strength 

decrease together in a systematic manner as the orientation of the sampling borehole 

rotates towards parallelism with the strike of the rock unit contact. The weakest 

direction correlates with the strike of the dykes and of rare subvertical fractures found at 

this level. 
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Figure 7 1. Influence of low-dipping fabric on rock strength for the coarse grained 

granite. This figure compares the variation in the various strength estimates with 

orientation. The values for the peak load failure, onset of dilatancy, crack initiation, and 

microcrack closure are denved from the uniaxial compression data (stress /strain curves) 

in Appendix C. The tensile strength is from the Brazilian tests. 

The data presented in this figure clearly indicate that directional anisotropy is also 

evident in the coarse grained granite. In the coarse grained granite, samples are weakest 

in compression when the centimetre- to decimetre -scale layering intersects the sample 

axis at an angle between 20" and 40". The rock is stronger (at the specimen scale) when 

the sample is within the plane of layering, or sharply inclined to it. 
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MPa 
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Figure 72. Influence of low-dipping fabnc on rock strength in the medium grained 

granite. X-Y-Z cornparison chart of the variation, with orientation, of the estimated 

average strengths for the medium grained granite. The values for the peak load failure, 

onset of dilatancy, crack initiation, and microcrack closure are derived fiom the uniaxial 

compression data (stress /strain curves) in Appendix C. The tensile strength is from the 

Brazilian tests. Samples are weakest in compression when the centimetre- to decimetre - 
scale layering intersects the sample axis at 30". The rock is stronger (at the specimen 

scale) when the sample is within the plane of layering, or sharply inclined to it. 



Chapter 10 

SUMMARY AND CONCLUSIONS 

The purpose of this thesis was to investigate and document the contribution of rock 

fabric on excavation damage development The hypothesis, based on observation of 

M u r e  in a variety of rocks at the URL, was that failure occurred at strengths lower than 

expected, because of fabric-induced strength anisotropy. The hypothesis was tested by 

undertaking a combined laboratory and field investigation. Although the different 

excavation response of texturally distinct granite varieties at the URL has been noted, 

previous investigations assumed that granite (at the URL site and elsewhere) could be 

treated as a continuous intact (unfractured) mass that is homogenous and isotropic in 

s trength. 

The concIusion fiom this investigation is that the Lac du Bonnet Batholith is not, in fact 

homogeneous, but contains structural elements and distinct textural varieties which differ 

significantly in their response to rock properties testing and to excavation. 



Data collected in this study demonstrates unequivocaily, and for the first time, the highly 

heterogeneous interna1 structure characteristic of allegedly homogenous bathoiiths, and 

the influence of this heterogeneity on rock mass response. Evidence for anisotropic 

behaviour of the rockmass is demonstrated to: 

1. have occurred on the geological time-scale, and its influence is still present in recent 

excavations, and 

2. at a wide range of scdes, fiom the localization of fault zones dong low-dipping 

layering at the kilometre-scale, to the localization of failure arwnd tunnels by 

separation dong this and other weakaess directions. 

10.1. Outline of Investigation 

The hypothesis was tested through a detailed and combined program of mapping and 

rock properties testing. The geological setting and the general geology of the study site 

were described, with emphasis on the factors affecting the development of the ancient 

(natural) fractures. This description includes a synopsis of the site-scale patterns of 

natural microfractures, an extensive effort conducted as part of this investigation. To 

investigate the role of rock fabnc on rock strength and darnage development, three case 

studies were selected in the intact rock at the 420 Level of the Underground Research 

Laboratory (URL). The case studies included fine, medium and coarse grained varieties 

of the LDBB granite. Foliations of various types and orientations are present at each 

sample site, and borehole arrays were designed at each of the three locations to provide a 

wide range of intersection angles for rock properties testing. 



The rock properties testing conducted was intended to define the influence of foliation 

and preferred microcrack orientations in creating strength anisotropies, which in turn 

influence excavation damage development. Tachniques sensitive to planar anisotropy in 

rock were identified from the iiterature. It is recognized that fabnc is just one of the 

factors contributing to lowenng strength from what is seen under Iab conditions. This 

report sumarizes: 

1) what was lemed fiom the URL that is useful in future site charactenzation, 

2) how geological features in granite influence excavation damage (link between 

geology and engineering), and 

3) the role of rock fabric on rock mass response (inciuding rock properties testing and 

in-situ stress measurement). 

A relative ranking of rock strength correlating with average grain size is presented. The 

results are compared with field observations of excavation damage development. 

Directional anisotropy in rock strength is compared to the orientation of known fabric 

elements such as natural microcracks directions and some foliations- The results are 

consistent with tunnel mapping observations regarding preferential development of 

excavation darnage in some rock types and in certain directions. 



10.2. Identification af Anisotropy in the 6(H~mogeneous'' Lac du Boanet Batholith 

This investigation has revealed two basic errors in the literature regarding the stnicture of 

the LDBB and its influence on excavation response: 

1. The Lac du Bonnet Batholith is a type example of a homogeneous granite pluton in 

the Canadian Shield (e.g- Beakhouse, 1991; Card and Poulsen, 1998). 

2. With regard to excavation damage development, the LDBB has been used as tcxtbook 

example of a homogeneous and isotropic granite (e.g. Hoek E., Kaiser P.K. and 

Bawden W.F., 1995. Support of Underground Excavations in Hard Rock). 

Neither of these asswnption is correct. At the URL, textural and compositional 

heterogeneities control: 1) the location of large-scale fault zones, 2) the extent, 

distribution and infilling charactenstics of lesser-scale fractures between the fault zones, 

and 3) the extent and density of excavation-induced fractures. It has also been 

demonstrated by the testing program conducted here, that crack initiation and 

propagation are influenced by rock fabnc and grain structure. Finally, breakout 

development and other types of excavation damage for example Vary in response to 

textural and structural variations in the granite present at the tunnel- and site-scales. 

10.3. Natural Microcracks 

The site characterization included a compilation and synopsis of the studies of natural 

(Le. ancient) rnicrofiactunng in quartz at the URL. This study was undenaken in three 

stages: 1) an initial reconnaissance survey, 2) a more detailed reconnaissance survey, and 

3) a study of sarnples from the 420 Level only to correlate with the samples taken for 

geomechanical testing. 
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The results of this study indicate that the orientations and domains of ancient (nanual) 

microcracking are consistent with the patterns and domains defined for the macro-scale 

fractures at this site. Microfractures are more abundant, more strongly oriented with 

more sets above the basal thnist fault (Fracture Zone S), than in the sparsely fractured 

rock below the fault. Natural microfiactures in the sparsely fractured rock below FZ2 are 

Iow dipping. In the moderately fraçtured rock above the fault, the microfracture pattern 

comprises a low dipping set and two subvertical sets. The Iow-dipping set in the sample 

fmm the 240 Level paraiiels the average orientation for Fracture Zone 2, as well as the 

compositional layering, which this fault foliows. The iow dipping set in the sample fiom 

the 130 Level parallels the orientation for Fracture Zone 3 (based on an average taken 

over a 500 m2 area), but not the Local compositional layering, which deviates here from 

the regional norm. This is consistent with other URL and surface work, which showed 

that the low-dipping fracture zones are fabnc-controlled where the layering is near the 

theoretical fadure plane, but not where the layering varies substantially in orientation. 

Average microfracture lengths are dependent on depth fiom surface and grain size. The 

mean crack length decreases with depth from surface. In the moderately fractured rock 

above Fracture Zone 2, microfractures equal or exceed the grain size, while in the 

sparsely fractured rock at and below the 240 Level, the microfiactures are usually less 

than the grain size. 

The rock properties testing results indicate that the various foliations, compositional 

layering and natural microfractures influence rock properties, in particular inducing 

anisotropy to tensile and compressive strength. 



10.4. Influence of Grain Sue on Rock Strengh 

Strength, (whether expressed as tensile strength, crack closure strength, crack initiation 

stress etc.) decreases as the average grain size and heterogeneity of the granite increase. 

This trend is shown best by the minimum estimates for each type of strength. The mean 

and maximum strengths are much more variable, k i n g  affected by the relative size and 

orientation of specimen-scale heterogeneities. These influences are most pronounced in 

the coarser granites. 

10.5. Influence of Rock Fabric on Compressive Strength 

The testing program has also demonstrated that there is a directional anisotropy to the 

compressive and tensile strengths in each of the three phases of the LDBB granite, and 

that this anisotropy is controlled by the different fabrics present in each case. 

Directional anisotropy of strength and the influence of subvertical fabric on the 

compressive strength was noted in the fine grained granite. The compressive strength of 

the fine grained granite is dependent upon the orientation of the sampling borehole 

relative to the strike of the dyke. Zts strength parailel to the dyke contact is 40% less than 

that measured (near-) normal to this direction. 

Directiond anisotropy is also evident in the medium and coarse grained granites, 

although its relationship to the rock fabnc is more cornplex. Samples are weakest in 

compression when the centimetre- to decimetre- scale layering intersects the sample axis 

at an angle between 20" and 40°. The rock is stronger (at the specimen scale) when the 

sample is within the plane of layering, or sharply inclined to it. This interpretation is 

consistent with field observations and with the Point Lmad and Brazilian tests, in that the 
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contacts between layers provide more clearty defined and continuous weakness planes. 

than those structures that would promote axial splitting of the specirnens (Le. grain 

alignment or natural microcracks)- 

10.6. Influence of Grain S u e  on Tensile Strength 

The Point Load test provides a relative index of the strength of the various rock types (the 

Point Load Index, Goodman, 1989). although this was a secondary objective of this 

expriment. The "point load strength index" is defined as follows: 

Point Load strength index, I., = P/DL 

where P = the load to break the specimen. 

and D = the &tance between the platen contacts. 

The test results are consistent with the uniaxial compression testing, in that relative 

strength decreases with increasing grain size. However, the principal objective of the 

Point Load Test was to identiQ weakness planes and their relative strengths. The result 

of this application is summanzed in the following section. 

10.7. Fabric-induced Anisotropy of  Tensile Strength 

In the Point Load test configuration, the fracture is free to fonn in any orientation parallel 

to the load. If however, the rock is anisotropic, there is a tendency for failure to follow 

one or more preferred orientations which generally correspond with some fabric element 

such as natural microfractures, minerai alignment, etc. In the case of the URL granite, 

there is a very clear tendency for the tensile failure to be localized by the foliations 

present in each sarnple. Which foliation is responsible varies with the sample. k ing  

dependent upon the orientation of the sampling borehole relative to the local fabric or 

fabrics. 
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In shallow dipping boreholes (< 45"). axial point loading of the core produces fractures 

following the strongest fabnc (refemed to for convenience as the large scaie layering, but 

which is in fact a mixture of metre- to millimetre-scaie compositionai layering, mineral 

alignment, schlieren (in some cases showing evidence of slip) and natural microfraçtures 

in quartz. In steeply dipping boreholes, the layering is no longer favourably oriented with 

respect to axial loading, and the plane of faiiure then "jumps" to other, steeper dipping 

foliations. The presence of "preferred failure planes" is marked by si-cant 

direc tional variations in the average tensile strength (as defined b y the Brazilian tests). 

In the coarse grained granite for example, the tensile strength can be 60% and 80% of the 

strength obtained when the sample is forced to break oblique to the prïmary and 

secondary foliations, respectively. 

10.8. Influence of Natutal Microcracks on Tende Strength 

In the case of the fine grained granite there are two distinct fabric elements to consider - a 

subvertical flow banding, and a low-dipping microcrack set. While the microcrack set is 

dso present in the medium and coarse granite, it and its effects are easily masked by the 

subparallel foliation. In the fine grained granite, the two structures are nearly 

perpendicular to each other, and their affect on rock strength can be examined separately. 

The Brazilian tests indicate the tensile strength within the horizontal plane is somewhat 

lower when the loading axis is parallel to the flow banding, but the tendency for this is 

weak, and the scatter in the data is considerable. For testing done for the vertical plane, 

the data spread is much less, and the anisotropy is greater - with the tensile strength 

parallel to the natural microcrack set being approximately 65% of that normal to this 



direction. In this rock unit, it appears that the natural microcracks in quartz have a 

greater influence on the tensile strength than the centimetre-scale compositional layering. 

10.9. Summary of Variations by Rock Type 

The coarse grained granite is the most heterogeneous of the types tested. A low-dipping 

fabric dominates its structure at the tunnel and the hand specirnen scales. This fabric 

includes a largely concordant assemblage of compositional and textural layering, an 

alignment of biotite and feldspar laths, and a preferred orientation of natural microcracks 

in quartz. Point Load and Brazilian tests indicate that this fabric impacts a mechanical 

anisotropy, with the tensile strength in the plane of the fabric k i n g  about 40% of that 

deterrnined for the normal to this plane. This anisotropy is obvious underground, where 

it facilitates scaling, and the development of excavation-induced fractures where these are 

developed in an orientation comparable to the predominant foliation. There is also a 

very clear tendency for the tensile failure to be localized by other foliations. Which 

foliation is responsible is dependent upon the orientation of the sampling borehole. 

In shallow dipping boreholes (< 45")- axial point loading of the core produçes fractures 

following the strongest fabric (the large scale layenng as defined above). In steepIy 

dipping boreholes, the layenng is not favourably oriented with respect to axial loading, 

and the plane of failure then "jumps" to other, more steeply dipping foliations. The 

transition from one foliation plane to another is reflected by fluctuations in the tensile 

strength as noted in the preceding section. 



The properties of the fine grain4 granite are influenced by two distinct fabnc elements - 

a subvertical flow banding, and a low-dipping microcrack set. While the microcrack set 

is also present in the medium and coarse granite, it and its effects are easily masked by 

the subparallel foliation. In the fine grained granite, the two stmctures are nearly 

perpendicular to each other, and theu influence on rock mass response can be examined 

separately. Brazilïan tests indicate that the tensile strength is somewhat lower when the 

loading axis is parallel to the subvertical flow banding, but the tendency for this is weak, 

and the scatter in the data is considerable. A stronger correlation is shown by the 

influence of the low-dipping nahiral microcrack set, with the tensile strength parallel to 

the naturd microcrack set being approximately 65% of that normal to this direction. In 

this rock type, it appears that nahual microcracks in quartz have a greater influence on 

the tensile strength than centimetre -sa le  compositional layering. 

The Point Load testing indicated that failure was controlled by heterogeneities in the 

rock, such as foliations or the preferreâ orientation of natural microcracks, which are 

close to or paralie1 to the plane of failure under this loading geometry. This tendency 

was present to some degree in aii three of the rock types tested, but varies systematically 

with the degree of heterogeneity. The coarse grained granite has the most repeated 

tendency to split along dominant (low-dipping) fabnc elements, with the lowest average 

tensile strength and Point Load strength index. The medium grained granite has a lesser 

tendency to split along dominant (and other) fabric elements, but with a comparable 

average tensile strength and Point Load strength index. The fine grained granite has the 

least repeated tendency to split dong any fabric, which in this case altemated between the 
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steeply-dipping flow banding and the plane correlating with the preferred orientation of 

natural microfractures, and with the highest average tensile strength and Point Load 

strength index, 

This systematic variation reflects the relative strength of the low-dipping fabric, which 

comprises a mixture of CO-planar compositional layering, mineral alignment, and natural 

microcracks. All of these elements are present and well developed in the coarse granite, 

the weakest and most mechanically anisotropic of the group. Where this fabric is less 

well developed or absent, as in the medium and fine grained granites, this is reflected by 

an increase in rock strength and isotropy at the specimen -scale. 

At the tunnel-scale, these differences in mechanical properties result in a differences in 

excavation damage including: whether breakouts develop or not, and the rate at which 

they develop, varying from hours in the case of the coarse grained granite, to days or 

weeks in fine and more homogeneous granites. 

10.10. Application of ResuIts 

The geologicd investigations described in this thesis have the following significance with 

respect to the seleetion of a site for a disposal facility. 

1. It must be recognized that even "simple" batholiths such as the Lac du Bonnet 

Batholith have complex intemal structure. This structure is a product of the mode of 

intrusion, cooling history, and later deformation. 

2. The rock fabric produceci by these events exerts a significant control on the location, 

extent and orientation of natural (i.e. ancient) fractures. This association therefore 
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provides a guide to predicting fracture occurrence in the rock mass. It also provides 

an indication of the potential rock mass response to excavation. 

Subtle variations in granite fabric cm lead to significant differences in the rock mass 

response to excavation. Foliations and preferred orientations of natural microcracks 

may reduce strength, and act as weakness planes, in one or  more directions. This 

anisotropy wiil influence the development and propagation of excavation induced 

fractures and breakouts. 

The results presented in thïs thesis highlight the nsk of arbitrarily correlating 

excavation stability with lithology, or in assuming that there is a typical behaviour 

from any given rock type. The Lac du Bonnet Batholith granite is not isotropie, and 

excavation response was shown to vary with the orientation and shape of the 

excavation relative to the rock structu&. Granite types that resisted darnage 

development, including breakout, in the vertical shaft, were more susceptible to 

damage in the horizontal tunnels. It is to be expected that similar results will occur in 

O ther granites. 

Based on these findings, the following recommendations are made with regard to the site 

characterization program required to design, construct and monitor a disposal facility: 

1) The geology program for site characterization in granites must include a single 

program of mapping, core logging and the compilation of the results through the 

construction of geological models. 

2) This effort must be done in a comprehensive and consistent manner rather than as a 

series of separate follow-on investigations fundeci by individual experiments. The 



latter may produce spurious results or overlwk significant geological infiuences, and 

in the process, be more expensive over the duntion of the facility. 

3) The geology program should define the lithology and fabric of the rockmass as well 

as the natural fractures and types of excavation damage. 

4) The effort on lithology should focus on identifjing the litho-stmctwal domains that 

correlate with the intrusion history of the pluton, and which influence the ancient and 

recent rock mass response (Le. the natural and induced fractures, respectively). These 

litho-structural domains Vary in texture and composition (as in a dyke wbich changes 

from fine to coarse grained as its dimensions increase). Characteristic rock units 

should then be identified and subjected to standard petrography, as weil as the 

analysis of fabric and natural microcracks. 

5) This effort should only then be followed by the selection of a suite of representative 

rock types for rock properties testing. As this study has shown, colour is not an 

appropnate criterion on which to base a program of geotechnical investigation and 

facility design. 

6) There should be a proper core logging program, not just of the current borehole, but 

of the entire array of boreholes in view of the decametre-scale layering and 

directional sarnpling biases identified in this study. Each borehole should be logged 

according to a standard procedure, which should include a complete analysis of the 

rock structure. 

7) An alternative approach to defining the in-situ properties of higNy stressed rock at 

depth, would be to identim the granite vacieties present at the intended test location 

and depth, and then to obtain sarnples of these same varieties where they are exposed 



at or near the surface. In adopting this approach, it would be necessary to detennine 

if the granites at surface and at depth differ substantidy in the characteristics of their 

natural microcracks. 

8) Efforts to determine the in-situ stresses by overcoring or hydrofiacing, and to 

interpret the results of ground penetrating seismic and radar surveys must incorporate 

the structural and mechanical anisotropy of the granites. 

a) Overcore results are dependent upon orientation of a borehole relative to foliations 

and natural microcrack sets. In the sarnple itself, strain cells can be adversely 

affected by their positioning with respect to textural heterogeneities such as coarsely 

crystalline feldspars. As such, instrumentation placement should be based on a 

thorough logging, not just of a single brehole, but of the entire array of boreholes 

which have been designed to provide a range of samples with which to test for 

directional anisotropy. 

b) Determination of in-situ stress by the hydrofracturing method assumes that the 

rockmass is isotropie, that the tensile Eracture created by the test is normal to the least 

principal stress direction, and that this fracture is not deflected by fabric anisotropy. 

However, careful excavation at the URI, through fractures formed by hydrofracture 

tests revealed that hydrofracture orientations were nearly always following either the 

low-dipping compositional layering or the steeply dipping pegmatite dykes (an 

incipient fracture direction in much of the URL). As such the results from these and 

sirnilar hydrofracture tests at this site are suspect. Local-scale structures must be 

considered in the siting of hydrofiac tests and in their interpretation. 



9) Ground penetrating radar and portable seismic surveys have k e n  used in attempts to 

quanti@ excavation damage about a tunnel. Hayles et al. (1991) found that the 

pattern of anomalies could not be interpreted without some knowledge of the 

variations in rock composition and rock fabric. It is recommended that applications 

of ground penetrating radar and portable seismic be done in an area of a tunnel 

selected for optimum geology, and that the structure and microstructure be 

understood prior to running an expriment. Attempts to fili in the geology later to 

address difficulties in interpretation may not be successful. 

These efforts will provide: 

more realistic models of batholith shape, intemal structure, and the distribution of 

both natural and induced fractures, 

better (Le. more representative) sampling for rock properties testing. 

better understanding of in-situ rock strength, and 

a better understanding of the rock mass response to different excavation geometries 

and methods. 
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Appendix A 

POINT LOAD TESTS 

This appendix presents the samples used for and the data obtained h m  the Point Load 

Tests. The tables list the specimen characteristics, and the results of the axial Point Load 

tests descrïbed in this report. The figures surnmarize the fabric and test-induced 

fractures observed in each of the samples used in the Point Load testing. The symbols 

used in the sample maps are explained in Figure Al, while the standard format for the 

sample maps is shown in Figure A2. 
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Table Al 

Axial Point Load Testing Results 

Fine Grained Granite, Borehole 42 1-03 1-RT1 

SunQk 
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APPENDIX A. POINT LOAD TESTS 

Table A2 
Axial Point Load Testing Results 



Table A3 

Axial Point Load Testing Results 

Fine Grained Granite, Borehole 42 1-03 1-RT3 

NOTE: this borehole is parallel to the most prominent foliation, and the dihedral angles 

between the fractures and the foliation has been approximated in each case to 00. 



APPENDIX A, POINT LOAD TESTS 

Table A4 

Axial Point Load Testing Results 

Fine Grained Granite, Borehok 42 1-03 1 -RT4 



APPENDIX A. P O M  LOAD TESTS 

Table A5 

Axial Point Load Testing Results 

Medium Grained Granite, Borehole 4 17-07 1 -RT4 



APPENDIX A. POINT LOAD TESTS 

Table A6 
Axial Point Load Testing Results 

Medium Grained Granite, g ore ho le 417-07 1-RT5 

I -moi. PomLadInd.. tnœari.nwan I 
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Table A7 
Axial Point Load Testing Results 



APPENDIX A. POINT LOAD TESTS 

Table AB 

Axial Point h a d  Testing Results 

Coarse Grained Granite, Borehole 4 18-05 1-RT3 
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Table A9 

Axial Point Load Testing Results 

Coarse Grained Granite, Borehole 4 18-05 1-RT4 
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Table A10 

Axial Point Load Testing Results 

Coarse Grained Granite, Borehole 4 1 8-05 1 -RTS 
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Sample A 9 
Structure Relative Orientation 

(srrike   di^ a;  di^ direction) 

F 
GI 
G2 

MI 
A 

30i 

where: 
R 
F 
G1 

G2 
Mi 
Al 

strike & dip with dip direction 

core ceference linc 
fracture inducad by ioading 
gneissic foliation type 1 
gneissic foliation type 2 
minerai aiignment, type indicated on figure 
axial plane of fold 
axis of fold 

biotite > 1û% or some compositional 
heterogeneity as indicated by text. 

Downhole View 
Dwg, No- 

Note: Ail orientations show in the drawings are relative 
to the section shown, with the core reference iine 
representing an interim North. These have been 
converted to tme orientations in the report. 

Figure A 1. Key to syrnbols used on the sample maps. 
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Rock name Test type ( B d î a n  or Point loaà) 

Borehole mme (eg. 001-123-rt2) Core size (dpbrrnumeric and in mm). 

Structure Relative Orientation 
F stri ke (0-360) / dip (0-90) 

G ,  smke (0-360) / dip (0-W) 
GZ suike (0-360) 1 dip (0-90) 

Comments 
Brief description of  rock including 
anything noteworthy about the foliations 
present and the affect (if any) this had on 
testing. 

Structure Relative Orientation 
F strike (0-360) 1 dip (û-90) 

Gl strike (0-360) / dip (0-90) 
G2 strike (û-360) / dip (0-90) 

Cornmen ts 
Brief description o f  rock including 
anything noteworthy about the foliations 
present and the affect (if any) this had on 
testing. 

Structure Relative Orientation 
F suike (û-360) 1 dip (0-90) 
G, strike (0-360) 1 dip (0-90) 
G2 strike (0-360) / dip (0-90) 

Comments 
Brief description of rock including 
anything noteworthy about the foliations 
present and the affect (if any) this had on 
testing. 

Downhoie View 
Dwg. No. 

Downhole View 
h g .  No. 

Downhole View 

sekcted for testing. The rock name, the borehole fiom which the sample came, the size 
of the borehole, and the test type are indicated at the top of each sheet. Up to three 
sarnple maps are shown per page, at their actual size. The reference line marked on the 
top of the core is shown, and ail views are downhole unless otherwise indicated. 
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Medium Grained Granite 
Borehole 4 17-07 1 -RT4 

Test The (Point Load) 
Core Size: NQ-3,45 mm 

Sarn~le A 
1 

j Structure R I 
F Q65"/9o0 

I 

1 

1 
! 

: Comments 

Downhole View 
Fig. 2-07 1 

Sample B 

: Structure Relative Orientation R I 
F 085"/9û0 

I 

. Comments 

S tnicture Relative Orientation R I 
F 045"/90° 

: Comments 
I 

3 1 

I Downhole View 
Fig. 2,073 
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Medium Grained Granite 
Borehole 41 7-07 1-RT4 

Test Tjme (Point Load) 
Core Sue: NQ-3.45 mm 

Sam~Ie D 
1 

Structure Et fi - 

: F O9o0/90" 

I Comments 

4 

l 

Downhole View 

1 I 

I Structure Relative 0"entation R 
F 

l 
oOo0/9w 
1 30°/90" 
225"/90° 

Mt 1 0S0/800N 

j Comments 
; Triple point fracture 

! 

Sam~le F 

' Structure Relative Orientation R a 

i Comments 

80" 1 

Downhoie View 
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Medium Grained Granite 
Borehole 417-072-RTS 

Test Tpe (Point Load) 
Core S b :  NQ-3,45 mm 

~ i g -  2-077 

j Structure Relative Orientation 
F û67O/9O0 
G, O8O0/2S0NW 
G2 025°/350NW 

View 

l 
/ 
\\ 1 

0 
l 

r + 
0 

/ 
1 

/ 1 
Foliation 2 1 

Foliation 1 

i 
Perimeter View i 

l 

: Structure Relative h-entation R 

: Comments 
j 

I 

Downhole View 
Foliation Gz 
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Medium Grained Granite 
Borehole 4 1 7-072-RTS 

Test Tpe point Load) 
Cote Size: NQ-3,45 mm 

- _ - _ _ - - -_ _ _ _ _ - _ _ - - - . .- - _ Perimeter View -- - -  - -  A 
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Medium Grained Granite 
Borehole 41 7-072-RTS 

Test Type Point Load) 
Core Size: NQ-3,45 mm 

Fig 2J78 

slllmm - - 
Reiative One- 

: F 070"/90" 
M, 1 80°/40"E 
MI 060°/600SE 

Comments 
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Medium Grained Granite 
Borehole 4 17-072-RT5 

Test Type (Point Lod]  
Core Size: NQ-3,45 mm 

Comments 
Two Foliations; 
Relative Orientations as s h m  

View 



APPEhrDIXA. POZmLOAD TESTS 

Medium Grained Granite 
Borehole 4 1 7-072-RTS 

Test T-me (Point Load) 
Core Size: NQ-3,45 mm 

Samde E 
- . .. . .- - .  - - . - - .- .- ~ _ -.- -- - - --- 

si tma?~ Relative One- 
. - R 

1 

Comments 
Two foliations; orientaiions as shown 

Sample appears io mwmble boudin structure with white 
areas (feldspar) separated by gceyish quanzose areas 

Steeper foliation is marked by weak bdng 
- -and-Qffse& or-bPbpu_din.-_ _F-Ne-as-shpwn---- - - - 

Jphole View 
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Medium Grained Granite 
Borehole 4 l7-07î-RTS 

Test Type (Point Load] 
Core Size: NQ-3,45 mm 

Comments 
This sample is essentially massive 

View 
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Medium Grained Granite 
Borehole 41 7-072-RT5 

Test Tpe (Point Lod) 
Core Size: NQ-3,45 mm 

Sam~le G 
! 

/ Stmcture Relative Orientation R 
F 06S0/90" 1 
G1 145"/8S0NE 

j G, 145°/300SW 

j Comments 
i Weak minerai -aiignment 
I c e  shallow di pin f o h a e n  
1 ir more couse& deined. wth 

irregular bands which are 
i several grains in width 

Downhote View 

/ Structure Relative Orientation R 
I F 17S0/900 

G, 06S0/60" N W 

Comments 
Very weak mineral 

DownhoIe View 

Structure Relative Orientation 

F 080°/90" 
G ,  01S0/6û0NW 

I 

1 Comments 
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Medium Grained Granite 
Borehole 4 17-07î-RTS 

Test Tye (Point Load) 
Core Size: NQ-3,45 mm 

Sam~le J 
R ! 

, Structure Relative Orientation 
i F 065"/90° 1 ! 

G, 1 7O0nS0E 
j GZ 06S0/900SE 

j 
1 

i 

, i I 
I Cornments 
; 

i 

, 
I 

I I 
1 

I i Downhole View I 

j Structure 
t F 

GI 
i G,  

i Comrnents 

Relative Orientation 

Very weak non-peneuative 
mineral foliation 

Sam~le  L 
- .. - - -- 

I I 

1 Structure Relative Orientation R 
! F 085"/9û0 
1 G, 145"/8S0NE 
! 
1 G2 0°/800NW , 

t 
/ Comments 
I Non-penetrative lineament 
j in matnx between feldspar 
j phenocrysts 
1 

Downhole View 1 

1 
Fig. 2-ûû9 1 

1 
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Medium Grained Granite 
Borehole 41 7-072-RT5 

Test Type @oint L o d )  
Core Size: NQ-3,45 mm 

S m l e  M 
--a -_ - __--II _- -- -- - - -- .- --A - - - -- - - - - - - 

Stnicture 
- - Relative Onen- R 

t F O7O0rPO0 1 
Gt 1 30°/800NE 
M, 1 3O0rPO0 

145O/90" Mr 

Broken feldspar laths wilh quariz 

Comments filling. also alteration veins in 
feldspar and bioiite 

DownhoIe View 
Fig, 2-090 

- _ . -. --  -- - - - - - - - _ 

Comments 

Relative One- 
065"/90° 
130°/#00NE 
090"/15° 

0650F)00 ~ e a t i  minerai ai igimnu 
and blcached alteraiion 
dong microcracks 

1 

Feidspar 
phenocrysts 

I Downhole View 
G r 15" Ag. 2-cm 1 

--- - --L 
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Coarse Grained Granite 
Borehole 4 18-05 1-RT2 

Structure 
F 
F 
G, 

Comments 

Test Tme point Load) 
Core Size: NQ-3,45 mm 

Fig. 2393 

G, 

Jphole View 

Structure 
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Coarse Grained Granite 
Borehole 41 8-05 LRT2 

Test Tme (Point Load) 
Core S k :  NQ-3,45 mm 

Fig* 2-094 

Sarn~le C 
1 

: Structure Relative Orientation R 
i F o9oo/90" 1 Follows biotite plane 
i Ci, 09û0/35"N 

I 

! 
! 
! 
i Cornments 
, 
! 

I 

1 

Uphole View 

(- Leucocratic unit 
AI1 else is strongly biotitic 

I 1 

Structure R 1 

i Comments 

u Downhole View 
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Coarse Grained Granite 
Borehole 4 18-05 1-RT2 

Test T m  (Point Load) 
Core Size: NQ-3,45 mm 

Sam~le C 

1 Structure Retative Oriensation 

1 F 090"/90° 
i G, 090°/35" N 

1 

I Comments 

. - .. - 7 .  ::\ -.-: - , 

l A 2- .,. .- *, ,>. .- . . -. ,-, . . 

. - . ,: :..:.7 ..-;\ 4..  
- . . 

-.--..-;; ; ; .'. : . . . . . 
1 . .  : - , . : \ z. . " - .  

--.:.* - . \ .. .  :.. ' - . . ', . . - .  <::: : , . / -. - . . .  . - . ' /  1 . ,_.: 1.. , . , , i.;: ; , ?l C..  . . . - - :<::-,&. -- . . . . . - :. ,%?.? - . . - :.:,\ R 
--,;y 

! 

F F 
Leucocratic unit 

AI1 else is smngly biotitic 
I 
1 
i 
j 

-- -- -- - - Perimeter - - .. . . - -- View . -- i 
--- 
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Coarse Grained Granite 
Borehole 4 18-05 1-RT2 

Test Tpe (Point Load) 
Core Size: NQ3,45 mm 

F 
I 

120°/90" Fracture 
Gt 1 20°/45"NE Gneissosity 

1 20°/4û0NE Thnists 
l G, 
1 

j Cornments 

: Sample is a classic fabric type 4 with well demarcated 
layers of aitemating biotite and leucocratic granite. 

1 Some of the biotitic lenses are slip surfaces (like 
miniature thrust faults) 

Downhofe View 
l 
1 

kg. 2-095 

Sam~le E 

Smple D 

R i Structure 
1 

Relative Orientation I I 
1 
i 
6 

i 
i 
1 

i 

1 

i Structure Relative Orientation 

! 
: Comments 

Sample is strongly Iayered, biotitic schtieren 
, alternating with leucocratic and intemediate 

layers. 

View 

; Structure Relative Orientation R 
: F 1 05"/90° 

G, 105°/450N Gneissic Banding 
I G2 1 05"/4S0S Thmsts 

I 

I Comments 
F 

I 

1 
t Downhole View 
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Coarse Grained Granite 
Borehole 4 18-05 1 -RT2 

Test Type point Load) 
Core Sb: NQ-3,45 JI& 

Fig- 2-al9 

Sample H 
8 

1 structure Relative Orientation R 
! I 

I Comrnents 

View 

R 
1 

Structure 
1 

Relative Orientation 1 
i F 100°/900 Fracture ! 
i G, 1 ûû0/4S0NE i 
j A2 1 ûû0/6WS W Foid axial plane 

1ûû0/45"NE Fold axial plane 1 Al 
i 

I 

I 
i 
! Comments ! 1 i 
i 

i 
i 

I Downhole View 

i 
1 
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Coarse Grained Granite 
Borehole 4 18-05 1 -RT2 

Test  TE^ (Point L o d )  
Core Size: NQ-3,45 mm 

Fig. 2-100 

Sam~le I 

; Structure Relative Orientation 
R 

I 

j Comments 
1 

Perimeter View 
I 

-- 
f 
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Coarse Grained Granite 
Borehole 4 1 8-05 1 -RT2 

Test T m  (Point Load) 
Core Size: NQ-3,45 mm 

Fig. 2-101 

Sample J 

: Structure Relative Orientation R ! I I 

! Comments 
! 

I I 

! 

I 

i 
i 

i 
i 
i 
1 
l 
I 
I 
I 
I 
i 
f Uphole View ! 

: Structure Relative Orientation R 
F 080°/8S0 N 
a GL 0800/70"~ 

d 

i Comments : 
I 

1 
I 

i Downhole View / 
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Coarse Grained Granite 
Borehole 4 L 8-05 1 -RT2 

Test Tye (Point Load) 
Core Size: NQ-3,45 mm 

Fig. 2-1 M 

Sample J* 
7 

i Structure Relative Orientation R i 
I i 

i 

I 1 j 
1 

1 / Cornments 1 
I 

! 

j 
I 1 i i 1 

Uphole View i 
i 

Perimeter View j 

Structure Relative Orientation R 
; F 10O0/9o0 Fracture 
! G ,  1 20°/4S0NE 

I 

! 
: Comments 

r 
i 

1 
! 
i Downhole View 
! 
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Coarse Grained Granite 
Borehole 4 18-05 1 -RT2 

Test T m  @oint Load) 
Core Size: NQ-3,45 nmi 

Sarn~le K 
! 

i Structure Relative Orientation R I 

i Comments 

View 

1 

Structure Relative Orientation R 
F 1 20°/ 90" 
: G, 1 20°/4S0NE 
1 
! 

I 

j / Comments 

l 
4 

i 

f 
I 
f Downhole View 



Coarse Grained Granite 
Borehole 41 8-051 -RT2 

Test Tpe mint Load) 
Core Sk: NQ-3,45 mm 

Fig. 2-104 

, Structure 

1 

1 Comments 
i 

Relative Orientation 

'L/' Uphole View 

, Structure Relative Orientation 
F 1 1 50/8S0NE 
' et 1 1S0/85"NE 
i Gz 1 1S0/48"SW 

1 / Comments 
Sample contains two distinct gneissic layers. i one biotitic. the other CO- to medium grainai : 

i leucocratic granite, Biotite grains within the latter 
1 have a preferred orientation trading same but with 
j opporite dip direction. 
I 

Downhole View 
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Coarse Grained Granite 
Borehole 41 8-05 1-RT2 

Test TVpe (Point Load] 
Core S W: NQ-3,45 mm 

Samule M 

/ Structure Relative Chientacion R 1 
1 

F 1 35"190° Fracture I I 

GI 140"/7S0NE Gneissic foliation i i 
i 
! 

1 
t 

, I 

1 

Comments i ! 
Fracture developed in coarse granite leucocratic I 

i segment of sample but nearly dong  foliation. 
, Crack appears to be dong grain boundaries, 

i 

Downhole View 1 
I 

t : Structure Relative Orientation 
i F 1 Oo0/90" 

F 1 8O0/W0 
i F 1 35"/90° 

Gt 1 35"/80°NE 

1 Comments 

Sample is entirely leucocratic granite with illdefined 
: banding distinguished by variations in relative abundance 

of quartz. Coarse @ned- 

a Structure Relative Orientation R 
F 105" #ûO 
F 235"/90° 

F o0O0/90" 
G, 1 25"/90° 

1 G1 1 O5"/5S0NE 
i 

i Comrnents 

Sample is entirely coarse grained leucocratic granite 
1 with no biotitic lmses to impart 1sye"ng. lwGcod 
: layering is indicated by variations in quartz content, 
! Sample may show incipient discing. 

Downhole View 
Fig- 2- 107 
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Coarse Grained Granite 
Borehole 41 8-05 1 -RT3 

Test Tpe (Point Load) 
Core Size: NQ-3,45 nmi 

SaUl~k A 

i Structure Relative Onenta~on R 
! F 068"190" 

I Gl 02S0/ûû0 N W  

I 

Comments 

! 
G.  Downhole View 

I Fig. 2-12 1 

Sam~le B 

: Structure Relative Orientation R 

; Cornments 

- 

Y Structure Relative Orientation R 
; F 

j 
025"/9o0 I 

i ( 3 1  03S0/85"NW I I 

! 

1 Cornmenu 

i 
I 
f 

I 

1 
Downhole View 
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Coarse Grained Granite 
Borehole 4 18-05 1 -RT3 

Test T p e  (Point Load) 
Core Size: NQ-3,45 mm 

L 

j Stmcture Relative Orientation 
F 025°/900 

1 055°î900 
1 G, OZ0/ 8I0NW 
! OSSO$iSON W 

I 
; Comments 
f i Fracture follows change in 
/ foliation 
I 

1 

! 

i 
1 

Sarn~Ie E 
f 

j Structure Relative Orientation R 
F 055°/900 

: F 082"190° 
f F 0Z0/90" 

F 055"/90° 
; G, 05S0/700NW 
i G ,  082"/70°NW 

025"/6SGNW i Gl 
; Gl 1 15°/6û0NW 

i Comments 
Layering in sample folded in a cornplex rnanner- 

1 Downhole View 

i Structure 
, F 
: Cl 
i G, 
4 

I 
l 

1 

Cornments 

j 
i 
i 

I 
! 

Relative Orientation 
O 10°/900 to O2S0/9O0 
010°/85"NW 
O3O0/8S0NW 

Fîg. 2- 126 



APPENDIX A. POLNT LOAD TESTS 

Coarse Grained Granite 
Borehole 4 18-05 1-RT4 

Test Tipe (Point Load) 
Core Size: NQ-3,45 mm 

Samble A 
1 

; Structure Relative h-entation F i 1 

i F O6oo190" 
! G,  085"190° Coarse layering 

Gz 1 6S0/600S W Boudin plane 
! 

; Comments 

Downhole View 
i 

R 
I 

! Structure Relative Orientation 1 

! F 08S0/9û0 
Gt 085"/90° ! I 

t 
! 
I 
! 
i 

Comments i 
! 
! 
I 

1 

i 

! 
Downhole View 1 

, 
! Structure Relative Orientation R 
I F 045"/90° 
i G, 090"/90" 
i GL 
f 

û9û0/4S0N 

1 
i 
I Commenu 
j 

Downhole View 
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Coarse Grained Granite 
Borehole 4 18-05 1 -RT4 

Test Twe (Point Load] 
Core Size: NQ-3,45 mm 

: Structure Relative Orientation R 
j F 080°/90" 
! G, 06W/50°S 
; G2 O6o0/90" 

1 

! 

i Comments 

! 

Downhole View 
Fig. 2-129 

Samble E 

i Structure Relative Orientation 

F 070°/90" 
! G ,  085°1900 

G2 070°/4S0 N 
G 1 09û"/4S0S 

i Cornments 

-------- 

Downhole View 

: Structure Relative Orientation R 1 
i F 070"/90° G2 1 

Gt O7O0/9O0 
1 G2 O3O0nS0S 

i 
i 

I 
l 

1 
! 

Comments 
1 
j 
1 

I 
I 

1 Downhole View 
I Fig. 2- 131 

l 



Coarse Grained Granite 
Borehole 41 8-05 1 -RT5 

Test Tpe (Point Load) 
Core Size: NQ-3,45 mm 

Sam~le A 

I Structure Relative Orientation R 
1 F m0m 
i G, 09û0/800S Very inegular at this grain sire 

! 

1 
j Comrnents 

Downhole View 

Sarn~le B 
1 

; Stmcture Relative Orientation R 
, 
I F 070°/-70°NE Fracture has broken along 

G,  070°/-7S0NE boundaries at the contact 

1 
I 

I 
j Comments 
1 

Downhole View 

j Structure Relative Orientation R 
; F 065"/90° Broke along contact 
i G 065"/90° Grain boundary inegularity 
! due to coatse grain size- 
I 

1 

1 Commenrs 

i 
j 
I 
i Downhole View 

Fïg* 2, f 10 
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Coarse Grained Granite 
Borehole 4 18-05 1 -RTS 

Test Tye (Point Load) 
Core Size: NQ-3,45 mm 

j Structure 
j F 
j G, 

I Cornments 

Relative Orientation 
08S0/900 Follows contact 
08O0/85"S 

D o w  mhole View 

i Structure Relative Orientation P 

i Comments 

, Structure Relative Orientation R 
F o9O0/9o0 

- G  090°/850S 

Coarse Leucocratic 

! 
1 Comments 

-cc-- 
F 

1 

! 
I 1 

I Downhole View 
I Fig. 2-1 1 3 
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Coarse Grained Granite 
Borehole 4 18-05 1-RTS 

l 

: Cornrnents 

Runs dong contact 

Very coarsely crystalline. 
slight variations in mineralogy 
define Iayering 

Test T p e  (Point Load) 
Core Size: NQ-3,45 mm 

Sam~le G 

j Structure Relative Orientation I 
! 

i 
I 

j 
l 

f 
I 
f 
! 
i 
! 
I 

i 
! 

j 

1 
i Structure Relative Orientation R 
' F  14O0/9o0 
i G, O9S0/8O0S 

Comments 

I 

I 

I 

Downhole View 
Fig. 2- 1 15 

Sam~le 1 
i 
i Structure Relative Orientation R 

1 

j Comrnents 

1 



APPENDIX A. POINT LOAD TESTS 

Coarse Grained Granite 
Borehole 41 8-05 1 -RT5 

Test Tyi~ (Point Load) 
Core S b :  NQ-3,45 mm 

i stnic~re Relative Orientation R 
1 

/ F 09S0/90" Concordant with local layering 
G, 09S0/85"S 

i i 
i 

3 

i 
i Comments 

1 1 
b 

Downhole View 

1 Fig- 2-1 17 

j Structure Relative Chïentation 

j F, 1 15"/90° 

Comments 

Simple is massive 

View 

: Structure Relative Orientation 
t F O 1 0°190" 

F 1 25"/90° 
: F  260°/90" 
: G  l6O0/9o0 

1 Comrnents 



APPENDIX A. POINT LOAD TESTS 

Fine Grained Granite 
Borehole 42 1-032-RT1 

Test Twe (Point Lod] 
Core Size: NQ-3,45 mm 

i Structure Relative Chientauon 

F 09O0/9O0 
j F O7O0/9û0 
: G, 150 "/65"SW 

I 

: Comments 
1 

View 
2-133 

Structure Relative Orientation 

j Camments 
1 

Downhole View 
Fig. 2- 135 
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Fine Grained Granite 
Borehole 42 1-032-RT1 

Test Tpe (Point Load] 
Core Size: NQ-3,45 mm 

Sam~le D 
I L 

i Structure Relative Orientation R 
i F 08S0/9o0 

1 

j G, 1 70°/65" W 
i 
i 
1 
I 

Cornrnents 

i 
i 

1 
j 

, i 
wnhole View I 

i ~ i g -  2- 136 j 

Sam~le E 

i Structure Relative Orientation R 
i F oo0°/900 

F 090°/900 
l 

, F o6o0/9O0 i 
' Ga 005°/550 W j 

1 
Cornrnents f 

i 

1 
1 

I 

Downhole View f 

/ Structure Relative Orientation R 
1 I 
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Fine Grained Granite 
Borehole 42 1-032-RTl 

Test Tye Point Lod) 
Core Size: NQ-3,45 mm 

Sam~le G 

: Structure Relative Onenta tion R I i 

F 085°1P00 1 
F 050°/90" l 

G 1 70°/6S0 W 
! 

1 1 
I 

f 

Comrnents i 
! 
I 

1 

i 
I 

G DownhoIe View i 
Fig- 2- 138 

1 

Sample H 
R 

1 

1 Structure Relative Orientation i 

F 
I 

1 20°m0 I 

, G  1 40"/6S0 W 

Comrnents 
l 

: Structure Relative Orientation R I 



Fine Grained Granite 
Borehole 42 1 -032-RT1 

Point Load) 
Core Size: NQ-3,45 mm 

Downhole View 

1 Structure Relative Chienkation 
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Fine Grained Granite 
Borehole 42 1 -032-RT2 

Test T m  (Point Load) 
Core Size: NQ-3,45 mm 

Sample A 
1 
i Structure Relative Chientacion R 
t F 0Q5°190" 
I Ml 005°/80"W 
i M2 
! M3 088"n0°N 
: M, O4S0/8W N W  

; Cornrnents 
1 

, 

I 

r 

, M, Downhole View 
! Fig. 2- 139 

Samde B 
l 

, 
Structure Relative Orientation R 1 

F û4û0/800NW 1 
F 140°/800NE 

1 F 270°/90" 
Mt O 1 o"n5" W most prominent banding 
ML 1 65"/4û0 W minerai alignrnent 

1 
1 

M, û88°n00S distinct non-penetrative 
i 

I M4 û4û0/88" W banding 
; Comments 
1 

i 
I 
I 

! 
j 

Downhole View 

- Fig. 2- lm i 
Sam~le C 

1 

: Structure Relative Orientation R 
: F oS5°/900 
' Mi 0 1 0°/800 W 

M2 
: M, O8o0/8O0S 

i M4 
O6oo/8O0NW 

, 
i Cornrnents 
1 

I 

I 
1 
! 

! Downhole View 
! Fig- 2-141 



APPENDIXA. POINTLOAD TESTS 

Fine Grained Granite 
Borehole 42 1-032-RT2 

Test Tpe (Point Load) 
Core Sue: NQ-3.45 mm 

: Structure 
; F 
i F 
f F 

Ml 
: M1 
j M3 

M, 

Comrnents 

Relative Orientation 
O 1 0°190" 
1 2oo/9O0 
055"/90° 
000°/800W 
1 55"/4O0W 
0a8~no~s 
0SS0/800 W 

View 

! Structure Relative Orientation R t 

F O7O0rPO0 
i Ml 01O0n5"W 

i 
i M, 

i 
O 1 0°/4S" W 

; M, 
1 
i 

! M, 1 070~/85~ N w i 

1 Comments 
i 
I 1 
1 

j 
i 

l 

i 
t 

Downhole View 1 

, Stnicture ReIative Orientation R 
1 F 070°/8S0NW 
i M, 0 10°/85"W 
! M, 0 1 0°/400W 

M, 
M. 055"/8S0NW 

t 

Comrnents 1 
I 

l 

1 
I i 

Downhole Me& 
I Fig. 2- 144 



Fine Grauied Granite 
Borehole 42 f -032-RT2 

Test TF Point Load) 
Core Sue: NQ-3,45 mm 

: Structure Relative Orientatio~ 
F O9o0/90" 

I Ml 
i M, O 1O018O0 W 

M, 0 1 0°/45" W 
f Md O6O0/8S0 W 

, Comments 

: Structure 

' F 
; M, 

M, 
i 

M, 
! M. 

: Comments 

Relative Orientation 
08Oo/W 
O 1 50/8S0 W 
040°/S00 N W 

D o w  

i Structure Relative Orientation 
! F o9O0/9o0 
i M, 0 1 2"/80° W 
i Mr 0 10°/500 W 
j M, O ~ S " ~ O " S  
j M, 045°/850N 
1 

j Comments 
I 



Fine Grained Granite 
Borehole 42 1-032-RT2 

Test Tme (Point Load) 
Core Sk: NQ-3,45 mm 
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Fine Grained Granite 
Borehole 42 1 -032-RT3 

Test Tpe (Point Load) 
Core Size: NQ-3,45 mm 

Sample A 
1 , Stnicture Relative Orientation R 
i F OOO"mO 
I F 075"/90" 
f F 052"rPO" 

I 
i 

l 

1 
/ Cornrnents 

1 
! 
I 

1 

I Downhole View 1 
1 Fi& 2-149 

Sam~le B - -- 
! 
j Structure Relative Orientation Ic 

i Structure Relative Orientation 
1 1 

j F O7Oa/90" 

1 
I 

l 
/ Comrnents 
i 
I 
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Fine Grained Granite 
Borehole 42 1 -032-RT3 

Test Tpe Point Load) 
Core Size:  NQ-3.45 mm 

i Structure 

F 1 

! 
I Cornments 

l 

: Structure Relative Orientation 

i Comments 

View 

Sam~le  F 

' Structure Relative Orientation R 
i F 08O0/9O0 
F i 020°/90" 
I F  1 6o0/w0 
4 I 

i 
I 

/ Cornmenu 
i 
1 
1 
I 
! Downhole View 



Fine Grained Granite 
Borehole 42 l-032-RT3 

Test T p e  (Point Load) 
Core Size: NQ-3,45 mm 

Sam~le G 

; Stricture Relative Orientation R 

Comments 

i Comments 
! 
f 

Relative Orientation 
O8O0/9û0 
O45='/9o0 
13S0/9û0 

/ structure Relative Orientation 

i F 1 7S0/900 
l 
i 
1 
I 

I 

/ Cornments 



APPENDIX A. POINT LOAD ïESTS 

Fine Grained Granite 
Borehole 42 1 -032-RT3 

Test T m  lpoint Load) 
Core Size: NQ-3,45 mm 
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Fine Grained Granite 
Borehole 42 1 -034-RT4 

Test Tpe (Point Load) 
Core Size: NQ-3,45 mm 

/ Structure Relative Orientation R 

/ Structure r F 
G, 

I 

l 

! 

j Comrnents 

Relative Orientation 

1 80°1900 
1 8O0/4O0 W 

l 

i Structure Relative Orientation R 
i F 075"/90° 
: G ,  1 75"/4S0 W Gneissosity much less distinct, 

heterogeneous even ac this scale 
I 

1 l 

i 1 Commenu 
, 
I 

j 
I 

I 

! 
G, 



Fine Grained Granite 
Borehole 42 1-034-RT4 

Test T p e  (Point Load) 
Core Size: NQ3,45 mm 

! Structure Relative Orientation R 
1 F 085"f 90" 

G, -170°/45"W Very weak & il1 defineci, 
i G -090"/30°S not penemtive 

! 

! 
j Comments G 
I 

i 
l 
t Downhole View 
I fig- 2- 159 
1 

Samde E 
f 

/ Smicture Relative Orientation R 1 

1 : -010°/ 90" Triple fracture. orientation ap 1 
I 

-O9o0/ 90" 
1 

I 
1 G ,  -0 10°/25"W Very weak & only partially i 
I peneuative I f 
j Comrnents i 

I 
1 l 

i 
I Downhole View , 

1 

j Stmcture Relative Orientation R 
j F 070°-090"/90" 
i GI 075"/4û0N Very il1 defined & non-penetrative 

i 
j 000°/4S0E Very il1 defined & non-pene 

! 
1 

i 1 / arnmsnts  i 1 
I 
! 
i 

i 
t G Oownhole View 

Fig. 2-161 

i 
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Fine Grained Granite 
Borehole 42 1 -034-RT4 

Test Tpe  (Point Load) 
Core Size: NQ-3,45 mm 

Sam~le G 

i Structure Relative Orientation 

i F 1 750î9û0 
/ G 020°n00SE 
: G 135°/350NW 
l 
i 

l 
Cornrnents 

! 

i 

Downhole View 

- 
1 

: Structure Relative Orientation R 
1 F 015"/90° 
j G, 1 450/4û0 NE 

l 
i 

! Gz 035"/4S0 N W  I 

1 
1 

: Comments 1 
i 

f 

! 
Downhole Wew i 

! Stmcture Relative Orientation R 

I 

f Comrnents 
1 Fracture partiaily follows foliation 
i 

f 

Downhole View 
I Fig. 2- 163 
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Fine Grained Granite 
Borehole 42 1-03Q-RT4 

Test Tpe (Point L o d )  
Core Size: NQ-3.45 mm 

Samde J 
1 

Stnictuw Relative Orientation R I 

1 
i Comments 
! 
1 

! 

Numerous en echelon steps 
paraIlel to G 

Sample appears othenvise 
homogeneous. possible 
highly irregular foliation 
approximately normal to 
core axis 

/ ~uucture Relative Orientation P 
F mm/ 90" 

l 
I G,  

160°/W? Weil defined mineral alignment 
(aggregate alignment in cross 
section but il1 defined around 

! perimeter 

G, 19O0nO0SE Non-penetrative foliation. 
no offset but appears to 

/ ~ornmenu cross-cut 
l 
l 
I 

Samole L 

i Sttucture Relative Orientation R 1 f t 
075"/ 90" Very irregular. on1 y partially 

00"-90°! 
marked by grain alignrnents / i  ,' 'ho\ 1 

SE Numerous sub-domains i 



Fine Grained Granite 
Borehole 42 1 -034-RT4 

Test T-me (Point Load) 
Core Size: NQ-3,45 mm 

Fig 2- 167 

S a r d e  M 
-- - -- - - ___---_--__ _ - -- - -- - 

Structure Relative Orientation R 
F 070°1900 
F 1 7 s 0 m  
G 18Oo/45OE Non-penetrative -ns with 

varying grain & grain aggregate 
orientations. 

Commenis 

Uphole VSew 

Structure Relative Orientation 

Comrnents 



Appendix B 

BRAZILIAN TESTING 

This appendix presents the samples used for and the data obtained fkom the Brazilian 

testing. The tables list the specimen characteristics, and the results of the Brazilian tests 

described in this report. The figures summarize the fabric and test-induced fractures 

observed in each of the samples used in the Brazfian tests. The symbols used in the 

sample maps are explained in Figure B 1, while the standard format for the sample maps 

is shown in Figure B2. 



APPENDCY B. BRAZILIAN TESTS 

Table B 1 
Brazilian test results 

Fine Grained Granite from boreholes 42 1-032-RT1, 2.3.4. 
Borehole Sample Density Loading angle relative Minimum Tensile Maximum Tensile 

to low-dipping Scrength Seength 
cornpositional layering (Crack Initiation) (Failure) 

@@a) m a )  
RTL D 2-64 90 3.01 

A 2.59 57 3.26 
B 2.64 70 2.26 
C 2-65 70 2.76 

RT2 A 2.66 30 2.50 
B 2.6 1 65 3.00 
C 2.67 75 1.9 1 
D 2.66 80 1.34 2.79 
F 2.65 70 2.2 1 
E 2.65 45 3.12 

RT3 A 2.64 O 
B 2.64 O 2.12 
C 2.64 52 2.38 
D 2.62 25 1 -65 
E 2.65 25 2.86 

RT4 A 2.62 45 2.82 
B 2.65 70 2.66 
C 2.63 45 2.14 
D 2.62 20 1.98 
E 2.64 80 1.84 
F 2.63 80 2.68 



APPENDlX B. BRAZlLIAN TESTS 

Table B2 
Brazilian Test Data 

Medium Grained Granite (Borehole 4 17-07 1 -RT4,5) 
Borehole Sample Density Loading angle relative Minimum Tensile Maximum Tensile 

to 1ow-dipping S trength Strength 
compositional layering (Crack Initiation) (Failure) 

m'a) W a )  
RT1,2,3 - not suitable due to core discing - 

RT4 A 2.62 90 1.49 
RT4 B 2.60 !JO 1.79 
RT4 C 2.60 70 0.9 1 1.14 
RT4 D 2.63 45 1.33 
RT4 A* 2.62 90 1-03 1.22 
RT5 A 2.63 90 1.32 
RTS B 2.6 1 
RTS C 2.62 



APPENDIX B. B R A Z I W  TESTS 

Table B3 
Brazilian Test Data. 

Coarse Grained Granite (Borehole 418-05 1-RT2,3,4,5) 
Borehole Sample Density Loading angle relative Minimum Tensile Maximum Tensile 

CO low-dipping Strength Strength 
compositional layering (Crack Initiation) (Failtue) 

W a )  W a )  

RT1 - not suitabie due to core discing - 
RT2 A 2.67 90 1 -70 

B 2.70 75 1.75 
C 2.68 90 2.07 
D 2-67 O 1.49 
E 2.66 45 1.69 
F 2.68 O 1.1 1 
G 2.63 10 1.17 
H 2.67 O 0.60 1.39 

RT3 B 2.70 45 1.45 
C 2.69 75 0.67 2.0 1 
D 2.67 90 253 
E 2-70 85 2.49 
F 2.7 1 O 1.88 
A' 2.68 55 1.56 
G 2 -65 60 0.60 1.65 

RT4 A 2.6 1 50 0-96 
B 2.59 45 1-21 
C 2.60 45 1.04 
D 2.56 15 1.33 
E 2.60 20 153 
F 2-60 38 0.62 0.88 
G 2.6 1 52 0.54 1.42 

RT5 A 2.62 O 0.93 
B 2.54 25 0.52 1.18 
C 2.65 45 1.52 
D 2.64 85 1.65 
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Samde A 

Structure Relative Orientation 
lsfrike  di^ & dr'n direction 1 

F 
G1 
G2 

Mc 
A 

mi 

where: 
R 
F 

- 'Gi 
6 2  . 
.Ml -. 

strike a dip with dip direction 

fracture iaduceq:by'lo@ing 
gneissic foliation type 1 - 

gneissic foliation -2 
minerai di-1; *- -ïdicited~~~figure 

. A . axial planeof fold- . - 

Az . axis of fold 
1 '  - biotite > ~ O S b ~ ~ ~ - c o i i p o s i ~ d  

- .  
-heterogeneity asindicateâ'by te= .-. 

Note: .Al1 orientations -show in t!mki&ngs & relative 
to the section shown, with the core referenceJine- 
repreknting an interim North. These haviheen 
convected to true orientations in the report. 

Downhole View 
Dwg- No 

Figure B 1. Key to symbols used on the sample maps. - 
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Rock ricime Test type (Brszüirin or Point M) 

Borehole name (eg. 401-123-rt2) Con size (dphanumcric and in mm). 

Structure Relative Orientation 
F strike (û-360) / dip (0-90) 

Gi strike (0-360) 1 dip (0-90) 
GZ strike (0-360) 1 dip (0-90) 

Comments 
Brief description of rock including anything 
noteworthy about the foliatians present and 
the affect (if any) this had on testing, 

Structure Relative Orientation 
F smke (0-360) / dip (0-90) 

GI strike (0-360) 1 dip (O) 
Gz smke (û-360) 1 dip (û-90) 

Comnents 
Brief description of rock including anything 
noteworthy about the foliations present and 
the affect (if any) this had on testing. 

Structure Relative Orientation 
F strike (0-360) / dip (0-90) 
G1 strike(0-360)/dip(û-90) 
GZ stri ke (0-360) / dip (û-90) 

Comrnents 
Brief description of rock including anything 
noteworthy about the foliations present and 
the affect (if any) this had on testing. 

Downhole View 
h g -  No. 

Downhole View 
Dwg. No. 

Downhole View 

Figure B2: Standard format for the fabric maps constructed for e-ach of the samples selected for testing. 
The rock name, the borehole from which the sample came. the size of the borehole, and the test type are 
indicated at the top of each sheet- Up to three sample maps are shown per page. at their actual size. The 
reference line marked on the top of the core is shown. and a11 views are downhole unless otherwise 
indicated. 
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Medium Graineci Granite 
Borehole 4 17-07 1 -RT4 

Test T p e  @mzilian) 
Core Sue: NQ-3,45 mm 

Sam~le A' 

i Stnicmre Relative Orientation 

L 000°/26" Aligned mineral aggregates. 
1 

1 Probably in the other samples 
as well. 

F 1 8O0/9O0 

i Cornments 
I 

1 

! 

I 

I Load t ~ ï g -  2-066 

Downhole View 

! 
i Structure Relative Orientation i 

Plunge view 
1 

I 
i 

I R & I 
I 

I L- - -\ ! 
-'- f -;\ // Ly---L7 k / / '  , - 1 4 1 

i ( / >\-7 FA-y--/ \ - ~ s  i 
-y //'-- lL+ Y / ! j Cornrnents /\\,' --. ?- -- -3 , j 

Downhole View 1 

-- 
1 

t Stmcture Relative Orientation 

! F 1 70°m0 

, I 
I 

l 

i 

1 Cornments 
1 
1 
I 
I 

t Downhole View 
Fig. 2-û69 



Medium Grained Granite 
Borehole 4 17-07 bRT4 

Test T e  (Brazilian) 
Cote S k :  NQ-3,45 mm - -- - _ - -_ Pm - 

Structure Relative Orientation R 

F 
I 

105°/900 

Downhole View 
Fig. 2- O70 

--- - - -  -- -- --- 

Sample D 
7 - -  _ - -  

Structure Relative Oncntation 
I 

Downhole View 
2-067 
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Medium Grained Granite 
Borehole 4 17-072-RT5 

Test Twe (Brazilian] 
Cote Size: NQ3,45 mm 

Sample A 
I 
! 

] Structure Relative 

I F 000°/ 90" 
i M, O 1 0°/4S0E Aligned minera1 aggregates 
i M2 1 10°/600NE 
I 
l 
l , I 

! Cornmenu 
1 Massive 
1 
i 

1 Downhole View 
I Fig* 2-ai2 

Samde B 
I 

( structure Relative Orientation R I 
i F 1 20°/ 90° 

MI 02S0/4S0SE 
I 
i 
1 

1 
: Cornments 
i 
1 NearIy massive at this scale 

! 
i 
i Downhole View 
1 Fig- 2-063 

Sam~le C 

/ Stmcture Relative Orientation 

/ NwrIy massive at this scale 
I 
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Mediwn Grained Granite 
Boreho te 4 1 7-072-RTS 

Test T e  CBrazilian> 
Core Size: NQ-3,45 mm 

Structure Relative Orientation I 
F 03S0190" Many splays deviated by foliation 

0W0/45"E G, 

Cornrnentp 

Nearly massive at this scaie 
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Coarse Grained Granite 
Borehole 41 8-05 1-RT2 

Test Tme (Brazilim) 
Core Size: NNQ-45 mm 

Fig- 2-053 

Sam~le A 
r 

j Structure Relative Onenution 
I 

F 000"/90° 
; GI O9o0/33"S 
j Ml 490°/3S0S 

! 

: Cornrnents 

I 1 - Note gaP in fracture is in quartdfeldspar layer 
1 

j 2- 7 gneissosity and biotite 
35" 

i Loading angle to G, -80"-90" 
I 

Biotite concordm 
1 

: with gneissosity 
Perirne ter View i ! 

1 

I Structure Relative Orientation 

I Foliation 2: Coarse biotite in 
selvages guides fracture 

1 

! 
! 
i 

1 Cornrnents 
I 

Vertical microcracks in quartz 

Downhole View 
i 
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Coarse Grained Granite 
Borehole 41 8-051 -RT2 

Test Tme IBraziiian) 
Core SUe: NQ-3,45 mm 

Fig. 2-054 

I Structure Relative Orientation 
1 

i 
i Comments (Perimeter View) 

l - Fine grained biotitic granite (&CS below) 
- Leucocratic granite (BJ3.G) 
- Biotite selvage. 0 

Uphole View 

1 I 
1 

! Perimeter View i 
! 

t 
: Structure Relative Orientation Load \ l 
j G,  1 80"/40°N 

43, 1 80°/40"S but opposite dip direction. 
resernbles small semiductile 

l faults. leaves leucosome 
, boudined 
i F 160°/90" 
i Comments 40" 
I L 
! Fracture direction rnay coincide with G, 
i intenection of the two foliations 
I 



Coarse Grained Granite 
Borehole 4 18-05 1 -RT2 

Test Tpe (Brazilian) 
Core Size: NQ-3.45 mm 

Sample C 
1 , Structure Petative Orientation R I 

j Comments 

1 
1 l 

I 

f I 
! 

View 

I 

! Stmcture Relative Orientation R 

1 
1 

I 
1 t 

i Comments 
i 

1 Angles relative CO loading 
Discontinuous 

View 



Coarse Grained Granite 
Borehole 4 18-05 1-RT2 

Test Tme IBrazilian] 
Core Size: NQ-3,45 mm 

Samble D 
I 

j Structure Relative Orientation R 
I , 

Load 

I 

, Comments 

I 

I 

i Structure Relative Orientation R I 
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Coarse Grained Oranite 
Borehole 4 18-05 1 -RT2 

Sarn~k F 

i Structure Relative Orientation 
F 1 20°/ 90" 

! Gr 1 20°/4S0NE 
G2 i 2O0/5O0S W 

' Load 1 20°/0 

I 
j Comments 
/ 

Test T p e  (Brazilian) 
Core Size: NQ-3,45 mm 

l 
1 I 

L Boudin 

; Structure Relative Orientation R 

l 
j Comments 
1 Fracture partially follows banding and biotitic alignment. 
! Biotite parallels composi tional layering 
; Cross-cutting spaced foliation cuts G, into paxly defined 
I boudins foliation type ...--..-.,. (biotitic lenses) 
1 

I View 
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Coarse Grained Granite 
Borehole 41 8-05 LRT2 

Test T m  (Brazilim) 
Cote Size: NQ-3,45 mm 

Fig. 2-058 

1 j 
j Perimeter View i 

F 
G, 
G: 
Load 

Comments 

Relative Orientatim 



Coarse Grained Granite 
Borehole 4 18-05 1-RT2 

Test Type CBtazilian;I 
Core Size: NQ-3.45 mm 

Fig. 2-059 

S a m k E I  
R 

T 

: Structure Relative Onentatim , Load I 
i 

! 

j Comrnents 
l 

View 

1 Perimeter View I 

R : Snucture Relative Orientation Load i 
L ; F 

j G, 
i G2 
; Load 

/ Cornments 
I 

1 Homogenous textural domain from 
/ this view. Weakiy developed foliations. 

View 



Coarse Grained Granite 
Borehole 41 8-05 1-RT3 

Test Type (Brazilian) 
Core Size: NQ-3,45 mm 

Sam~le A 

;- Relative Orientation R 
I 

i F o8o0m0 
! G, 03S0/85" N W  
j 
1 

1 

Load 

j 
i 

j Commenrs 

I 
I : 1 i 
i Downhole View ! 
I 

i , Structure Relative Orientation R 
' F IOaOIPOO 1 
i G, 050°/500 N W 
t 090°1P00SE 
! A, O7O0nO0SW ? 
l &  1 3S0/90" 

; Comrnents 

Sample shows at least two foid generations, 
One (AI) tightly isoclinal and steeply plunging 
(in this relative orientation) and the later second (A2). 

, generation broad and open- 
Downhole View 

Fig. 2-Ml  

Samde C - 

! 
I Structure Relative &-entacion 1 
I 

F 10Oo/90" Fractures 
G ,  0450nS0NW Schlieric layering 

I 
G2 06S0/ 8S0NW Schlienc 1aye"ng 

1 

j 
l 

i 
/ Comments 

1 Xenolithic granite. Schlieric. fabric type 5 

1 
, 

l 

1 Approximate axis 
! of isoclinal folds 
I Downhole View 
L Fig- 2- (#9 
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Coarse Grained Granite 
Borehole 4 18-05 1-RT3 

Test Tye (Brazilian) 
Core Sue: NQ-3,45 mm 

Sample D 
l 
1 Structure Relative Orientation 

f F 1 30°m0 
! G, W5"/55"NW 

A, 045"/9û0 Axial plane 
130°/90" Axial plane I 442 

1 

4 

: Comments 

I 

f 

1 
l 
! Downhole View 
I fit 2-050 

Sam~le E 

1 Structure Relative Onentanon 

i F 1 50°/90" 
G, 

i 
045"/65°NW 

! 
: 

j Comments 

Fig. 2-05 1 

Sample F 

i ; Comments 
1 

Relative Orientation 

o4O0/9o0 
û45°/850NW 

Downhole View 
Fig. 2-052 
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Coarse Grained Gtanite 
Borehole 4 1 8-05 1-RI3 

Test Tpe IBrazilian) 
Core Size: NQ-3,45 mm 

Relative Chienution 

m5amo / Foldexi on mm sale with 
:- crcnulations and iunks 

0400 /8WN 
080" / 7S0N 
1 3S0/?? Anis 

A h  folded normal to core ais 
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Coarse Grained Granite 
Borehole 41 8-05 LRT4 

Test Twe IBrazilian) 
Core Size: NQ-3.45 mm 

Sam~le A 
J 

j Structure Relative Orientation R 

f F 
I 

1 35"rP0° Load 
i G, o9o0/90" 

i 
i 

! 
/ Comments 

i 
i 

j Very coasse griüned therefore 
1 boundaries somewhat imgular.. 

l 
1 

! Downhole View 

- 

! Structure 
i 

Retative Orientation R 
I 

j Comments 
i 

Boudin Planes 

View 

- - 
i ' 

Structure Relative Orientation R 
! 

j F 1 25"/W0 
G, 085"/ 90" Coarse Layering 

l G, 085"/90° Boudin Planes 
i G2 
! 

075"/W0 Boudin Planes 

1 
/ Comments 
i 
i 1 
i 
! 
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Coarse Grained Granite 
Borehole 4 1 8-05 1 -RT4 

Test Tpe (Brazilian] 
Core Sue: NQ-3,45 mm 

Sam~le D 
I , Structure Relative Orientacion R I 

1 

Comments 

G* 

Downhole View 
I Fi& 2-001 

Sam~le  E 
I 1 Structure Relative Orientation R I 

j F 055"/9o0 
! G,  07O01Po0 
i G, 0S0°/4S0 N W  
l 
! 

I Comments 
i Boudin structure 

I 

Downhole View 

l t 

i Structure Relative Orientation R 
8 

I F 1 05"/90° 
1 

( 3 2  060°/4S0SE 
i 

i 

1 Comments 
1 

l 

i 
i 
j 



Coarse Grained Granite 
Borehole 4 18-05 1-RT4 

Relative Orientation 

Test Type (Brazilim) 
Core Size :  NQ-3,45 mm 

View 
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Coarse Grained Granite 
Borehole 4 1 8-05 1-RT5 

Test T p e  (Brazilian) 
Core Size: NQ-3.45 mmm 

i Structure 

: F 
i G, 

j Comments 

Relative =encation 

1o0°/90" 
1ûû0/65"S 

Gl 

Downhole View 

j Structure Relative Orientai R 
F 1 20°/ 90" 

1 
1 G, 1 û9û0/8C0S 

! 

j Comments 
I 
1 
i 

1 

Downhole View 
Kg. 2-044 

S m d e  C 

Comments 

Structure 

F 
Gl 
G L  

Relative Orientation 
1 35"/90° 
0 ° / 8 0 0 N  
135°1300NE 

View 
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Coarse Grained Granite 
Borehole 4 1 8-05 1 -RT5 

Suuçture Relative Orkntation 

Test Type (Brazilim) 
Core Size: NQ-3,45 mmm 

View 
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Fine Grained Granite 
Borehole 42 1 -032-RT 1 

Test Tye (Brazilian) 
Core Size: NQ-3,45 mm 

I 

; Structure 

1 F 
i G, 
t Gz 

i Comments 

Relative Orientation 

View 
2-ûû5 

i Structure 

i Comrnents 

Relative Orientation 

Samale C 

i Structure Relative Orientation R 
i 

t I i 

/ Comments 

View 
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Fine Grained Granite 
Borehole 42 1-032-RTl 

Test T m  (Bmilian) 
Core Size: NQ-3,45 mm 

Structure Relative Orientation 



Fine Grained Granite 
Borehole 42 1-032-RT2 

Test Tye @radian] 
Core Size: NQ-3,45 mm 

Sam~le A 

R ; Structure Relative Orientation I i 
i F O0O0/8SaW i 
i ooBs.w 1 ~anialb plmg h d i n g  

1 GI 0 1 S"/70° W flow banding 
I 
! 
I 

01 5"/55" W minera1 alignment within 
1 banding 
j 

i 
I 

j Comments I 

: Loading neariy parallel to foliation 
! 

1 
i 

: Failure at 7.0 MPa i i 
i 

l Downhole View l 1 
I 

1 Fig- 2-014 

Sam~le B 

R i Structure Relative Orientation i 

/ Structure Relative Orientation R 

View 
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Fine Grained Granite 
Borehole 42 1-032-RT2 

Test Tme (Brazilian) 
Core Size: NQ-3,45 mm 

Sample D 
! 

Relative O r i e ~ t * o n  j Structure I 
l 
! F 075O190" 
i G O0S0/6S0 W 
j G 005"/2OoW 

! 
l 

1 Comments 

View 

i 
! Structure Relative Orientation R 

I F 000"nO0 
i G 000°/700 W banding I 
j G,  020°n00W banding 
! G, 000"/4S0 W mineral alignmen t 

j Comments 
1 -  

Downhole View 
! Fig. 2-0 15 

! Structure 

F 
i G ,  
j Gz 

j Comments 

Relative Onentarion 

1 1 6°/9ûo 
1 7S0n00 W banding 
165"/4S0W mineralalignment 

l 
I I 

i 
i 
i 

i 
i 
i 

i 
Downhole View 1 
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Fine Grained Granite 
BorehoIe 42 1-032-RT3 

Test Tpe (Brazilian) 
Core Sue: NQ3,45 mm 

- 

I Structure Relative Orientation 
1 

8 F o O o 0 ~  

i 
G , m0/40"w 

I 

Comments 
1 
[ 
1 

I 1 
1 I 

I 
! 

l t Imad 
Downhole View ' 

nk 2-024 j 
1 

Sample B 

: Structure Relative Orientation 

i F 15O0/9o0 
I G, 1 S0°17S0W 

G2 045"/4S0SE 

i Comments 

! Structure Relative Orientation 

1 2O0/9o0 

i Comments 

View 



Fine Grained Granite 
Borehole 42 1 -032-RT3 

Comments 

- -- - - -. _ -- _ _  
Relative 

Test Tvpe CBrazilian) 
Core Size: NQ-3,45 mm 



APPENDIX B. BRAZILlAN TESTS 

Fine Grained Granite 
Borehole 42 1-034-RT4 

/ Structure Relative Orientation 

w j p e  (Brazilian] 
Core Size: NQ-3,45 mm 

Load 

8 

! Comments 

1 Angle between strike o f  foliation 
: and fracture 
! 
1 Dihedrai angle between planes 
I 

I 

Section Normal to Fracture & Foliation 

Sample B 
I 

1 Structure Relative Orientation Load R 

1 F 140°190" 1 1 70°/4S0S W 

i 
i 
I 
i 

/ Commenu 

i 
Angle between suike of  foliation 30" 
and fracture 

1 Dihedral angle betwen planes 52" 
i G Downhole View 

Fig. 2-034 
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Fine Grained Granite 
Borehole 42 1 -0WRT4 

Test Tye (BraziSian) 
Core Size: NQ-3.45 mm 

Samde C 
1 / structure Relative Orienta- R 

i F 
I 

1 2 0 ° m  
/ G 1 70°/45"S W 
/ Lineation 1 2O0/00" 

1 
1 i Çornments 

Angle between strïke of  foliation 50" 
/ and fracture 
/ Dihedral angle between planes 62" 

j This rample is virtuaily massive althwgh a nm-pemtrative 
j lineation is observed- The foliation orientation is from Sarnple B. 

"" Relative &-entauon R 1 
l I 
i F 070~190" 
I 1 70"/4S0S W 
l 

i 
i --- 
1 
j Comments 
1 

-80" 

1 
j Angle between strike of foliaaon 
j and fracture 1 I 

Dihedral angle between planes 83" 
i 

i 
Downhole View 1 

- 
f 

-- 
! Structure Relative Orientation R 
1 I 

1 Angle between strike o f  foliation 1 and fracture 

Load 

1 

I Dihedral angle between planes 
1 80" Downhole View 
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Fine Grained Granite 
Borehole 42 1-034-RT4 

Test T m  prazilian) 
Core Size: NQ-3,45 mm 

Structure 

F 
G 

Çomrnents 

Relative Oncntation 

-w Load + 
Angle between seike of foliation 7S0 
and fracture 

Dihedral angle betwcen planes 80" 

Downhoie View 
Fig.2-033 , 



Appendix C 

UNIAXIAL COMPRESSION TESTS 

This appendix presents the data obtained fiom the uniaxial compression testing 

conducted to define fabric-related anisotropy within the granite of the Lac Du Bonnet 

Batholith. The stress strain graphs and the original loading / strain &ta files are included. 

The stress strain diagrams show the axial, lateral and volumetric strains under 

accumulating load, and the associated data tables, listing the loads and corxesponding 

strains as recorded by data acquisition system for each gauge. Volumetric strain was 

computed by using the following equation: 

E,  = E, +2€, 

where eV = volumetric strain, E, = axial strain, and ec = circumferentid strain. 

The inflection points on the stress-strain cwves were detennined manually and are Iisted 

in the tables in Chapter 9 of this report. 
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in 
Figure Cl .  Stress-strain diagram obtained from a single uniaxial compression test of the 
fine-grained granite, borehole 42 1 -032-RTl (#1188). 
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Figure C2. Stress-strain diagram obtained from a single uniaxial compression test of the 
fine-grained granite, borehole 42 1 -032-RE (#127S). 
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180 I I 1 I 

Figure C3. Stress-strain diagram obtained from a single uniaxial compression test of the 
fine-grained granite. borehole 421-032-RT3 (111555). 
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Figure C4. Stress-strain diagram obtained from a single uniaxial compression test of the 
fine-grained granite, borehole 42 1 -032-RT4 (#l7 10). 
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Figure CS. Stress-strain diagram obtained nom a single uniaxial compression test of the 
medium-grained granite. borehole 4 17-07 1 -RT4 (#1052). 
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Figure C6. Stress-main diagram obtained from a single uniaxial compression test of the 
medium-Grained granite, borehole 4 17-07 1 -RT5 (11083 1). 
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Axial 
167-181 

Figure C7. Stress-strain diagram obtained fiom a single uniaxial compression test of the 
medium grained granite, borehole 403-0 14-MB2 (#695). 
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Figure C8. Stress-strain diagnun obtained from a single uniaxial compression test of the 
coarse-grained granite, borehole 4 18-05 1 - R n  (#1335). 
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200 1 1 I 

Figure Cg. Stress-strain diagram obtained from a single uniaxiai compression test of the 
coarse-grained granite, borehole 418-05 1-RT4 (#1342). 
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Figure CIO. Stress-strain diagram obtained from a single uniaxial compression test of the 
coarse-grained granite, borehole 4 1 8-05 1 -RTS (11 1 1 14). 




