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ABSTRACT 

In an effort to find the mechanism by which gamma irradiation weakens the 
unconfined compressive strength of Climax Stock quartz monzonite (CSQM), 
sections of rock which had been irradiated and loaded to near failure were 
studied by scanning electron microscopy and compared to sections of rock which 
had been loaded but not irradiated. The quantities measured and compared were 
numbers and lengths of microfractures in the rock. We found that the crack 
parameters depended neither on irradiation treatment nor even on stress 
history, except in one sample which actually failed. By comparison to cracks 

counted in other granites by other workers, the crack statistics on CSQM are 
much noisier and much less indicative of stress history. CSQM is structurally 
more heterogeneous than the other granites, which is probably the cause of the 
greater noise level. 

*This work was performed under the auspices of the U.S. Department of Energy 
by the Lawrence Livermore National Laboratory under contract W-7405-ENG-48. 
This study was conducted as part of the Nevada Nuclear Waste Storage 
Investigations of the U.S. Department of Energy. 

2697x/01J5x 
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INTRODUCTION 

In an exploratory experiment Durham (1982) found tha t massive doses of 

gamma i r r a d i a t i o n apparently degraded the unconfined compressive strength o f 

Climax Stock quartz monzonite (CSQM) by approximately 20%. Since the Climax 

Stock has recent ly housed an experimental nuclear waste storage f a c i l i t y , 

known as the Spent Fuel Test-Climax (SFT-C) (Ramspott et a l . 1979), there is 

some in te res t i n es tab l ish ing the verac i ty and understanding the cause o f t h i s 

degrading e f f e c t . Accepting t h a t b r i t t l e f a i l u r e in rocks i s in t imate ly 

re la ted to the creat ion and growth of micro f rac tures, a d i f ference in the 

f a i l u r e strength o f two rock populations might be expected to be re f l ec ted in 

the p r e - f a l l u r e charac te r i s t i cs o f the microstructure of the rocks. In t h i s 

study, we tes t t h i s expectat ion by measuring the crack densi ty o f i r rad ia ted 

and non- i r rad ia ted CSQM which has been loaded to > 90% of the mean f a i l u r e 

strength of the i r r ad ia ted ma te r i a l . There i s strong evidence tha t in 

g r a n i t i c rocks loaded to such leve ls in both the confined and unconfined 

s i t u a t i o n s , microfractures which are v i s i b l e to the scanning e lect ron 

microscope (SEM) w i l l begin to form even though the rock has not u l t ima te l y 

f a i l e d (Sprunt and Brace, 1974; Hadley, 1976; Tapponnier and Brace, 1976; 

Kranz, 1979; Sano et a l . , 1981). I f the f a i l u r e strength o f CSQM i s lowered 

20% by gamma i r r a d i a t i o n , then one would expect t ha t fo l l ow ing the loading 

treatment the i r r ad ia ted rock w i l l have a higher crack densi ty than the 

non- i r rad ia ted rock. 
DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United Slates 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi­
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer­
ence herein to any specific commercial product, processf or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom­
mendation, or favoring by the United States Government u any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United Slates Government or any agency thereof. 
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PROCEDURES 

Ten t e s t cy l inders o f CSQM measuring 25.4 mm i n diameter and 63.5 mm in 

length were prepared in the same manner as the e a r l i e r samples (Durham, 

1982). The ends o f the cy l inders were ground f l a t and were pa ra l l e l to ± 

0.08 mm, compared wi th ± 0.005 mm in the case o f the e a r l i e r samples. The 

source of the mater ia l was a 152-mm-diameter core fror* hole U15.01-TCH# 1 

taken ho r i zon ta l l y in to the mine wa l l near the s i t e o f SFT-C. Note t h a t the 

mater ia l used in the ea r l i e r study came from the s i t e of Heater Test 1 , 

roughly 75 m away at the same hor izontal l e v e l . 

Five of the samples were gamma-irradiated and f i v e samples were held fo r 

c o n t r o l . The treatment o f the two groups was kept as s im i l a r as possible to 

tha t o f analogous groups in the ea r l i e r study. The t o t a l dose to the 
Q 

irradiated samples was approximately 10 MGy (10 rads) or roughly six times 

the maximum total dose to rock at SFT-C. 

The mechanical testing hardware and i t s arrangement in the column was the 

same as in the tests conducted by Durham (1982) approximately seven to eight 

months ear l ier , except that the displacement of the loading piston was halted 

when the congressional stress on the samples reached 150 ± 1 MPa. Once at 

150 HPa, the piston position was held constant for 60 s, during which time the 

load did not change within the 1 MPa resolution of the data record. After 

60 s the load was released. The ten samples were tested in an alternating 

sequence: non-irradiated, irradiated, non-irradiated, etc. None of the ten 

samples fai led in the tests, an improbable result given that f i ve of the 

samples had strengths of 164 ± 35 MPa (1 s .d . ) , based on the earlier study. 

(The most probable result was that one or two of the f ive irradiated samples 
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would f a i l . ) Therefore, the t e s t was repeated on two samples from each group, 

w i th the maximum load increased t o 180 MPa. This time one sample from each 

group f a i l e d , one o f them (non-1rradiated) as a r e s u l t o f an accidental rap id 

overloading which demolished the sample- Table 1 summarizes the r e s u l t s . 

SEM sections were cu t perpendicular to the cy l inder axis a t approximately 

the mid-plane o f each sample. Presumably, the cracks which developer' under 

load were predominantly " v e r t i c a l " , i . e . w i th normals perpendicular to the 

loading d i r e c t i o n , {Tapponier and Brace, 1976) so the "ho r i zon ta l " sect ion 

thus sampled should provide the best view o f these cracks. 

The preparation technique f o r the SEM specimens was the same as tha t 

described by Weed and Durham (1982). Fresh cracks in the samples were counted 

from SEM photographs by the method out l ined in Weed and Durham (1982). Fresh 

and o ld cracks were d is t inguished on the basis o f the c r i t e r i a defined by Weed 

and Durham (1982). The SEM photomicrography was conducted in two phases. In 

the f i r s t phase, one diametr ical traverse (ca l led pass A) was taken on each 

sect ion using the same detector , signal (a mix of backscattered, BSE, and 

secondary e lec t rons , SE), and specimen t i l t angle (30 ) as Weed and Durham 

used. In the second phase, two addi t ional traverses (ca l led passes B and C) 

were made on each sect ion pa ra l l e l to and 2 mm on e i the r side o f the o r i g ina l 

t rave rse . The detector used in the second phase was a recent ly acquired 

s o l i d - s t a t e backscattered e lect ron quadrupole detector tha t has a much greater 

c o l l e c t i o n e f f i c i ency f o r BSE and therefore reveals cracks in bet ter 

cont ras t . I n the second phase, there fo re , the s ignal observed was based 

so le ly on re f l ec ted electrons from the inc ident beam and the sect ion was 

or iented at a 0° angle o f t i l t , normal to the inc ident e lect ron beam. 

Hereaf ter , we w i l l r e fe r t o the s ignals used in the f i r s t and second phases as 

B5E/SE and BSE, respec t i ve l y . The two types o f images are compared in Figures 

1 and 2 , 
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OBSERVATIONS AND DISCUSSION 

Presentation of Results. Table 2 gives the results for Young's modulus (E) 
for the ten runs. Note the good agreement of repeat measurements on samples 
1-4. The range of values of E-j and E, (defined in Table 2) is 
approximately the same as found on earlier samples by Durham (1982). 
Therefore we can conclude that the calibration of the load on the sample did 
not change significantly from the earlier study. In particular, we can be 
confident that the lower load (nominally 150 HPa) applied to the ten samples 
tested here was approximately 90% and 75%, respectively, of the mean strengths 
of irradiated and non-irradiated samples as measured by Durham (1982). 

Results of the crack counting are given by sample in Table 3 and by 
radiation/stress treatment in Table 4. The crack parameters listed are the 
same as those in Weed and Durham (1982): number of fresh cracks observed per 
unit area, average length of fresh cracks, and average total length per unit 
area of fresh cracks. Results in both tables are broken down by pass. In 
pass A, a total of 432 fresh cracks were identified in 80 micrographs; in pass 
B, 236 in 59 micrographs; and in pass C, 272 in 68 micrographs. The total 
surface area of rock photographed and quantified was about 8 mm . Crack 
counting results are also given in Table 4 for a virgin sample from the center 
of a 150-mm diameter core taken along side a canister emplacement hole at 
SFT-C. It has been examined previously for cracks, being the least disturbed 
of the six samples examined by Weed and Durham (1982), so also provides a 
study-to-study comparison of results. Crack counting results for this sample 
from the Weed and Durham study also are given in Table 4. Raw data for 
individual cracks are available from the authors. 
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The results show a great deal of noise and a dependence of crack counting 
statistics upon which detector was used in the SEM, but do not reveal any 
difference between irradiated and non-irradiated rock. The remainder of the 
discussion centers on these points. 

BSE/SE vs BSE. The BSE/SE signal in the SEM apparently reveals more cracks 
than the BSE signal (Tables 3 and 4). The cracks so revealed in BSE/SE, 
however, are on average less than half as long as those revealed in BSE, 
resulting in an average total length of crack per unit area that is slightly 
greater in BSE. The difference is unmistakable, but since we have not made 
comparisons of the two techniques on the same area of rock, and since the rock 
is so inhomogeneous, we can only hypothesize as to the cause of the 
difference. (Note that a valid point-by-point comparison of the two 
techniques may hot be possible because of the judgmental role played by the 
operator. Having viewed and counted an area in BSE/SE, he or she may retain a 
bias in counting the same area in BSE.) SE do typically provide better areal 
resolution than BSE because of the physics of electron interaction with 
surfaces, so the BSE signal may not be resolving the shorter, narrower 
cracks. Another possible explanation is related to the intentional exclusion 
of grain boundary cracks from this study. The BSE signal is much more 
sensitive to chemistry than BSE/SE (compare Figures 1 and 2), so that grain 
boundaries, and cracks which lie ilong them, are more obvious in BSE. 
Therefore, some of the cracks counted in pass A may have been grain boundary 
cracks that were mistakenly identified. 

Noise. The earlier study by Weed and Durham {1982) identified the high level 
of noise inherent in crack statistics in CSQM; the high noise persists in the 
present study. For example, calculated standard deviations based on normal 
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distributions for many of the three crack parameters are typically as large as 
the means of those parameters {see example in Table 5 ) . By the comparison 
illustrated in Table 5, standard deviations for crack density in Westerly 
granite are typically less than half the mean values (Tapponnier and Brace, 
1976) and for crack length in Barre granite are about 603! of the mean values 
(Kranz, 1979). 

A more meaningful, though less quantitative, measure of noise conies from 
classifying the data by pass for a given sample. Passes B and C were 
essentially identical in technique, operator, time taken, etc., differing only 
in that they were 4 mm apart, yet give crack densities across a given sample 
which can vary by as much as a factor of two (Table 3). While systematic-
limitations exist with the technique, as discussed in the next paragraph, the 
cause here is clearly inhomogeneity of the rock. Petrographically, CSQM is 
strongly heterogeneous on the millimeter size scale (Fig. 3). Most of the 
rock is composed of grain sizes ranging from 0.25 to 2 mm, but the rock is 
populated irregularly by quartz phenocrysts (about 10% by volume) typically 5 
mm across and by potassium feldspar phenocrysts (about 5% by volume) up to 150 
mm long. Westerly granite, on the other hand, is finer-grained [0.25 to 1 nun) 
and petrographically more uniform than CSQM and as a result may be less prone 
to noise in crack distributions (Table 5 ) . Comparison of unconfined failure 
strength statistics for CSQM and other granites is striking. For Westerly the 
unconfined failure strength is 230 + 10 MPa (Byerlee, 1969). Kranz and Scholz 
(1977) indicate that the unconfined strength of Barre granite is ^20 ± TO 
MPa (although they give no raw data). The scatter in unconfined strength of 
Oshima granite is clearly less than ± 5% based on eight test results 
published by Sano et al. (1981). For unirradiated, unconfined CSQM, the 
failure strength is 204 + 33 MPa, based on 12 measurements by Durham (1982). 
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5t.ressed vs. Unstressed Rock. The question arises as to whether or not we are 
able to resolve in the crack structure any manifestation of the loading 
treatment. The crack statistics for the single BSE pass on the virgin rock 
(Table 4) compare as follows to those for the 18 BSE passes on stressed rock 
(Tables 3, 4 ) : The 91 cracks/mm in the virgin rock is 20% below the mean 
for all the stressed CSQM but ranks eleventh from the top (i.e. only one below 
median) when all 19 passes are compared. The average length per crack in the 
virgin is 10% more than the mean for all stressed CSQM and ranks sixth (in a 
tie) among the 19 passes. Incipient failure in other granites seems to be 
marked by increased number densities and increased.lengths of cracks (Table 
5). It appears that we cannot resolve any significant microstructural 
difference between stressed and unstressed CSQM. Remarkably, even Sample 2, 
the one sample that failed under 180 MPa load, showed an unusual crack length 
{E2 urn) only in one of the three SEM passes. The statistics from the other 
two passes on Sample 2 reveal no evidence of the failure. 

The damage we imparted by loading the CSQM should have been profound. 
Admittedly our knowledge of the failure strength (o f) is not well 
resolved, but it appears unlikely that oy > 205 MPa for "typical" 
untreated C ^ M at 1 atmosphere confining pressure, based on all 136 
measurements of af made by Durham (1982) and Durham et al. (1983). 
Therefore, a load corresponding therefore to no less than 0.88 o f (i.e., 
180 MPa) was applied to three of the nine samples studied here by SEM. Except 
in one pass on Sample 2 those three were indistinguishable from the six loaded 
only to 150 W a and from the one unstressed sample. By comparison (Table 5), 
Tapponier and Brace (1976) saw a significant increase in crack density at 
stresses as low as .58 af and Kranz (1979) found that unconfined Barre 
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gran i te at a = .87 a f i s unmistakably more cracked than the v i r g i n 

m a t e r i a l . I t appears, t he re fo re , t ha t crack generation a t given leve ls o f 

o / o f i s retarded in CSQM wi th respect to tha t i n Westerly and Barre 

g ran i tes . Noisy crack data i n CSQM make a nuan t i t a t i ve statement d i f f i c u l t , 

but CSQM appears to show no microscopic crack damage up to a t least 0.9 o^. 

I t i s un l i ke l y tha t the d i f fe rence between CSQM and other grani tes is an 

a r t i f a c t of technique. Surface preparat ion techniques f o r a l l studies 

compered here have essen t i a l l y dupl icated the g r i n d i n g / p o l i s h i n g / i o n - m i l l i n g 

sequence developed by Brace e t a l . (1972). SEM was used f o r observation in 

a l l s tudies and most "count ing" micrographs were taken at 30O-500x 

magni f icat ion (only Sprunt and Brace (1974) counted at higher magni f icat i on ) . 

Prac t i ca l SEM reso lu t ion l i m i t s are comparable in a l l s tud ies . 

CONCLUSIONS 

The experimental data o f t h i s study provide no support for the hypothesis 

t ha t s t ressed, i r r a d i a t e d CSQM is more cracked than stressed, non- i r rad ia ted 

CSQM, e i the r a t stress d i f ference (a) = 150 MPa ( l i nes 3 and 4 of Table 4 ) , 

o = 180 MPa ( l i nes 1 and 2 ) , or wi th combined s t a t i s t i c s ( l i nes 5 and 6 ) . 

The lack o f d i f ference is not necessar i ly due to the lack of an e f f e c t of 

gamma i r r a d i a t i o n on unconfined s t reng th , however, since the CSQM stressed 

below f a i l u r e in t h i s s tudy, i r rad ia ted or otherwise, does not show a 

measurable change in i t s crack s t ruc ture with respect to unstressed CSQM. I f 

the e f f e c t of gamma i r r a d i a t i o n on f a i l u r e strength (o^) i s r e a l , i t w i l l 

not be observed in the nricrocrack s t ructure unless samples are loaded to even 

higher levels than used here. Such an experiment i s probably not p rac t i ca l 
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for two reasons: 1) initiation of incipient failure (i.e. microfracturing) ir, 
CSQM apparently occurs only at stresses very close to Of, and a^ in 
any given sample is known only to ± 15%; and 2) inherent noise levels of 
crack parameters in CSQM are very high. Underlying both problems ir, a common 
factor: the considerable structural inhomogeneity of CSCM. 
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FIGURE CAPTIONS 

1. Crack counting example, BSE/SE pass, a) SEM photomicrograph, scale bar = 

100 itm; b) cracks identi f ied as fresh, same magnification as a). There 

are ten frssh cracks identif ied here ranging in length from 4 to 104 

ym. Mean length here is 24.5 ^m. Most of the r ight half of the 

picture area is a plagi'oclase grain. A single quartz grain dominates 

most of the l e f t half of the picture ( l ighter contrast). Two other 

quartz grains are at the upper le f t and lower r ight . Note the poorer 

grain-to-grain contrast as compared to Fig. 2. (Photo ID: 3050/019 Pass 

A). 

2. Crack counting example, BSE pass, a) SEM photomicrograph, scale bar = 

100 nm; b) cracks identi f ied as fresh, same magnification as a). There 

are f ive fresh cracks identif ied here ranging in length from 19 to 113 

pm with mean length 48.0 urn. The three major phases -e, in order of 

increasing brightness, quartz, plagioclase, and orthoclase. The subtle 

shadings in the plagioclase probably represent local variations of the 

Ca/Na rat io within a single grain. The small bright grain at the top was 

not ident i f ied. (Photo ID: 3050/002 Pass C} 

3. Low magnification SEM photomicrograph i l lus t ra t ing the heterogeneity of 

grain sizes in CSOM. Image is BSE only and the scale bar represents 1 

mm. The four major contrast levels indicate, in order of increasing 
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brightness, quartz, plagioclase, orthoclase, and b io t i t e . Small bright 

spots are various heavier element phases such as iron oxide and zircon. 

Not shown is the variation in grain size of orthoclase: phenocrysts 

100 ram across are not unusual. The grain scale heterogeneity of CSQM may 

be the principal cause of the noisy crack and strength measurements made 

on this rock. (Photo ID: 3050/013 Pass B) 
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TABLE 1: Test Results 

I r r a d i a t i o n 

Sample Treatment Stress Treatment Comment!: 

1 no T 150 MPa, 60 s ; 180 MPa, 60 s ; Accidenta l ly overloaded 

then > 180 MPa and demolished 

2 Y 150 MPa, 60 s ; 180 MPa, <60 s Fai led under 180 MPa load 

3 no r 150 MPa, 60 s; 180 MPa, 60 s No f a i l u r e 

4 T 150 MPa, 60 s ; 180 MPa, 60 s 

5 no Y IbO MPa, 60 s 

r II II II 

7 no Y 

8 T 

9 no y 

10 Y 

H II 

it tr 
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TABLE 2: Voung's Modulus ( In GPa) 

Non-

El 

70.2 

• I r rad ia ted -

E 2 

70.2 

Sample 

1 

El 
( s t r a i n < . 

70.2 
64.7 

.04 S) 

E 2 
( s t r a i n > ,\%) 

70.2 
70.7 

A E 3 2 - E , 

0 
6.0 

Non-

El 

70.2 

• I r rad ia ted -

E 2 

70.2 

/JE 

0 

El E2 /JE 

2 S4.8 
53.1 

67.5 
65.8 

12.7 
12.7 

54.8 67.5 12.7 

3 68.7 
71.2 

68.7 
74.5 

0 
0.3 

68.7 68.7 0 

4 75.3 
76.9 

77.7 
76.9 

1.9 
0 

75.8 77.7 l . s 

5 68.2 76.6 8.4 68.2 76.6 8.4 

6 62.4 69.7 7.3 62.4 69.7 7.3 

7 61.1 69.4 8.3 61.1 69.4 8.3 

8 63.4 68.9 5.5 63.4 68.9 5.5 

9 data not ava i l ab le 

10 54.1 61.3 7.2 54.1 61.3 7.2 

64.3*7.2 70.0±4.9 5.714.7. 67.1±4.1 71.2*3.6 4.2*4.8 62.1*8.8 69.0*5.9 6.9*3.9 
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TABLE' 3" Crack S t a t i s t i c s by Sample 

Sample § cracks 
counted 

flreal number 
densi ty 

(mnr 2) 

Average 
length 
(urn) 

Area! length 
densi ty 
(mm/mm )̂ 

2 
(pass 
(pass 
(pass 

B) 
A) 
C) 

18 
3"i 
38 

85 
177 
120 

52 
14 
30 

4.41 
2.47 
3.59 

3 
45 
66 
20 

157 
206 
81 

30 
14 
32 

4.70 
2.79 
2.64 

4 
23 
48 
51 

109 
171 
182 

36.5 
15 
26 

3.98 
2.54 
4.67 

5 
22 
49 
22 

90 
124 
75 

41 
14 
33 

3.66 
1.74 
2.46 

6 
12 
64 
15 

57 
214 

71 

35 
12 
<4 

1.99 
2.47 
3.12 

7 
25 
62 
30 

119 
158 
107 

36 
13 
38 

4.27 
2.07 
4.01 

8 
49 
45 
14 

175 
117 
67 

28 
15 
29 

4.89 
1.78 
1.95 

9 46 
47 

114 
131 
167 

34 
16 
23 

3.88 
2.15 
3.78 

10 
18 
71 
35 

86 
285 
125 

30 
16 
33 

2.53 
4.44 
4.06 
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TABLE 4 : Crack S t a t i s t i c s by I r r a d i a t lon /S t ress Treatment 

Pass A Pass B Pass C Passes B and C Comb ned 

* o f 
Cracks 
Counted #/Area L 

(mm-2) (Pm) 
L/Area 

(nnl/mm2) 

# of 
Cracks 
Countec * /Area L 

# of 
Cracks 
Counted #/Area T 

1 of 
Cracks 
Counted J/Area L 

* o f 
Cracks 
Counted #/Area L 

(mm-2) (Pm) 
L/Area 

(nnl/mm2) 

# of 
Cracks 
Countec * /Area L L/Area 

# of 
Cracks 
Counted #/Area T L/Area 

1 of 
Cracks 
Counted J/Area L L/Area 

ISO HPa 
Y 
no Y 

79 
66 

173 15 
206 14 

2.51 
2.79 

41 
45 

97 
157 

43 
30 

4.20 
4.70 

89 149 
20 SI 

28 
3? 

4.09 
2.64 

130 
65 

128 32 
122 31 

4.14 
3.74 

150 MPa 
Y 
no Y 

ISO 
157 

199 14 
134 14 

2.82 
1.92 

79 
71 

113 
106 

29 
37 

3.31 
3.92 

64 91 
96 116 

35 
29 

3.15 
3.42 

143 
170 

102 32 
112 33 

3.23 
3.64 

a l l 
Y 
no Y 

259 
223 

190 14 
149 14 

2.71 
2.11 

' l20 
116 

107 
121 

34 
34 

3.64 
4.15 

153 118 
119 108 

30 
30 

3.58 
3.24 

273 
235 

113 32 
115 32 

3.61 
3.64 

Sample 
2339 

BSE/5E pass (Heed and Durham, 1982) 

105 11 1.13 

. 
54 

BSE pass 

91 36 3.24 
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TABLE 5: Comparison of Crack Counting Studies 

Rock Conditions 

Confining 
Pressure 

(MPa) 

* 
# 

Counted 
#/Area 

(mnr ?) L (um) 

3-10 a 

10-30' 

L/area(ran/mm2) 

Sprunt & Brace 
(1974) 

Westerly grani te v i rg in 
.95a fb not given 

80 
80 

L (um) 

3-10 a 

10-30' 

Hadley (1976) Westerly grani 
M ii 
ii n 

te 
'T5) 
(W5) 

v i rg in 
>.95uf 
fa i led 

50 
150 

344C 
632 c 

850 c 

l-5a 
10-50 a 

10-50 a 

Tapponnier 
and Brace 

(1976) 

Westerly grani 
n I I 
n n 

t e 
(T3) 
(T5) 

v i rg in 
.58of 

>.95 of 
50 
50 

182<| 
502° 
861 d 

196+73^ 
239±48e 
354+1026 

Kranz (1979) Barre granite 

II n 

v i rg in 
.87o f , 7s 

" , 37s 
" ,rss 
" ,136s 

0.1 
II 
II 
II 

56 
262 
282 
190 
183 

7* 
2 6 f 2 3 f 

54+36 
72+42 
90±79 

146+91 
164+88 

This studyS CSQM 
" . T 
" , no Y 
" , v 
" , no v 

v i rg in 
.92±.22o f 

.73±.16o f 

1.10±.22af 
.88±.16<jf 

0.1 
54 

143 
170 
75 
65 

91±91 
102+87 
112±106 
15H137 
122+105 

36447 
32±31 
33+30 
29+25 
31+30 

3.24+3.16 
3.23±2.59 
3.64+3.88 
4.37±3.90 
3.74±3.39 
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Footnotes for Table 4 
a median values 
b erf = failure strength 
c includes pores 
d cracks encountered in axial traverses not included 
e approximated as 

j o n c i f „ _, # of crack intersections along traverse traverse length 
a e n s i i y traverse length x ~ ~l 

mm approximated as 
. ..„ # intersections „ 1 

d e n s l t y = trace length x ~ 

g BSE data only; Sample 2 (which failed) not included 
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