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ABSTRACT

Laboratory tests were conducted on rock core samples received

from six core holes in the Pembine Area of Dickinson County, Michi-

gan, and Marinette and Oconto Counties, Wisconsin. Results were

used to evaluate the quality and uniformity of the rock to depths of

200 feet below ground surface. The core was identified as pred~ni-

nantly tonalite, granite , amphibolite gneiss, and biotite gneiss,

with relatively insignificant quantities of quartz gneiss and biotite

schis~ .

r a u ~ tion of the Pembine Area core on a hole-to-hole basis in-

dica~e~ that the craoite removed from Hole PB-CR-20 and the bioti~ e

and cuar tz gneiss removed from Hole PB-CR-1i.0 are quite competent

materials and s~ oui~. offer good possibilities as competent hard rock

‘~edia.

The tonalite and ph~boli te gneiss removed from Hole PB-CR-27

were round to be re atively c~~~etent rock, with only one specimen .

an ~~~hibolite gneiss , yielding physical test results characteristic

of r~±r~a quality rock. Generally, this hole yielded material that

should offer some oossibility as a c~~petent hard rock mediwri.

~o1es PB-CR-2. -10, and -l6A generally yielded rock core that

exhibited rather varied physical properties. Though much of the rock

was relatively competent in quality, several specimens that were
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removed from depths greater than 50 feet below g~’ound surface in erj.ch

hole were found to be quite incompetent. The presence of these poor

quality materials at depths greater than 50 feet dictates classifi-

cation of the entire cores as unsuitable , incompetent media.

The evaluations and conclusions above were based on somewhat

limited data. Therefore, more extensive investigation will be re-

quired in order tc f~illy define the individual areas under

considera~ icr .
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PREFACE

The s tudy reported herein was conducted by personnel of the

Concrete Division of the U. S. Army Engineer Waterways Experiment

Station (WES) under the sponsorship of the U. S. Air Force Space and

Missile Systems Organization (SA~~0) of the Air Force Systems Com-

mand. The study was coordinated with CPT Rupert G. Tart, Jr., SAMSO

Project Officer , and Mr. M. V. Anthony of T~~, Inc., Norton Air Force

Base, Califtrnia. The work ~as accomplished during the period

November 1969 to June 1970 uhder the general supervision of

Mr. ~ryant Mather, Chief , Concrete Division, and under the direct

supervision of Messrs. J. M. Polatty, Chief , Engineering Mechanics

Branch , W. 0. Ty~es, Chief , Concrete and Rock Properties Section,

and K .  L. Saucier, Project Officer. Mr. C. R. Haliford was respon-

sible for the petrography work. Mr. R. W. Crisp performed the major-

ity of the Drogram analysis and prepared this report.

Directors of the WES during the investigation and the prepara-

tion and publication of this report were COL Levi A. Brown, CE , and

COL Ernest D. Peixotto, CE. Technical Director was Mr. F. R. Brown.

5

— -



______ _
~
-,_ ._-.--w 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘— -C - -. —-

CONT~~TS

ABSTRACT 3
PREFACE 5

CONVERSION FACTORS , BRITISH TO MSTRIC UNITS OF MEASUREMENT 8

CHAPTER 1 INTRODUCTIOI~ 9

1.1 Background 9
1.2 Objective 9
1.3 Scope 9
l.~ Samples 10
1.5 ~enort ~eT~iremen~~ 

10

TEA?TE~ 2 TEST ~I:K0:C 13

2.1 Scb~idt T’jnber 13
2.2 ~neci~ ic ~ravity 13
2.~ Thdirect Tension— 13
2. .-~ Tir oct Tensi 
2.5 ~itinate ?niP.yial 0~ res~ iie Stren~-± and. 2tat c Elastic

?rorer~iez 
2-.E ‘~~ T~~C c’ner~~ e~ 
2.7 ?~~~~~r~~hic ‘:- - n ~tio-~ 

?TE’~~TE OF ~~;:~~ i AT ‘~~~Fo?:~~:~ r~s:s 

3.1 es~ s jtilized 17
3.2 Tcnalite 
3.3 !~.p~ibo1ite 7nei~ 22
3.~ Ora nite 25
3.5 ~iotite Oneiss 28
3.6 Other pock ~ pes 31

CHAPTEP L~ SPECIAL TEST~ 32

~.1 Anisotropy Tests 32
~.2 ConDarative ‘ensile Tests 3~4L~. •3 ~etro~raphic Examinatior 35

a .3. 1 Core Samples 35
~ .3.2 Specimens Selected for Examination 38
I~.3.3 Test Procedure 

6

—~~~~ ---- :- 
- 

. - -
~
—

~~~~~~~~~~~~~~~~~~~~~
—-———--



——~~
- - -

~~~~~
-

~

~~~~~ Results-
)4.3.5 Summary - 149

CHAPTER 5 DISCUSSION AND CONCLUSIONS 66

5.1 Discussion 66
5.2 ConclusIons 66

APPENDIX A DATA REPORT - HOLE PB-CR-2, 25 November 1969 75

APPENDIX B DATA REPORT - HOLE PB-CR-b , 26 November 1969 83

APPENDIX C DATA REPORT - HOLE PB-CR-16, -16A, 26 November 1969 91

APPENDIX D DATA REPORT - HOLE PB-CR-20, 26 November 1969 99

APPETD X DATA R~~CP.T - HOLE PB-CR-27, 25 November 1969 107

APPENDIX F DATA P.F?OHT - HOLE PB-CR-140, 25 November 1969 115

P2FEFE:CES 122

7



~~- • —-- ---—.~~- -•- .

CONVERSION FACTORS , BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in this report can be converted to
metric units as follows.

Multiply By To Obtain

inches 2.514 centimeters

feet O.3O1~8 meters

.L5359237 kilograms

nounds per scuare inch C. O7C~ O7 k~Lograms rer scuare cent imeter

~‘eet rer second 0.3O~8 meters per second
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The purpose of this study was to supplement the information

being obtained for the area evaluation study by the U. S. Air Force

Space and ~issi1e Systems Organization (SAMS0). It was necessary to

de~ er~ ine the nrotert ies  of the snecific materials for an analysis of

the quality and u~i~ nrmity of the rock. T~.esults of tests on cores

the Pembine Area of Dickinson County , :~ochigan . and Marinette

an~ Oconto Counties in Wiscon sin are reported herein.

1.2 OThTECTr~

The objective of this investigation was ~o conduct laboratory

tests on samples from areas containing bard , near-surface rock to

determine the integrity and the mechanical behavior of the materials

as completely as possible , analyze the data thus obtained , and report

the results to appropriate parties.

1.3 SCOPE

Laboratory tests were conducted on samples received from the

field as indicated in the following paragraph. Table 1.1 gives per-

tinent information on the various tests.

Tests were conducted to determine the general quality,

9 



uniformity, and integrity of the rock from the area. Physical prop-

erties determined were : (1) relative hardness (Schmidt number),

(2) specific gravity , (3) ultimate uniaxial compressive strength, and

(14’~ static and dynamic elastic properties.

Special tests were conducted to (1) determine the degree of

anisotro y of the sampled rock, and (2) determine and compare direct

~~c~irect tensile strengths. A limited petrogra~hic examination

~e—fcr-Ted .

Cam~~os were received from six holes in the Pembine Area desig-

mated as T -TE-2. -10, -16 and -16A , -20. -27, and -~--O. All s~~~les

.~ere ::~-~ize cores (nominal 2-l/8—inch diameter). Test specimens of

the required dimensions. as given in Table 1.1. were ore~ared for

the in-ii-7i’~um tests. Quality and uniformity tests were conducted os.

~e ected smecimens from all holes. Special tests were conducted on

sp ec~ riens selected from the various core holes tc represent differ-

ences rock t:~~e, weathering. etc.

1.5 ?~POE ~~IPE~~TTS

The immediate need for the test results required that data

A table of factors for converting British units of measurement to

metric units is presented on page 8.
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reports be compiled and forwarded to the users as work was completed

on each hole. The data reports of the individual test results are

included herein as Appendixes A through F.

11 
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CHAPTER 2

TEST METHODS

2.1 SC}~4IDT NUMBER

The Schmidt number is a measure of the relative degree of hard-

ness as determined by the degree of rebound of a small mass propelled

against a test surfa Ce . The test was conducted as suggested in Ref-

erence I (a Swiss-made hammer was used) except that 8 to 12 readings

~er smecimem were made . The average of these readitu~s is the Schmidt

nunher , or relative hardness. The hardness Cs ofter taken as an ap-

-oroximation of rock quality and may be correla:ed with other physical

characteristics such as strength . density . and, modulus.

2.2 SPECITIC G-RA’~TTY

The specific ~ravit~ of the as-received samples was determined

by th’~ loss-of-weight method conducted according to ~1ethod CRD-C 107

of Peference 2. A pycnorneter is utilized to determine the loss of

wei ght of the samrle upon submergence. The specific gravity is ecual

to the weigh t in air divided by the loss of weight in water.

2.3 Ii\’DIRECT TENSION

The tensile strength was determined by the indirect me thod ,

comnonly referred to as the tensile splitting or Brazilian me thod ,

in which a tensile failure stress is induced in a cylindrical test

13
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specimen by a compressive force applied on two diametrically opposite

line e1eme’~ts of the cylindrical surface. The test was conducted

according to ?~~thod CRD-C 77 of Reference 2.

2.14 DIRECT TENSION

For purposes of c~~rparison, specimens were prepared and tested

for tensile strength according to the American Society for Testing

and Materials (AsTM ) proposed “Standard Method of Test for Direct

~emsile Strength o± Rock Core Specimens.
’ Tensile s~1itting tests

were conducted or, specimens cut adjacent to the direct tensile test

specimens.

Yor the direct tension tests , the specimens were right circular

cylinders, the sides of which were straight to within 0.01 inch over

the fU~2 length of the specimen and the ends of which were parallel

and not departing fr~ a re~~endicu1arity to the axis of the specimen

by more than 0.25 degree . ~j 1indrica1 metal caps were cemented to

the ends of the specimens and provided the means for arrlying the

direct tensile load. The load was applied continuously by a 30,000-

• r ound-capacity universal testing machine and at a constant rate such

that failure occurred within 5 to 15 minutes.

2.5 L~ TIMATE UNIAXIAL C0~~RESSIVE STRENCT~ A~D s:A::c :AsT:c
PROPERTIES

The unconfined and cyclic compression test specimens were

114 
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prepared according to A.3TM snd Corp s of Engineers standard method of

test for triaxial strength of undrained rock core specimens , CRD-C

1147 (Reference 2). C:ssent±ally, the specimens were cut with a dia-

rnond blade sow , and the cut surfaces were ground to a tolerance of

0.001 inch ac~ oss any diameter wi th  a s-:~-face grinder prior to test-

bi g . Electrical-resistance strain gages were utilized for strain

measurements, two each in the ax ial (vertical) and horizontal (dia-

~et-ral~ ~irectComs. Ctatio ‘~o - ~th s .  b’~~k .  ~~~ ~~~~av mo: i l i  wer~ co”~-

outed from str-~im ne~~ure- - ents tthom ot ~~ ~erre--; -‘f the -:• -:~~-‘~te

umiaxin~ romrressive s~ ”enr~th. S~r”-s’ wa’ ~m’ l’ed -CCth -~--T.?’T’ -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~st_ ~~-~~~~~

Ccomrer-’Crnal and shear wave velocities. d~~~oic ‘:n k. shear .

-md onm~~ mcc~uli. o.~d ?oisoo’- ’s rotio ~ere det~~ -±~~d nooorc~ing to

~~~~~ “C~~’~ ’ .EM ‘
~~ta~dard “ethc~i of est for ~~ --~r~ torv Tete~—in---

o~ 1T :r - -:onio ~ :lse .‘elooC:ie.~ ~m~’ Tlnstic cmstnm :s -of Foc ’-:.’

The method corsiste-l ‘-tia ly of ~enerotir,g a -.-o’ve Cm the sn Cm’~’-

a pulse cea~~’atc-~ unit and m~asnrin~ . ---ith ‘n’ : : rsc:-e. th’~

time recuCred fo” the compresrior and shear ws-,’es to travel the

length of ~°c ~recimen . the resulting wave velocity beim~ the dis-

tance traveled divided by the travel time. These compressive and

shear velocities , along with the bulk density of the specimen. were

used to compute the dynamic elastic properties.

15 
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In the case of the spec ial tests used to determine the degree of

anisotrapy of the samples , compression and shear velocities were

measured along two mutually perpendicular, diametral (lateral) axes

and along the longitudinal axis. This was facilitated by grinding

four 1/2—inch-wide strips dc.- -n the sides of the cylindrical surface

at 90-degree angles and generating the compressive and shear waves

perpendicular to these ground surfaces.

2.7 ?ET?OGPAP:-: C ~~~~~TAT 0N

A limited petrographic examination was conducted or samples

selected to be renresentative of the material from the several holes.

The examination was limited to identifying the rock , determining gen-

eral condition . identifying mineralogical constituents , and, noting

any unusual characteristics that may have inf uenced the test

results.

16 
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CHAPTER 3

RESULTS OF QUALITY AND UNIFORMITY TESTS

3.1 TESTS UTILIZED

Based on experience accumulated through testing and data anal-

ysis of core from study areas previously evaluated, the following

physical properties were selected for use in evaluating the quality

arid uniformity of the Perobine rock core Schmidt number, specific

gravity, ultimate ‘rniaxial commre~~ive strength . a’- d. corpressional

wave velocity. ~ rnamic elastic co”starts determined for all

mens tested were 000Dared. wi th static elastic co’—stants determ ined

for selected renresentative specimens . ~‘tatic mcduli were based, on

a Poisson ’s ra t io and , tangent modulus of elasticity commuted, at

50 percent of ultimate uniaxial cDn-cre~sive strenrth.

The core received from the Pembine Area was somewhat varied, in

composition and comprised four rrincinal rook ty-ces : ( I ’  tonalite .

~~ granite . (3~ amphibolite rneiss- . nnd
(
~-C) bictite r’-eiss.

ite was the most abundant . ~ela tiveim insignificant  cuantities of

cuartz gneiss and. biotite schist -‘ere : lso received from the area.

Differences in ultimate uniaxial compressive strength ap ear to’ have

arisen from variation in rock tyce coupled with variption in nature.

number, and inclination of fractures present in the individual

specimens.



_ _  - 
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

To facilitate analysis, data were generally grouped according to

rock type , and, where applicable , these general groupings were sub-

divided according to physical conditions as follows: (1) intact rock

core , i.e., material free from macroscopic joints, seams, vesicles,

and/or fractures; (2) moderately fractured rock core containing hori-

zontally or vertically oriented fractures; (3) highly to critically

fractured rock core containing well developed systems of fracture,

or critically oriented fractures, i.e.. fractures inclined with

resnect to the horizontal at angles so as to result in the develop-

ment of shearing stresses of failure magnitude when the specimen is

subjected to relatively lc~ s-~xiaL stress: and (l~ rock containing

calcite-filled fractures. Detailed physical test results are pre-

sented in Amoer,dixes A throu -~h ~
‘
; summ aries of the results are tabu-

lated in the various sections of this chapter.

~~.° O ’lV~ TE

“he ma~ orisy of the core received, from Hole P3-CR-l0 arid por-

tions of that ~‘ec~ived from 
‘
~ces ?P-CR-2 and. -27 were petro’graphi-

oall-r ide”tified as tonalite. Yost of the snecimens were moderately

f”~,ctured; several were highly fractured.

A summary of the phys±ca . test results is given in the following

tabulation . Detailed. results are given in ADpendixes A , B , and. E.

18
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Hole ~o. Specimen Specific Schmidt Ultimate Compres-
No. Gravity No. Uniaxial sional

Compres- Wave
sive Velocity
Streng th

psi ft/sec

Moderately Fractured:

PP-CR-2 3 2.68 -- 37,120 16,270
5 2.72 50.6 18,790 18,760
9 2.6 7 -- 16,170 16,11140
12 2.68 -- 23. 2~~l 6.200
19 2.49 54.5 27 , E37
23 3.9 25. ’ -~~25 2.49 

~~~~~~~~~

P3—0 -10 3 2 . 2  53.7 9- ,~ EO 19.890
5 2.7-f 7~ .9 — ,712 20.750
8 2.’~0 32.~ ll.1~114 2.~ 5-~.8 ll.--20
1° 2.71 -- 13.~ °C
22 2.” , -- l5,-3~0 19,040
72 2. ”-C 32.8 114.970 9.200
214 2.’t -~-9 .~~ ~ ‘.9lO 19,920

5 2. 75 S . E  25.610 18.860
8 2.~~— -- 2-5 , -~i~?2

12 2.7m -— 3C~~9~ C .477
22 2.67 —- 25.120

Average 2. 7 2 .~ 21 ,950 18.1, -I

~ichly Fractured:

PP-CR-iC 10 2.69 -- 7.380 l7.~ $C
12 2.65 56.8 5.3:0 17.
l7

Average ~ 68 ~~.8 6,~~o

10
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Ultimate uniaxial catpressive strengths exhibited by the tonal-

ite specimens were rather variable , apparently due ~o the rather

large variation in nature and degree of fracturin~ present. The

highly fractured specimens yielded ul’~ r ’ e e s r ~ ’.,’L- Le~~ than

8,000 psi . The moderately frac ’~~re’i c ~ ~~
- 

~‘e’i strengths ranging

in magnitude from approx imately 11,000 . 

~ ~~ ~.‘i. This large

range of strength for the pa~~up ‘f ‘~~~~ -‘~~~L:.’ fr ~c~~~’-ed specimens

would seem to i”dicate t~~~~~~ -~~~-~ 
- ,  - ‘ .“-~~ 

-‘ - - •  ‘- f -  --~ t -- --~ im~ :.~ .

but one which was not i’-r~ di”tely o~’v 
-‘

~~“ . 
—

~~~~ f”c~. t~~~ t ‘-a-’”~

strength (for a particular grc’i i”’c ’ ~e~~”a:,1y - ‘--en--ed “‘;~ stsytially

when the mhysical test results o±~ the c-
~e~~~~~ e’v ~“ac~ured core were

±~irther subdivided. according to hole nunher reinforces this cor,clu-

sicn, the additional variable a oarentl being de endent on locality.

Ccmnressional wave velocities exhibited. by the tonalites were

much less varied than ultimate compressive strengths . ranging from

apDr~~ imate1y 15 ,000 to 20,000 ft/sec . Relative magnitudes of this

mhvsical property also aopeared to ‘be dependent umon lucality, as

scatter decreased significant ly when data were ~ ,irther subdivided

according to hole number. Nature and degree of fracturing had no

discernible effect on compressional wave velocity; ultimate uniaxial

compressive strength showed no definite trend, toward correlation with

this property.

As indicated in the following tabulation , elastic constants

20
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determined for the tonalite were generally uniform . As with the corn-

pressional wave velocities previously discussed , correlation between

u l t imate  s trength and modulus was not immediately obvious . However ,

values of dynamic “-‘oung ’s modulus consistently appeared slightly

lower than the corresponding static values. -

Stress-strain curves determined for several of these specimens

revealed that the tonalite was slightly inelastic and rather brittle.

“Jnoc cycl i r ;.  the tc’naliae specimens tested herein peneraily exhib-

ited sligh t hys teresis , and. strain appeared. to be cono letely

reco ie:able.

3 7 A’~~ ’~~~~~T T ~~~ ‘~~ ‘T~~

The entire core received from Holes PP-CR-16 and. -16A and. a

ro r t iom of the core received from Role PR-CP-27 were Detrograrhically

Identi fied as amDhibcl±te oneiss. All snecimens contained fractures:

fractures in the specimens received from Holes P7-C~ -16 and. -16A were

sealed with calcit e.

Values of ultimate uniaxial compressive strength exhibited by

the c~c-~ hibo1ite gneiss specimens from this area ranged considerably.

The specimens contain ing fractures sealed. with calcite yielded

ultimate strengths that had no apparent dependence on orientation of

the respective fractures.

22
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A summary of the results of physical property tests is given

below . Detailed results are given in Appendixes C and E.

Hole No. Specimen Specific Schmidt Ultimate Compres-
No. Gravi ty No. Uniaxial sional

Compres- Wave
sive Velocity
Strength

psi ft/sec

Containing Fractures Sealed wi th Calcite :

?P-OP- 14 3 2.80 32.7 11. 790 2.940

2.89 -- 27,270 20.690
5A 2.91 5’7~ 3 12, 20 22.180
6A 2.57 54 .0 6 ,820 21,757

2.95 57.0 2 ,910 22.520
ICA 2.93 52.9 21.210 22.180
ll~ 2.2, :-.327 21.210
13A 2.85 54.~~ 5, 790 21 ,670
1<A 2. -8~8 5~~ - 17.212 2 ,520
,9A 2.85 — 8 . 5  3.300 20 , 770

Aver a~-e 2.43 51.2 ~ .7?0 :c 21.-5

Icntainin’, Fract’:res wi th 1c 0 a T o i t ~~:

1 2 02 57 ‘~ 
1~’ ,C7 2~ —~~~~

‘

14 2.2° —— 21.21,0 20.°12
7 2.°: 51.7 71.212 20,927
13 2.83 -- 27.120 19,510
17 2.91 52.1 36,360 20,820
19 2.92b 6o.o° 3,330’b 2l ,320~

Average 2.39 53. 7 31.790 20,170

a Thie to large variation~ range is given rather than average.‘0 Critically fractured.; therefore, not included in average. Re-
mainder of an~ hi’bolite gneiss specimens from Role 77-02-27
were moderately fractured.
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The amphibolite gneiss tested from Hole PB-CR-27 also contained

fractures , but , unlike fractures in the cores tested from Holes

PB-CR-16 and -16A . they were not sealed with calcite . This differ-

ence in nature of the fractures present was apparently responsible

for the somewhat different behavior of the two groups of specimens

tested. The specimens that  contained no calcite along the fracture

surfaces exhibited ultimate uniaxial ca~~ressive strengths generally

-of -~renter ‘~a~-nit ude an d leon range than those ohay-act erist ic of the

core with calcite-sealed. fractures. The soecimen containimn’ cr12-

— 0~ ‘‘
~~~~ _ “° ‘ ,~~~~~ - ~‘ee fraco,~”es ~~~~~~ n-”e” ~‘ “ n,, ‘-te ,eor

~~~~~~~ -‘e ec~’ ’ ~ ~~~~~
— “  cr _~~ ca _ i  or ,e ’oed ~a_ c t~ -se~ ed, ~ - c -

tures , wh ich ~x hibI te~ erratic resu1t~ . The logical conclusion here

is that the 7resence of calcite on the fractures 12 the specimens

from Roles 7’7-07- 6 and -3A was responsible for the 7enerally lower

st ren%t s and rather erratic res’Donses to testino of thi s materia .

0cn~~ressicna1 wave velocities determined for the amphibolite

gneiss were apparently unaffected by the nature and degree of frac-

turing nresent in the core. Thile some variation in compressional

wave velocities was evident , it was not excessive . Unlike ultimate

uniaxial compressive strengths , contpressional wave velocities showed

no aDparent connection with the presence of calcite along fracture

surfaces.

As indicated in the following tabulation, elastic constants

24 
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determined for thi s material were ra’,r-ies- uniform ~-nd quite high , ap-

rarer,tly unaffected by the nature and detn-ee of fracturing present in

the core. ~-‘oreo’ier , st’~t ic Young ’s noduli were menerally sl12~ht ly

h~~’her than the o-orres~cnding dynonic values, while static Poisson ’s

ratios were son ewbat- lower .
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Cyclic stress-strain curves determined for several specimens re-

vealed that the arrphibolite gneiss was slightly inelastic and sane-

wha t brittle , generally exhibiting little plastic deformation prior

to catastrophic failure. Upon cycling , some hysteresis was usually

detected. In most instances , however , strain was completely re-

coverable when the load was removed.

3.14 G7A~~T’E

y-e entire core received from Role 72-02-20 was petrographically

identified as medirm-orained ~‘ranite. Several specimens contained

fractures. A s’msmarv of the results of physical rrcmerty tests is

given below. Detailed results are given in Aonend~ c 2.

Role Ic. Snec- S-oecific Schmidt latinoate Comnres- Core
m e n Gravity Ro . Tjniaxial sicoal Description

Compres- Wave
sive Velocity
St reng th

psi ft/sec

P3-CR-20 2 2.68 55.2 21 .210 6 .ELC Yracturec
14 2.68 5 . O  38,180 16.990 :ntact
7 2.66 59.3 31,820 17.200 :ntac t
10 2.66 59. 1 31,670 17,730 :ntact

2.70 -- 33,330 17,350 Fractured
17 2.70 55.3 38 ,1480 17,290 Intact
19 2.65 -- 32,730 17,720 Fractured
21 2.66 57.6 33,030 17,560 Intact

Average 2.67 56.3 32 ,940 17 ,310
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Physical test results exhibited by the granite from this area

revealed that this material was very uniform in spite of the presence

of some fracturing. Ultimate uniaxial compressive strengths were

rather high, averaging approximately 33,000 psi. Compressional wave

velocities were also quite uniform, ranging only from 16,610 to

17,730 ft/sec. These velocities were, however, somewhat low in light

of the relatively high ultimate strengths. Neither compressional

wave velocit ies nor ultimate uniexial compressive strengths appeared.

to be significantly affected by tI-ne presence of fractures.

As indicated in the tabulation below . elastic constants  deter-

mined for the orc,nite s’oecimens were also rather uniform , wi th stat ic

mod.uli generally ~ nnning slightly higher than their oorresncndinc

d~nncmic values.

Role No. Soec- Modulus Shear Poisson ’s
imen Velocity Rat io
No. Young~ s Bulk Shear

6 . 6 .  6 .12 psi 10 psi 10 psi f~/sec

Dyn amic:

PB-CR-20 2 5.9 7.1 2.2 7,750 0.36
14 7.8 6.14 3.0 9.120 0.3C
7 7.9 6.5 3.0 9.220 0.30
10 6.8 .9 2.5 -3,350 0.36
114 8.8 6.3 3.5 9.790 0.27
17 8.3 6.6 3.2 9.120 0.29

(Continued) -
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Hole No. Spec- Modulus Shear Poisson ’s
imen Velocity Ratio
No. Young ’s Bulk Shear

psi 10
6 
psi ~~ psi ft/ sec

Dynamic (Continued) :

19 6.6 8.0 2.14 8,260 0.36
21 6.14 7 .i  2.3 8,090 0.37

Average 7.3 7.1 2.8 8,750 0.33

P3-C~-20 2 9.6 ~.1 1.0 -- 0.21
- 9.8 5.3 1.1 -- 0.19

21 13.9 8.5 5.6 -- 0. 23

Average 11.1 6.1 1.4 0.2.

Cyclic stress-strain curves determined for three s~ecimens of

granite revealed that this material was somewhat inelastic and rather

brittle , exhibiting relatively little Diastic deformation (axially~

~rior to catastrophic failure. This material did exhibit some hys-

teresis . but upon unloading, strain appeared to be completely

recoverable.

3.5 BIOTITE GNEISS

Portions of the core received. from Hole PB-CR-40 were petro-

gra~hically identified. as biotite gneiss. All specimens contained

tightly closed fractures ranging from horizontal to vertical in

28



orientation. A tabulation of physical test results is given below.

~etai1ed results are given in Append.ix F.

Hole ~o. Specimen Specific Schmidt Ultimate Compressional
No. Gravity No. Uniaxial Wave Velocity

Compressive
Strength

- psi ft/sec

PB-CR-140 14 2.73 -- 36 ,890 18,270
‘7 2.75 514.6 27, 270 19,710

11 2.76 -_  25, 290 17 .910
12 2.7’-. -- 2~-~.700 19.120
15 2.92 51.9 54 .67-0 22.3- 0
20 ?. 7L ~ ~6.O 1-9 ,122 19.230
21 2.75 58.5 2-27090 8.900

Average 2.77 ~4 .O 33, 880 19,25-0

Ultimate uniaxial compressive strengths exhibited by the biotite

-~neiss were . on the average, higher than those for any other material

from this area. The range in strength was probably due to variation

in nature and. degree of fraot-urinc . but no definite trends were

a~parent .

Compressional wave velocities were moderate to high in magni-

tude , the highest velocity (22 ,3140 ft/see) being exhibited by the

specimen that also yielded the highest ultimate uniaxial compres-

sive strength.

As indicated in the following tabulation, elastic constants

29
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determined for the biotite gneiss from this area were somewhat vari-

able , particularly the d~rnamic constants.

Hole No. Spec- Modulus Shear Poisson’s
imen Velocity Ratio
No. Young ’s Bulk Shear

106 psi ~~ psi io6 psi ft/sec

Dynamic :

P~-CY-l0 ~4 7.5 8.6 2.8 8,670 0.35
12.5 9.0 --- .0 10.120 0.30

II 7~ 3 8.0 2.9 6,870 0.31
12 10.5 8.0 14.: 10.570 0.28
15 3 .2 13.0 5.0 11,210 0.33
20 8.: 9.6 3.9 8 ,990- 0.36
21 10.0 8.0 3.9 10,260 0. 29

Average 9.7 9.2 3.8 9,860 0.32

Static :

P3-CR_b 12 11.8 7.2 14.8 -- 0.23
20 11.5 9.3 5.9 -- 0.21

Average 13.2 -9 .2 ~.1 0.21

Interest ingly. the variation in dynamic elastic constant- s ap-

reared. to “ce due princirally to variation in. shear wave velocity.

There was no trend toward higher moduli with higher ultimate uniax-

ial compressive strengths.

Cyclic stress-strain curves determined for ~~o of the bictite

gneiss specimens tested. revealed. that this material was somewhat in-

elastic , generally exhibiting some hys teresis . Upon unloading,

30
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however, strain appeared to be completely recoverable.

3.6 0TF~~R ROCK TYPES

Also received from the Pembirie Area , but in rather insignificant

quantities , were several specimens of quartz gneiss and. biotite

schist. The quartz gneiss was removed from Hole PB-CR-140, and the

biotite schist was removed from Hole PB-CR-2. Results of physical

tests are given in Appendixes A and. F.

The cuartz gneiss was corto9rable to the “ciotite gneiss also

r emoved from Hole P3-CR— 140, exh ib i t ing ~hysica 1 test re sults in the

same general range . The hic’tite schist removed from Hole 27-09-2

was de termi r.ed to be soY- ewhat wea~e” than the tonali~~ re—oved fm - -

the same hole . The two tonalite-bioti te  schi ’~t co”tac ’ s~’ecime~-is

were Dart~ su1ar1y we~ h , both yie ding ultimate unicx ial ~onnrens~ ve

-
~~~
‘ ‘ c~ s tha~n 8.OOO rsi. These very low ~tr’n~t ’~ we~-e

rrobab :.- ~-~e to 
-
~~ n-ncnt i -n ~ it~ es ‘nresent alonr :he co’-tact ‘us-fac’ .
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CHAPTEP 14

SPECIAl. TESTS

14.1 ANI SOTR OPY TESTS

Eight rock specimens fro m the Pembine Area were selected and

prepared for determination of cornpressional and shear velocities

according to the ASTM proposed method of test for laboratory deter-

minat ion  of ultrasonic pulse velocities and elastic constants of

roch. Tho 7X-di-a~-e~er sr’eclnens were out to’ lengths o± 2 inches and.

ground on The ends to a tolerance of 0.001 inch . Four l/2-incsn-wide

strir s were also vround dow n the sides of the cy lindrical surface at

90-degree angles. The velocities , densities , and dimensions were

measured as specified in the proposed test method. Results of veloc-

ity determinations are given in Thble 1.1.

Corsoressional wave velocities exhibited. by the several specimens

tested were somewhat variable in magnitude , ranging from moderate to

high . Significantly, however, variation within particular rock t~~es

was generally slight. The one exception was yielded by the two to-

naiites. one of which was highly fractured and exhibited somewhat

lower velocities.

Deviations from. the average compressional wave velocity were,

in most instances , rather low . In all cases , deviations from the

average were less than 6 percent--in most cases, less than 3 percent .
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Expectedly , the fractured specimens yielded the grea t est deviations

from the average .

A compilation of the elastic properties computed from the corn-

pressive and shear velocities and the specific gravi ty is given in

Table 14.2. However , particular discretion must be used in utilizing

the moduli results, as experimental errors are introduced whe n the

differences in velocities are significant. The proposed ASTM test

method states that the equations for computation of elastic moduli

should. not be used. if “any of the three coropressional wave veloc-

ities varies by more than 2 percent from their average value. The

error in Young’s modulus (E) and. shear modu lus (2) due to both ani-

sotr~~y and. experimental error then does not exceed 6 percent.” Uat-

urally, the error is compounded by greater differences in the three-

directional velocity measurements, as are present here.

The 2 nercent allowable deviation proDosed by the ASTY appears

to be unrealistic since laboratory-determined values of comDressiona l

sad. she-ar wave velocities are reproducible vithi~ a de~~nt-icm fro”~

the average of only 2 to 3 percent . Thus . it wo12d appear that the

point of division between isotropy and anisotropy would more realis-

tically be in the range of 5 to 8 percent deviation from. the averPge .

It should be kept in. mind. , however , that this greater deviation w~~ld

also allow a greater error in the computed. values of E and -2 .
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14.2 C0~~’ARATIVE TENSILE TESTS

Seven NX-diameter rock specimens were selected in an attemp t to

represent the variation of rock type present in the core receive d

from the drill holes in the Pembine Area. The specimens were pre-

pared and. tested for tensile strength according to the ASTM pro-

posed “Standard Method of Test for Direct Tensile Strength of Rock

Core Specimens.” For comparative pu~~ oses , tensile splitting tests

were ccn~vcted c-. -‘~ ecis~~ns cut ad~acerr t to the direct tensile test

s~ecimens. The test results are given in Table 1.3.

T~rec ; tensile stren~ths exhibited by the material from this

area were auite high, i.e., greater than 1,000 psi in all instances.

Th one case , a direct tensile stress of 3.220 psi was applied without

ro’c- failu -~’e: the strength of the rock exceeded the adhesive stre ngth

The e-o -’xy . ThiS specimen could. no’t be tested to failure . but

3,220 ~si should. represent the minimum direct tensile strength of

this intact specimen.

Indirect (2razi1ian~ tensile strengths were often somewhat less

than the corresponding magnitudes of direct strength. This rather

unusual phenomenon was probably due to the vertically oriented frac-

tures present in most specimens , which could easily have affected the

indirect strengths with~~ t having any detrimental effect on direct

strength (fractures perpendicular to plane of application of stress

in this case).

314



In most cases , the direct tensile strength should better reflect

the minimum tensile strength characteristic of a particular rock

specime n since a specimen subjected to direct tension should be more

prone to failure at a point of minimum stre ngth , i . e . ,  along frac-

tures , etc . However , in cases in which fractures are oriented verti-

cally , i . e . ,  paralle l to the axis of the core , indirect strengths may

better reflect the minimum tensile strength of the rock , particularly

if the fractures are not healed. Thus , tensile strength data must be

viewed with due consideration given to nature and degree of fractur-

ir~ present in the core.

~.3 ? T702?f~ T-TlC 2XAM~~~TI0N

1.3.: Core Samples. Six boxes of NX-size core from holes in

ick~nsnr County , ~-‘ichigan . and. Marinette and Oconto Counties. Wis-

consim . were rec’eived for testing in flovember 1969. Each box con-

tained about 15 feet of core representing several depths to 200 feet.

The cores were inspected to select representative pieces from

all significant rock types for petrographic examination. The cores ,

as received, are described below .

(i~ ~cle P7-05-2 (sA!v~0_13, DC-.~~~ The core was red and

black, mediun-graimed tonalite with a small amount of black, fine-

grained. b~otite schist.

Specimens 1 through 6 , 8 through 114, and. 19 through 26 were
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tonalite , and Specimens 15 and 18 were contacts between the biotite

schist and tonalite . Most of the specimens contained fractures that

ra nged from vertical to horizontal , but most of these frac ture s were

healed and not open.

Specimens 7, 16 , and 17 were biotite schist. Specimen 7 con-

tained a 145-degree foliation, and. Specimens 16 and 17 contained low-

angle foliation and high-angle healed fractures.

(2) Mole ?3-CR-20 (sA~~0-l3, DC-2). The core was white

and blacb . mediun-grained granite and mink , med.ium-gr-ained granite.

The mink oranite made um amuroximately two-thirds of the core , and

the remainder of the core. Specimens 1, 5, 11, 16. 20, and 22, was

gray granite. Specimens 2 and 17 contained contacts between pink

granite and gray granite. Specimen 2, which was cut by a high-angle

dike, contained the most fractures. Most of the remaining specimens

ap~eared intact.

(3) ~o1e P7-05-27 (SA~~0-i3, DC-3). The core was dark gray,

fine-grained hibolite gneiss and. blue , black, and brown, coarse-

grained tonalite. Specimens 5, 6, 8 through 12, 20, and 21 were

tonalite , and the remaining specimens were ~mphibo1ite. All of the

specimens of tonalite contained fractures, as did. most of the speci-

mens of amphibolite. Specimens 15 and 16 contained contacts with a

gray, fine-grained tonalite. In both specimens , the contacts were

cut by shear fracture s at 145 degrees .

36 - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - -— ------

~~~~~



- I——— .- - - -

~~~~~~~~~

-

~~~

-

~~

-

~~~~~~ 

- - ---

~~

-

~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

( 14) Hole PB-CR-140 ( SAMsO-13, DC-14). The core was black ,

medium-grained bio~1~-e gneiss; gray and black, fine-grained. quartz

and a.rnphibol.ite gneisses; and gray , medium- grained , tonalite gneiss.

Specimens 1 through 3 we re gray tonalite gneiss with a nearly hori-

zontal folia tion. Specimens 13, 114, and 17 were fine-grained. quartz

gneiss. Speoimens 8, 18 , and 22 were amphibolite gneiss. The re-

maining specimens were biotite gneiss. All of the specimens con-

tained fractures . bu~ none of the specimens apDeared weathered.

‘-ios t of the specimens of biotite sch ist  contained a well deve l-

oped foliation. Snecimens 5, 7. 11, 12, 20. and 21 were severely

fr~ ctured , and To ecimens 7, 11, 12, and 21 appeared altered.

AlL of the specimens of quartz gneiss contained fractures , but

only Specimen 17 was severely fractured. These specimens did not

appear weathered.

( 5)  :-ioie p~-cs-16 and -16A (SA~~o-13, DC-5). The entire core

was da~k green, medium-orained mmphibolite gne±ss that contained.

numerous fractures.  The number and orientation of the fractures

varied. from specimen to specimen. Specimens 5A through 8A. lA, and

l14A contained critical-angle fractures sealed with calcite. Speci-

men 13A contained ~~en , high-angle fractures. Specimens 1A and 2A

were slightly weathered.

(6) Mole PB-CR-b (sA~~o-13, DC-6). The core ranged from

gray to pink, medium-grained tonalite. The gray tonalite was

37
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coarser grained than the pink tonalite and contained fewer fractures.

Spec imens 1 through 5 were the gray toriali te, and Specimens 9 through

12 and 114 through 25 were the pink tonalite. Specimens 6 through 8

were transitional from gray to pink , and Specimen 13 was a dark

green schistose inclusion in the pink tonalite. Specimens 6 through

8 were severely altered , and Specimens 9 thro ugh 12 , 17, and 21 were

severe ly frac tured.

1.3 .2  Specimens Selected for ~camination. The specimens se-

lected for petrogra~hic examination were as follows:

Mole ~o. CD Serial No. Spec— Anproxi- Pock Tescrirtico
imen mate
No. Depth

feet

P3-07-2 oA:~ c-l3 . DC-l 6 17 Ped and. black, medium-
grained tonalite with a
/2-inch-thick vertical
quartz vein

Il 88 PI-ack and red, medium-
grained tonalite with
several hori?onta
fractures

P3-07-20 sA:~~o- 13, DC-2 2 77 White and, black , medium-
grained granite

16 150 Pink , medium-grained
granite

(Continued)
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Hole No. CD Serial No. Spec- Approx- Pock Description
iroen imate
No. Depth

feet

PB-CR-27 SAMSO-13, DC-3 10 1014 Blue, black , and white ,
coarse-grained tonalite
with nearby vertical and
horizontal fractures

16 1614 Black, fine-grained am-
phibolite with an inclu-
sion of fi~ e-s-rained
tona to

?2-0~-~0 SP2~~0-l~ . D0-14 3 16 Plack and white , me~iun-
grained t-onalite wi th ~ev-
era sealed , frac tures

6 143 Black and gray, medium-
to fine-s-rained biotite
gneiss

114 123 Black and gray, medium-
grained quartz oneiss with
fine-grained tonalite
inclusions

?B-0P- l6A SAMSO-l3 , DC-5 17 176 D ark green . medium-s-rained.
amuhi’sclite wi t-h three
calcite-filled crit ical-
angle fractures

PB-CR-b SA~~ 0- l3. DC -E 2 11 i~ray . medium-s-r ained
t-ona ..~te ~-ith a healed
1ow-an~~e ±rac:ur9

21 61? P in k ,  ‘-edium-~ raioedtom? ~~ t~ -~:t:~ many high-
ang e ~rnct-ures
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14.3.3 Test Procedure. Each piece of core was sawed axially

yielding two sections that were both designated by the original spec-

imen ou~1 er . One sawed surface of each piece was polished and photo-

graphed. Composite samples were obtained from the whole length or

from selected. portions from the half of each piece that was not pol-

ished and. photographed. The composite samples were ground to pass a

No. 325 sieve (1414 ~m). X-ray diffraction ~~ D) patterns were made of

each samole as a tight-tacked. ‘oowder. All XRD ~atterns were made

usin g an XPD-5 diffractometer with nicke1-f~ltered corner radiation.

The samples X-rayed are listed. as follows :

Mole No. Serial No. Spec- Description of X-Ray Sample
imen
No.

?B-CR- 2 SA~~ 0-13, DC-i 2 Entire length exceot for ‘re r-
tical cuartz \ r n

II Entire length of core

P3-05-20 SA~~ 0- 13, DC-2 8 Entire length of core

16 Entire lenmth of core

P3-05-27 SAMSO-13, DC-3 10 Entire length o±~ core

16 (a) Fine-grained. smohibolite
~b) Medium-grained tonalite

PB-CR-140 SAIv~ 0_b3 , DC-14 3 Entire length of core

(Continued)
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Hole No. Serial No. Spec- Description of X-Ray Sample
imen
No.

PB-CR- 14 0 SAMSO- 13, DC-14 6 Entire length of core
(Con t ‘d)

114 Entire length of core

PB-CR- 16A SAMSO-13 , DC-5 17 Entire length of core

PB-CP-lO SA~~ 0- l3 , DC-6 2 Entire length of core

21 Entire length of core

Small portions of the r owdered. samples were tested with diimte

hydrochloric acid and with a magnet to detennine whether carbonate

minerals or magnetite were present.

The polished. surface of each section was examined wi th a stereo-

microscope. Thin sections were prepared from each section of core

and. examined with a polarizing microscope . A roirt-count modal anal-

ysis was ade on each thin section in which -a count was nade at ~00

points .

1.3.14 Pesults. The cores examined fr~r the Tm bin’~ Area can 
‘so

divided is-to three grouPs , according to ‘bulk compos~ tion : granites

(Reference 1), tonalites (Reference I), and gneisses. All of the

cores were taken from the Precambrian rocks near the ron River-

Crystal Falls and Menominee Districts of northern Michigan and north-

western Wisconsin (Reference 3). Core PB-CR-2 was taken from a

Li 
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strongly deformed tonalite gneiss in the area of the Peavy Node,

north of the Menominee District (Reference 14). This tonalite was the

southernmost member of the southern complex of northern Michigan.

Cores PB-CR-16 and -16A were taken from the metavolcanic rocks of the

Quinnesec formation to the south of the Menominee District (Refer-

ence 5). Cores PB-CR-20 and -27 were taken from lower Precambrian

P1niberg granites, and Core PB-CR-lO was taken from the Newingham

granodiorite west of the Menominee District . Core P3_CR-b was taken

from met-avolco.nic rocks in northwest Ocont o County.

The cores examined included more tonalites than granites or

gneisses . The rocks represented. ‘by these cores have undergone geo-

logic histories similar to those of the rocks from the -~ichig~~me

Area to the rorth .  The rocks in the ?embine Area had undergone a

wide range of thennal and d~o~a’n±c metanao~~hic effects. As in the

Michigaims-e Area, metarioz~ hic rank and degree of shearing were not

directly related , as rocks of low metanorohic rank were often the

most severely sheared.. The rocks in each core are discussed below.

The modal composition of each t~roe is shown in Tables 
14.14

through 14.6, and the bulk composition by XRD in Tables 14.7

through 1.9.

(1) Granites (Core PB-CR-20). These rocks ranged from gray.

fine-grained to pink , mediuni-grained granite . Both rocks had. under-

gone slight shearing and recrystallization, but the pink granite had
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been more altered. The rocks had similar compositions and may repre-

sent textural variations within the same body . Differences in the

compressive strengths of these rocks were minor except for those of

Section 2 , which was severely fractured.

(a)  Section 8 of Core PB—CR-20 (SAIv~O-l3~ DC-2). This sec-

tion was typical of the pink granites in this core. The rock was

medium-grained (Figure 14.1) and consisted of nearly equal amounts of

microcline . nlagioclase , and quartz and. a small amount of biotite

(m ~~~~e 
_ .b). The section was slightly altered ; plagioclase with an

~tnorthi~e content of 15 percent was partially altered to sericite ,

and cuartz was only slightly strained. Yicrocline and biotite were

unaltered.. There were a few microfractures present that had been

filled. with calcite.

(b) Section 16 of Core P3-C5-20 (SAMSO-13, DO~2). Though

this section had a composition similar to that of Section 8 of Core

PB-CR-20, it was much finer grained (Figure 14.1). The rock was gray.

fine-grained granite . The modal composition was quite similar to

that of Section 8. Plagioclase with an anorthite content of 21 per-

cent and quartz and microcline in approximately equal amounts were

— the major constituents (Table 1 4. 1 4) .  Biotite was slightly more abun-

dant than in Section 8 of this core but was partially altered. to

chlorite . Plagioclase was slightly altered to sericite , but micro-

d ine arid quartz were unaltered. This section contained no fractures.
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(2) Tonalites (Core PB-CR-lO and Parts of Cores PB-CR-2 and

~~ 
The tonalites were the most abundant rock type in the cores

received for testing from this area. The rocks ranged from severely

sheared to intact and from high metamorphic rank to unaltered. The

tonalites fell into two distinct groups based on location and pla.gio-

clase content. Tona lites in Core PB- CR-2 (Table 14.5)  were taken

from the southernmost extension of the southern complex and con-

s-aired. les~ than 30 rercent ~lagioclase. The remain s-c- tonalites-

we r e taken from the younger igneous rocks south of tho routher~ cc— -

ole:’ ant cort- aired an average of 50 oercert o1a~ioc ase. Core

P~-C~’-2 conorised. rocks that had undergo:e dynamic and. thermal ‘~eta-

mo~~hivs. The effects unon the remaining cores were oredominantln

(a) Section 6 of Core PB-CR-2 (SA~S0-i3, DC-1.~~ This section

was representative of 75 percent of this core. t was brick red and

black, nedicm-gr-ained tonalite , severely sheared. and partially re-

cr’,-stallized. A large amount of secondary muscovite, chlorite , and

~yrite had. formed in the section. There were two healed fractures

at the critical angle; along these fractures several large grains of

p
~~ite had formed (Figure 14.2). Pynite grains were also common almng

a 1/2-inch-thick vertical quartz vein that formed. later than the

fractures. Plagioclase was so severely altered to sericite that the

anorthite content could not be dete rmined. The reduction of grain

1414I
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size by shearing was apparent in all the primary mir:~ra1s. The modal

composition is shown in Table 14.5, and the bulk composiLiori in

Table 14.8.

(b) Section 11 of Core PB-CR-2 (sA~~o-l3, DC-2J. This sec-

tion contained less quartz and. much more mica than did. Section 6

(Table 14.5). Althou gh the section containe d many frac tures , there

was less grain size reduction than in Section 6. The section was cut

by s- any hor izontal  fractures (Fi gure 14.2) along whIch secondary cal-

cite and pvr:te were cons-on. The horizontal frac s’;res re-ores~nt the

latest ds-nanic defor~sation to affect the section . a~ they cut and

of fhe~ a set of hi~sh-angle fractures. “us-co-rite a—d chlorite were

cons-s-n. secondary products in this rock.

(c) Section 2 of Core P3-C~-l0 (SAMS0-l3. 9C-~ ). The section

was gray , medium-grained tonalite. Plagioclase , -.:ith an anorthite

content of 28 percent. made un over 50 percent of the rock (Table

14.5). The plagioclase was partially aT_tered to sericite , and. the

‘oiotite to chlorite. Low-angle healed fractures cut this sectio”

(Figure 14.3): subsequent alteration along the fractures had changed

the color to pink. Bulk composition is shm~ns in Table 
14~8.

(d) Section 21 of Core PT-C~-l0 ISAYSO-13, DC-6J. The sec-

tion was pink, medium-grained tonalite with a well developed. high-

angle planar structure (Figure ).L .3) apparently produced by shearing .

granulation and extension of the plagioclase. and orientation of the
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long axes of the quartz in the same direction. All of the primary

minerals were crushed and altered to varying degrees. The planar

shear structure was subsequently disrupted by formation of two sets

of high-angle fractures (Figure 14.3). These fractures were sealed

with hematite and calcite. The section probably represents the

sheared equivalent of Section 2 of Core PB-CR-b ; the compositions of

the two were very similar (Tables 14.5 and 14.8).

(e) Section 10 of Core P3-CR-27 (Sk~~0-13, DC-3). The sec-

tion was blue , brown, and black, coarse-grained toralite . All of the

mrinary minerals had ‘beer altered slightly. Plagiociase and micro-

d ine were altered to sericite , and biotite and. hornblende tc chlo-

rite. The section was cut by several sealed low- and high-angle

fractures , which ao~eared. to be unrelated. to the mineralogical alter-

ation (Figure 1.1). The section contained an inconspicuou s low-angle

flow structure.

(f) Oeneral. Within the tonalite noecirens- tested , differ-

ences in compressive strength and elastic DroDerties ~onea~’ to hn~-e

been influenced by differences in degree of fracturing , orientation
F 

of fractures , and extent of recrystallization of the rock followinc-

shearing. Variations in mineral composition among the specimens did

not appear to affect the properties tested. Modal and bulk composi-

tions of the tonalite cores are shown in. Tables 14.5 and 14.8,

respectively.
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(3 )  Gneisses (Cores PB-CR -14 0, -16A, and Parts of Cores

PB-CR-2 and -27). This group showed the widest range in composition

and structure of all the rocks examined from the Pembine Area. Most

of these were amphibolites; the others ranged from tona lite gneiss to

predominantly quartz gneiss. Many specimens were sheared or frac-

tured and exhibited a wide range in grain size. The rocks ranged

from those that were foliated to those without apparent structure.

(a ’
~ Section 3 of Core PB-CR-140 (SA ~~c-l3, DC-14). The sec-

tior was a gray , mediuni-grained ton alite cont aini ng sheared and dis-

ru-otod. n-sren of cuartz and feldspar (Figure 14.~ ). The few large

grains pr esen t exhibited granulated borders , and most of the rrimary

minerals had been ca~ shed and recrystallized. Plagioclase was aLmost

c oms-le tely altered to sericite , which prevented determination of the

arort-hite content , but biotite and hornblend.e were only partially

altered to chlorite . Modal and bulk commositions are shown in

ables 14.6 and. ~.9, respectively.

(b) Section 6 of Core P~-CR- 140 (SA!~~0-l3. DC- 14) . This sec-

tion was fine- to redium-grained . black and gray . hiotite-hornblend.e

gneiss, with fol~at!on dipping at 140 to 50 degrees (Figure ~.5).

Hornblende and cuartz were common in the rnedium-grained areas , and.

rlagicclase and biotite were common in the fine-grained. areas. None

of she minerals appeared to be altered., possibly because they were
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recrystallized. Modal and. bulk compositions are shown in Tables 14.6

and 14.9, respectIve ly .

(e)  Section 14 of Core PB-CR-40 (SAi~ 0-l3, Dc-I~). The sec-

tion consisted of abou t 60 percent quartz , 25 percent p].agioclase ,

and 10 percent hornblende (Table 14.6). It ranged from medium- to

fine-grained and had been severely shea.red, in part recrystallized ,

and subjected to several episode s of fracturing . The quartz was

granulated and recrystallized, and. the rlagioclase -.r- s oomrl9tr~T::

altered, to sericite . BuLk comnosition is shown in Ts-ble

(d) Section 17 of Core ?~-CR-l6A (SA~~0-l’-~ T 0-5.~~ The

section was dark green , medium-grained -~ni-ohibo1ite showing a folia-

tion or preferred orientation dir~ing steenly. The sectis— is

versed by nash fractures at about 145 degrees f!~~ed. with calcise

(Fig-:re T_ .~~). Yhrnblende has beer severely a :er~d -s- chlorite , a - ’

rlanicclase c~~s~letely altered to ser~ cite .  ~unr t z  occurred as s-~~ 1

scattered interstitial grains. Modal and bu~~ cos-mosis-inas are

in Tables 14 .6 and L~9, respectively.

(e) Section 17 of Core PB--CR-2 (sA~~ o-l3, DC- l.~~ The ~ e~~ _

tior. was black, fine-grained , biotite gneiss that had ‘seen sheared

and. severely altered. Biotite was partially altered to chlorite , and

epidote was a conspicuous metamor~hic product. There was a large

amount of calcite present as vein fillings. The section was cut by

steeply dipping fractures, low-angle fractures, and two almost
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vertical fractures (~ igure 14.7). Modal and bulk compositions are

shown in Tables L1~/  and 14 . 9 ,  respective ly.

~V
’
~ Section. 16 of Core PB—CB-27 (SA~~0-l3, DC-3). The

sect~ or was black. fine-grained, hornblende-biotite gneiss with an

m dl-isb n of gray, nediurn-grained tonalite. The section was cut by

se’;e~~re~ ic--:- and hi h-angle frac tures that were usually sealed with

c~lcb t e. The gr.eiss was no4 severely altered , as p lagioclase was

m r  b a T _
~- a~~ered 

‘ t ses - Th i s e  and biotite was slightly altered. to

chloni’e ~isure - - .7~ . The tonalite had. ‘seer crushed and. r e o r T r s - _

- ‘ 1Lb:y~d. 
‘-~sdal -~‘- I ‘s-uI-s oo— --s-noitions- are shown in Tah~e” -~.6 an-i

.2 . - es’-ectively.

~~~~~~~ Surona--t- . Thirteen specimens of I’~X-size core f son

- ‘-—j’~ _ ‘- ~-‘~~ 
-
~~~ ~ _ ‘~e i ~-e ~ ~o~’ ~~~~ ~

_
~‘co’~

s_ ~‘d “orther-’

-a-- we~-e ex~ - I~ed. The four rs-a,~or rock types were s-rarsltes .

cnaT_ ites -. msrhlbolbte  gneisses. and biotite gneisse. . The tonalites

- •:~:-s- toe nost abundant rock t~-oes. The rocks were all essertinlT.y
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TABLE 14.2 D’~ A~-’2 EI~ ST1C PROPEPTIES

‘lole Ps. Specimen Modu lus Poisson ’s
7c. Pat io

Y oung ’s Shear Bulk

6 . 6 . 6 .10 pSi. 10 psi LI psi

PB-CR-2 21 6.7 2.6 5.7
6. 14 2.5 5.0 0.2)
‘7~ Q 2.7 5.9 0.30

Average 6.7 2.6 5.5 0. 20

14 8.9 3 .3 9. -o 1.3--
9.2 3.1 5.8 O.° -
9.3 3 . 5  9.8

Average 9.1 3. 14 9.7

?P-cP-16A IA 12.1 o.5 :14 .6
141. 9 0.3—

10.9 14 .1 11.7

Average 11.0 4 .3 11.7 0.3- ’

?P-CP-16A 14A 10.0 3.7 13. 2
11.~ ~..2 12 .6-
11.1 0.1 12.6 0.35

Average 10.8 14.0 13.2 0.26

PB— CR-20 11 6.6 2.5 7.1 0.3 14
7.2 2.8 6. 2 0.21
6.8 2.6 ~~~~ 0.32

Average 6.9 2.6 5.6 C.3

PS-C9-20 22 ‘7.1 2.7 6.0 o.sc
7 1 4  2. 8 6.5  0.3-I
7. 14 2. 8 7.0 0032

Average 7.3 2.8 6.5 0. 3 1

PB-CR-27 114 10.5 3.9 11.6 0.
11.2 14 .2 11.0 0. 3.
11.14 14.2 12.0 0.3)

Average 11.0 14.1 11.9
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TABLE Z~~l4 ~4~DAL COMPOSITION OF GRANITES FROM ‘fl~ PEMBINE A REA

C~~pos~tio:~ is based on count at 500 points in each thin section.

Constituent Percent of Constituent in
Core PB-CR-20 (SA~~0- 13, DC-2)

Section 8 Section 16

Quartz 29 29

Plagioclase 30 30

:oic rocline 314 28

B~ot~te 6 10

Yagnet~te - race Trace

Zi rcon Trace Trace

Ch1ori~ e —- 2

E~±~cte -- Trace

Calcite Trace Trace

I
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TABLE 14 • 5 M)DAL CO~~OSITION OF TONALITES FT~OM TIlE PEMBINE AREA

C~~position is based on count at 500 points in each thin section.

Constituent Percent of Constituent in Indicated Cores

Core PB-CR-2 Core PB-CR-1O Core PB-CR-27
— 

(sAi4so-13, DC-i (sAMso-13, DC-6) (sAMsO-13, DC-3)
and -2) Section 10

Section Section
Section Section 2 21
6 11

Quartz 143 31 29 25 23

?lagioclase 28 26 52

9 3 3 -- 11

:--ictite 3 .5 12 Li 9

Chlorite 1 10 2 8 1

Muscovite 10 6 Trace 1 - -

5~ornis1er6.e - - - - -- - - 3

Calcite - -i 14 Trace 2 1

Yag’ietite -- -- -- Trace --

Pyrite 2 Li -- .,

Her~.atite -- -- -- 1 --

Zircon Trace Trace -- Trace Trace

Apatite Trace Trace Trace Trace Trace

~~idote -- -- 1 3 Trace
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TABLE 14.7 BULK CO?~~OSITION OF GRANI TES FROM THE PENBINE AREA

C~~iposit ion is based on XRD results .

Constituent Amount of Constituent in Core PB-CR-.20
(sA~~o-l3, DC-2)

Section 8 Section 16

Quartz Abundant Abundant

?1ap~iociase 
Abundant Abundant

•~ croc 1~”e Ab’~ndan t

TT’i1cr~ te - - Trace



- ~~~~~~~~~~~~~~~ ~~~~~ . - ~~~~~~~~~~~
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TABLE 14.8 BULK COMPOSITION OF TONALITES FROM THE PEMBINE AREA

Composition is t~ sed on XRD results .

Constituent Amour.t of Constituent in Indicated Core

Core PB-CR-2 Core PB-CR-b Core PB-CR-27
(sAMsc’-i3, DC-i (sAMso-13 , DC-6) (sAMso- 13, DC-3)
and -2) Section 10

Section Section
Section Section 2 21
6 ii

Quartz Abundao Abundant Abundant Abundant Abundant

?1a~~ oc1aoe Abunda~it Abundant Abundant Abundant Abunda~~.

~-icroc1:ne Mino~- T-r9ce Trace ——
~io~ ite  M~no:- Minor Minor Trace

Chlorite -- Minor Minor Minor --
Muscovite Minor Minor -- -- --
Calcite Trace -- Trace Trace --

~~~‘ite Trace Trace -- -- Trace

:-~ rnbien~ e -- —- -- -- Minor

57

L  ~~~~~ --- -- - -~~~~~~ -—~~~~~~~—--.--~~~——-— 
-
~~~~~~~



4.) 4.)
— 05 05
(‘••) 0
I ~~ ‘I~ I 50 5) I I IC) 4.) U) I 0 (4 05 I I I
~~ 0.0 05 05 05

I 5)1.0 ,0 S. .0
~~~~~~ 60 Cl)~~-4 ~~ F-’ <
(_) (‘4
I ‘-I

4.’ .4.’ -0U) 05 05 05 05
5) ‘~~ I I I

.0 05 05 05 C) U) I I I
O tt) 0~~~ 05 05 05 05C ) — _  0)1.0 .0 .0 .0 J q

Ct) .-I .~ .~ .~~ F-’ .~~

-4
U) I
0.) (4
50 -0 4-) 4)
0 I 05 2 05

C.) ~~~~ -N -  05 .t 2
‘0 I ‘0 ‘vi 4-. I I 50 (4)

‘05 l . • -~ CC I C 0 ‘ I 0
(4) ~) I 0  05 05 Cl C CC 2-
-‘ 0 40 0  ,0 ~~ ,CC ---I
2 1  ~~~---I -4.24 < .

~ - .- -.

- 5)

C

05 —~.
~
., ~j -..

U) _-I~~~ 4.) 4.)
II) I 0 05
05 05
4) (4Cr) H 50 ‘0 I ‘05 5.. I I 5..

0: ..-1 1 ,-I 0 CC I 05 0 I I -2
-~ ~~~~I U) CC 05 05 05 C
0, 04 0 0  .05 0

C.) 0-4< 0

SE Cl..I O’— - o n
C 0

4-) 4-) 4)
0 05 05 05

CI) Cl 0 CC 2
O H ‘0 50 I I ‘0 (3) (4) I

04 4-’ 5 0 I I 2 0 5) I
CI) • 0) 05 05 0 05 2-
HI U) ~~~~ I ,~~ .~ 50 50
50(4 .4.) .05~~~~ CI)HI < 5-I t_.
12 H I -

05 O c j~~0, -‘ -I-a -0
C.. (I I U) 05 05 050 50 ~~~ 60 0 05 05 05

(4 çy4 .~.4 ‘05 50 ‘05 I ‘05 5) I I
SE I ‘—1 ~-) ~ 0 05 1 CC C) I I

~~~~~~~~~I ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Iii
—.. 4 t4 4- 4~~’ --  - — 

---- —--—-_—- -- - - - -----_ -- -— ---- - _--—- —---——--- ---. -- --



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ r.- ~~~~~ 

.~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~,I’.-
. . . - 

. .

~ t o ’r~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~ .h
~~~~A . ~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~

. 
~~~~~~~~~

.

. 
-, .‘ ~, ~~~~~~~~~~~~~~~~ 

:: C9 -i~4f~~~ 
- - P.  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . . 
-4

d -
~~~~~~, ~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ I - - _ - . . .

*. ~~~~~~~ - ~1~~~. ..~~~~~~~ •

• q ~~~~~~~~~~ 
., . 

- •
~~ 

- • 
—

p

4:

• ~~~~~~~~~~~~~~~~ 
• p • 

- 
-

— ~~~i h 2  
~~~.. . ‘1 • ‘ .4 ___  ~~~ C -

~~~~~w ... p .. . . ‘
~~ .:

I. 
_ _

~

;

~~~

: C-~~~
-
~~~~~~

I ’  4 ~JI~ 
60

I 
• 

.. ..~~~~ ‘!%~
- -

4.&;JI .

~?~~~~
. .

•

.

. -
~~~~~ 4* r~~ 

~~~~~~~~ ~~~~~~ 6 0 4 ) :.

;t( b •~~- .~~ 
. 

.

_

~~

. 1

.
~i’~~

* 

‘

~: •~~lLt ~~~~~~ - ~~~~ 
:

59

— - - -~ - -- - i-- - —-.— -----.-— —---~~~~~~~ -- ---- - - --------. -— - - 4 — -  - - - -~~~----- -—~~ — -----~~-- -—--- -



7- --- 

~~~~~~~~~~~ 
-4 ---- - - - --4 -~~~~~~- - 7 -- -- -- ------ - - —--- -

~~~~- 
- .-

- 
--

-
~~~~~~~~~~~

- ;~_ 
-

. 

•

- 
1~

60 ~ 0 -i-S C)
Cr) .-1+’ c~

0
0 0 4 0 01 )

• 4- & -
~~ ~ .

,

$ —

- 2-C ~J2 -I--)

- (45) 2 —
— 4 —

- 4 )0-- ’
4~ .0 50 2 2

4. 0) >. —‘5~~~C)., 
-- - 

- ~~ 1 —
- I ---. 0 05

I ”  C) • 0 ’ ~(4~~—’: 4 4  ‘ - _ 0 4 0 5 . -~ 0
I ~.) . . ) .

• I~~~~~~, .
— , - 4. - -

- 
‘ 0-C

“.0
.

-
~ 

- 
-J~~~~~~~~~05 0 0.
- 2 -.) 2

•
- - .-

10 
S /

- -

.4
-’

--

C ‘C C
C: C. — •

~ 
-
~

C) 0 0 2 7
- Cl • ‘0 c i~~--.

04—’ 0 2’ 0 (4)
- .,— o~J 5 0 5 0 ”  5

- 0. 1 ’ )~~~~~J O

60

----- -4--- - ---



— — -— 7 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- - - .  
- . - .. I r

‘
~~~ f ’~ r.- - - 

. - • . - . - .  
.

• -
,

~~~~_.$‘_ _ d

,
t ,~~~~~~~. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ . U)

~f -i~~~
’kr. _ . . - ‘.~~~ • r .  . .~~~

‘ “ .~~
.‘ 

• 
,~4 5)4.)

‘
S r  

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
4.

~•~;
k 

~

i t ’~L~ ~~~ =
05

~~J b ,
~’~r ~• ., 1. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~

-

,
~
, 

~~~~~

. 

~~~~~~~~ 
...-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •
da.
’
1I , ~4 . ~~~ { 0  

4/~~~~’~~1 ~~~~~~~~
~~~~~~~~~~~~~~~~~ .w

_..a ,
~
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~4%~~ 
• ~~~~~~~~~~~ ~~~~~~~ - 

-

61



—--~~~~~~-- - - - ---——- —--
~~~~~~~~~~ --—-- -~~~ --

-

_~~~~~~~~~~~~~~~~~~~~~~~~

0 ) .
+‘ 5 ) H

- 0 0 5 5 )
- - z 0 .~

H
• - -
- - - Cfl +) .U)
• 

. 
- -

_

. ‘ - ,

- ~1 .2
7 2 ( 4

. :
ip

4’ 

a

— 

m

~~- 
-: -C C)

-

~~~~~~~_ t ~~ 
-— 

. —

$ 

. 
- 

. 

. 

- 

~~~~~~~~~~~~~~ 
~~~~~~~~~~~~

A

62

- - —--7 —- — — --- -—-— - -- - --- ------- —-~~--- — —-~~~~~~~—--- --.



________________- ——---‘ .~~--. — - -~~~~ -—~~~~~~~~~~~~--—--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - •-- - - - - -  - - ---.—

- 
__

~~~~ ~s:~~~ A!
~~~ 

,‘ 
.. 

~1’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~LLJ

’ 

~-LJ- -
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~

_ _  

-

,p~ 
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _  

- 5 0 . 0

~~~ _ _ _ _ _ _ _ _ _  
‘-~~ -:- . —

- 
-- 

4) ‘.—

- t-.~
•4
~~ . -

~~~~~ :~
- 

-I!illA 15~~~- - - -: .-~ - -—- , 4 _ _ _ _ _  0 0 ’  0

~~~~~~~ ~~~~~~~~~~~ : 
_ _ _ _  

_ _ _ _ _ _

-‘ r~- -~- 
‘

~~~~~~~ 

~~~~
• 

‘_

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- -
,~~~~~~~~~~~~~~~~~~~~

-
~~~~~~~~~~~~~~~~~ _~~~~

—-- ~~~~-- - - -- -- — ----—--~~~~~~~~ - -4~~~~ -- - -



— - — —-- .- ---  —------- ----—-- -.

5. - I .  
~~~~~~~~ - 

- 
- -

SI)

‘d o  ,‘d -0 0.)
05 0 ) 5 )  0 5 )
~~~5) ‘0 F 5 1 0 5 . 0

H 50
“Ti 05 O r-4 ~~~-4.) 5)

~~~ ‘d 0~ zf .-~~H U )~~~
~~~ 4 - ) U ) 0 5 C15

5) 4.) ~,,0 5 C ) 0 ,
• 6 0 . 2 0 5 0 5 0  ~~~~~

Cr)~~~— v~~~o~~- t — ’ 0.
H ‘2(4 1 5 C ’ 5 0 2

C ) ) 0 .  C . _

C-’ • - — — - - --- 5 )

I --- 0 0 4, 00

‘— 0  o’. o
0 ~~~~~~~~~~~~~~~~~~~

Cr) 0. ‘C 0 0.

1 — 4 (44 2 4 4 05
~~ _ 4 ) 0 .5 )44
0 )0 5 ) 5 ) 0 4 2  00

- - 
- 0 4 0 5 2 0

-.-) 1’-~~’- 5)’
0 ,0 0 - -

(4) 2 .2
C ) ’.~~~~ C 4 4) 15~~’~ 

4 4 1 5
0 2 5) —

2~~2
0)22 -’-’ .0d — 5 ) 2 —  4)

.4 - “

* 0 ) 0 ,0 0
-

_
c-~~~_ 2 ’0---’ .--- 1 5 0

CC 00 C.: -- 0. 0) — C
• 

- - 0 5 ) 2 1 0

— 0 . 
~~

5) (42 -.- 00 0) C 00 7
-
- C . — C J 0 . 4 .  - 7

0 5 ’

‘—0 N-4) 00,0 5. 5) 00 —

0 5 0 5 5) 5 0 5 . 4

If - ~~‘ 
0 0 0 0 4 ’ 0 4  ~‘, -05

.4. - ~~~~~5 ) 0

“

.
~~~,

-- - - 4 - — --4-  --~~~- - -- - - - -4 -- -
~~~~~~~

- - - -——— ~~~~~~~~~~
--  

~~~~~~~~
-
~~~~~~~~~~~~~~~~~~~~~

— -
~~~~~



_ _ _ _ _ _ _ _ _  

— --~~ —-- ---— - — - -- -------

- - -~~~~~~~~~~~~~~~~~ ~~~~~~~
, -

~~~~
..-

.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .-- ---~~---~
-n-- 

~~ .
~~ r~~ r

I 

~~~~~~~~~~~~~~~~~~~~~~~ L_

4 0 0 . 0 0

~~~~~~~~~~~~~~~~~~~ -to .: a
5)

“
4 

-

- ~~
. ~~~~

_-s
~ - - -  —4.4 .‘ _ :—‘-. 0 0 0—1. . 4—~~~ 

—

_ _ _ _- ~
-, _ 2 ’

~~~~ 
—

-
-
_

-

.4 _
--._4_, _ _ _ _ _ _  ~~~~~ ~

- .

- - : , ‘ !
~~

4” -
, _ _____ 

- I~~~

S~ ~~~ 
- 

: 

-4—,--—— —--~~~~~~ ---—- — --- ---------4 -



r— - ‘~-~~~~ ‘ C  ~~~~—-—.~~
,_

~-- ~~~
__
~~~‘4-~~~~~~ ’~~~. .._ __-..-. ~~

._
~- — ---~~~ 

- - - - - ._ ..- ..- _-.., - _ - -4
4 

—-‘
~~~~

-

CHAPTER 5

lI~aC’TS-SI0T AND C0T~ICLUSIONS

~.l LI~CU~::I0I T

Th -o nature of the objective of the rock quality tests reported

herein dictates overall evaluation of the cores on a hole—to—hole

basis. In the instances in which individual holes yielded core of

only onc rock t~~e, the evaluation of the hole will, of course, be

dictated hy the characteristics o~ the rarticular rock t3~~e present .

on tooso instance-(4 in which se-rero . rock tynes are

700.0.: .n ‘. sor..g_ e hoLe , the evaluation o~ ohe h-oLe o-~.ll necessarily

rc~’Loct the coelit:r of the least connetent naterial tested.

To fc.ci:Ltane eval0)-0.tion of the 0’enhine Area in this manner, a

rock aL0)’yT c-car t ~Ti—nre ~~~ was nre’~ared. U tinate uai~~cie2. con-

rressive streno-ths de-oict ea. on this chart were exnressed in one of the

three ~‘olloving cateconies: oooc~. >12,0CC- ps i ) ,  nar~ inal (8 ,000 to

12,000 ~~~~~ ar~ noor (<e-.ooc ps i ) .

Locat:~ons of the individual drill holes are shown in Miaure 5.2 .

5.2 oo::c:~~:oys

On the ‘oasis of rhysical test resu ts exhibited by the soecimens

of rock core received fron the Pembine Area , the following conclusions

apne ar :-Tarrar~ed$

1. The rock core roccived from the Pembine Area was identified
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petrograrhically as predominantly tona.lite, granite , amphibolite

gneiss , and biotite -neiss , with relatively insignificant quantities

of quartz gneiss and biotite schist .

2. Many specimens contained fractures that ranged in orientation

from horizontal to vertical. The fractures in the core removed from

Holes PB-C~ -l6 and -16A were sealed with calcite.

3. Physical test results exhibited by the rock core specimens

from this ctu~~- area ranged considerably in magnitude. The ma.~ority

of the core yielded ‘o ltimate oniaxial comoressive strengths tymical of

comnetent material (>12,000 psi). Several of the critically to hidlly

fract~orcd s~’ecimens and soecirnens containinc calcite—cealed fractures

exhibited rhysical tost results that are characteristic of inconnetent

natero -a.:. -

Tho tonalite was oenerally marginal to connetent in cuajLty.

the vast maj ority of t:ce core exhihitinr- ultimate uniaxial compressive

strengths greater bhcn 12,000 nsi. Three highly fractured specimens ,

however , were incompetent . AU three were removed from :-~ole PB-CR-IC.

5. The anphibolite gneiss ranged from incomnetent to competent

in cuality, the majority of the lower quality rock coming from Cores

RB-CR-16 end -l6A. The fractures in the core from these holes were

sealed o~~th calcite , probably resulting in the somewhat lower

strenizths. Coin ressional wave velocities were relatively unaffected

by the calcite.

67

_ _ _ _ _ _ _ _ _  ----- - - - - - - - - - - — -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -- ‘ -— - - -_-.-- -~~~~~~~~~~~~~~ -----~~~~~~~~~~~~~~ -- - -



— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

6. The granite tested from Hole PB-CR-20 was very competent

material, with the ultimate unia.xial compress ive strength averaging

approximately 33,000 psi. Fractures appeared to have little or no

effect on ultimate strengths and. compressional wave velocities. Corn-

pressional wave velocities were quite uniform, but unusually low for

a material exhibiting such high ultimate uniaxia.1 compressive

strengths.

7. The biotite gneiss removed from Hole PB_CP_~L0 was somewhat

variable , but very competent : ultimate uniexial conoressive strengths

ranged fccn a-ooroximately 25,000 to 55,000 nsi .

8. ::ce cuartz gneiss removed from Hole P3-CR-~.LO was relatively

oomoetent rock, exhibiting ohysical test rec~~.ts in the same general

range as those exhibited by the bictite gneiss also removed from that

hole .

9. The t~~ tonalite—biotite schist contact erecimens received

from Hole PB-CR-2 were very incompetent , both yieldiro7 ultimate ‘mi-

-ax ial connressive strengths less than 8,ocO Dsi. This incompetence

was rrobably due to discontiunities present along the contact surfaces.

10. lastic constants deters-Lned for the material from this area

ranged from moderate to high in magnitude. The granite, one of the

more competent materials tested, yielded the lower values, along with

the tono.lime . The fractured amphibolite gneiss yielded the highe st

68 
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values. Oer.crally , static moduli were slightly higher than their cor-

responding dynamic values.

11. All of the material from this area was somewhat inelastic.

M ’st  was quite brittle , exhibiting little plastic deformation prior to

catastrophic failure. Cyclic stress-strain curves usually depicted

sli ght hysteresis , with strain completely recoverable upon unloading .

12. !~nisotropy tests revealed that the material from this ares.

was slightly anisotronic, deviations from t:ce averncre comoressional

wave ‘2eloc ity generally being less than 3 oercent and in no case

greater than 6 percent.

13. Te: .s ile scr-ongths exhibited by the various rock tymec were

very high ; direct strengths were , in all cases, greater than . 1,000 cal.

lh. R . -aluation of the Pembine Area core on a hole—to—hole basis

indicates that the granite removed from Hole PB-CR-20 and the biotite

arid quartz gnc-iss removed from Hole PB~CR-b O are cuite competent mate-

rials that should offer good possibilities as competent bard rook

media.

The tonalite and. ~~phibo1ite gneiss removed from Hole PB-CR-27

were found to be relative.:y competent rock, with only one specimen,

en anchibolite gneiss , yielding physical test results characteristic

of marginal quality rock. Generally, this hole yielded material that

should offer some possibility as a competent hard rock medium.

Holes PB-CR-2, -10, and -16A generally yielded rock core that
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exhibited rather varied physical properties . Though much of the rock

was relative ly competent in quality, several specimens from each hole,

which were removed from depths greater than 50 feet below ground sur-

face, were found to be quite incompetent. The scattered presence of

these poor quality materials at depths of greater than 50 feet is

sufficient to justify classification of the core from these three

holes as unsuitable, incompetent media.

The evaluations and conclusions above were based or. somewhat

limited data. Therefore. more extensive investication will be re-

cuired in order to fully define the individual areas under

consideration.
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Figure 5.1 Depth versus quality as indicated. by compressive
strength for individual holes.
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APPENDIX A

DATA UPOIT

Role P 1—~R-2

25 Hoveuber 1969

Hole Location: DLekLn.cu Co~~ty ,  Micbigan

Township IIIH, Rang. 30W , Section 22

Longitude: 45 56’ Iortb

Lat itude : 88 03’ Heat

Core

The following core wes received on 7 llovenber 1969 for tea t in~~:

Cor e Piece Ho. Ap!~roxient. Deptk, ft

1 6
2 13
3 25

33
S l~o6
7 53
8 63
9 72

10 83
11 88
12 97
13 100
1* 101
15 106
16
17 ‘‘.5
18 118
19 130
20 1~O
21
22 157
23 165
2~~ 179
25 188
26 199

D.acriptton
2. The sanpisu received were sonewba t variable in appearance. Accord —

tag to the field iog received with the core , the rock wau identif ted as

piakiek—gr ay to gray gran ite and gneiaaoae grani t. and black basa lt.
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Spscienn los. 1 , 2 . 3 , *, 5 , 11 , 12 , 13 , 1*, IS . 16 , 18 , 19 , 21 . 22 .

23 , and 25 containsd tightly c losed fracture.; Ho. 9 cnntaia sd a

vertical open fracture .

Quality and iatforu ity teats

3. To dstsr.La. the variat ions is physical psoperti.. with in the

hole , •pectft c gravity (up gr ). Schmid t number , ult imate eoupr.saive

strength (coup strg ) , and ecupresitonal wave velocity (coup wave v.1)

ware deter u tned on specimens prepared f to. representative samples of

the received rock. The results of these test. are givon below:

Core Ultimate
Sanp ie Depth Schmidt Coup Coup Wave
No. Description ft No .* Strg, psi Yel , f pa

Tonalite 3 Hoanf-t. 25 2. 676 —— 37 , 120 16 , 210

Tonali te S Hoaefr te *0 2.716 30.6 18,790 18,760

Btotite Schist 7 Heeal* 53 2.914 —— 18,300 17 ,350

Tonalite 9 ~~~~~~ 72 2.667 —— 15,170 16,**0

Tonalite 12 Qrri4-t.e 97 2.682 —— 23. 290 16,200

Tonalite- 15 Hoeal.t- 106 2.716 —— *,000 17,320
Biotite Schlst Contact
Siotite Schist 15 ~~~~~~ 108 3.091 58.8 28,6*0 22,6W~

Tonalite- 18 ~~.ia-ss.e-~~.~~he—
Siotite Schist -He.el-t-~Csntcct 118 2.726 55.5 2,670 17,79)
C o stac t

19 ~~~i .ee. .Goes1,I. 130 2.686 56,5 27 ,880 15 ,220

Tonaljte 23 ~~sis,...4panjte 165 2. 678 53.9 25 ,*50 15,210

Tonali te 23 ~~sin.~ua -GsaiiA t. 188 2. 662 55.5 32,580 15,830

Average of Specimens Fatli ng
Along Fractures , 1101. 15 and 18 2,72 1 55.5 3, 3*0 17 , 550

Average of Spec imen. railing
with Verti cal Splitting (9) 2.752 55.1 25 , 360 ~?

* Schmidt ks er test not eonduct.d osa sevsrsl specimen . due to
posatb ility of breakage .
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4. Two of the spectusus tested failed along preexisting , tightly

clesed , healed fract ure , at very low stresses . The remainder of the

spsctma.a failed by vertical splitt ing , which app eared to be relativ ely

tndepe.d.at of pree xistent fracturi ng present is uany of the test specimens.

Mo dult of defereati on

5. Repres entative spec imen s were selected for dyna mic and static

modtsl 1. of defor matio n tests. The dynamic modul i ware determined by the

proposed ASTM method f or determi nat ion of ultrasonic pulse velocities

and elastic coestas ts of rock. The static moduli ware computed fro m

theory of elasticity by use of strain easuranenta ta hen fr om electrical

resistance strai n gages aff ixed to the specimens , los. 3, 16 , and 25.

Stre .s—.tra i. curves are given La plates 1 , 2 , and 3. Specimens 3 and

25 ware cycled at 13,000 psi; specimen 16 was cycled at 5000 psi . Results

are given below :

Specimen Modu lus , ps i. x io6 Shear Poisson ’s
_______ 

Young ’s Ruth Shear Velocity , fp. R*tio

Dynamic Tests

3 9.4 2.7 5.2 11,950 ——S 7.8 9.0 - 2.9 8,890 0.36
7 9.1 7.1 3.5 9 ,480 0.29
9 7.4 5.9 2.8 8,890 0.29
12 7.8 5.3 3.1 9,290 0.26
iS 8.3 6.6 3.3 9, 520 0.28
16 16 . 2  - 13.0 6.3 12,260 0.29
18 7.1 8.1 2.6 8,470 0.3%
19 7.2 4.5 2.9 8,960 0.23
23 6.9 4.7 2.8 8,750 0.2%
25 7.1 5.2 2.8 8 , 830 0.27

Stat ic Tests

3 10.0 5.2 4.2 —- 0.18
16 15.4 9.2 6.3 — 0.22
25 9.8 5.3 4.i — 0,19
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Dynam ic Poisson ’s rat io could not be accurately computed for specimen 3

dan to the unusua L ly high shear velocity to compr essive velocity ratio.

The specimen. tested herein ware quite brittle , exhibiti ng only slight

hyster asis .

‘~onelustons

6 . The core received for testing fro. hole P3-CR-2 was somewhat

variable in appearance , identified by the field log received with the

core as pinkish—gray to gray granLte and gneissose granite and black

basalt. Most spec imen , contained ttghtly closed fractures . Specimens

15 and IS, which contained tightly healed , critically ortented fractures,

fail ed along these fractures at very low ultima te stresses. The remainder

of the specimens, except soecimen 7 whIch appeared intac t , also contained

t~~~~’t~’-7 closed fractures , but fa~ led by vertical splitting, apparently

inde,endent of the fracture systems present. Ult imate eortp re s~ive

strengths ranged from 16.000 to 32 , 000 psi. Spec imen 1’~, a denst basalt ,

exhibited unusually high velocities and noc!uli.

Average of Average of
Specimens Specimen.
Falling by Failing Along
Vertical Ptee~cLs t iflg

Property Splitttng Fractures

Specific Gravity 2,752 2.721
Schmid t Number S5.l 55.5
Compressive Strength , psi 25 ,360 3,340
Cospressional Wave Velocity , fps 17 , 100 17 ,550
Static Young ’s Modulus, psi x 106 11.7 —— 
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APPENDIX P

D&TA REPORT

Mole P3—CR -~10

26 November 1969

Role Location : Mar itiette County, Wisconsin

- 
Toimship *1X, Range 30W, Sect ion 22

Longitude : 45• 36’ North

Latitude : 88’ 03’ West

Core

1. The following core was received on 17 November 1969 for testin g :

Core Piece No. Approximate Depth , ft

I
2

25
38

5 47
6 57
7 70
8 82

91
10 93
11 99
12 104
13 109
14 114

— 15 120
129

17 133
iS 145
19 150
20 160
21 169
22 172
23 176
24 185
25 193

Description

2. The sample. received ware somewhat variable in appearance. Accord-

ing to the field log received with the core , the rock was identified as pink

to pinkish—gray granite and gray to pinkish-gray gramodiorite . All specimens

except Itos . I and 25 contained fractures : several spec imens were highly

fract ured.
83
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Qua l ity and uniformity tests

3. To determine the variation. in physical properties within a

hole, specific gravity (sp gr), Schmidt number , ultimate compressive

strength (coup strg). and compressional wave velocity (coup wave vel)

were determined on specimens prepared from representative asmoles of

the received rock. The results of the se tests are given below :

Core Ultimate
Sample Depth Seheidt Coop Coup Wave

No. Descript ion ft Sp Cr No.t Strg , psi Vel , fps

Thr.a1~ te 3 Moderately Fractured 25 2.720 53.7 18 ,760 19 .890

Tona1~ te 5 Moderately Fractu red 47 2.739 55.9 14 , 2 10 20 , 050

T~naii te 8 Moderately Fract ured 82 2 , 700 52.2 11 , 150 19 , 470

To~a ’ite 10 h ighly Fractured 93 2.692 —— ‘. 880 17 , 580

Tc’n~ lite 1 highly Fractured 1014 2.651 56 .8 5 , 300 17 , 670

~~~is ose 13 Nighly Fractured 109 2 .771 —— 1.290 16 .360
I n c i u sj o~i
T-u~tite 14 Moderatel y Fractured 114 2 . 708 54.8 11 .420 19 , 1430

Tona1ite 17 Migh ly Fractured 133 2.102 —— ‘,~~0 18 , 050

T~’r 1ite 19 Moderately Fractured 150 2. 737 —— 11 , 730 19 , 1420

22 Moderately Fract ured 172 2. ’l l  —— ‘5 , 850 19 , 060

T ona lite 23 Moderately Fractured 176 2.704 52 .8  14 ,670 19 , 200

24 Modera telu Fractured 185 2.729 48.5 19 , 940 19 , 920

Average of Righly Fractur ed
Specimens (4) 2.704 56.8 5,300 17 ,420

Average of Moderate ly Fr actured
Specimens (8) 2. 718 53.0 14 , 970 19 , 560

Scheidt hammer test not conducted on several specimens due to

~~sstbiIt ty of bre ’kage .
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4. Some of the core fro m this hole was hi ghly fractured , i.e.,

contained many fractures oriented in variou s dire ctions and frequently

intersecting. These specimena were generally representative of the

granite recovered from depths 80 to 1140 ft as indicated in the cor e log.

The moderately fractured sPecimens generally contained few fractures ,

usually not intersecting.

Moduli of deformation

5. Re presentative soecimen s were selected for dynamic and static

noduli of deformation tests. The dynamic noduli were determined by thp

oronosed ASTh method for determination of ultrasonic pulse ve locities

and elastic constants of rock. The static modoli were computed from

theory of elasticity by use of strain measurement s taken from electrical

resistance strain gages affixed to the sptcimens . Nos. 5, 19 , and 23.

Stress—strain curves are given in plate s 1 , 2, and 3. The three specimens

were cycled at 5000 psi. Results are given below .

Soectuen Modulus , ~si x ID 6 Shear Poisson ’s
No. ~~u n s  Bulk — Sbear Ve1oe~ tv , fn~ Ratio

Dynamic Testa

3 9. 14 9 .8 3 .5  9 , 790 0 .34
5 10 . 7 9. 3 Z~. l  10 , 570 0 .3 1
8 7.0 10 .14 2.5 8,300 0.39

10 9.0 6 ,5  3. 6 9 . 910 0 .27
12 4 , 9 7 ,8  2 .5  8 , 1430
13 6.0 7.1 2.2 7 ,680 0.3~
14 ‘. 1 10 .3 2 .~ 8 , 370 0 .39
17 7 .0 8 . 14 2. 6 8 , 390 0 .36
19 8.1 0 ,9 3 .0  8 , 990 1 ,36

— 
22 7.1; 9.7 2.7 8, 580 0 . 3 7
23 10. 1  8.2 3. 9 10 ,370 0.29
24 7 . 2  1 1 . 1  2 . 6 8 , 360 0.39

(Continued)
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(Continued)

Specimen Modulus , pat x 106 Shear Poisson ’s
No. Yo~ing~s hulk Shear Velocity, fps latto

Stat ic Tests

5 11.1 7.14 4.14 —— 0.25
19 11.8 6.14 4.9 0.19
23 10.0 5 .7  ~.l  — — 0 . ? ’

6. The mod er ately fractured material tested herei n is quite br~ t t l , .

exhibiting very little hysteresis. The erratic behavior of the stress-

str atn curves for specimen No. 19 was apparen t ly due to sudden slipoage

along fracture surface s at the higher stress levels .

Conclusions

7. The core received for testing from hole PB-CR-tI) was somewhat

var iable , identified by the field log received with the core as pink to

pinkish—gray granit , and gray to ninkish—gray granodior~te.. Al l spec imen,

except Woe . I and 25 contained f”aeturea : several speei~n,~ s were highly

fractured . Th~ highly fractured meterial from this hol , w,~u very

inc ompeten t , exhibiting conur essive strengths ranging f-on 17-’)O to

7900 psi. Compressive wgve velocities were aignif~ca ntlv l ayer fo’ ‘h~’

material than for the moderate ly fractured rock , apparently due to the

greater degree of fractu r ing present . The moderately fractured rock was

somewhat stronger , exhibiting compressive strengths ranging from 11,000

to 20,000 psi.
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Average Average of
of high ly Modera tely
Fractured Fractured
Specimens Specimens

Prop erty 
________ 

(4) (8)

Specific Grav ity 2,704 2 .7 18
Schmidt Number 56 , 8 53. 0
Compressive Strength , psi 5,300 14,970
Co.preaaiona l Wave Vel oei y, fps6 

17 ,1420
Stati.- Young ’s Modulus . psi x 10 6 ——
Dy~anic Young ’s Modulus , psi x ‘. 0 7.2 8. 14
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APPE 1~DIX C

DATA REPORT

Role PB- CR-1 6 , -16A

26 November 1969

Hole Location: Marinette County, Wi sconsin

Townsh ip 37N , Range 21E , Section 24

Longitude : 45 ° 34’ North

Latitude: 87° 49’ West

Core

1. The following core was received on 12 Novembe r 1969 for testing:

P R -CR-1. 6 App roximate P 8-CR -16A Approximate
Core Piece No, Dept h , f t  Core Piece No. Depth . f t

1. 9 IA 7

2 18 2A 30
3 25 3A 40

4A 48
5A 60
6A 71
7A 05
BA 88
9A 98

1OA 108
h A  116
12A 128
13A 140
14A 148
15A 1. 60
16A 167

— 
h A  1 .7 6

iSA 185
19A 195

Description

2, The sanI p les received were similar in appearance. According to

the field logs received with the core , the rock was identified as dark-

green greenstone . All specimens containe d fractures , many of which were

f i l l ed  with a white substance , probabl y calcite .

01
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Qualit y and unifo rm ity test.

3. To determine the variations in physical properties within a

hole, specific gravi ty (sp gr), Sclsnid t number , ultimate compressive

strength (comp strg) , and compresaional wave velocity (camp wave vel)

wer e determi n ed on spec Imens prepared f rom representative sanol .es of

th e received rock. ~be results of these tests are given bel ow:

Core t’ltjrnste
Saw~ Le Core Log Depth Sci~iidt Como Como Wave

N~. Description ft 
~L~Q~f 

No.* Str~~ psi Ve~~~ fo~~

( lÀ Gree nstone 7 2 .888 -- 27 ,270 20 ,690

3A Greenstone 60 2 .935  57.8 12 ,420 22 ,180(
6A Greenstone 71 2.871 3’.O ‘~,S20 21 ,750(
BA Gree nstone 88 2 .951 57.0 21 ,910 22 , 500

Amphibolite (bA Greenstone 108 2.931 52 .9 24,240 21 ,180

Gneiss (1IA Green stone 116 2.812 68.6 ,820 21 ,240

(13A Greenstone 140 2.848 56.4 5 , 790 21,670

(16A Greensto ne 167 2.857 51. 4 17 ,210 21,520

(19A Greenstone 195 2.847 48.3 8,300 20 ,770

3 Greenstone 25 2.805 32.7 11 ,790 18 ,960

* Schmidt h~ nmer test not conducted on several specimens due to ,ossibilitv
of breakage.

4, The specimens from this hole exhibited consider&~le variation

in uniaxial compres sive strength. These re~ u 1t s showed no definite trend s

toward correlation with other ohysica l features such as nature and degree

of fracturing and type of failure surface exhibited.
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Moduli of deformation

5. Representative specimens were selected for dynemic and static

rn odu li of deformation tests . The dynemic moduhi were determined by the

proposed ASTh method for determination of ultrasonic pulse velocities

and elastic constants of rock. The static moduli we re computed from

theory of elasticity by use of strain measurements taken from electrical

resistance strain gages affixed to the specimens, Nos. 1A , 8A , and 19A.

Stress-strain curves are given in plates 1, 2, and 3. The three spec imens

were cycled at 7500 psi. Results are given below .

Specimen Modulus , psi x 10
6 

Shear Poisson’s
No. Young ’s Bulk Shear Velocity, fps Ratio

Dynamic Tests

1A 10 .5 11.4 3.9 10,040 0.35
5A 12.6 13.2 4,7 10,930 0.34
6A 12.1. 12.2 5.6 1.0,840 0,33
BA 13.0 13.7 4 .9 11,050 0 .34
IOA 12.9 12.9 4.8 11,090 0.33
h A  10.9 11.6 4.1 11 ,380 0.34

l3A 11.6 12.2 4.3 10,620 0.34
16A 11.7 11.9 4.4 10,700 0.33
19A ‘11.2 10.8 4 . 2 IC , 3 3f l  0,33

3 ~ .0 9 , 1 3. 4 9 , 460 0 . 3 3

Static Tests

lA 1.1.8 8.9 4 .6 -- 0.28
BA 14.3 10 .3 5 . 6 —— 0 .27

19A 8 .2  5. 4 3 ,3  —— 0.25

6. Dynamic modu hi for this material were very high and quite uni-

form . Ap parently, the parent rock is itself rather competent , but is

drasticall y weakened by the many calcite—filled fractures present

throughout the core. Static tests indicated that the material tested

was very b rittle, Little hysteresis was exhibited .
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Conclusions

7. The core received for testing from holes PB-CR-16 and 16k was

relatively uniform , ident ified by the field log rece ived with the core

as dark—gree n greenstone . All specimens contained fractures , many of

which were filled with a white substance, probably calcite . The con-

sistently high wave velocities and dynmnic moduli exhibited by this

material indicated that the parent rock was relatively competent , but

heavy fracturing weakened the narent material drasttcally. ‘Jniaxial

compressive strengths exhibited by the rock were quite variable , ranging

from 5000 to 27 , 000 psi. Compressive strength s showed no apparent

correlation with other para~etez-s such as nature and degree of fracturing.

Physical Test
Prope rty — Res ults

Specific Gravity (Avg) 2.874
Schmidt Nwnber (Avg) 51.2
Compressive Strength , psi (Range) 5 ,790-27 ,270
Compres sional Wave Velocity,  fps

6
(Avg) 21 , 350

Static Young ’ s Modulu s , psi x 10 (Avg) 11.4
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APPENDIX 0

DATA REPORT

Hole PB-CR-20

26 Novetnber 1969

Hole Location: Marthette County, Wisconsin

Townghi~, 35N , ~nn~e 7!)E, Section ~

Longitude : 45
0 

~~ North

Latitude: 88° West

Cr~re

The foiJowing core was received on 7 Nov~~ber 1969 for testing:

Core Piece No. Approxi~nate Depth. ft

1 5
2 1.5
3 29
4 39
5 48
6 58
7 67
8 77
9 88

10 98
11 108
1.2 118
‘3 128
1.4 135
15 144
16 150
17 152
18 162
1.9 172
7M 1.83
71 1.93
22 199

Description

2 . The sienpies received were relatively uniform in a,pear.nce. Accord-

ing to the field log received with the core, the rock was identified as

pink to dark-gray granite. Snecfmen No.. 1, 2, 14, and 19 contained fractures.

Considerable variation in grain size was present throughout the core.
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Quality and uniformity test.

3. To determine the variations in physical properties within a

hole, specific gravity (sp gr), Schmidt rnm~ber, ultimate canprea.ive

strength (camp str g) , and campres.ional wave velocity (camp wave vel)

were determined on specimens prepared fram representative samples of

the received rock. The results of these tests are gfven below:

Core 1jltinate
Sample Deoth Schmidt Cmmr~ Comn Wave
______ 

Descriotion ft ~~~~~ No. Strg. psi Vel. fps

2 Fractured Pinkish— 1.5 2.676 55.2 24,24° 1.6,61.0
Gray Granite, Con-
ta~ t Zone

4 Light—Cr ay Granite 39 2.683 51.0 38 ,1~ ° 16,990
I~tsct

7 Ptnkiah-Gray 67 2.658 59.3 31 ,~ ’ ~ 17,200
Gr~nite , In tac t

10 Pinkish—Cray 98 2.66 1 59.4 31,670 17 ,730
Granite, Intact

14 tight—Gray Granite 135 2.704 -— 33 , 30 1.7,350
Fractured

17 Cray to Pinkish— 152 2.703 35.3 38,480 .7,290
Gray Granite , Con-
tact Zone

19 Pinkish-Gray 172 2.653 -— 32,730 17,720
Granite, Fractured

21 Pinkish-Gray 193 2~697 57.6 33~030 17.560
Granite, Intact

Average of All Specimens 2.674 56.3 32,940 17,310
Tested (8)

4. Schmidt hammer test was not conducted on several specimens due to

possibility of breakage. The results indicate a very comnegent, relatively

uniform rock in this hole.
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Moduli of deformation

5. Reeresentative specimens were selected for dynmnic and static

mndu !t of deform’tion tests. The dynamic moduli were determined by the

‘.ron-~sed ASTM nethod for determination of ultrasonic guise velocities

- n’1 elastir constants of rock. The static nodul.j were cocnouted from

than ’- ’ of e lp stj ’-j t v  by use of s t rain neasurements taken from electrical.

‘-es~ sta nce st~~~tn gages Af f ixed  to the soec imens , Noa. “, 4, and 21.

Stres~—~train c’~rves are given in nlates 1., 2, and 3. The three specimens

were cycled nt 20,000 psi. Results are given below.

Speci.’nen Modulus, psi x 106 Shear Poisson’s
N~~. Young ’ s Bulk Shear Velocity.  fp s Ratio

Dynamic Tests

2 5.9 7.1 2.2 7750 0.36
4 7.8 6.4 3.0 91.20 0.30
7 7.9 6 .5 3.0 9220 0.30

10 6.8 7.9 2.5 8350 0.36
14 8.8 6.3 3.5 9790 0.27

8.3 6.6 3.2 9420 0.29
6.6 8.0 2 .4 8260 0 .36

2’. 6. 4 7.9 2.3 8090 0.37

Static Tests

2 9 .6 5.4 4 .0 -- 0. 21
4 9.8 5.3 4 .1 -- 0.19

21. 13 .9 8.5 5.6 —— 0.23

6. The ~iateris1 tested herein is apparently rather brittle, exhibiting

little hysteresis. The erratic behavior of the stress-strajn curves

exh ibited by snecimeri No. 2 was possibly due to the location of the strain

gages over oreexisting fractures along which sudden stinpaga occurred;

the strain gages failed orior to failure of the specimen.
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7. Specimen No .. 2, 10, 19 , and 21 exhibited noticeably lover

shear wave vel ocities and higher Poisson ’s ratios than did the remainder

of the core tested . Compressive wave velocities we re relatively uniform

throughout. Further investigation revealed that these four specimen.

we re coarser grained and contained more fracturing, indicating oo.sibiy

that shear velocitie s were detrimentall y affected to a greater degree

by larger grain size and physical discontinuities than were compressive

wave velocittes.

Conclusions

8. The core received for testing from hole PB-CR-20 was relatIvely

uniform , identified by the field 1.og received with the core as pink to

dark-gray granite. Specimen Nos. 1, 2 , 14 , and 19 contaIned fractures.

Considerable variation in grain size was oresent throughout the core .

Physical test results for the core tested were rather uniform . Uniaxial

-om~,ressjve strengths , which ranged from 24 ,000 to 38 ,0°’~ ps~~, were

thdtcat ive ~f the general competence r~f this material .

Avera ge of Al ’.
Property Specimens Tested (R~

S~~ c t fic  Gravi ty  2.674
Schnidt Nur:ber 56.3
Compressive Strength, oai 32,940
Comoressional Wave Veloci ty, fps6 17 ,310
Stat ic  Young’s Modulus , psi x tO 11.1.
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APPENDIX E

DATA REPORT

Hole PB-CR-27

- 5 November 1969

Hole Location : Marinette County, Wisconsin

Townshin 34N, Range 19E, Section 20

Longitude: 470 24 ’ No r th

‘.“t i tud e: 880 09, West

Cere

1. The fo l lowing  core was received on 7 November 1.969 for testing:

Core Piece No. Approximate Depth. ft

1. 23
2 35
3 46

5 59
6 71
7 76
S 87
9 95

lf) 104
1.1. 113
12 122
13 133
14 145
15 136
1.6 1.64
1.7 1.73
1.8 185
19 189
.0  193
2 1. 197

Descri ’t ion

2. The s~rr’1.es received were rather variable in anpearance. According

t the field log received with the core , the rock was identi f ied as mottled

red , black, and white granite and black ni~natic hormfels. All specimens

contained fractures,most of which were tightly closed . The fractures present

in specimen Nos . 4 and 19 were cri t icall y oriented .
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~~~tity and uniformity tests

3. To deter mine the variations in physical properties within a

hole , spec if ic gravi ty (ap gr ) ,  Schmidt n~m~ber , ultimate compres sive

strength (camp .trg), and compressional wave velocity (camp wave vet)

were determined on snecinens ,repa re~ from representative semp les of

the recetved rock. The results of these tests are given below :

Core ‘.‘ltimate
Sam n ie Depth Schmidt Comp Comp Wave

No . DescrIption _~~~_ 22...2L No.* Str~ , psi Ve~~ fps

Amohibolite 1. Horizontal 23 2 .9 1.6 57.3 43 ,030 20 ,465
Cnei~~ Fractures

Am,hibolite 4 HorIzontal 54 2.892 -- 21,210 20,950
Cneiss Fracture s

Tonalite 5 Vertical Fractures 59 2.747 54.6 25 ,61.0 18,855
F 

~~phibolite 7 Verttc~1 Fr’ct~ res 76 7.9~ 5 51.7 31,210 20 ,61.5
Gne iss
Tonaitte 8 Ver~ic~ l Fractures 87 2.739 —— 2.!,4~0 1.9,225

Tonal!te 12 Vertical Fractures 1.22 2.755 — -  36,07’~ 18,830

Amphibolite 1.3 Contains Wavey 133 2,828 -- 27,120 19,51.0
Gne iss Inclusion

Amphibolite 1.7 Horizontal Fractures 173 2.908 52.1 36,360 2C ,i’1.5
Oneiss
Amphibolite 19 Critically Or iented 189 2 .925 60.0 3,330 2 1,315
Gneiss Fracture

Tot-talite 20 Horizontal Fractures 193 i~ L~ -- 25 ,000 17,455

Specimens Containing Critically 2.925 60.0 3,330 21,315
Oriented Fractures (1)

Remainder of Specimens (9) 2 .808 53.9 30,550 19,640

* Schmidt hammer test not conducted on several specimens due to possibility
of breakage.

108



4. Specimen No. 19 contained critical ly oriented fractures and

failed along these fractures. Examination of the failure surfaces

indicated that the failure in specimen No. l9 occurred in the fracture —

filler material , a possible explaination for the very low ultimate

uniaxial compressive strength exhibited by this specimen.

‘~-~d~ ij of deforn~ ti on

5 . ~e.~rezenta tj ve  s-’ecirnens were selected for d ynamic and s ta t ic

r.,d.~ 1i of cefr , rnation tests .  The dynam ic modu 1.i  were determined by the

‘roposed AST~ !~thod for  de te rmina t ion  of ul t rasonic pulse ve locities

and elastic conStants of rock. The static noduli were computed from

the~’ry of elasticity by use of strain measurements taken from electrical

resistance st rain  gages a f f i x e d  to the specimens , Nos. 4 , 12 , and 17.

Stress-strain curves are given in ‘lates 1, 2 , and 3. The three

specimens were cycled at 20,000 psi. Results are given below.

Specimen Modulus, psi x 106 Shear Poisson ’ s
~o . Youq~~~ Bulk Shear Velocity. fps Ratio

Dynamic Tests

1. 1.2.2 10.1 4.7 10,960 0.30
4 11.3 11.4 4 .2 10 ,440 0.33
5 7.9 9.3 2 .9 8 ,870 0 .36
7 9.9 9.9 3.6 9,650 0.36
0 7.3 7 .3 2.6 8,470 0.38

1. 7 7.9 7 .9 2.9 8,830 0.36
1.3 8.8 lO.6 3.3 9,250 0.36
1.7 j l •9 10.9 4.5 10, 740 11.32
~0 17. 8 11.3 4,9 1l,l4~ 0.31
20 5.6 8.2 2.0 7 ,520 0.39

(Continued)
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(Continued)

Soec j men Hodului.  osi x tO 6 Shear Poisson ’s
No. Younx~s Bulk Shear Velocit y . fps Ratio

Static Te•ts

4 13.5 9.5 5.3 -- 0.26
12 11. 4 8.n 4.5 -— 0.26
17 1.3.9 9.5 5.5 -- 0.26

The material teeted herein was generally quite brittle, exhibIting slight

hysteresis.

Conclusions

4. The core received for testing from hole PB-CR-27 was rather

variable in appearance, identified by the fIeld log received with the

core as mottled red, black, and white granite and black ni~~at~c horrtfela.

All specimens contained fractures, most of whIch were tightly closed .

Physical test results were generally high but somewhat variable. With

the exceotion of two specimens which failed along critic~llv oriented

frr-turea , uniaxtal compressive strengths exhi i~ er’ r.~~re’i fr~ i 25,2’~

to 43,000 psi. Of the two specimens failing along fractures , one was

considerably weaker (3330 psi). ThIs large difference, sInce the

fractures were inclined ~ t the sam e angles , was possibly due to the

differences in nature and amount of filler material observed on the

fracture surfaces.
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Spec imens Containing
Cr i t i ca l ly  Oriented Remainder of

Property Fractures Specimens

Specific Gravity 2.908 2 .809
Schmid t Nomber 60.0 53.9
Compressive strength , psi 12 ,270 31 ,720
“o-’e e,sinnal l ave Velocity, f~s 21,1.30 19,470
7 t” t i c  ‘~‘~~-‘g s M odu lu s , ,‘si x 106 13.5 12.6
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APPENDIX F

DATA REPORT

Role P~ -CR-40

25 Novamber 1969

Role Location : Oconto County, Wisconsin

Township 32N, Range l7E , Section 32

Longitude : 45~ 12’ North

Latitude : 88° 23 West

Core

1. The fol lowing core was received on 7 Novembe r 1969 for testing:

Core Piece No. Approximate Depth. ft

1 4
2 11
3 16
4 21
5 32
6 43
7 55
8 65
9 76

10 86
1.1 92
12 102
13 113
14 123
15 132
16 144
17 153
1.8 158
19 167
20 177
2 188
22 198

Description

2. The samples received were somewhat variable in appearance. According

to the field log received with the core , the rock was identified as gray

to dark gray granite gneias , augen gneiss , and quartz diorite geelsa. All

specimens contained t ight ly  closed fractures.
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Quality and uniformity tests

3. To determine the variations in physical properties within a

hole , spec ific gravity (Sp Cr ) ,  Sc)m~idt n * b r, ul timate compressive

strength (Come Strg ), and comeressional. wave velocity (Come Wave Ve t )

were de term ined on sneci~nens erepared from representative sameles of the

rece ived rock , The results of these tests are given below :

Ultimate
Sample Core Log Core Sc~~idt Camp Camp Wave

No. Description Depth . f t  ~~~~ No .* 
~~~~~~~~~ 

Vel fps

Biotite Gneiss 4 Granite Gnejse 2l 2.734 —- 36 ,890 18,270

Motite Gttej ss 7 Transitional 55 2 .746 54 .6 27 ,270 19 ,710
Material

‘h~a r tz  Gneiss B Augen Gneise 65 3.144 54.2 32 ,270 21,920
- - 

Biottte  Gneiss 1.1. Augen Gneise 92 2.762 -- 25 ,390 17 ,910

Siotite Gneiss 12 Quartz Diorite 102 2.736 —— 24 ,700 19,120
- Cneiss

Siotite Gneiss 1.5 Quartz Diorite 132 2 .922 54.9 56 ,670 22 ,31~0
Gne iss

Quartz Gnej qs 17 Quartz Diorite 153 2.810 57.0 19 ,090 20 ,250
Gneiss

Quartz Gneiss 1.8 Quartz Diorite 158 3.133 -- 36 ,820 22 ,110
Gneiss

Biotite Gneiss 20 Quartz Diorite 177 2 .735 56.0 42 ,120 19 ,230
Caeie s

Biotite Gneiss 71 Quartz Diorite 188 2.751 ~~~ 24 ,090 18.900
Gnei sa

- 
Averages 2,84 7 55.9 32 ,530 19 ,980

* Sc~znidt hamzser test not conducted on several specimens due to

possibility of breakage.
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4. The u l t i m a t e  uniaxial compressive strengths obtaine d for these

rocks v•ried considerab ly; this was possibly due to the variation in

nature  of the t ight ly  closed fractures present in the rock.

Modu l t of deformation

5. Representative specimens were selected for d ynamic and static

moduit of deformation tests. The dynamic modu lt  were determined by the

proposed ASTM m ethod for determ ination of ultrasonic pulse velocities

and elastic constants of rock . The static noduli were computed from

theory of elasticity by use of strain measurements taken f rom electri cal

resistance strain gages affixed to the spec imens , Nos. 8, 1.2, and 20.

Stress-strain curves are given in elates 1 , 2, and 3. The three specimens

were cyc led at 20,000 psi. Results are given below.

Snecimen Modulus , psi x 106 Shea r Poisson ’s
N— ’ . You ng ’s Bulk 

~~!~I 
Velocity.  fos Ratio

Dynamic Tests

6 7 .5 8.6 .8 8 ,670 0 .35
7 10~~5 ° .0 4 • 0 10 ,440 0.30
8 5.3 1.2.5 5.9 11,790 0.30

1.1 7.8 8.0 2. 9 8,870 0.34
8. ’) 4 .’. lO ,570 .28

15 ~3 .2 1.3. ’) 5.0 11 ,240 0~ 33
17 12.5 8.9 4.9 11 ,430 0.27
18 14.4 13.4 5.4 11,360 0.32
20 8.1 9.6 3.0 8,990 0.36
21 1.0.0 8.0 3,9 10,260 0.29

Static Teets

8 12 .3 7.5 5.0 -— 0.23
12 11.8 7.2 4.8 -- 0. 23
20 14.5 9.3 5,9 -- 0.24
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All of the material tested herein exhibited brittle behavior and had

negligible hysteresis.

Concluaton.

6. The core received for testing fro. hole P3-CR-40 was identified

by the field 1og received with the core as gray to dark gray granite

gneiss, augen gneiss, and quartz diorite gneiss. All specimens contained

tightly closed fractures which generally appeared to have little effect

on physical test results . The more dense specimens tended to exhibit

the higher compressional wave velocities. Ultimate compressive strengths

were quite variable , ranging from 19 ,000 to 57 ,000 psi , but all material

appeared competent . Dynamic and static moduli were generally very high.

A summary of “hysical eroperties is ~ jven below.

Property Average Values

Specific Gravity 2.847
Schmidt Numbe r 55.9
Cam—receive Strength , esi 32 ,530
Comoreasionel Wave Velocity, fns

6 
19 ,980

Static Young’. Modulus, osi x 10 1.2.9
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II S U P P L E M t N T A S V  NOTES I V .  SPONSORING MI L I T A R Y  A C T I V I T Y

Space and Missile ~ys~ er~s Organization
,J. S. A~r ~crce S-v~ tar.r Command

—~~ ha~craaory were conducted or rock core samples r€ceived froa six core
P-~-ni ir~o 2:~ea of chinsor County , ~ich~~sn. arC .- r : ne~~;e and Oconto

~~~~~~ ‘.1~conri— . ‘~~u1tc - - -crc used to evaluato the o~ alicy and u~~ formi t~ of theroct to ~-sat~s of 200 ~ee~ balo-,-r arou nd ourfare. The core -~aa i~.crtified as oredoal-
nan~l~ tonalide , granite. a-~phibo Ltc grieiss , and biotite gn sc~ with relativcl:.- in- 4
s n i c a n a  quantities of auaraz gneiss and biotite scr~~t. va uation of the Percbirc
~rea core on a hole—to—ho le Uscis  rniicatec t;;a’t the rr-an~te reroved from Hole P -Ca- TO
and. bioti~ e and quartz gneisz removed fran ?c c ?B_ Ch_L 0 are quite cor-ce- ent ~~~~~riels and should offer  acod. nos rj bij Ltdso as comocteno hard rock media. The tonali- e
and asrohibolite gncisr romovod from Hole P3-CR-27 were found to be relatively competent
rock , ~.-ith only one specimen , an antphibolite —neiss , yielding vhy:ical test results
characteristic of rarrina quality rock . Senerally , thi s hole yielded material that
should offer some possibility as a competent h rock nedi-~r~. id es PO_ C0 _ 2 .  -~9, and
-1~A generally yielded rock core that exhibited rather varted physical properties.
Though much of the rock was relatively competent in quality , several specimens that
were removed from depths greater than 50 feet below ground surface in each hole were
found to be quite incompetent. The presence of these poor quality materials at depths
greater than 50 feet dictates~~~assif~cation of the entire cores as unsu~ .able , incompe-
tent media. !The evaluations d conelusions above were base~3. on corn- :hat limited data.Ther efore , more extensive inve tigation will be required in order to fully define the
india-~dual areas under conside ation.
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