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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. Thé core was identified as predomi-
nantly tonalite, granite, amphibolite gneiss, and biotite gneiss,

with relatively insignificant quantities of quartz gneiss and biotite

Evaluvation of the Pembine Area core on 2 hole-to-hole basis in-
dicates tha®t the granite removed from Hole PB-CR-20 and the biotite
and guartz gneiss removed from Hole PB-CR-UO are quite competent
materials and should offer good possibilities as competent hard rock
media.

The ton }ite and amphibolite gneiss removed from Hole PB-CR-27
were found to be relatively competent rock, with only one specimen,
an amphibolite 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
exhibited rather varied 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 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 fully define the individual areas under

consideration.




“Mr. Bryant Mather,

PREFACE

The study 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 (SAMSO) of the Air Force Systems Com-
mand. The study was coordinated Qith CPT Rupert G. Tart, Jr., SAMSO
Project Officer, and Mr. M. V. Anthony of TRW, Inc., Norton Air Force
Base, Califcrnia. The work was accomplished during the period
November 1969 to June 1970 under the general supervision of
\_"'-M_m.,,_.—. e .

Chief, Concrete Division, and under the direct
supervision of Messrs. J. M. Polatty, Chief, Engineering Mechanics
Branch, W. O. Tynes, Chief, Concrete and Rock Properties Section,

and X. L. Saucier, Project Officer. Mr. C. R. Hallford was respon-
sible for the petrography work. Mr. R. W. Crisp performed the major-
ity of the program 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
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

BRritish units of measurement used in this report can be converted to

metric units as follows.

Multiply By To Obtain
inches 2.54 centimeters
feet 0.3048 meters
pounds 0.45359237 kilograms

pounds per square inch

feet per second

0.070507

0.3048

kilograms per sguare cenbtimeter

meters per second




CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The purpose of this study was to supplement the information
being ohtained for the area evaluation study by the U. S. Air Force
Space and Missile Systems Organizétion (SAMS0O). It was necessary to
determine the properties of the specific materials for an analysis of
the quality and uniformity of the rock. Results of tests on cores
from the Pembine Area of Dickinson County, Michigan, and Marinette

¥

and Oconto Counties in Wisconsin are reported herein.

1.2 OBJECTIVE

The objective of this investigation was %to conduct leboratory
tests on samples from areas containing hard, 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,




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
(4) static and dynamic elastic properties.

Special tests were conducted to (1) determine the degree of
anisotropy of the sampled rock, and (2) determine and compare direct

and indirect tensile strengths. A limited petrographic examination

es were received from six holes in %the Pembine Area desig-
nated as PB-CR-2, -10, -16 and -16A, -20, -27, and -40O. All samples

4 i 3 - deigiee .
were X¥-size cores (nominal 2-1/8-inch™ diameter). Tes% specimens of

selected specimens from all holes. Special tests were conducted on

specimens selected from the various core holes %tc represent differ-

ences in rock type, weathering. etc.
yPe , E

1.5 REPORT REQUIREMENTS

The immediate need for the test resulis required that data

2 A table of factors for converting British units of measurement %o

metric units is presented on page 8.

10
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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.
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CHAPTER 2

TEST METHODS

2.1 SCHMIDT 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 surface. The test was conducted as suggested in Ref-
erence 1 (a Swiss-made hammer was used) except that 8 to 12 readings
per specimen were made. The average of these readings is the Schmidt
number, or relative hardness. The hardness is often taken as an ap-
proximation of rock quality and may be correlated with other physical

characteristics such as strength, density, and modulus.

2.2 SPECIFIC GRAVITY

The specific gravity of the as-received samples was determined
by the loss-of-weight method conducted according to Method CRD-C 107
of Reference 2, A pycnometer is utilized to determine the loss of
weight of the sample upon submergence. The specific gravity is egual

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

2.3 INDIRECT TENSION
The tensile strength was determined by the indirect method,
commonly referred to as the tensile splitting or Brazilian method,

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

13




specimen by a campressive force applied on two diametrically opposite
line elements of the cylindrical surface. The test was conducted

according to Method CRD-C 77 of Reference 2.

2.4 DIRECT TENSION

Fcr purposes of comparison, 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
ensile Strength of Rock Core Specimens.” Tensile splitting tests
were conducted on specimens cut adjacent to the direct tensile test
specimens.

For the direct %‘ension %tests, the specimens were right circular
cylinders, the sides of which were straight to within 0.0l inch over
the full length of the specimen and the ends of which were parallel
and not departing from perpendicularity to the axis of the specimen
by more than C.25 degree. Cylindrical metal caps were cemented to
the ends of the specimens and provided the means for applying the
direct tensile load. The lozd was applied continuously by a 30,0C0-
pound-capacity universal testing machine and at a constent rate such
that failure occurred within 5 to 15 minutes.

2.5 ULTIMATE UNIAXTAL COMPRESSIVE STRENGTH AND STATIC ELASTIC

PROPERTIES

The unconfined and cyclic compression test specimens were

14
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prepared according to ASTM snd Corps of Engineers standard method of

test for triaxial strength of undrained rock core specimens, CRD-C
147 (Reference 2). HEssentially, the specimens were cut with a dia-
mond blade saw, and the cut surfaces were ground to a tolerance of
0.001 inch across any diameter with a surface grinder prior to test-
ing. Electrical-resistance strain gages were utilized for strain
measurements, two each in the axial (vertical) and horizontal (dia-
metral) directions. Static Young's, bulk, and shear moduli were com-

50 percent o

ruted from strain measurements taken 5 the ultimate

‘\’

3 ts ; ; ot \ g
uniaxial compressive strength. Stress was applied with a 440,000-

pound-capacity universasl testing machine.

2.6 DYNAMIC PROPERTIES

Compressional and shear wave velocities, dynamic bulk, shear,

2

and Young's moduli, and Poisson's ratio were determined according to
1d Young's moduli, and Poisson's ratio were srmined ¢

< 1" A 1 - .
osed ASTM "Standard Method of Test for Leboratory Determina-

&g b & ~ o - £ 1 "
ties and Elastic Constants of Rock.

The method consisted essentially of generating a wave in the specimen

with a pulse generator unit and measuring, with an oscilloscope, the
time required for the compression and shear waves to travel the
length of the specimen, the resulting wave velocity being 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




In the case of the special tests used to determine the degree of
anisotropy 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 l/é-inch-wide strips down the sides of the cylindrical surface
at 90-degree angles and generating the compressive and shear waves

perpendicular to these ground surfaces.

2.7 PETROGRAPHTC EXAMINATION

A limited petrographic examination was conducted on samples
selected to be representative 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 influenced the test

resul®s.

16




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
and uniformity of the Pembine rock core: Schmidt number, specific

gravity, ultimate uniaxial compressive strength, and compressional

e

wave velocity. Dynamic elastic constants determined for 211 spec
mens tested were compared with static elastic constants determined
for selected representative specimens. Static moduli were based on
2 Poisson's ratio and tangent modulus of elasticity computed at
50 percent of ultimate uniaxial compressive strength.
The core received from the Pembine Ares was somewhat varied in
composition and comprised four principal rock types: (1) tonalite,
(2) granite, (3) amphibolite gneiss, and (&) biotite gneiss. Tonal-
ite was the most abundant. Relatively insignificant quantities of
quartz gneiss and biotite schist were also received from the area.
Differences in ultimate uniaxial compressive strength appear to have
arisen from variation in rock type coupled with variation in nature,

number, and inclination of fractures present in the individual

specimens.

17




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 frgctures; (3) highly to critically
fractured rock core containing well developed systems of fracture,
or critically oriented fractures, i.e., fractures inclined with

respect to the horizontal at angles so as %o result in the develop-

ment of shearing stresses of failure magnitude when the specimen is
subjected o relatively low exial stress:; and (L) rock containing
calcite-filled fractures. Detailed physical test results are pre-

sented in Appendixes A through F; summaries of the results are tabu-

lated in ‘the verious sections of this chapter.

3.2 TOCKALITE
The malority of the core received from Hole P3-CR-10 and por-

tions of that received from Hcles PB-CR-2 and -27 were petrographi-

cally identified as tonalite. Most of the specimens were moderately

fractured; several were highly fractured.

A summary of the physical %test resulis is given in the following

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

18




.lu_‘-ﬂkalgr“‘-

Hole No. Specimen Specific Schmidt Ultimate Compres-
No. Gravity No. Uniaxial sicnal
Compres- Wave
sive Velocity
trength
psi ft/sec
Moderately Fractured:
PB-CR-2 3 2.68 -- 37,120 16,270
5 2,72 50.6 18,790 18,760
9 2.67 -- 16,170 16,440
12 2.68 -- 23,290 16,200
19 2.69 56.5 27,880 15,220
23 2.63 53.9 25,450 15,210
25 2.66 55 32,580 :
PB-CR-10 2 2,572 53.7 18,760 19,890
5 2.74 55.9 14,210 20,050
8 e yin 52.2 11,150 19,470
1h 2.7% 54,8 11,420 19,430
19 2,74 -- 13,730 19,420
22 2.7L e 15,850 19,060
23 2.70 52.8 14,670 19,200
2k 2.73 L8.5 19,940 19,920
PB-CR=-27 5 275 54,6 25,610 18,860
8 2,7k = 28,480 19,220
12 2.76 -- 36,970 18,830
20 2.67 -- 25,000 17,460
Average 2.71 53.5 21,950 18,340
Highly Fractured:
PR-CR-10 10 2.69 - 7.880 17,580
12 2.65 56.8 5,300 17,670
L7 2.70 - 6,730 18,050
Average 2.68 56.8 6,640 17710




e ———

Ultimate uniaxial compressive strengths exhibited by the tonal-
ite specimens were rather variable, apparently due to the rather

large variation in nature and degree of fracturing present. The

highly fractured specimens yielded ultimate strengths less than

8,000 psi. The moderately fractured core e ‘ibited strengths ranging
in magnitude from approximately 11,000 to 37 Mo psi, This large
range of strength for the group of moderately fractured specimens

would seem to indicate the

ragerne nf srother :"vv or+ant varishle,

2 -

‘3

but one which was not immediestely obvious. The fact that range in
strength (for a particular grouping) gemerally decresced substentially
when the physical test results of the moderately Tractured core were
further subdivided according to hole number reinforces this conclu-
sion, the additional variable gpparently being dependent on locality.

Compressional wave velocities exhibited by the tonalites were
much less varied than ultimate compressive strengths, ranging from
approximately 15,000 to 20,000 ft/éec. Relative magnitudes of this
physical property also appeared to be dependent upon locality, as
scatter decreased significantly when data were further 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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Hole No.

aius near

NO. Velocity

Bulk Shear

10" psi 1C 10" psi tt/sec
Dynamic: 1
f
PB-CR-2 3 9.4 2.7 9.2 5 ]
) T 9.0 2.9 0.2 E
ek 9 . .29
1 7 R - 2 N Oy
=
PR_AB_ AT - " 2
. A
- ,
Static:
T i -
-CR=10 - 1,4 -- 3
10 1 6.4 0 e
R AL 3 % > ; 5
Average 10. . 4y .
& . Kot Ao ' -
Dynamic Poisson's ratio could not be accur imen
PB«CR=2=3 due to the unrealistically higt

compressional wave velocity.




determined for the tonalLﬁe were generally uniform., As with the com-
pressional wave velocities previously discussed, correlation between
ultimate strength and modulus was not immediately obvious. However,
values of dynamic Young'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.

recoverable.

3.3 AVMPHIBOLITE GNEISS

T™e entire core received from Holes PR-CR-16 and ~16A znd a
portion of the core received from Hole PB-CR-27 were petrographically
identified as amphibolite gneiss. All specimens contained fractures;
fractures in the specimens received from Moles PB-CR-16 a2nd -16A were
sealed with calcite.

Values of ultimate uniaxial compressive strength exhibited by
the amphibolite gneiss specimens from this area ranged considerably.

The specimens containing fractures sealed with calcite yielded

ultimate strengths that had no apparent dependence on orientation of

the respective fractures.

22




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. Gravity No. Uniaxial sional
Compres=- Wave
sive Velocity
Strength
psi ft/sec

Containing Fractures Sealed with Calcite:

PB-CR-16 3 2.80 32.7 11,790 18,960
PB-CR-14A 1A 2.89 -- 27,270 20,690
SA 2.0 57.8 12,420 22,180
AA 2.87 56.0 6,820 21 750
8A 2.95 570 21,910 22,500
10A 2.23 52.9 2l 240 22,180
11A 2.81 L18.6 1L.820 21,210
13A 2.85 56.4 5,790 21,670
16A 2.86 510k 17,210 21,520
1A 2.85 418.3 8,300 20,770
Average 2.88 51,2 5,790 to 1,450
27,2702
Containing Fractures with No Calecite
PB-CR-27 1 2.92 57.3 43,030 20,460
4 2.89 .- 21,210 20,950
7 2.90 51T 31,210 20,620
13 2.83 - 27,120 19,510
17 2.91 58,1 36,360b 20,820
19 2.92b 60.0° 3,330 21,320°
Average 2.89 53.7 1,790 20,470

2 Due to large variation, range is given rather than average.
Critically fractured; therefore, not included in average. Re-
mainder of amphibolite gneiss specimens from Hole PB-CR-27
were moderately fractured.

23
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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 compressive strengths generally
of greater magnitude and less range than those characteristic of the

core with calcite-sealed fractures.
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unlike the specimens with critieally oriented calcite-sezale

tures, which exhibited erratic results. The logical conclusion here

strengths and rather erratic rvesponses to testing of this material.

Compressicnal wave velocities determined for the amphibolite
gneiss were apparently unaffected by the nature and degree of frac-
turing present in the core. While some variation in compressional
wave velocities was evident, it was not excessive. Unlike ultimate
uniaxial compressive strengths, compressional wave velocities showed
no apparent connection with the presence of celcite along fracture
surfaces.

As indicated in the following tabulation, elastic constants

2k




determined for this material were rather uniform and quite high, ap-

parently unaffected by the nature and degree of fracturing present in

the core.

higher

ratios

Moreover, static Young's moduli were generally slightly

than the corresponding dynamic values, while static Poisson's

were somewhat lower.

Hole No.

Speci

men

Modulus

No. Velocity
Young's Bulk Shear
& & A
10" psi 10" psi 10" psi £4[sec
Dymamic
“CR=-16 C p! 2 = 2
1 D pas 2l 16
PRl TER 1A 10 e 2% 0 55 -
v sadad / oele 8 .
2 2
7 b
£ L 3
1OA 10.c +.2 10 C
“R-"Re27 i Da? 10. T 10, 96C
- 11.3 11.4 Jul
o N gl 5 S
i 2.9 JeJ 3 25000
2 8 Q 0. & 2 1 Y ~EA -
s 3.0 10.6 $
31.9 10.9 - 7 32
12.8 11.3 .9
Averege 1l 1.4 o D )e 3
Static:
PB-CR-16A 1A 11.8 8.9 -~ 0.28
A 1l 10.2 e 0.27
194 3,2 e Ik -
-y - 1 ~ ~ ~7
PE-CR-2T 4 13.5 Qa5 3 -~ 0.2
1 e 0 o 0.2
17 13,9 2.5 ] .
Average 12.73 8.7 e} 0.26

i e



Cyclic stress-strain curves determined for several specimens re-
vealed that the amphibolite gneiss was slightly inelastic and some-
what 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.

3.4 GRANITE

The entire core received from Hole PB-CR-20 was petrographically
identified as medium-grained granite. Several specimens contained
fractures. A summary of the results of physical property tests is

given belcw. Detailed results are given in Appendix D.

Hole No. Spec- Specific Schmidt Ultimate Compres- Core
imen Gravity No. Uniaxial sional Description
No. Compres-  Wave
sive Velocity
Strength
psi ft/éec
PB-CR-20 2 2.68 55.2 2l 210 16,610 Fractured
4 2.68 51.0 38,180 16,990 Intach
7 2.66 59.3 31,82C 17,200 Intact
10 2.66 59.4 31,670 17,730 Intact
1k 279 -- 33,330 17,350 Fractured
ald 2470 5543 38,480 17,290 Intact
19 2.65 -- 32,730 17,720 Fractured
21 2.66 576 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 velocities nor ultimate uniaxial compressive strengths appeared

to be

n

significantly affected by the presence of fractures.

U

As incdicated in the tabulation below, elastic constants deter-
mined for the granite specimens were also rather uniform, with static
moduli generally running slightly higher than their corresponding

dynanmic values.

Hole No. Spec- Modulus Shear Poisson's
imen Velocity Ratio
No. Young's Bulk Shear
106 psi 106 psi 106 psi £4/sec
Dynamic:
PB-CR-20 2 5.9 el 2ol 75750 0.36
L e 6.b 3.0 9,120 0.30
7 7.9 6.5 3.0 9,220 0.30
10 6.8 T9 2> 8,350 0.36
1k 8.8 6.3 395 9.790 0. 27
ir &3 6.6 Sed 9,Lk20 0.29
(Continued)
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Hole No. Spec- Modulus Shear Poisson's
imen Velocity Ratio
No. Young's Bulk Shear

10° psi 106 psi 106 psi ft/sec

Dynamic (Continued):

19 6.6 8.0 2.4 8,260 0.36

21 6.4 7.9 2.3 8,090 0.37

Average 7.3 7.2 2.8 8,750 0.33

PR-CR-2C 2 9.6 5 ol L.0 -- 0.21
9.8 53 s -- 0.1¢

21 13.9 8.5 5.6 -- 0.23

Average 11.1 6.l L 0.2]

Cyclic stress-strain curves determined for three specimens of
granite revealed that this material was somewhat inelastic and rather
brittle. exhibiting relatively little plastic deformation (axially)
prior 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-4O were petro-
graphically identified as biotite gneiss. All specimens contained

tightly closed fractures ranging from horizontal to vertical in L




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

Detailed results are given in Appendix F.

Hole No. Specimen Specific Schmidt Ultimate Compressional
No. Gravity No. Uniaxial Wave Velocity
Compressive
Strength
psi ft/éec
PB-CR-LO L 2.73 -= 36,890 18,270
2.75 5L4.6 27,270 19,710
11 2.76 -- 25,390 17,910
1 2.7k - 24,700 19,120
15 2.92 sh.9 . 56,670 22,340
2 2.74 56.0 42,120 19,230
21 2.75 58.5 2l ,090 18,900
Average 2.77 56.0 33,880 19,250

Ultimate uniaxial compressive strengths exhibited by the biotite
gneiss were, on the average, higher than those for any other material
from this area. The range in strength was probebly due to variation
in nature and degree of fracturing, but no definite trends were
apparent.

Compressional wave velocities were moderate to high in magni-
tude, the highest velocity (22,340 ft/sec) being exhibited by the
specimen that also yielded the highest ultimate uniaxial compres-

sive strength.

As indicated in the following tabulation, elastic constants




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

able, particularly the dynamic constants.

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

lO6 psi 106 psi 106 psi ft/sec

Dynamic:
PB-CR-LO b T o5 8.6 2.8 8,670 0.35
7 335 9.0 L,0 10,440 0.30
11 7 o6 8.0 2.9 8,870 0.34
i2 1065 8.0 b1 10,570 0.28
15 13.2 13.0 5.0 11,240 0.33
20 Bl 2.6 3.0 8,990 0.36
i 10.0 8.0 3.9 10,260 0.29
Average 9.7 9.2 3.8 2.860 0.32

Static:

PR-CR-LO 12 11.8 7.2 4.8 -- 0.23
20 1.5 2.3 5.9 -- 0.2h
Average 13.2 2.2 5elt 0.2k
Interestingly, the variation in dynamic elastic constants ap-

veared to be due principally 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 two of the biotite
gneiss specimens tested revealed that this material was somewhat in-

elastic, generally exhititing some hysteresis. Upon unloading,
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however, strain appeared to be completely recoverable.

3.6 OTHER ROCK TYPES

Also received from the Pembine Area, but in rather insignificant
quantities, were several specimens of quartz gneiss and biotite
schist. The quartz gneiss was removed from Hole PB-CR-4O, and the
biotite schist was removed from Hole PB-CR-2. Results of physical
tests are given in Appendixes A and F.

The quartz gneiss was comparable to the biotite gneiss also
removed from Hole PR-CR-U40, exhibiting physical tes: results in the
same general range. The biotite schist removed from Hole PR-CR-2
was determined to be somewhat weaker than the tonalite removed from
the same hole. The two tonalite-biotite schist contact specimens
were particularly weak, both yielding ultimate uniaxial compressive

+ 43 e Y - -~
strengths of less than 8,000

F24 361-541 -

Lo

si. These very low strengths were

probably due to discontinuities present along the contact surface.
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CHAPTER 4

SPECIAL TESTS

4,1 ANISOTROPY TESTS

Eight rock specimens from the Pembine Area were selected and

prepared for determination of compressional and shear velocities
according to the ASTM proposed method of test for laboratory deter-
mination of ultrasonic pulse velocities and elastic constants of
rock. The NX-diameter specimens were cut to lengths of 2 inches and
ground on ‘he ends to a tolerance of 0.00l inch. Four 1/2-inch-wide
strips were also ground down the sides of the cylindrical surface at
9C-degree angles. The velocities, densities, and dimensions were
measured as specified in the proposed test method. Results of veloc-
ity determinations are given in Table 4.1,

Compressional wave velocities exhibited by the several specimens
tested were somewhat variable in magnitude, ranging from moderate to
high. Significantly, however, variation within particular rock types
was generally slight. The one exception was yielded by the two to-
nalites, 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‘est deviations
from the average.

A compilation of the elastic properties computed from the com-

pressive and shear velocities and the specific gravity is given in
Table 4.2, However, particular discretion must be used in utilizing
the moduli results, as experimental errors are introduced when 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 compressional wave veloc-
ities varies by more than 2 percent from their average value. The
error in Young's modulus (E) and shear modulus (G) due to both ani-
sotropy and experimental error then does no% exceed 6 vercent." Nat-
urally, the error is compounded by greater differences in the three-
directional velocity measurements, as are present here.

The 2 percent allowable deviation proposed by the ASTM appears
to be unrealistic since laboratory-determined values of compressional
and shear wave velocities are reproducible within a deviation from
the average of only 2 to 3 percent. Thus, it would sppear that the
point of division between isotropy and anisotropy would more realis-
tically be in the range of 5 to 8 percent deviation from ‘he average.
It should be kept in mind, however, that this greater deviation would

also allow a greater error in the computed values of £ and G .

33




bbbt e SR,

L,2 COMPARATIVE TENSTLE TESTS

Seven NX-diameter rock specimens were selected in an attempt to
represent the variation of rock type present in the core received
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 ]

\l

Core Specimens." For comparative purposes, tensile splitting tests
were conducted on specimens cut adjacent to the direct tensile test

specimens. The test resulis are given in Table L4.3.

Direct tensile strengths exhibited by the material from this
area were guite high, i.e., greater than 1,000 psi in all instances.
In one case, & direct tensile stress cf 3,220 psi was spplied without
rock failure; the strength of the rock exceeded the adhesive strength
of the spoxy. This specimen could not be tested to failure, but
2,220 psi should represent ‘he minimum direct tensile strength of
this intact specimen.

Indirect (Brazilian) 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 without having any detrimental effect on direct
strength (fractures perpendicular to plane of application of stress

in this case).
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In most cases, the direct tensile strength should better reflect
the minimum tensile strength characteristic of a particular rock
specimen since a specimen subjected to direct tension should be more
prone to failure at a point of minimum strength, i.e., along frac-
tures, etc. However, in cases in which fractures are oriented verti-
cally, i.e., parallel 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-

ing present in the core.

4,3 PETROGRAPHIC EXAMINATION

L,3.1 Core Samples. Six boxes of NX-size core from holes in

Dickinson County, Michigan, and Marinette and Oconto Counties, Wis-
consin, were received for testing in November 1962. ZEach 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.

(1) Hole PS-CR-2 (SAMSO-13, DC-1). The core was red and

black, medium-grained tonalite with a small amount of black, fine-
grained biotite schist.

Specimens 1 through 6, 8 through 14, and 19 through 26 were ﬁ
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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
ranged from vertical to horizontal, but most of these fractures were
healed and not open.

Specimens 7, 16, and 17 were biotite schist. Specimen 7 con-
tained a 45-degree foliation, and Specimens 16 and 17 contained low-
angle foliation and high-angle healed fractures.

(2)  Hole P3-CR-20 (SAMS0-13, DC-2). The core was white

and black, medium-grained granite and pink, medium-grained granite.
The pink granite made up approximately two-thirds of the core, and
the remainder of the core, Specimens L, 5, 1k, 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
appeared intact.

(3) Hole PR-CR-27 (SAMSO-13, DC-3). The core was dark gray,

fine-grained amphibolite gneiss and blue, black, and brown, coarse-
grained tonalite. Specimens 5, 6, & through 12, 20, and 21 were
tonalite, and the remaining specimens were amphibolite. All of the
specimens of tonelite 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 fractures at U5 degrees.
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(4) Hole PB-CR-40 (SAMS0-13, DC-4). The core was black,

medium-grained biotite gneiss; gray and black, fine-grained quartz
and amphibolite gneisses; and gray, medium-grained, tonalite gneiss.
Specimens 1 through 3 were gray tonalite gneiss with a nearly hori~
zontal foliation. Specimens 13, 14, and 17 were fine-grained quartz
gneiss. Specimens 8, 18, and 22 were amphibolite gneiss. The re-
maining specimens were biotite gneiss. All of the specimens con-
tained fractures, but none of the specimens appeared weathered.

Most of the specimens of biotite schist contained a2 well devel-
oped foliation. Specimens 5, 7, 11, 12, 20, and 21 were severely
fractured, and Specimens 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) Hole P3-CR-16 and -16A (SAMS0-13, DC-5). The entire core

was dark green, medium-grained amphibolite gneiss that contained
numerous fractures. The number and orientation of the fractures
varied from specimen to specimen. Specimens 5A through 84, 1lA, and
14A contained critical-angle fractures sealed with calcite. Speci-
men 13A contained open, high-angle fractures. Specimens 1A and 2A
were slightly weathered.

(6) Hole PB-CR-10 (SAMSO-13, DC-6). The core ranged from

gray to pink, medium-grained tonalite. The gray tonalite was
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coarser grained than the pink tonalite and contained fewer fractures.
Specimens 1 through 5 were the gray tonalite, and Specimens 9 through
é 12 and 14 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 through 12, 17, and 21 were
severely fractured.

4.3.2 Specimens Selected for Examination. The specimens se-

Hole No. CD Serial No. Spec- Approxi- Rock Description
imen mate
No. Devth
feet
PB-CR-2 SAMSO-13, DC-1 6 L7 Red and black, medium-

grained tonalite with a
1/2-inch-thick vertical
quartz vein

815 | 88 Black and red, medium-
grained tonalite with
several horizontel
fractures

PB-C2-20 SAM30-13, DC-2 8 77 White and black, medium-
: grained granite

16 150 Pink, medium~grained

granite
(Continued)
38




Hole No. CD Serial No. Spec- Approx- Rock Description
imen imate
No. Depth
feet

PB-CR-27  SAMSO0-13, DC-3 »+ 10

16

1

PB-CR-16A SAMS0-13, DC-5 17

PB-CR-10 SAMS0-13, DC-6 2

2L

104

16k

L3

123

176

Blue, black, and white,
coarse-grained tonalite
with nearly vertical and
horizontal fractures

Black, fine-grained am-
phibolite with an inclu-
sion of fine-grained

tonalite

Black and white, medium-
grained tonalite with sev-
eral sealed fractures

Black and gray, medium-
to fine-grained biotite
gneiss

Black and gray, medium-
grained quartz gneiss with
fine-grained tonalite

inclusions

Dark green, medium-grained
amphibolite with three
calcite-filled critical-
angle fractures

Gray, medium-grained
tonalite with 2 healed
low-angle fracture

Pink, medium-grained
tonallte with many high-

angle fractures
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4,3,3 Test Procedure. Each piece of core was sawed axially

yielding two sections that were both designated by the original spec-
imen nurter. 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 (44 um). X-ray diffraction (XRD) patterns were made of

D

ach sample as a tight-packed powder. All XRD patterns were made
using an XRD-5 diffractometer with nickel-filtered copper radiation.

The samples X-rayed are listed as follows:

Hole No. Serial No. Spec- Description of X-Ray Sample
imen
No.
PB-CR-2 SAMSO-13, DC-1 2 Entire length except for ver-
tical guartz vein
abil Entire length of core
PB-CR-20 SAMS0-13, DC-2 8 Entire length of core
15 Entire length of core
PB-CR-27 SAMS0-13, DC-3 10 Entire length of core
16 a) Fine-grained amphibolite

(b) Medium-grained tonalite

PB-CR-L0O SAMS0-13, DC-L 3 Entire length of core

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

imen

No.
PB-CR-40 SAMSO-13, DC-4 6 Entire length of core
(Cont'd)

1 Entire length of core
PB-CR-16A  SAMSO-13, DC-5 17 Entire length of core
PB-CR-10 SAMSO-13, DC-6 2 Entire length of core

21 Entire length of core

Small portions of the powdered samples were tested with dilute
hydrochloric acid and with a magnet to determine whether carbonate
minerals or magnetite were present.

The polished surface of each section was examined with a stereo-
microscope. Thin sections were prepared from each section of core
and examined with a polarizing microscope. A point-count modal anal-

ysis was made on each thin section in which a count was made at 500

points.

= L.3.4 Results. The cores examined from the Perhine Ares can ba

divided into three groups, according to bulk composition: granites
(Reference 1), tonalites (Reference 1), and gneisses. All of %he
cores were taken from the Precambrian rocks near the Tron River-
Crystal Falls and Menominee Districts of northern Michigan and north-

western Wisconsin (Reference 3). Core PB-CR-2 was taken from a
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strongly deformed tonalite gneiss in the area of the Peavy Node,
north of the Menominee District (Reference L4). 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
Amberg granites, and Core PB-CR-10 was taken from the Newingham %
granodiorite west of the Menominee District. Core PR-CR-40 wes teken
from metavolcanic rocks in northwest Oconto County.

The cores examined included more tonalites than grenites or
gneisses. The rocks represented by these cores have undergone geo-
logic histories similar to those of the rocks from the Michigamme
Area to the rorth. The rocks in the Pembine Ares had undergone 2

wide range of thermal and dynamic mebamorphic effects. As in the

Michigamme Area, metamorphic rank and degree of shearing were not i

directly relzated, as rocks of low metamorphic rank were often the

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

The modal composition of each type is shown in Tables L.k

through 4.5, and the bulk composition by XRD in Tables L.7
through L.o.

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

fine-grained to pink, medium-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 withiﬁ 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 (SAMSO-13, DC-2). This sec-

tion was typical of the pink granites in this core. The rock was
medium-grained (Figure 4.1) and consisted of nearly equal amounts of
microcline, plagioclase, and quartz and a small amount of biotite
(Table L.h), The section was slightly altered; plagioclase with an
anorthite content of 15 percent was partially altered to sericite,
and quartz was only slightly strained. Microcline and biotite were
unaltered. There were a few microfractures present that had been
filled with calcite.

(b) Section 16 of Core PB-CR-20 (SAMSO-13, DC-2). Though

this section had a composition similar to that of Section 8 of Core
PB-CR-20, it was much finer grained (Figure 4.1). 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 L4.Lk). 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-

cline and quartz were unaltered. This section contained no fractures.
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(2) Tonalites (Core PB-CR-10 and Parts of Cores PB-CR-2 and

:gzz. 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 plagio-
clase content. Tonalites in Core PB-CR-2 (Table 4.5) were taken
from the southernmost extension of the southern complex and con-
tained less than 30 percent plagioclase. The remaining tonalites
were taken from the younger igneous rocks south of the southern com-
plex and contained an average of 50 percent plagioclase. Core
P3-CR-2 comprised rccks that had undergone dynamic and thermal meta-

morphism. The effects upon the remaining cores were predcminantly

(a) Section 6 of Core PB-CR-2 (SAMSO-13, DC-1). This section

v O

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

vlack, medium-grained ‘tonalite, severely sheared and partially re-
crystallized. A large amount of secondary muscovite, chlorite, and
pyrite had formed in the section. There were two healed fracitures
at the critical angle; along these fractures several large grains of
pyrite had formed (Figure 4.2). Pyrite grains were also common alon
a l/2-inch-thick vertical quaertz vein that formed later than the

fractures. Plagioclase was so severely altered to sericite that the

anorthite content could not be determined. The reduction of grain

Lk
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size by shearing was apparent in all the primary minerals. The modal
composition is shown in Table 4.5, and the bulk composiiion in
Table L4.8.

(b) Section 11 of Core PB-CR-2 (SAMSO-13, DC-2). This sec-

tion contained less quartz and much more mica than did Section 6
(Table 4.5). Although the section contained many fractures, there
was less grain size reduction than in Section 6. The section was cut
by many horizontal fractures (Figure 4.2) along which secondary cal-
cite and pyrite were common. The horizontal fractures represent the
latest dynamic deformation to affect the section, as they cut and
offset a set of high-angle fractures. Muscovite and chlorite were
common secondary products in this rock.

(¢) Section 2 of Core PB-CR-10 (SAMSO-13, DC-5). The section

was gray, medium-grained tonalite. Plagioclase, with an anorthite
content of 28 percent, made up over 50 percent of the rock (Table
4.5). The plagioclase was partially altered to sericite, and the
biotite to chlorite. Low-angle healed fractures cut this section
(Figure L4.3); subsegquent alteration along the fractures had changed
the color to pink. Bulk composition is shown in Table 4.8.

(d) section 21 of Core PR-CR-10 (SAMS0-13, DC-6). The sec-

tion was pink, medium-grained tonalite with a well developed high-
angle planar structure (Figure 4.3) 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 4.3). These fractures were sealed
with hematite and calcite. The section probably represents the
sheared equivalent of Section 2 of Core PB-CR-10; the compositions of
the two were very similar (Tables 4.5 and 4.8).

(e) Section 10 of Core PB-CR-27 (SAMSO-13, DC-3). The sec-

tion was bdlue, brcwn,'and black, coarse-grained tonalite. All of the
orimary minerals had been altered slightly. Plagioclase and micro-
cline were altered to sericite, and biotite and hornblende to chlo-
rite. The section was cut by several sealed low- and high-angle
fractures, which zppeared to be unrelated to the mineralogical alter~
ation (Figure L.4). The section contained an inconspicuous low-angle
flow structure.

(£) General. Within the tonalite specimens tested, differ-
ences in compressive strength and elastic properties appear to have
been influenced by differences in degree of fracturing, orientation
of fractures, and extent of recrystallization of the rock following
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 4.5 and 4.8,

respectively.
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(3) Gneisses (Cores PB-CR-4O, -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 tonalite 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.

(2) Section 3 of Core PB-CR-4O (SAMSO-13, DC-4). The sec-

tion was a gray, medium-grained tonalite containing sheared and dis-
rupted augen of gquartz and feldspar (Figure L4.5). The few large
grains present exhibited granulated borders, and most of the primary
minerals had been crushed and recrystallized. Plagioclase was almost
completely altered to sericite, which prevented determination of the
anorthite content, but biotite and hornblende were only partially
altered to chlorite. Modal and bulk compositions are shown in

Tables L.6 and 4.9, respectively.

(vp) Section 6 of Core PB-CR-40 (SAMSO-13, DC-4). This sec-

tion was fine- to medium-grained, black and gray, biotite-hornblende
gneiss, with foliation dipping at 40 to 50 degrees (Figure L.5).
Hornblende and gquartz were common in the medium-grained areas, and

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

of the minerals appeared to be altered, possibly because they were i
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recrystallized. Modal and bulk compositions are shown in Tables 4.6

and 4.9, respectively.

(e) Section 14 of Core PB-CR~40 (SAMSO-13, DC-4). The sec-

tion consisted of about 60 percent quartz, 25 percent plagioclase,
and 10 percent hornblende (Table 4.6). It ranged from medium- to
fine-grained and had been severely sheared, in part recrystallized,
and subjected to several episodes of fracturing. The quartz was
granulated and recrystallized, and the plagioclase was completely
altered to sericite. Bulk composition is shown in Table L,

() Section 17 of Core PB-CR-16A (SAMSO-13, DC-5). The

section was dark green, medium-grained amphibolite showing a folia-
tion or preferred orientation dipping steeply. The section is tre-
versed by gash fractures at about 45 degrees filled with calcite

{(Figure L4.6). Normblende has been severely altersd to chlorise, and

o

vlagioclase completely altered to sericite. Quartz occurred as small
- - - W v

44 & E 2 ey 9 s b, q 11 2 el
cattered intersiitial grains. Modal and bulk compositions are showm

n

in Tables 4,5 and 4.9, respectively.
2

(e) Section 17 of Core PB-CR-2 (SAMS0-13, DC-1). The sec=

1 2

tion was black, fine-grained, biotite gneiss that had been sheared
and severely altered. Biotite was partially altered to chlorite, and
epidote was a conspicuous metamorphic product. There wasg a large

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

steeply dipping fractures, low-angle fractures, and two almost

L8




vertical fractures (Figure 4.7). Modal and bulk compositions are
shown in Tables 4.6 and 4.9, respectively.

(f) Section 16 of Core PB-CR-27 (SAMSO-13, DC-3). The

section was black, fine-grained, hornblende-biotite gneiss with an

inclusion of gray, medium-grained tonalite. The section was cut by
several low- and hirsh-angle fractures that were usually sealed with
calcite. The gneiss was not severely altered, as plagioclase was

-

partially altered tc sericite and biotite was slightly altered to

chlorite (Figure 4.7). The ‘onalite had been crushed and recrys-

4

tallized. Modal and bulk compositions are shown in Tables 4.6 and

4.,3.5 Summary. Thirteen specimens of NX-size core from six

holes in the Pembine Areaz of northwest Wisconsin and northern
Vichigan were examined. The four major rock types were granites,

tonalites. amphibolite gneisses, and biotite gneisse:. The tonalites

were the most abundant rock types. The rocks were all essentially
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TABLE 4.4 MODAL COMPOSITION OF GRANITES FROM THE PEMBINE AREA

Composition is based on count at 500 points in each thin section.

Constituent Percent of Constituent in
Core PB-CR-20 (SAMSO-13, DC-2)

Section 8 Section 16 1
Quartz 29 29
Plagioclase 30 30
Microcline 34 28
Biotite 6 10
Magnetite - Trace Trace
Zircon Trace Trace
Chlorite i A 2
Epidote -- Trace
Calcite Trace Trace




TABLE 4.5 MODAL COMPOSITION OF TONALITES FROM THE PEMBINE AREA

Composition 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~10 Core PB-CR-27
] (SAMS0-13, DC-1 (SAMS0-13, DC-6) (sAMSO-13, DC-3)
|
: and -2) Section 10
Section Section
Section Section 2 oy
6 1t
Quartz 13 31 29 25 28
Plagioclase 28 26 52 56 Lp
Microcline g 3 3 - 13
Biotite 3 15 12 L 2
: Chlorite 1 10 2 8 L
| ,
Muscovite 10 6 Trace 1 St
E Hornblende -- -- -- - 3
3
Calcite 4 L Trace 2 3
Magnetite -- -- - Trace --
Pyrite 2 b -- B al
Hematite - - - At =
Zircon Trace Trace - Trace Trace
Apatite Trace Trace Trace Trace Trace

Epidote -- - 1 3 Trace
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TABLE 4.7 BULK COMPOSITION OF GRANITES FROM THE PEMBINE AREA

Composition is based on XRD results.

Constituent Amount of Constituent in Core PB-CR-20

(SAMS0-13, DC-2)

Section 8 Section 16
Quartz Abundant Abundant
Plagioclase Abundant Abundant
Microcline Abundant Abundant
Biotite Minor Minor
Chlorite -- Trace
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TAELE 4.8 BULK COMPOSITION OF TONALITES FROM THE PEMBINE AREA

Composition is tused on XRD results.

Constituent Amount of Constituent in Indicated Core
Core PB-CR-2 Core PB-CR-10 Core PB-CR-27
(sAvs0-13, DC-1 (SAMS0-13, DC-6)  (SAMSO-13, DC-3)
and -2) Section 10
Section Section
Section Section 2 21
6 i
Quartz Abundant Abundant Abundant Abundant Abundant
Plagioclase Abundant Abundant Abundant Abundant Abundant
Microcline Minor Trace Trace - Minor
Biotite Minor Minor Minor Trace Minor
Chlorite - Minor Minor Minor -
Muscovite Minor Minor - - -
Calcite Trace - Trace Trace --
Pyrite Trace Trace -- -- Trace
Hornblende -- - - - Minor
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CHAPTER

DISCUSSION AND CONCLUSIONS

5.1 DISCUSSION

The 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 one rock type, the evaluation of the hole will, of course, be
dictated by the characteristics of the particular rock type present.
However, in those instances in which seversal rock types are repre-
sented in a single hole, the evaluation of the hole will necessarily
reflect the guality of the least competent materisl {ested.

To facilitate evaluation of the Pembine Area in this manner, a
rock quality chart (Figure 5.1) was prepared. Ultimate uniaxial com-
pressive sirengths depicted on this chart were expressed in one of the
three following categories: good (312,000 psi), merginal (8,000 to
12,000 psi), and poor (<8,000 psi).

Locations of the individual drill holes are shown in Figure 5.2.

5.2 CONCLUSION

n the basis of physical test results exhibited by the specimens
of rock core received from the Pembine Area, the following conclusions
appear warranted:

1. The rock core received from the Pembine Area was identified
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petrographically as predominantly tonalite, granite, amphibolite
gneiss, and biotite gneiss, 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-CR-16 and -16A were sealed with calcite.

3. Physical test results exhibited by the rock core specimens
from this study area ranged considerably in magnitude. The majority
of the core yielded ultimate uniaxial compressive strengths typical of
competent material (312,000 psi). Several of the critically to highly
fractured specimens and specimens containing calcite-sealed fractures

exhibited physical test results that are characteristic of incompetent

t, The tonalite was generslly marginal to competent in cuality,
the vast majority of the core exhibiting ultimate uniaxial compressive
strengths greater than 12,000 psi. Three highly fractured specimens,
however, were incompetent. All three were removed from Hole PB-CR-10.

5. The amphibolite gneiss ranged from incompetent to competent
in quality, the majority of the lower quality rock coming from Cores
PB-CR-16 and =16A. The fractures in the core from these holes were
sealed with calcite, probably resulting in the somewhat lower
strengths. Compressional wave velocities were relatively unaffected

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

material, with the ultimate uniaxial compressive strength averaging
approximately 33,000 psi. Fractures appeared to have little or no
effect on ultimate strengths and compressional wave velocities. Com-
pressional wave velocities were quite uniform, but unusually low for
a material exhibiting such high ultimate uniaxial compressive
strengths.

7. The biotite gneiss removed from Hole PB-CR-ULO was somewhat

<

ariable, but very competent; ultimate uniaxial compressive strengths
rom approximately 25,000 to 55,000 psi.

8. The quartz gneiss removed from Hole PB-CR-LO was relatively
competent rock, exhibiting physical test results in the same general
range as those exhibited by the bilotite gneiss also removed from that
hole,

9. The two tonalite=biotite schist contact specimens received
from Hole PB~CR=-2 were very incompetent, both yielding ultimate uni-

-

axial compressive sirengths less than 8,000 psi. Thi

[0}
| .
o
Q
O
B
D
ot
]
o
o]
(]

was probably due to discontinuities present along the contact surfaces.
10. Elgstic constants determined for the materigl from this ares

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

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

the tonalite. The fractured amphibolite gneiss yielded the highest
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values. Generally, static moduli were slightly higher than their cor=-
responding dynamic values.

11. All of the material from this area was somewhat inelastic.
Most was quite brittle, exhibiting little plastic deformation prior to
catastrophic failure. Cyclic stress=strain curves usually depicted
slight hysteresis, with strain completely recoverable upcn unloading.

12. Anisotropy tests revealed that the material from this area
was slightly anisotropic, deviations from the average compressional
wave velocity generally being less than 3 percent and in no case

i3. Tenmsile strengths exhibited by the various rock types were
very high; direct strengths were, in all cases, greater than 1,000 psi.

1L, Evaluation of the Pembine Area core on a hole-to-hole basis
indicates that the granite removed from Hole PB-CR=-20 and the biotite
and quartz gneiss removed from Hole PB-CR-40 are quite competent mate-

rials that should offer good possibilities as competent hard rock

media.
The tonalite and amphibolite gneiss removed from Hole PB=CR-27

were found to be relatively competent rock, with only one specimen,

an amphibolite 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.

Foles PB-CR=2, =10, and =1AA generally yielded rock core that




exhibited rather varied physical properties. Though much of the rock
was relatively 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 Jjustify classification of the core from these three
holes as unsuitable, incompetent media.

The evaluations and conclusions above were based on somewhat
limited data. Therefore, more extensive investigation will be re-
guired in order to fully define the individual areas under

consideration.
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APPROXIMATE
ULTIMATE UNIAXIAL
COMPRESSIVE STRENGTH
SYMBOL ROCK QUALITY PSI

m MARGINAL 8,000-12 000
:] 600D > 12,000

HOLE NO. PB-CR-

16A 20

%

195/

188 185 /l//
‘ V4

NOTE: NUMBERS WITHIN BLOCKS INDICATE DEPTHS OF TEST SPECIMENS IN FEET

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

DATA REPORT
Hole PB-CR-2
25 Movember 1969

Hole Location: Dickinsom Coumty, Michigan

Towmship 41N, Range 30W, Sectiom 22
Longitude: &5° 56' Morth
Latitude: 88° 03’ West

Core

1. The following core was received non 7 November 1969 for testing:

Core Piece No. Approximate Depth, ft
1 6
2 13
3 25
4 33
S 40
6 &7
7 53
8 63
9 72

10 83
11 88
12 97
13 100
14 101
15 106
16 108
17 115
18 118
19 130
20 140
21 pL2
22 157
23 165
25 179
25 188
26 199

Description
2. The samples received were somewhat variable in appearance. Accord-

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

pinkish-gray to gray granite and gneissose granite and black basalt.

>




Specimen Nos. 1, 2, 3, &, 5, 11, 12, 13, 14, 15, 16, 18, 19, 21, 22,

23, and 25 contaimed tightly closed fractures; No. 9 comntained a
vertical opsn fracture.

Quality and uniformity tests

3. To determine the variatioms im physical properties within the
hole, specific gravity (sp gr), Schmidt number, ultimate compressive
strength (comp strg), and compressional wave welocity (comp wave vel)
were determined on specimens prepared from representative samples of

the received rock. The results of these tests are giver delow:

Core Ultimate
Sample Depth Schmidt Comp Comp Wave
No. Description ft Sp Gr No.* Strz, psi Vel, fps

Tonalite 3 Oranite 25 2.676 - 37,120 16,270
Tonalite 5 Grankte 40 2,716 S0.6 18,790 18,760
Biotite Schist 7 Basalt 53 2.914 - 18,300 17,350
Tonalite 9 Grantite 72 2.667 - 16,170 16,440
Tonalite 12 Granite 97 2.682 - 23,290 16,200
Tonalite- 15 Besalt - 106 2.716 - 4,000 17,320
Biotite Schist Contact
Biotite Schist 16 Basalt 108 3.091 58.8 28,640 22,640
Tonalite=- 18 Gneiossse -Grantiew
Biotite Schist -Baselt -Gonteact 118 2.726 55.5 2,670 17,70
Contact
Tonalite 19 Cueioscse Grenite 130 2,686 $6.5 27,880 15,229
Tonalite 23 Cneisscse GCranite 165 2,678 53.9 25,450 15,210
Tonalite 25 Cneissocse Cranite 188 2,662 55.5 32,580 15,830

Average of Specimens PFafling
Along Practures, Nos. 15 and 18 2,721 $5.5 3,340 17,550

Average of Specimens Failing
with Vertical Splitting (9) 2.7%2 ss.1 25,360 P LY

* Schmidt hammer test not conducted on several specimens due to
possibility of breakage.
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8. Two of the specimens tested failed alomg preexistimg, tightly
closed, healed fractures at very low stresses. The remainder of the

specinens failed by vertical splitting, which appsared to be relatively

independent of Preexistent fracturing present in many of the test specimens.

Moduli{ of defermation

S. Representative specimens were selected for dynamic and static
noduli of deformation tests. The dynamic moduli were determined by the
proposed ASTM method for determination of upltrasomic pulse velocities
and elastic constants of rock. The static moduli were computed from
theory of elasticity by use of strain measurements taken from electrical
resistance strain gages affixed to the specimens, Mos. 3, 16, and 25.
Stress-strain curves are given in plates 1, 2, and 3. Specimens 3 and
25 were cycled at 15,000 psi; specimen 16 was cycled at 5000 psi. Results

are given below:

Specimen —__Modulus, pei x 10° Shear Poisson's
No. Young's Bulk Shear Velocity, fps Ratio
Dynamic Tests
3 9.4 2.7 5.2 11,950 -
5 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
15 8.5 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 0.35
19 7.2 4.5 2.9 8,960 0.23
23 6.9 4,7 2.8 8,750 0.25
25 7.1 5.2 2.8 8,830 0.27
Static Tests
3 10.0 5.2 4,2 -- 0.18
16 15.4 9.2 6.3 - 0.22 E
25 9.8 5.3 4,1 - 0.19 3
i




Dynamic Poisson's ratio could not be accurately computed for specimen 3 2
dee to the unusually high shear velocity to compressive velocity ratio. |
The specimens tested herein were quite brittle, exhibiting only slight
hysteresis.
Zonclusfons

6. The core received for testing from hole PB-CR-2 was somewhat
variable in appearance, identified by the field log received with the
core as pinkish-gray to gray granite and gneissose granite and black
basalt, Most specimens contained tightly closed fractures. Specimens
15 and 18, which contained tightly healed, eriticclly oriented fractures,
failed along these fractures at very low ultimate stresses. The remainder
of the specimens, except specimen 7 which apvpeared intact, also contained
tightly closed fractures, but failed by vertical splitting, apparently
indenendent of the fracture systems present. Ultimate compressive
strengths ranged from 16,000 to 32,000 i»ai. Specimen 13, a dense basalt,

exhibited unusually high velocities and moduli.

Average of Average of
Specimens Specimens
Failing by Failing Along
Vertical Preexisting
Property Splittiug Fractures
Specific Gravity 2.752 2.721
Schmidt Number $5.1 55.5
Compressive Strength, psi 25,360 3,340
Compressional Wave Velocity, fps 17,100 17,550
Static Young'e Modulus, psi x 106 11.7 -

P
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APPENDIX B
DATA REPORT
Hole PB-CR-10
26 November 1969
Nole Location: Marinette Coumty, Wiscomsin
Township 41N, Range 30W, Section 22
Longitude: 45° 36' North
Latitude: 88° 03' West
Core

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

Core Piece No. Approximate Depth, £t
1 L)
2 la
3 25
L 38
5 47
6 S7
7 70
8 82
9 91

10 93
11 99
12 104
13 109
14 114
15 120
16 129
17 133
18 145
19 150
20 160
21 169
22 172
23 176
24 185
25 193

Description

2. The samples received were 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 granodiorite. All specimens
except Nos. 1 and 25 contained fractures: several specimens were highly

fractured.
83
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Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Schistose
Inclusion
Ton~lite
Tonalite
Tonalite
Tonalite
Tonalite

Tonalite

Quality and uniformity tests

3.

To determine the variastions in physical properties within a

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

strength (comp strg), and compressional wave velocity (comp wave vel)

were determined on specimens prepared from representative samples of

the received rock.

The results of these tests are given below:

Core Ultimate
Sample Depth Schmidt Comp Comp Wave
No. Description ft Sp Or No.* Strg, psi Vel, fps
3 Moderately Fractured 25 2,720 53.7 18,760 19,890
S Moderately Fractured 47  2.739 §5.9 14,210 20,050
8 Moderately Fractured 82 2,700 52.2 11,150 19,470
10 Highly Fractured 93 2,692 - 7,880 17,580
12 Highly Fractured 104 2,651 56.8 5,300 17,670
13 Highly Fractured 109 2.771 - 1,290 16,360
pLs Moderately Fractured 114 2.708 S&.8 11,520 19,430
17 Highly Fractured 133 2.702 - 6,730 18,050
19 Moderately Fractured 150 2.737 - 13,730 19,420
22 Moderately Fractured 172 2.711 - 15,850 19,060
23 Moderately Fractured 176 2.704 52.8 14,670 19,200
24 Moderately Fractured 185 2.729 48.5 19,940 19,920
Average of Highly Fractured
Specimens (4) 2.70& 56.8 5,300 17,420
Average of Moderately Fractured
Specimens (8) 2.718 53.0 14,970 19,560

* Schmidt hammer test not conducted on several specimens due to
possiboility of brekage.




4. Some of the core from this hole was M;hiy fractured, i.e.,
contained many fractures oriented in various directions and frequently
intersecting. These specimens were generally representative of the
granite recovered from depths 80 to 140 ft as indicated in the core log.
The moderately fractured specimens generally contained few fractures,
usually not intersecting.

Moduli of deformation

5. Representative specimens were selected for dynamic and static
moduli of deformation tests. The dynamic moduli were determined bv the
proposed ASTM method for determirnation of ultrasonic pulse velocities
and elastic constants of rock. The static moduli were computed from
theory of eiasticity by use of strain measurements taken from electrical
resistance strain gages affixed to the specimens, Nos. 5, 19, and 23.
Stress-strain curves are given in plates 1, 2, and 3. The three sSpecimens

were cycled at 5000 psi. Results are given below.

Specimen Modulus, psi x 106 Shear Poisson's
No. Young's Bulk Shear Velocity, fps Ratioc

3 9.4 9.8 b 8 9,790 0.34
5 10.7 $.3 4.1 10,570 0.31
8 1.0 10.4 S 8,300 0.39
10 9.0 6.5 3.6 9,910 0.27
12 5.9 7.8 Lo 8,430 0.35
13 6.0 7e 2.2 7,680 0.36
14 Tl 10.3 2,6 8,370 0.39
17 7.0 8.4 2.6 8,390 0.36
19 8.1 9.9 340 8,990 0.36
22 7.4 9.7 2.7 8,580 0.%7
23 b {3 5 7 8.2 3.9 10,370 0.29
24 Tl 1.1 2.6 8,360 0.39
{Continued)




(Continued)

Specimen Modulus, psi x 108 Shear Poisson's
No. Young™s Bulk Shear Velocity, fps Ratio
Static Tests 4
S 11.1 7.4 b & - 0.25
19 11.8 6.4 4.9 - 0.19
23 10.0 5.7 b1 - 0.21

6. The moderately fractured material tested herein is gquite britt!;.
exhibiting very little hysteresis. The erratic behavior of the stressa-
strain curves for specimen No. 19 was apparently due to sudden slipvage
along fracture surfaces at the higher stress levels.

Conclusions

7. The core received for testing from hole PB-CR-10 was somewhat
variable, identified by the field log received with the core as pink to
pinkish-gray granite and grav to pinkish-gray granodiorite. 11 specimens
except Noa, 1 and 25 contained fractures:; gseveral specimens were highly
fractured. The highly fractured material from this hole was very
incompetent, exhibiting compressive strengthe ranging from 1300 to
7900 psi. Compressive wave velocities were significantly lower for *hie
material than for the moderately fractured rock, apparently due to the
greater degree of fracturing present. The moderately fractured rock was
somewvhat stronger, exhibiting compressive strengths ranging from 11,000

to 20,000 psi.

e -
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Average

of Highly
Fractured
Specimens
Property (&)
Specific Gravity 2,704
Schmidt Number 56,8
Compressive Strength, psi 5,300
Compressional Wave Velocity, fps 17,420
Stastie Young's Modulus, psi x 10 6 -
Dynamic Young's Modulus, psi x 10 7.2

Average of

Moderately

Fractured

Specimens
(8)

2.718
53.0
14,970
19,560
11.0

8.4
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APPENDIX C
DATA REPORT
Hole PB-CR-~16, -16A

26 November 1969

Hole Location: Marinette County, Wisconsin
Township 37N, Range 21E, Section 24
Longitude: 45% 34" North

Latitude: 87° 49' West

1. The following core was received on 12 November 1962 for testing:

PB-CR-~16 Approximate PB-CR=-16A Approximate
Core Piece No, Depth, ft Core Piece No. Depth, ft
i 9 1A 7
2 18 2A 30
3 23 3A 40
LA 48
5A 60
6A T
7A 78
8A 88
9A 98
10A 108
11A 116
12A 128
13A 140
14A 148
15A 160
16A 167
17A 176
18A 185
19A 195

Description

2, The samples received were similar in appearance. According to
the field logs received with the core, the rock was identified as dark-
green greenstone, All specimens contained fractures, many of which were

filled with a white substance, probably calcite.
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Amphibolite
Cneiss

ual d un ty test

3., To determine the variations in physical properties within a
hole, specific gravity (sp gr), Schmidt number, ultimate compressive
strength (comp strg), and compressional wave velocity (comp wave vel)
were determined on specimens prepared from representative saméles of

the received rock, The results of these tests are given below:

Core Ultimate

Samn le Core Log Depth Schmidt Comp Comn Wave

No, Description ft Sp Cx No ,* Stre, psi Vel, fps
( 1A Greenstone 7 2.888 -- 27,270 20,690
E 5A Greenstone 60 2,935 57.8 12,420 22,180
E 6A Greenstone bl 2.871 56,0 6,820 21,750
E 8A Greenstone 88 2,951 57.0 21,910 22,500
EIOA Greenstone 108 2.931 52.9 24,240 22,180
gltA Greenstone 116 2,812 48,6 ,820 21,240
ElBA Greenstone 140 2,848 56.4 5,790 21,670
§16A Greenstone 167 2.857 51.4 175210 21,520
219A Greenstone 195 2.847 48.3 8,300 20,770
E 3 Greenstone 25 2,805 32.7 11,790 18,960

* Schmidt hammer test not conducted on several specimens cue to possibility
of breakage.

4, The gpecimens from this hole exhibited considerable variation
in uniaxial compressive strength. These results showed no definite trends

toward correlation with other physical features such as nature and degree

of fracturing and type of failure surface exhibited.




Moduli of deformation

5. Representative gpecimens were selected for dynamic and static
moduli of deformation tests, The dynamic moduli were determined by the
proposed ASTM method for determination of ultrasonic pulse velocities
and elastic constants of rock. The static moduli were 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 specimens

were cycled at 7500 psi. Results are given below.

Specimen Modulus, psi x 106 Shear Poisson's
No, Young's Bulk Shear Velocity, fps Ratio

Dynamic Tests

1A 309 11.4 319 10,040 0.35
5A 12.6 1352 4,7 10,930 0.34
6A 2.1 12.2 5.6 10,840 0.33
8A 13,0 1367 4.9 11,050 0.34
10A 12.9 12,9 4,8 11,090 0.33
11A 10.9 1L.6 Go X 11,380 0.34
13A 11.6 12,2 4,3 10,620 0.34
16A Y1o7 L9 4.4 10,700 0.33
19A ELe2 10.8 4,2 10,530 0.33
3 9.0 g 3.4 9,460 0.33
Static Tests
1A 11.8 8.9 4.6 - 0.28
8A 14.3 10.3 5.6 -- 0,27
19A 8.2 5.4 3.3 -- 0.25

6. Dynamic moduli for this material were very high and quite uni-
form. Apparently, the parent rock is itself rather competent, but is k
drastically weakened by the many calcite-filled fractures present
throughout the core., Static tests indicated that the material tested

was very brittle, Little hysteresis was exhibited. ;

g5




Conclusions

7. The core received for testing from holes PB-CR-16 and 16A was

) relatively uniform, identified by the field log received with the core

as dark-green greenstone. All specimens contained fractures, many of
which were filled with a white substance, probably calcite. The con-

sistently high wave velocities and dynamic moduli exhibited by this

material indicated that the parent rock was relatively competent, but
heavy fracturing weakened the parent material drastically. Uniaxial
compressive strengths exhibited by the rock were quite variable, ranging
from 5000 to 27,000 psi, Compressive strengths showed no apparent
correlation with other narameters such as nature and degree of fracturinge.

Physical Test

Property Results
Specific Gravity (Avg) 2.874
Schmidt Number (Avg) Ske2
Compressive Strength, psi (Range) 5,790-27,270
Compressional Wave Velocity, fps, (Avg) 21,350
Static Young's Modulus, psi x 10° (Avg) 11.4
ol
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APPENDIX D
DATA RFPORT
Hole PB-CR-20
26 November 1969
Hole Location: Marinette County, Wisconsin
Townshinp 35N, Range 2N0E, Section 10
Longitude: 45° 31' North

Latitude: 88° West

1. The following core was received on 7 November 1969 for testing:

Core Piece No. Approximate Depth, ft

WO~V HWN =
>
o]

Description

7. The sanples received were relatively uniform in anpearance. Accord-
ing to the field log received with the core, the rock was identified as i
pink to dark-gray granite. Snecimen Nos. 1, 2, 14, and 19 contained fractures.

Considerable variation in grain size was present throughout the core.
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Quality snd uniformity tests

3. To detemmine the variations in physical properties within a
hole, specific gravity (sp gr), Schmidt number, ultimate compressive
strength (comp strg), and compressional wave velocity (comp wave vel)
were determined on specimens prepared from representative samples of

the received rock, The results of these tests are given below:

Core Ultimate
| Sample Depth Schmidt Comn Comp Wave
I No, Descrintion ££ Sp Gr No, Strg, psi Vel, fps
}
2 Fractured Pinkish- 1S 2,676 55,2 24,240 16,610
Gray Granite, Con-
tact Zone
4 Light-Gray Cranite 39 25633 51,0 38,180 16,990
Intact
7 Pinkish-Gray 67 2,658 59.3 31,820 17,200
Grenite, Intact
10 Pinkigh-Gray 98 2.661 59,4 31,670 17,730
Granite, Intact
14 Light-Gray Granite 135 2,704 - 33,330 17,350
Fractured |
17  Gray to Pinkish- 152 2.703  55.3 38,480 17,290 |
Gray Granite, Con~-
tact Zone
19 Pinkish-Gray 172 2.653 -~ 32,730 17,720
Granite, Fractured
2% Pinkish-Gray 193 2,657 _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 hreakage. The results indicate a very comnetent, relatively

uniform rock in this hole.
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Moduli of deformation 1

5. Representative specimens were selected for dynamic and static
moduli of deform~tion tests. The dynamic moduli were determined by the
nronnsed ASTM method for determination of ultrasonic pulse velocities
»n1 elastic constants of rock. Tbe static moduli were comnuted from
theorv of elasticity bv use of strain measurements taken from electrical
resistance strein vages affixed to the specimens, Nos. 2, 4, and 21.
Stress-strain curves are given in nlates 1, 2, and 3. The three specimens

were cycled »t 20,000 psi. Results are given below.

Specimen Modulus, nsi x 106 Shear Poisson's
No.. Young's Bulk Shear Velocity, fps Ratio

Dynamic Tests

2 5.9 Tsl 2.2 7750 0.36
4 7.8 6.4 3.0 9120 0.30
7 7.9 6.5 3.0 9220 0.30
10 6.8 19 2.9 8350 0.36
14 8.8 6.3 3.5 9790 0.27
17 83 6.6 3.2 9420 0.29
19 6.6 8.0 2.4 8260 0.36
21 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 material tested herein is apnarently rather brittle, exhibiting
1ittle hysteresis. The erratic behavior of the stress-strain curves
exhibited by snecimen No. 2 was possibly due to the location of the strain
gages over oreexigting fractures along which sudden sliopage occurred; ﬁ

the strain gages failed prior to failure of the specimen,
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7. Snecimen Nos. 2, 10, 19, and 21 exhibited noticeably lower
shear wave velocities and higher Poisson's ratios than did the remainder
of the core tested. Compressive wave velocities were relatively uniform
throughout. Further investigation revealed that these four specimens
were coarser grained and contained more fracturing, indicating possibly
that shear velocities were detrimentally affected to a greater degree
by larger grain size and physical discontinuities than were compressive
wave velocities,

Conclusions

8. The core received for testing from hole PB-CR-20 was relatively
uniform, identified by the field log 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
comnressive strengths, which ranged from 24,000 to 38,000 ps<, were
indicative of the general competence of this material.

Average of All

Property Specimens Tested (8)
Soecific Gravity 2.674
Schmidt Number 56.3
Compressive Strength, osi 32,940
Comoressional Wave Velocity, fosg 175310
Static Young's Modulus, psi x 10 1.1
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APPENDIX E
DATA REPORT
Hole PB-CR-27
25 November 1969
Hole Location: Marinette County, Wisconsin
Townshin 34N, Range 19E, Section 20

i Longitude: 45°% 24" North

Latitude: 88° 09' West
Core
1. The following core was received on 7 November 1969 for testing:
Core Piece No. Approximate Depth, ft

1 23

2 35

3 46

4 54

5 59

6 71

7 76

8 87

9 95

10 104

yii 113

12 122

13 133

14 145
15 156

16 164

17 173 »
18 185 : 3
19 189

20 193
21 197

Descri~tion

2. The srmnles received were rather variable in anpearance. According
t the field log received with the core, the rock was identified as mottled

red, blac%, and white granite and black migmatic hornfels. All specimens

contained fractures, most of which were tightly closed. The fractures present

in specimen Nos. 4 and 19 were critically oriented.
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Quality and uniformity tests

3. To determine the variations in physical properties within a i
hole, specific gravity (sp gr), Schmidt number, ultimate compressive
strength (comp strg), and compressional wave velocity (comp wave vel)
were determined on specimens preparel from representative samples of

the received rock, The results of these tests are given below: 4

Core Ultimate
Samnle Dapth Schmidt Comp Comp Wave
No, Description £t Sp Gr No.,* Strg, psi Vel, fps

Amphibolite 1 Horizontal 23 2.916 S7.3 43,030 20,465
Cneiss Fractures
Amohibeolite 4 Horizontal 54  2.892 -- 25,210 20,950
Gneiss Fractures
Tonalite 5 Vertical Fractures 59 2.747 S4.6 25,610 18,855
Amphibolite 7 Verticsl Fractures 76.  2:905 S51.7 31210 20,615
Gneiss
Tonalite 8 Verticsl Fractures 87 24139 - 28,480 19,225
Tonalite 12 Vertical Fractures 122 24155 - 36,970 18,820
Amphibolite 13 Containsg Wavey 133 2,828 -- 27,120 19,510
Gneiss Inclugion
Amphibolite 17 Horizontal Fractures 173 2,908 52,1 36,360 20,815
Gneiss
Amphibolite 19 Critically Oriented 189 - 2,925 60,0 3,330 21,315
Gneiss Fracture
Tonalite 20 Horizontal Fractures 193 2,673 -- 25,000 17,455

Specimens Containing Critically 2,925 60,0 ¥5 330 213315

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,
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4. Specimen No. 19 contained critically oriented fractures and
failed along these fractures. Examination of the failure surfaces
indicated that the failure in specimen No. 19 occurred in the fracture
filler material, a possible explaination for the very low ultimate

uniaxial compressive strength exhibited by this specimen,

Moduli of deformation

5. Representative snecimens were selected for dynamic and static

moduli of ceformation tests. The dynamic moduli were determined by the

~roposed ASTM nethod for determination of ultrasonic pulse velocities

and elastic constants of rock, The static moduli were computed from
theory of elasticity by use of strain measurements taken from electrical
resistance strain gages affixed to the specimens, Nos. 4, 12, and 17.
Stress-strain curves are given in olates 1, 2, and 3. The three

specimens were cvcled at 20,000 psi. Results are given below.

Specimen Modulus, psi x 10% Shear Poisson's
No. Young's Bulk Shear Velocity, fps Ratio
Dynamic Tests |
q
b 12,2 51{2 158 6,7 10,960 0.30
4 1143 11.4 4,2 10,440 B33
5 ik 9.3 2.9 8,870 0.36
7 9.9 9.9 3.6 9,650 0.36
5 7.3 73 2.6 8,470 0.38
12 7.9 769 2.9 8,830 0.36
13 8.8 10,6 33 9,250 0.36
17 11.9 10,9 4.5 10,740 0.32 |
19 128 11.3 4,9 11,140 0.31 {
20 56 8.2 20 7,520 0.39 |
(Continued)
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(Continued)

Specimen Modulus, osi x 106 Shear Poisson's
No. Young's Bulk Shear Velocity, fos Ratio
Static Tests
4 13.5 9.5 5.3 -- 0.26
12 1.4 8.0 4.5 -- 0.26
17 13.9 9.9 5(e9 - 0.26
The material tested herein was generally quite brittle,exhibiting slight i
hysteresis. 1
E:
Conclusions ‘

6. 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 migmatic hornfels.
All specimens contained fractures, most of which were tightly closed,
Physical test results were generally high but somewhat variable, With
the exception of two specimens which failed along critically oriented
fractures, unisxial compressive strengths exhibited ranged from 25,000
to 43,0N0 pgi. Of the two gpecimens failing along fractures, one was
considerably weaker (3330 psi). This large difference, since the
fractures were inclined at the same angles, was possibly due to the
differences in nature and amount of filler material observed on the

fracture surfaces.
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Specimens Containing
Critically Oriented Remainder of {

Property Fractures Specimens
Specific GCravity 2,908 2,809
Schmidt Number 60.0 53.9
Compressive Strength, psi 12,270 31,720
Compressional Wave Velocity, fpns 21,130 19,470
Static Young's Modulus, nsi x 108 1355 12.6
E
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APPENDIX F
DATA REPORT
Hole PB-CR-40
25 November 1969
Hole Location: Oconto County, Wisconsin
Township 32N, Range 17E, Section 32
Longitude: 45° 12' North

Latitude: 88° 23' West

1. The following core was received on 7 November 1962 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
b 157 92
12 102
13 113
14 123
15 132
16 144
L7 153
18 158
19 167
20 177
21 188
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 gneiss, augen gneiss, and quartz diorite gneiss. All

specimens contained tightly closed fractures.
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Quality and uniformity tests

3. To determmine the variations in physical properties within a

hole, specific gravity (Sp Gr ), Schmidt number, ultimate compressive

strength (Comr Strg ), and comoressional wave velocity (Comp Wave Vel )
were determined on snecimens nrepared from representative samnles of the

received rock. The results of these tests are given below:

Ultimate
Sample Core Log Core Schmidt Comp Comp Wave
No. Description Depth, ft Sp Gr No.* Strg psi Vel fps
Biotite Gneiss 4 Granite Gneiss 21 2.734 - 36,890 18,270
Riotite Gneiss 7 Transitional 55 2,746 54.6 27,270 19,710
Material

Quartz Gneiss 8 Augen Gneiss 65 3.144 54,2 32,270 21,920

Biotite Gneiss 11 Augen Cneiss 92 2,762 -- 25,390 17,910

Biotite Gneiss 12 Quartz Diorite 102 2.736 -- 24,700 19,120
; Gneiss

Biotite Gneiss 15 Quartz Diorite 132 2,922  54:9 56,670 22,340
Gneiss

Quartz Gneiss 17 Quartz Diorite 153 2.810 57.0 19,090 20,250
Gneiss

Quartz Gneiss 18 Quartz Diorite 158 3.133 -- 36,820 22,110
Gneiss

Biotite Gneiss 20 Quartz Diorite 177 2.735 56.0 42,120 19,230
Gneiss

Biotite Gneiss 2?1 Quartz Diorite 188 2.751 58.5 24,090 18,900
Cneiss

, Averages 2,847 55.9 32,530 19,980

% Schmidt hammer test not conducted on several snecimens due to

possibility of breakage.
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4., The u'timate uniaxial compressive strengths obtained for these
rocks varied considerably; this was possibly due to the variation in
nature of the tightly closed fractures present in the rock.

Moduli of deformation

5. Representative specimens were selected for dynamic and static
moduli of deformation tests. The dynamic moduli were determined by the
proposed ASTM method for determination of ultrasonic pulse velocities
and elastic constants of rock. The static moduli were computed fram
theory of elasticity by use of strain measurements taken from electrical
resistance strain gages affixed to the specimens, Nos. 8, 12, and 290.
Stregs-strain curves are given in plates 1, 2, and 3. The three specimens

were cycled at 20,000 psi. Results are given below.

Snecimen _Modulus, psi x 10 Shear Poisson's
No. Young's Bulk Shesr Velocity, fns Ratio
Dynamic Tests
4 75 8.6 2.8 8,670 0.35
7 10.5 2.0 4.0 11,440 0.30
8 15.3 12.5 5.9 11,790 0.30
11 7.8 8.0 2.9 8,870 0.34
12 10.5 8.0 4.1 10,570 0.28
15 132 13.0 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 81 9.6 3.0 8,990 0.36
21 10.0 8.0 3.9 10,260 0.29

Static Tests




All of the material tested herein exhibited brittle behavior and had

negligible hysteresis.
Conclusions

6. The core received for testing from hole PB-CR-40 was identified
by the field log received with the core as gray to dark gray granite
gneiss, augen gneiss, and quartz éiorite 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 nhysical nroperties is given below.

Property Average Values
Specific Gravity 2.847
Sctmidt Number 55.9
Comnressive Strength, nsi 32,530
Compressional Wave Velocity, f016 19,980
Static Young's Modulus, nsi x 10 12.9
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