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ABSTRACT

laboratory tests were conducted on rock core samples received

fr om six core holes In the Duluth-Vermilion study area of Koochi-

ching, Lake , and St. Louis Counties , Minnesota. Results were used to

determine the quality and uniformity of the rock to depths of 200

feet below ground sur face .

The rock core was petrographicaUy identified as predominantly

tonalite and gabbro , with relatively minor amounts of aznphibolite ,

granite , and gneiss . Many specimens contained fractures ranging in

orientation from vertical to horizontal . Several specimens contained

bands and/or contacts with other types of rock.

Evaluation on a hole-to-hole basis Indicates the tonalite repre-

sented by specimens from Hole DV-CR-19 to be quite uniform and very

competent . • This material should offer very good possibilities as a

competent hard rock med.iuzn . The tonalite, medi.um-grained gabbro ,

and granite and granitic gneiss representing Holes DV-CR-17, ~1i0 ,

and -9, respectively, exhibited physical propertie s typical of rela-

tively competent to ver~ competent material , and all should offer

reasonably good possibilities as competent media. The coarse-graine d.

gabbro from Hole DV-CR-21i., and the aznphibolite and tonalite from Hole

DV-CR-39, were generally marginal (compressive strengt h 8,000 through

12,000 psi) to relatively competent (compressive strength >12,000 psi )

- 3
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in quality, with only one specimen (DV-CB-39, Specimen 7, an amphib-

olite ) yielding an ultimate uxiiaxial compressive strength cha.rac-

teristic of incompetent rock.

Evaluations have been confined to specimens from single holes

and , therefore, more extensive investigation will be required in

order to expand evaluations to entire areas of media.
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PREFACE

This study was conducted in the Concrete Division of the U. S.

Army Engineer Waterways Experiment Station (wEs ) under the sponsor-

ship of’ the U. S. Air Force Space and Missile Systems Organization

(SAZ4SO) of the Air Force Systems Command. The study was coordinated

with c~r Rupert G. Tart, Jr., SAMSO Project Off icer , Norton Air Force

Base , San Bernardino , California. The work was accomplished during

September and October of 1969;under the general supervision of
~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Mr. Bryant Mather, Chief, Concrete Division, and under the direct

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

Branch , W. 0. Tynes, Chief, Concrete and Rock Properties Section, and

K. L. Saucier, Project Officer. Mr. C. R. Hailford was responsible

for the petrography work. Messrs. H. W. Crisp and. K. L. Saucier pre-

pared this report.

Director of the WES during the investigation and the preparation

and publication of this report was COL Levi A. Brown, CE. Technical

Director was Mr. F. R. Brown.
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~‘ N ~I~~ SI u ~ FA’~TCI~S , BRITIS H TO ~.tPTRIC UNITS OF MEASUREME!~T

L~r it i s~. units of’ measurement used in this report can be converted to
r- .etri~ units as follows .

Multiply By To Obtain

inches 25 .24 millimeters

feet 0.30148 meters

feet per second 0.30248 meters per second

pounds 0.245359237 kilograms

pounds per square inch 0.070307 ki lograms (force) per square
centimeter

6.8914757 kilonewtons per square meter
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CHAPTER 1

IWI’RODUCTI ON

1.1 BAC KGROUND

The purpose of this study was to supplement the information be-

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

Space and Missile Systems Organization (sAi~o). It was necessary to

determine the properties of the specif ic materials for evaluation of

the area as a hard rock medium and, as necessary , for design of

structures in the medium . Result s of tests on cores fr om Koochi—

ching, Lake, and St. Louis Counties, Minnesota, are reported. herein.

1.2 OBJECTIVE

The objective of this investigation was to conduct laboratory

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

termine the integrity and. the mechanical behavior of the materials as

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

the results to appropriate users.

1.3 SCOPE

Laboratory tests were conducted as indicated in the following

paragraph on samples received from the field.. Table 1.1 gives per-

tinent information on the various tests.

Tests conducted. to determine the general quality, uniformity,

9 

—~~~~ —--~~—.-~~ --—~~,— 



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

a:~ ii~tegrity of the rock in the area sampled were : (1) relative

I,arJj~ess (Sc~miJt n umber), (2) specific gravity, (3) unconfined com-

pression (cori’ientional and cyclic compression), and (24) dynamic elas-

tic properties. Special tests conducted, respectively, to determine

the deGree of anicotropy of the sampled rock and to facilitate com-

parison of results of direct and indirect tensile tests were:

(1) dynamic elastic properties along three mutually perpcndicular

axes and (2) tensile strength.  A limited petrographic exami nation

was also made .

~~ ~A.’1PLES

Samples were received from six holes in the Duluth-Vermillion

area . These hole s were designated DV-CR-9, -17, -19, -224, -39, and

-24 0. All samples were NX size cores ( nominal 2- 1/8_inch1 diameter) .

Test specimens of the required dimensions as presented in Table 1.1

were prepared for the individual tests. Quality and uniformity tests

were conducted on selected specimens from all holes. Special tests

were conducted on specimens selected from the various core holes to

represent differences in rock type , weathering, et c.

A table of factors for converting British units of measurement to

metric units is presented on page 8.

10
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l.~ REPORT BEQUThEMEN~~
The immediate need for the test results required. that data re-

ports be compiled and forwarded to the users as work was completed on

each hole . The data reports of the Individual test results are in-

cluded herein as Appendixes A through F.

The core descriptions originally giien in the data reports (Ap-

pendixes A through F) were frequently taken from the core logs re-

ceived with the sample shipments. These descriptions have been

changed, where necessary, to reflect the results of the petrographic

examination and analysis performed at a later date.

11
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CHAPTER 2

TEST METHODS

2.1 SCH~tIIYT MJMBER

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 physi-

cal 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 accordi ng to method CRD-C 107

(Reference 2). A pycnometer is utilized to determine the loss of

weight of the sample upon submergence . The specific gravity is equal

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 , com-

monly referred to as the tensile splitting or Brazilian method , 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 elen~ nts of t~ie cylindrical surface. The test was conducted

according to method CRD—C 77 (Reference 2).

2.24 DIRECT TENSION

For 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

Tensile Strength of Rock Core Specimens.” Tensile splitting tests

were conducted on specimens cut adjacent to the direct tensile test

specimens .

For t he direct tension tests , the specimens were right circular

cylinders, the sides of which were straight to within 0.01 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 0.25 degree. Cylindrical metal caps were cemented to

the ends of the specimen and provided the means for applying the di-

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

pound-capacity universal testing machine and at a constant rate such

that failure occurred within 5 to 15 minutes.

2.5 COMPRESSIVE STRENGTH TESTS

The unconfined and cyclic compression test specimens were pre-

pared according to ASTM and. Corps of Engineers standard method of

124
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test for tria.xial strengt h of undrained rock core specimens, CRD—C

1247 (Reference 2) .  Essentially, 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 (diame-

tral) -~Lirections. Static Young ’s , bulk, shear , and constrained mod.-

ull. were computed from strain measurements. Stress was applied with

a 2424O,000-pound-capacity universal testing machine .

2.6 DY1’~AMEC PROPERTIES

Compressional and shear wave velocities, bulk, shear , and

Young ’s moduli, and Poisson’s ratio were determined by the ASTM pro-

posed “Standard Method of Test for Laboratory Determination of Ultra-

sonic Pulse Velocities and Elastic Constants of Rock.” The method

consisted essentially of generating a wave in t he specimen wit h 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 distance trav-

eled divided by the travel time. These compressive and shear veloc-

ities, along with the bulk density of the specimen , were used to com-

pute the elastic properties.

In the case of the special tests used to determine the degree of

15



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

unisotropy of the samples , compression and shear velocities were

measured along two mutually perpendicular , diametrical (lateral) axes

and along the longitudinal axis. This was facilitated by grinding

four 1/2-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 PETROGRAPII I C E~(AMINATION

A limited petrographic examination was conducted on samples Se-

lecte. 1 to be representative of the material from the sev eral holes .

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

eral condition , identifying mineralogical constituents , and not in~;

any unusual characteristics wh i ..h  may have influenced the test

results.

16 
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• CHAF~F~ 3

QUA LITY AND W -I ’( ; R ~ iTY TESTS

3.1 TESTS UTILIZED

E~ perience accumulated throug~i testing and data analysis of core

from study areas pr eviously evaluated1 dictated selection of the fol-

lowing tests for use in determining the quality and uniformity of the

Vermillion core : Schmidt number , specific gravity, uniaxial compres-

sive strengt h , and compressional wave velocity.

The cor e received from the Vermillion study area generally con-

sisted of five types of rock: tonalite, gabbro, aznphibolite, gneiss,

and granite. The gabbro and tonalite were most abundant .

Physical test results were generally grouped and analyzed ac-

cording to rock type. In most instances, however , the data further

suggested and reflected subdivision according to grain size, nature

and degree of fracturing , and nature and degree of foliation and/or

banding .

3.2 TONALITE

The rock core received from two entire holes (DV-CR- 17 and -19)

1 . . . . .A list of associated reports is given on the inside front cover of

this report.

17
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and portions of that received from a third hole (Dv-CR-39) were petro-

grap hica lly identified as tonal ite. The tonal ites received frc~n

Hz ,les DV-CR- 17 and -39 were coarse gra ined while those from Hole

DV-CR -19 were medium grained. Several specimens contained fractures.

Physical properties appeared to depend predominantly on grain

size , since most of the core appeared intact (macroscopically free of

fractures and joint s ” . A summary of the test results is given below .

Detailed results are given in Appendixes B , C , and E.

For the medium-grained tonalite, the following results were

obtained :

Role No. Specimen Specific Schmidt Ultimate Compres-
No. Gravity No. Compressive sional

Strength Wave
Velocity

psi fps

Intact :

DV-CR-l9 2 2.639 249.7 324 ,390 16,970
8 2.6243 53.5 32,580 17,230
11 2.638 249.2 36,520 16,020
12 2.6240 53.1 36,1240 16,530
15 2.6248 53.1 36,210 16,760
18 2.656 1+9.8 240,300 16,110
21 2.639 50.0 35,610 16,1~-1.o

Average 2.624 3 51.2 35,960 16,524 0

Containing Fractures , Bands , and/or Contacts:

DV-CR-19 5 2.6247 50.1 23,9240 16,330

(Continued)

18
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Hole No. Specimen Specific Schmidt Ultimat e Compres-
No. Gravity No. Compressive sional

Strength Wave
Velocity

psi fps

DV-CR-39 2 2.669 524.0 30,300 18,800
11 2.727 50.2 15,210 18,670
15 2.777 50.9 15,030 20,500
18 2.681 55.2 13,150 19,720
20 2.658 56.3 224,520 19,150

Average 2.693 52.8 20,360 18,860

All. specimens of’ the medium - to coarse-gra ined tonalite were in-

tact . Test re8ults were as follows:

Hole No. Specimen Specific Schmidt Ultimate Compres-
No. Gravity No. Compressive sional

Strength Wave
Velocity

psi fpa

• DV-CR-17 1 2.662 248.11. 17,520 15,260
2 2.636 50.7 18,580 15,930
24 2.658 249.8 124,i8o 15,500
6 2.6242 

- 

248.8 10,500 15,390
11 2.715 247.6 19,970 16,110
17 2.6624 248.2 11,820 13,730
18 2.6247 249.7 124,780 15,590

Average 2.660 249.0 15,311.0 15,36 0

Thysical test results seemed to indicate that, while all of

this core was relatively competent to very competent material, the

19
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mediu m-grained rock was generally stronger than the coarse-grained

rock. Thorough petrographic examination revealed that this variation

in strength was not due entire ly to variation in grain size , but

rather to a significant difference in degree of recrystallization

following shearing of this material (Section 24.3). All of the tonal-

ite had been subjected to this in situ shearing action, but the

medium-grained material had been completely recrystallized, voiding

the zones of weakness brought about by shearing.

The eff ect of f ractures, bands, and/or contacts on the medium-

grained , recrystallized tonalite appeared to be quite varied. The

presence of contacts or bands seemed to have the largest effect, ap-

parently reducing strength by 30 to 60 percent ( Hole DV-CR-39 , Spec-

imens 11, 15, 18, and 20). Fracturing appeared to reduce strength

somewhat less drastically , particularly if the fractures were verti-

cal or inclined at high angles (80 to 90 degrees) with respect to the

horizontal.

Compressional wave velocities were found to be rather variable ,

but appeared to be substantially higher in those specimens containing

quartz bands or contacts with dark gray amphibolite.

With the exception of Spectmen 11 from Hole DV-CR-39, which con-

tam ed, a contact with dark gray amph ibolite , elastic constants exhib-

ited by the tonalite were generally rather high, particularly the

static moduli. As indicated in the following tabulation , static

20
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Role No. Speci..fl )404u1u8 Poisso& s ~~tio
No.

Young ’s Bulk ~ iear Static Dynami c

Static Dynamic Static Dynami c Static Dynamic

psi iob psi io6 psi io6 ~~~ iob psi ~o
6 psi

DV-CR-17 1 11.0 8.6 9.2 2.5 4.2 4 .6 0.30 --
11 11.0 6.9 -- 1.8 .- 4.0 -- --

DV-CR-19 8 10.0 8.0 7.2 6.t~ 3.9 3.1 0.27 0.29
11 9.6 7.5 5.6 5.2 4.0 3.0 0.22 0.26
18 10.2 7.5 5.5 5.3 4.3 3.0 0.19 0.26

DV-CR- 39 2 10.1 9.4 6.1 7.9 4.1 3.6 0.23 0.30
1,1 6.7 9.1 3.6 8.2 2.8 3.4 0.19 0.32

Ave r*ge 9.8 8.i 6.2 5.3 3.9 3.5 0.23 0.29

moduli, computed at 50 percent of ultimate strength, were usually 10

to 30 percent higher than their corresponding dynamic values.

The stress-strain curves from which static constants were de-

rived exhibited very little hysteresis and, upon cycling, no appre-

clable residual strain. Most of the curves exhibited some upward —

curvature over the Init ial port ions, possibly due to closure of the

very fine horizontal cracks detected in the petrographic examination.

Most of the tonalite specimens were quite brittle , generally exhib-

iting very little plastic deformation prior to catastrophic failure.

3.3 GABBRO

The rock core received from Holes DV-CR-224 and -240 was petro-

graphically Identified as dark gray gabbro . The material from Hole

DV-CR -224 was coarse graIned , while that from Hole DV-CR-i1.0 was medium

grained. The specimens from both holes had been sheared to various

degrees .
21



As indicated by the following tabulation and by the detailed re-

suit s given in Appendixes I) and F, test results exhibited by the gab-

bro from the Vermilion study area were quite varied.

Hole No. Specimen Specific Schmidt Ultimate Ccnnpres-
No. Gravity No. Uniaxial sional

Compressive Wave
Strength Velocity

psi fps

Intact :

DV-CR-24 0 2 2.807 55.5 1+7 ,730 22 ,790
3 2.818 51.1 248,24Bo 23,505
5 2.801 -- 50,580 23,180

114 2.810 53.7 57,880 23,390

Average 2.809 53. 14 51,170 23,220

Fractured :

DV-CR-2 1+ 1 2.852 -- 29,6240 18,5240
2 2.875 57.3 214,000 21,575
5 2.811 -- 224 ,150 20 ,300
9 2.878 56.24 224 ,590 18,655
11 3.019 59.3 27,000 21,575
124 2.836 -- 124 ,700 21,060
18 2.8148 55.3 8,624o 20,3)45
22 2.856 57.6 23,090 19,770

DV-CR-1+0 24 2.799 51.6 17, 1420 23, 2~ 5
8 2.812 56.2 17,580 23,320
12 2.778 -- 33,9140 22 ,735
13 2.803 52.9 314,850 23,350
20 2.815 524.9 16,060 23, 030
21 2.800 -- 32,270 23,290

Average 2.8142 55.7 23,1+20 21,1480

22 
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Ultimate uniaxial compressive strength appeared to depend

largely on nature and degree of fracturing present in the core, with

fractured specimens exhibiting average ultimate strengths approxi-

mately 50 percent as great as those exhibited by the intact (macro-

scopically free of fractures , joints , etc.) core. The range in

strength yielded by the fractured specimens was, however, quite large,

and, while no definite boundaries and groupings were discernible, it

appeared that the stronger of the fractured specimens contained ap-

proximately vertical and/or horizontal fractures while the weaker

ones contained fractures inclined with respect to the horizontal.

Another possible cause of this wide range of strength is the

variation in degree to which the gabbro specimens were recrystallized

following the in situ shearing process previously mentioned. Petro-

graphic examination revealed that while the stronger, medium-grained

gabbro had been somewhat more sheared than the coarser material, it

had also been recrystallized to a substantially greater degree. There-

fore , what at first appears to be a variatLon due to nature and degree

of fracturing might actually be the result of variation in degree of

recrystallizat ion, and is more probably a combination of the two.

Compressiorial wave velocities determined for the Verinillion area

gabbro were generally quite high , particularly those exhibited by the

mediuxn-grained material (23,000 fps). These values were, however,

similar in magnitude to those reported in Reference 3. There was no
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apparent correlation between compressional wave velocity and ultimate

uniaxial ccszpresslve strength . The fact that the fractured specimens

also exhibited rather high velocities indicated that most of the

fractures were tightly closed or well sealed .

Elastic constants exhibited by the coarse-grained gabbro, as in-

dicated in the following tabulation, were relatively low , while those

Specimen tk dulus Poisson’s Ratio
No.

Young ’s Bulk Shear Static Dynami c

Static Dynamic Static Dynamic Static Dynamic

100 psi ict~ pal io6 pal 106 psi i06 psi psi

Hole DV~CR~l40, Medium Grained:

5 14.1 12.1 10.7 3.24.3 5.5 24 .5 0.28 0.36
12 13.9 11.2 10.7 13.8 5.14 24.1 0.28 0.36
21 14.7 n.8 9.8 3.14.7 5.9 24~ l4 0.25 0.36

Average 14.2 11.7 10.4 124.3 5.6 24 .3 0.27 0.36

Hole DV-CR-224, Coarse Grained:

2 5.6 11.5 3.3 12.2 2.8 24.3 0.22 0.34
9 6.8 9.0 14.7 9.0 2.7 3.14 0.26 0.33

Average 6.2 10.2 14.0 10.6 2.8 3.8 0.24 0.34

exh ibited by the medium-grained gabbro were very high .  Aaso , the gab-

bro from Hole DV-CR-140 was quite brittle and exhibited no appreciable

hysteresis ; the coarser grained material from Hole DV~CR-214 exhibited

some hysteresis . While the first inclination might be to attribute

these differences primarily to variation in grain size and degree of

recrystallization after shearing, it is also possible that the lower

211.
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elastic constants and larger hysteresis loops characteristic of the

gabbro from Hole DV-CR-2 14 were the result of the many horizontal in-

cipient fractures petrographically detected in the DV-CR-2 14 core .

These horizontal discontinuities, while probably causing no apprecia-

ble reduction in ultimate unia.xial compressive strength (inclined

fractures generally have most significant effect on uniaxial

st rength),  could have contributed greatly to the larger axial defor-

mations and somewhat lower wave velocities , and thus resulted in the

lower moduli .

3.1+ AMPHIBOLI TE

Several specimens received from Hole DV-CR-39 were petrographi-

cafly identified as amphibolite . All contained fractures , some of

wh ich were oriented at critical angles (inclined with respect to the

plane of applied stress at an angle such that shear stresses of fail-

ure magnitudes are developed along these fractures at relatively low

applied normal stresses) . Detailed test results are given in Appen-

dix E. A summary of the results is given below :

Mole No. Specimen Specific Schmidt Ultimate Cc~~re.. Hole No. Sped .. . Specific Schmidt U]ttmete Co.pre.-
No . Gr*viti’ No . Uniaxi*1 .ionai No. Grftvttl No. Uniaxial .ional

Compreseive Wave Compre.sive Wave
Strength Velocity Strength Velocity

pet fps p.1 fpa

Cortatni.g Nearly Vertical Practoren Containing Orttioaily Oriented Fractures :

DV-CR.39 M 2.883 51.2 23 ,520 21,090 DV.cR.39 . 2.870 52.1 16,240 21,120
13 2.889 51.5 22,970 21,800 7 2.878 47.6 5,920 19,820
19 2.822 54.1 23,790 21.000 — — —

— — Avera ge 2.874 49.8 11,080 20,470
Average 2.845 52.1 22,760 21,300
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Although the data are rather limited in quantity, the results

available appear to indicate two distinct group s of amphibolite :

specimens containing nearly vertical (high angle) fractures and spec-

imens containing critically oriented fractures. Expectedly, the core

containing the nearly vertical fractures was somewhat stronger, ex-

hibiting ultimate umiaxial compressive strengths averaging approxi-

mately twice as large as those exhibited by the specimens containing

critically oriented fractures. Compressional wave velocities were

relatively uniform throughout both groups .

Elastic constants were determined for one specimen and were

comparable to the values given for the tonalite in Appendixes B, C,

and E. Stress-strain curves revealed the specimen tested to be

quite brittle . Upon cycling, no hysteresis -~r residual strain was

evident.

3.5 GNEISS

The majority of the core received f r nrn Hc~1e DV-CR-9 was petro..

graphically identified as gneiss and exhibited considerable variation

in composition. Ten representative specimens were tested. Detailed

results are presented in Appendix A.  A summary is given on the

following page .

The majority of the grieiss from this hole was well foliated and

contained relatively large amounts of mica. This well developed
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Hole No. Specimen Specific Schmidt Ultimate Compres—
No. Gravity No. Uniaxial sional

Compressive Wave
Strength Velocity

psi fps

Poorl y Foliated Granitic Gneiss :

DV-CR-9 1 2.671 52.8 33,180 18,230
7 2.676 -- 22,850 18,300

Average 2.6724 52.8 28,020 18,270

~e1l ~‘oliated Mica Gneiss :

DV-CR-9 3 2.71+5 50.1 i5,680 18,555
1+ 2.77 14 -- 13,850 18,820
8 2.755 38.6 18,700 17,630
9 2.752. 141.1 21,2480 16,610
10 2.765 35.6 114,360 17,51+0
12 2.7714 50.8 i1+,o6o 17,820
18 2.707 38.3 114,11+0 17,950
21 2.790 143.6 13,090 17,080

Average 2.758 1+2.6 15, 670 17,750

foliation, varying in orientation from vertical to horizontal, was

probably responsible for the relatively low (as compared to those

hibited by the granite gneiss) and varying ultimate uniaxial compres-

sive strengths yielded by the mica gneiss. The high mica content re-

sulted in somewhat higher densities.

The granitic gneisses tested were poorly foliated, somewhat less

dense than the mica grieisses , and exhibited ultimate uniaxial
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compressive strengths approximatel y twice as large as those yielded by

the mica gneisses. These higher strengths were probably due to the ab-

sence of foliation rather than the difference in mineral composition .

Compressional wave velocities were rather uniform in spite of

the variation in physical structure and mineral composition.

Elastic constants determined f~r the gneiss from the Vermillion

study area were moderate in magnitude, and, as indicated in the fol-

lowing tabulation , were relatively uniform . Stress-strain curves

Hole No. Spee1~sen Modulus Poisson ’s Ratio
No.

Young ’s Bul k Shear Static Dynamic

Static Dynamic Static Dynami c Static Dynamic

ic~ psi psi ~o
6 psi psi io6 p~i psi

DV-CR- 9 7 10. 24 -- 7.8 -- + . i -- o.~~ --
9 8.6 8.3 24 .9 5.9 3.6 3.~ 0.20 0.26

10 9.5 8.6 14.9 7.0 24 .0 3. 3 0.18 0.30

Avera ge 9.5 8.1+ 5.9 6. 1+ 3.9 3.3 0.22 0.28

determined during the uniaxial compression tests revealed this mate-

rial to be rather brittle , as very little plastic deformation was re-

corded prior to catastrophic rock failure. Upon cycling, only slight

hysteresis and residual strain were exhibited.

3.6 GRANITE

Three specimens received from Hole DV-CR-9 were petrographically

identified as red granite . Of these three , two were tested , yielding

28
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ultimate uniaxial compressive strengths which averaged approximately

30 ,000 psi. As indicated in Appendix A , the granite tested from Hole

PV-CR-9 exh ibited physical test results which were very similar to

those exhibited by the granitic gneisses from this same hole .

~ 
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SPECIAL TESTS

24 .1 ANISOTR~)PY TESTS

Six rock specimens from the Vermillion area were selected and

prepared for determination of compressional (dilat ational) and shear

velocities according to the ASTM proposed “Standard Method of Test

for Laboratory Determination of Ultrasonic Pulse Velocities and F.las-

tic Constants of Rock.” The NX—diameter specimens were cut to

lengths of 2 inches and ground on the ends to a tolerance of 0.001

inch. Four 1/2-inch-wide strips were also ground do~m the sides of

the cylindrical sur fac e at 90—degree angles. Velocities , densities ,

and dimensions were measured as specified in the proposed test method.

Results of the velocity determinations are given in Table 14.1.

Compressional and shear velocities exhibited by t h e  gahbro and.

amphibolite were exceptionally high, particularly those exhibited by

the medium-grained gabbro. It should be noted, however - nat the

mediuxn-grained gabbro also yielded several ~1tirnate .mTh.xial c ~m~.r cs ~

sive strengths in the range of 50,000 psi , tending to substantiate

t he high degree of competence for the intact ~.te~ iai indicated b~

the high wave velocities. Only one amphibolite was tested , since

arnphibolite represented less than 10 percent of the core received.

from the Vermillion study area.
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The wave velocities exhibited by the one mica gneiss specimen ,

representing only approximately 10 percent of the ccre received , were

somewhat scattered , considerably higher in the axial and one horizon-

tal direction than the  other eorizontaj. direction. The low velocity

could probably be attributed to the seam of quartz along the side of

the specimen t,:~rou~h which.  the compressional wave of the lowest ye-

locity passed. These quartz seams and bands were tyoical of the mica

~~eiss from h ole DT-~P-9.

The tonalite from Holes hV-CR-17 and -19 exhibited moderate ~~~

velocities , ge.1~ra11y rather uniform .

Deviat ions f rom the  average cou~pressional wave velocity were

relatively low for the gabbros , tonalites, and a~nphibolite--nct cx—

ceedirig 5 percer~t. The deviation exaibited by the mica ~reeiss ‘.:as

quite high (15.1 pcr:-~~t), ho~:e~ cr , probably due again to the sc:~ o~
’

quartz passing a1oc~’ one side of the specimen.

A cuap i la tioe  o~ the  elastIc properties computed from t h e  c-~’m—

pressive an.h shear ve locities and specific ~ravit ::  is given in T~-ha e

~i .2. hhowe ~ er , di~cret .iet must be used in utilizing the mohuli re—

sults as experimental errors ~~e introduced vhen the di~~oren-an~ in

velocities are signi~~cant. The proposed ~ M test methci stat-v

that the  equat hmnn f o r  computation of elastic a- -dull should net be

used if “any of the three compressional wave velocities varies by

more than 2 percent from their average value . The error in ~
- and
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due to both anisotropy and experimental error then does not exceed

6 percent.” Naturally, the effect of the error is compounded by

greater differences in the three—directional velocity measurements.

The 2 percent allowable deviation proposed by ASTM appear s to be

unrealistic since laboratory-determined values of compressional and

shear wave velocities are reproducible wit: in a deviation from the

average of only 2 to 3 percent. Thus, it would appear that the point

of division between isotropy and anisotropy would more realistically

be in the range of 5 to 8 percent deviation from the average. It

should. be kept in mind, however , that this greater deviation would

also allow a larger error in the computed values of E (modulus of

elasticity) and G (shear modulus).

14.2 COMPARATIVE TENSILE TESTS

Six NX—diameter rock specimens were selected to represent the

variation of rock ty-pe present in the core received from the drill

holes in the Vennillion area. The specimens were prepared and tested

for tensile strength according to the PSTM proposed “Standard Method

of Test for Direct Tensile Strength of Rock Core Specimens .” -or

comparative purposes , tensile splitting tests were conducted on spec-

imens cut adjacent to the direct tensile test specimens . lie te~ t

results are given in Table 24.3.

Three specimens , DV-CR-9, Specimen 17, DV-CR-39, Specimen 6, and
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I:~i— CR-240, ~3pecirnen 19, exhibited direct tensile strengths greater

t han the  adhesi’.-e strengtns ot t i c  several t:~mes of epoxies used.

Therefore , ult imate direct tens i le  strengths of these specimens could

not be hetermined . Ft should be noted , however , that the direct ten-

sile stre ngths of the three specimens in all cases exceed. 1,500 psi ,

as ztresses of th is aagnitude did not result in rock failure.

The two tonalite specimens tested yielded similar results, ~~~~

direct tensile strene-th generally being approximately 75 percent as

large as t~- .e indirect s tren ith .  In homogeneous specimens , the inth-

reet strength should be expected to be greater , since the specimen

subjected to direct tension is more prone to failure at the point of

minimum strength.

The gneiss specimen yielded an ultimate strength  in direct ten-

sion somewhat higher than the strength determined by splitting. This

rather unusual occurrence was probably due to ~J~ h-a~:gle foliation

present in the gneiss wh ich significantly weakened the core alov~

longitudinal planes while  having little, if’ any . detrimental effect

on strength along horizontal planes.

The two gabbro specimens tested exhibited somewhat different

test results , with the medium-grained rock appearing to  be signifi-

cantly stronger , both in direct and indirect tension , than the

coarse-grained specimen . This variation could probably be attributed

to the more extensive recrystallization process to which the
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mecUum-grained gabbro had been subjected after in situ shearing had

taken place . While the coarser grained material had been somewh at

less sheared, it had been recrystallized only to a relatively minor

.legree.

The amphibolite was quite strong in tension , exhibiting an un-

usually high indirect strength of 3, 020 psi and a direct strength

greater t han the 1,730-psi adhesive strength of the epoxy.

24 .3 PETR OGR APHIC REPOR T

.3.1 Samples. Six boxes of NX core from Koochiching , Lake ,

and St. Louis Counties, Minnesota, were received in September 1969

for testing. Each box contained about 15 feet of core which repre-

sented depths to 200 feet.

The cores were inspected to select representative pieces from

all significant rock types for petrographic examination. The cores

are described as follows .

1. Hole DV-CR-9. The core was red , coarse-grained gram .’ tc:

lied t gray , coarse-grained. gneiss; and black , medium-grained gnei~~s.

The entire core appeared to be unweathered. and massive .

Specimens 3, 7, and 8 contained sealed fractures. Specimens ~~ ,

13, and 16 were red , coarse-grained granite . There were no aj arcat

flow structures. Specimens 1, 7, 11, and 15 were light gray and pink,

medium-grained granitic gneiss. These specimens were massive and
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~ontained a poorly developed flow structure . Specimens 2 through 5,

~~ , 9, ~O , 12, lh , and 17 through 21 were dark to medium gray , fine-

grained , t anded mica gneiss. The foliation ranged from vertical to

r.early horizontal .

2. Hole 11- h-i .  ;Le entire core was brownish-gray , medium-

to eoarse—graix1e tor aLi te . The specimens were massive and

unweathorci .

3. Hole 7’-~R-i .~~ The entire core was gray, medium-grained

tor~alitc. This core was similar to DV-CR-17. The core was unweath-

ered but did contain several sealed fractures.

~ . Hole DV~rR~2.~~ The entire core was dark gray, coarse-

gra.ined gabbro and contained fractures frequently masked by the

coarse texture of’ t h y  rock.

5. Hole DV-CR-39. The core was dark gray, medium-grained am-

phibolite; pink , medium-grained tonalite ; and white and black ,

medium-grained tonalite. Most of the specimens contained fractures,

but none of the specimens appeared weathered.

Specimens 3 through 10, 12, 13, 16, 17, and 19 were dark gray

amphibolite. Most specimens contained. a well developed low-angle

foliation. All of the specimens contained high angle or vertical

fractures, most of which were sealed.

Specimens 2 and 18 were white and black , medium-grained. tona-

lite. Specimen 2 contained sealed vertical fractures , and
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Specimen 18 contained a high angle quartz band and sealed fractures

at the critical angle .

Specintens 11, 114, 15, and 20 were pink, medium-grained tonalite

and also contained contacts with the dark gra~r amphibolite. Specimen

20 contained a high angle quartz band.

6. Hole DV.-CR-240. The entire core was dark gray, medium-

grained gabbro. Specimens 2, 3, 5, and 114 were massive and the re-

maining specimens were fractured. None of the specimens appeared.

weathered, and most of the fractures were sealed.

The specimens selected for petrographic examination were :

Hole No. CD Serial No. Specime n Approximate Rock Description
No. Depth

ft

DV-CR-9 SAMSO-lO, DC-]. 6 51 Pink, coarse-
grained granite

11 100 Light gray , medium-
grained gneiss

114 130 Dark gray, fine-
grained gneiss

DV-CR-17 SAMSO-lO, DC-2 15 1146 Gray-brown , coarse-
grained. tonalite

DV-CP-19 SAMSO-lO, DC-3 20 185 Gray, medium-
grained. tonalite

DV-CP.-214 SAMSO-lO, DC-6 17 156 Dark gray, coarse-
grained gabbro

DV-CR-39 SAMSO-lO, DC-1i. 2 21 White and black,
medium-grained

- tonalite
(Continued)
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Hole ~~~~. CD Serial No. Specimen Approximate Rock Description
No. Depth

ft

r . -’— cR -39 SAMS~-- lO , ~~~~~- - .  l~-~ 1324 Pink and black ,
medium-grai ned
tonalite

17 166 Black, medium—
grained amphibolite

PT-Ck-hO SA~S~--L’, J~’-~ 20 181 Dark gray, medium-
grained gabbro

14.3.2 Test Pr y c - -dur e .  Each core specimen was sawed axially.

~Tr.e sawed sur fa . each specimen was polished and photograph ed.

Composite samples were obtained from the whole length of the remain-

ing :~alf of each .-;pe--~i nen. The composite samples were gr~ snd to pass

a No. 325 sieve (~e .n). X-ray diffraction ~~~D)  patterns were made

on each sample on a tightly packed powder representing the entire

length of the specimen . All )~ D patterns were made using an XRD-5

diffractometer with nickel-filtered copper radiation. The samples

X-rayed are listed below:

Hole No. Specimen No.

DV-CB-9 6
DV-CR-9 Il
DV-CR-9 114
flV-C R-1’7 15
DV-CR-19 20
DV-CR-214 17

(Continued)
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Hole No. Specime n No.

DV-C?-39 2
DV-CR-39 114
DV-CR-39 17
DV’-CR-140 20

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 500 points were counted.

~.3.3 Results. The cores examined from the Vermillion area can

be divided into five groups : tonalites, gabbros, amphibolites,

gneisses , and granites (References 14 and 5). The cores were taken

from the late and middle Precambrian rocks in the southern extension

of the Canadian Shield in north-central Minnesota.

The gabbros were part of the late Precambrian Duluth Complex and

may represent the anorthosite gabbro member of the complex. The

granites , gneisses , and most of the tonalites were part of the Ver-

million Granite . The amphibolites and some of the tonalites were

from the Giant t s Range Granite. The Vermilion and Giant ’s Range

Granites are Algoman intrusives in which many rock types are included,
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and the Lkilut}-i Complex is a Keewenawan Complex of intrusives ani

flows (Reference V - ) .  The modal compositions and the bulk composi-

tions by KHD ci eac h section are sno’~ i in Tables 14.i~ through 14.8.

The core sections ex~ cine~ are discussed below :

1. Tonalites. Nost of the rocks from the Vermillion Granite

area were gray-brown , coarse-grained tonalites (Table 14.~4). A white—

pink tonalite was present in minor amounts in Core PV-CR—39 where it

intruded an amphibolite. The tonalites differed in composition arid

texture and probah :- represented separat e intrusions associated. wit

different igneous cor plexes.

Section J± of Core DV-CF-17 was taken from the \Termillion Gran-

ite area and represents an important phase of that rock. The section

was brownish-gray, coarse-grained. tonalite (Figure 14.1). The seri-

citic alteration of the plagioclase obscured. the twinning ; a few

grains showed compositional zoning. The quartz ranged fr om slightly

to hi gLl:~ strained , and hiotite was broken and altered. to chlorite.

The microcline was not altered or broken. There were a few micro-

fractures present , but these were minor features.

Tection 20 of Core DV-CR-19 had a composition similar to Section

l~ of DV-CR-17 (Table 14.14) but had been severely sheared. (Figure

24.1). ~1ost of the grains were anhedral and fractured. The piagic-

clase was almost completely altered to sericite and the quartz was

severely strained . The rnicrocline appeared to be unaffected and may

39
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have been introduced after deformation and alteration. The shear

planes were not evident and may have been destroyed during later

met amorphism.

Section 2 of -lore JiV-CR-39 was taken from the Giant’s Range area.

It contained about 10 percent plagioclase , 30 percent quartz, and

less than 5 percent dark minerals (Figure 14.2 ) .  The section was

n-iedium-grained with cataclastic texture . Plagioclase , with an anor-

thite content of 30 percent, formed subbedral grains with granulated

borders severely altered to sericite . Several of the grains were

zoned . The quartz was sheared and strained, and most of the biotite

had altered to chlorite. The microcline was very fresh and did not

appear to be sheared or ‘altered. Muscovite and epidote had formed

in the plagioclase and carbonate had. been introduced along fractures.

2. Gabbros. The rocks from Cores DV-CR-214 and -140 were equi-

granular and primarily composed of plagioclase and pyroxene (Table

1~.5). Primary flow structures were not detected in any of the sec-

tions (Figure ‘~.3). Piagioclase- and pyroxene were slightly altered

in DV-CR-214, but DV-CR-140 had been highly sheared and altered.

Section 17 of Core DV-CR-214 was dark gray, coarse-grained soda

gabbro (Figure 14.3). Plagioclase , containing 148 percent anorthite ,

forme d large well developed lath- s~.ape i crystals that exhibited al-

bite and pericline ; or albite and Carlsbad; or albite , pericline, and

Carlsbad twinning . The pyroxenes in the section were diopside and
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hyperstnene. The diopside was more altered. than hypersthene , per-

haps to amphibole in part , and generally subhedral to anhedral.

Small amount s of biotite were usually associated wi th  the diopside

and were severely altered to chlorite. Large grains of magnetite and

ilmenite were comm on throughout the section.

Section 20 of Core DV-CR-L0 had been fractured and moderately

altered (Figure ~.3), but the composition was similar to that of Sec-

tion 17 of DV-CR-214 (Table 14.5). The plagioclase was partially al-

tered to sericite and fractured . Micr~bscopic and macroscopic frac-

tures were cos-~or. . Pyroxene had. been altered. to chlorite and rnag-

netite and. reduced to anhedral masses.

3. Amphit ’olites. Part of Core DV-CR-39 was taken from an area

mapped as the Giant ’s Range Granite and may represent an older rock

ntruded. and met amorphosed. by the granites , as amp hibolites in th is

granite are usuafly relics of the intruded country rock. The amphib-

elites consisted. predominantly of hornblende and plagioclase with

minor amounts of biotite (Table 14 .6 ) .  These rocks were dark gray and

inedium-grained. except along contacts with the Giant ’s Rang e rocks.

Along these contacts , composite rocks made up of intermixed amphibo-

lite and igneous rock (mi gmatites) were commonly formed. These mig-

matites had compositions similar to feldspathic amphibolites (Table

Section 114 of Core DV-CR-39 was from a contact zone (Figure 14.24 )
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where fe ldspathic amph.ibolite was forme d by injection of a tonalite

into the aznph.tbolite. The tonalite partially assimilated the mnphib-

elite during intrusion, producing a gradational rather than a sharp

contact between the two rock types. The plagioclase had been se-

verely fr actured and completely altered to sericite. The quart z had

been fractured and strained , and the horriblend.e had been fractured

and altered. Chlorite was common as an alteration product of biotite

and hornblende . The texture of this section was cataclastic.

Section 17 of Core DV-CR-39 was typical of the amphibolites away

from the contact areas. It was dark gray, medium-grained amphibolite

containing a small amount of biotite (Figure 14 . 14).  Amphibole was an-

hedral to subhedral hornblende, slightly altered to chlorite along

healed microfractures. Plagioclase was completely altered to arthe-

dral masses of sericite . ‘Biotite was usually bent and altered to

chlorite.

14. Gneisses. Parts of Core DV-CR-9 were typical of the gfleisses

in the Vermillion batholith , and ranged in composition from granitic

to tonalitic ( Table 14.7) . They were typically coarse-grained. and

ranged from very dark to light gray in color (Figure 14.5).

Section 11 of Core DV-CR-9 was a gray and pink, coarse-grained

gneiss (Figure 14.5) with a granitic composition, consisting of quartz,

plagioclase , and microdline. The plagioclase , containing 20 percent

anorthite , was in part altereC~ to sericite and. the biotite was
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altered to chlorite. ~icrocline was not altered or fractured.

~.uartz was not severely strained. ~ rrmekitic intergrow-ths were coin-

mon along contacts between feldspar and quartz.

Section l~ of Core ~7--~R-9 was a black, medium-grained. mica

~-r.ciss composed of quartz , plagioclase, and biotite (Figure ~.5) .

There was a well developed microscopic foliation masked by ti .~ -lar - .

color of the rock. The rock apparent ly had been recrystallized , re-

sultin~ in a uniform Train size and grain shape. Most of th e plagi :-

c lase , cont aining ~2 percent anorthite , was twir.ned and altered.

~~. Granites. Se-~ticn ~ of Core DV-CR-9 was typical of the

~ranites (Table h .8).  It was a red , coarse-grained potash j~ranite

containing a few healed fractures (Figur e 14.2) .  The microcline was

subhedral and unalterc i, and the quartz was slightly strained. Fia-

gioclas e , with an anorthite content of 20 percent, was altered tc-

sericite , and biotite was almost completely altered to chlorite. i-Jo

flow structure or foliation was detected.

14.3.24 Summar .~~ Petrographic examination of ten sections of

core from six holes in the southern Canadian Shield of north-central

Minnesota indicated that five rock types were represented: tonalites ,

gabbros, amphibolites , gneisses , and granites. The tonalites and the

gabbros were the most abundant rock types in the cores. Differences

in the compressive strength and elastic properties among the rocks of

each type seem to be associated with the number and inclination of’
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fractures , whether the fractures were sealed or open , and the amount

of recrystallizatio n during metamorphism. The in.ir~eral compositions

are sum marized in Tables 14.~4 through 14.8, and the sections examined

are illustrated in Figures 14.1 throu~ i 14.5.
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TA BU~ 24 .1 ‘/E LcCITY DEFE’RM!NATLONS

~e1ou! ~~~

Compressional

fps fpz

Hole DV- CR-9, Specimen 1’

Mica qieiss 23,030 11,930
Dept h : 160 feet 17 ,730 iO ,~8o
Specific gravity: 2.802 ?I ,~~85 10 , 720
ccrpressional deviation :b 1’ .1 pCt

Average 20,380 Average 11,080
Hole SV—CR.- 17, Specimen

Medium- to coarse-grained tonalite 17,~L.O 10,060
Depth: - .( feet 19,180 11,630
Specific gravity : 2.681 18,550 10,9240
‘ornpressic~na1 deviation : 24.8 pct

Average 1~ ,242O Average 10 ,380
Hole DV-.CR-19, Specimen 13:

Medium-grained tonalite 17,050 9,900
Depth : 11” feet 17,910 10,6240
Specific gravity: 2.~ 68 17 ,~ i0 10,290
Compressional deviation: 3.2 pet

Average 17,~20 Averag. 10,280
Hole D/— C R-2 24 , Specimen 10:

Coarse-grain~ 1 gabbro 21,0240 10,650
Depth: 88 feet 20,210
Specific gravity: 2.H57 20,7240 10,790
Compressiomal deviation: 2.2 pct

Average 20,660 Average 11.060
Hole DV-CR-39, Specimen 6:

Amphibolite 22,1’0
Depth: 60 feet 21,-~240
Specific gravity: 2.953 21,870
Compressional deviation : 0.9 ret

Average 21,95C Average 11 ,. .0
Hole DV-cR-240, Specimen 19:

Mediuin—grained gabbro 23,2400
Depth: 172 feet 22 ,760 12, -u
Specific gravity: 2.824 2 22 ,790 1~~,
Compressional deviation : i.9 r~t

Average 22 , ;80 Average 2,u’-~0

~‘irst velocity listed 18 in axial (longitudinal) direction; other two are c’:
mutually perpendicular, diametral (lateral) axes.

b Maximum percent deviation from the average of tre compressional wave velocity.
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TABLE ~ .2 DYNAMIC ELASTIC PR0P~~TIEB

Hole No. Specimen tdoduli
No. Poisson ’s

Young ’s Shear Bulk Ratio

106 psi 106 psi 1o6 psi

DV-CR-9 17 1L.l 5.14 12.9 0.32
10.3 14.2 6.2 0.22

Average 12.0 24.6 10.5 0.29

DV-C!~-l7 5 9.2 3~7 6.2 0.25
11.8 14.9 6.8 0.21
10.14 14.2 6.5 0.23

tvernge 10.5 0.23

13 8.8 3.5 5.8 0.25
14.1 6.1 0.23

_~~~~~~~ 
6.’~ 0.25

Average  9.~
DV-CR-214 10 11.6 14. 14 11.2 0.33

13.2 5.3 8.6 0.214
11.7 14.s 10.5 0.31

Average 12.2 10.1 0.29

DV-CR-39 6 13.6 ~.2 12.7 0.32
5.6 ii.14 0.29

15.0 5.9 11.1 0.28
Average uIT~
DV-CR- 140 19 114.0 5.2 114.0 0.33

114.9 5.7 12.1 0.30
15.1 ~.8 12.1

Average u1TT~ 0.31
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TABLE L .~ C * .~
(
~3 T r I~ ~)F GAPT~R0S

Constituent Modal Composition3. Bulk Compositionb

T :--:~ -~.C V-CP- 214 DV-CR-140 DV-CR-214
Eectio~ 20 ~3ection 17 Section 20 Section 17

P L , ~~~C COa SC -
~~~ Abundant Same

P~roxert o 10 Minor Slightly more

~-~‘~~oct itc  2 Present Same

IJ~ enite -- 2 -- Present

~~otite Trace Trace —- ——
Cblorite Trace Trace -- --

a 
Modal composition based on count of 500 points in each thin
section.

b Bulk composition by X-ray diffraction of powder sample. Corn-
position of DV-CR-214, Section 17, is compared ~~th that of
DV-CR- 140, Section .~0.

149 

- ‘---- - --‘--—-——— ---~~~~~--~~~~~~~~~~~~~ ~~~~~~~~~~ - ---- -~~~~ — -——-~~~~~~~~~



TABLE 14.6 COMPOSITION OF At’.~ 1UBOLITES

Constituent Modal Composition8’ Bulk compositionb

DV-CR- 39 DV-CR-39

Section 17 Section 114 Section 17 Section 114

Quartz -- 20 -- Abundant

Plagioclase 39 141 Abundant Same

Biotite 1 14 Trace Minor

Chlorite 8 6 -- Minor Minor

Hornblende 52 28 Abundant Slightly less

Magnet ite -- Trace -- --
Zircon -- Trace -- --

a Modal composition based on count of 500 points in each thin

b 
section.
Bulk composition by X-ray diffraction of powder sample. Corn-
position of Section 114 is compared with that of Section 17.
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TABLE )-
~.i C0~~ OSITI0N 0~’ ONEISSES

Constituent Modal Compositiona Bulk compositionb

DV-CR-9 DV-CR-9

Section 11 Section 114 Section 11 Section 114

Quartz 29 30 Abundant Same

Plagioclase 25 314 Abundant Slightly more

-!icroc1ir~e 32 -- Abundant --

Biotite 8 33 Minor Much more

Chlorite 5 -- Minor Trace

Magnetite Trace 2 -- Trace

Apatite Trace -- -- --
Sphene Trace -- -- --

Zircon Trace -- -- --

a 
Modal composition based on count of 500 points in each thin
section.

b Bulk composition by X-ray diffraction of powder sample. Com-
position of Section 114 is compared with that of Section 11.

,-—

~

—- - —- - -

~

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



r - ‘ - 

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

‘——

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

—

~~~~~

‘

~~~~~~~~~~ 

-

TABLE 14.8 CC*fl’C6ITION OF A GRAI’TITE, CORE DV-CR-9, SPECI!€~ 6

Const ituent 
— 

Modal ~~~~~~~~~~~ Bulk Compositionb

Quartz 30 Abundant

Microcline 141 Abundant

Plagioclase 19 Common--much
less than

— microcline

Piotite Trace Present

Chlorite 5 Minor

!4agnetite 2 Present

Calcite 2 Present

Zircon Trace --
Apatite Trace --

~ Modal composition based on count of 500 points in each thin

section.
b Bulk composition by X-ray di f fraction of powder sample.
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FiL -;ure 14. 1 Tonalite Specimens E-V—CR- 17 , Section 15, and DV-CR—19,
Section 2) .  DJ-CR-17 , Section 15, shows typical coarse-grained ton-

ailte. 2everal plagioclase grains show zoning (P ) .  The d~~’k band

rw ;.IUII T t::e ler~ th of the core is a healed fracture . DV-CR-l9 , Sec-
t i 20 , shows a finer grain size than the preceding tonalite . Re-

duction in grain size wa~ apparently the result of shearing . The
piL- C~ iO’:i’~se is zoned.
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Figure 14.2 Granite Specimen DV—CR- 9 , Sectic~- b , and tonalite Speci-
men DV-CR-39, Section 2. DV-CR-9, Section 6, shows typical coarse—
grained , intact granite. Section sLo~s no flow structures. DV-.CR-39,
Section 2, shows typical light colored tonalite. Left side is se-
verely sheared and has undergone considerable reduction in grain size.
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Figure 14.3 Gabbro Specimens DV-CR-214, Section 17, and T, -~JR-140, Sec-

tion 20. DV-CR- 214, Section 17, shows coarse—graine~1, 
equigranular

tcxtur~- of the r ahbro . Medium gray areas without crystal shape are

~~LLC’~ i t C  and -~agnct ite . l) V—CB— 14 0 , Sec tion 20. i s typical of’ th e

i c~.red ‘abbro . Narrow white lines are sealed shear fraC tures .

--:~ll white ~
;pecks arc magnetite. Section ShOWS finer ~r~iin size

t F an DV—~ ‘R—? ~ , Seeticn l5’
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Fi gure 14.14 Amphibolite Specimen DV-CR-39, Sections l~ and 17. Sec-
tion 1)’ shows low angle foliation and granitic inclusion. Perpendic-
ular to the foliation are several healed shear fractures. Section 114
shows a typical contact between th e amphibolite (rig ht) and the tona-
lite (left). The tonalite has partially assimilated the amphibolite.
The center of the core is cut by three cliloritized fractures.
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Figure 14.~ Oneiss Specimen DV-CR-9, Sections 11 and 114. fV-CR-9,
Section ‘

, shows dark fine-grained gneiss. Foliation is difficult
1~~ dete~~ but is near ly vertical.  )ote the inclusion of rranite

~I 1eiss s:Lmilar to D’!— -~iI-~—~~, Section I I .  P. ’ —C P — 9 ,  ection 11, ShOWS

~i~ 1i angle foliation and variation in grain size f r ~~. medium to

L~ 7 



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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_____

¶4-

CRA?I’ER 5

DISCUSSION AND CONC IJJSI0~~

~- .1 DISCUSSiON

The nature of the objective of these rock quality tests dictates

overall evaluation of the core on a hole-to-hole basis. In the in-

stances where individual holes yielded core of only one rock type

(Dv-CR-17, -19, _214, and -140), the evaluation of the hole will, of

course , be dictated by characteristics of the particular rock type.

In those instances , however, where several rock types are represented

in a single hole, the evaluation of the hole will necessarily reflect

the quality of the least competent rock type tested. It should be

noted here, however , that differences in rock type are not commensu-

rate with nonuniformity as described herein; rather uniformity is

used to describe the physical characteristics of the material.

To facilitate evaluation of the Vermillion study area in this

manner , a rock quality chart (Figure 5.1) was prepared. Ultimate

uniaxial compressive strengths depicted on this chart were expressed

in one of three categories: poor (less than 8,000 psi), marginal

(8 ,000 to 12,000 psi), and good (above 12,000 psi). Locations of the

individual drill holes are shown in Figure 5 . 2 .

5 .2 CONC LUSIONS

On the basis of test result s exhibited by the specimens of rock
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core received from the ‘,‘ e rmil i iort  study area , the following coriclu—

sions appear to be justified.:

1. The rock core received fron t~ie Duluth-Vermillion a~’ea was

petrogra~hicafly identified as predom inantly tonalite and gal’bro ,

with relatively mi nor ~c-oei tn of amphiholite , granite , and gneiss.

2. Many speoimens containe’i fractures wh i ch ranged in orienta-

tion fi-o - vertical t~ hor~ zox ta1 . Several specimens contained bands

~ L~/or c~nt~~-ts w l t  other t)Te~
; of ~-ock.

~~. The tonaiite frr m this area was found to be relatively c:~i-

petent to very competent rock , depending on nature and degree of

~r tur i~~c , an) on t~ e extent to wh ic r  the rock had been recrystal—

±i zed af er s e a ~ .in ~~. T- ,e intact mediurn—grained tonalite, whic h  ~~td

been subj ected to extensive recrystallization, was very - 2 o np c t e lt .

The fractured and/or banded medium-grained tonalite was sicni ficantil

weaker , but was still relatively competent material. The coarser

grained tonalite (slightly recrystallized) was also relatively cun-

petent , but slightly weaker than the fractured and/er banded , medium- -

grained ~ateria1, apparetiti;v indicatimiu tne lack of recr:,- otai lization

ct sheared material to be a more si~ n i f i -ant factor in the determina—

t i on  of rock quality t I a n fracturing and/or banding .

14. The gabbro from this area was rat her variable , ranging from

ruiatively competent to very competent material. The intact rock ..ras

quite uniform and very competent , exhibiting an average ultimate

59
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unia.xial ec~npressive strength of 51,170 psi. The fractured gabbro

was generally 30 to 70 percent weaker than the intact core, but in

only one case did the ultimate strength fall below 114,000 psi (8 ,6140

psi).

5. The gneiss from this area, all removed from Hole DV-CR-9,

varied from well foliated , mica gneiss to poor ly foliated granitic

gneiss. The well foliated mica gneiss exhibited rather uniform phy-

sica-]. properties and was relatively competent material. The poorly

foliated grani-tic gneiss (two specimens) was somewhat stronger, prob-

ably due to tne absence of planes of foliation.

~ . Amphibolite was present in rather small quantities in Hole

DV-CR-39, and exhibited the only ultimate unisicial compressive

strength from the entire area lower than 8,000 psi. All of the spec-

imens were fractured, a factor which probably contributed signifi-

cantly to the varied and sometimes low strengths. Approximately 11

percent of the core from the Duluth-Vermillion study area was

amphibolite.

7. Three specimens received from this area were granite, and

generally exhibited physical properties very similar to those exhib-

ited by ~;he granitic gneiss from the same hole (Dv-CR-9).

8. Elastic constants determined for the rock core from this

area were generally moderate to high , with the medium-grained gabbro

yielding several very high values (average static Young’s modulus of

60 
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114 .2 x ~~~ psi). Interestingly , the J owest static moduli observed

were determined on the coarse-grained gabbro , wriich had been only

slightly , if at all, recrystallized after being subjected to in situ

~n~earin~ . Generally, static moduli were slightly higher thar. their

cui respmnding dynamic values , ;-~hile static values of Poisson ’s ratio

were usually lower tean h e  dynamic values.

9. All of the material tested. from this area was quite brittle,

exhibiting little or no plastic deformation prior to failure.

10. With the exception of curves determined for the coarse-

grained gabbro (had been sheared but not significantly recrystal-

lized). itress-strain curves determined for the rock types from this

ar-ca showed little or no upward concavity over the initial portions

of curves , a phenomenon which , if present , is generally accredited to

crack cl sure during the initial stages of loading. F~xcept ~or the

curves exhibited by the coarse-grained gabbro, little or no hystere-

sis or residual strain was detected.

11. Compressionai. wave velocities exhibited by the material from

the Vermillion area were generally moderate in magnitude, except for

t~ e very hig~ velocities determined on the recrystallized, medium-

grained gabbro .

12. Generally, the material from this area was relatively iso-

tropic , excepting the mica gneiss , which appeared very anisotropic.

This anisotropy was probably more a reflection on the fractured

(~1
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quartz seam along .ne side of t : e  spe-~L~en th~in ~~ iudi :at i r;n of gen-

eral anisotropy in the mica gneiss itself.

13. Tensile strengths exhibi ted L~’ tnc gneiss , arnp}iibolite, and

medium-grained gabbro were onusually high ; those exhibited by the

tonalite and coarser ~r~cined gaULr o were somewhat lower hut still

rather high.

114. Evaluation on a hole-to-ho le basis indicates the tonalite

represented by spe~ imert s f rom Hole DV-CR- 19 to be quite uniform and

very competent . This material should offer very good possibilities

as a competent hard re-dc medium . The mional i te , mediu i rai~i~ o gab~:- x-~ ,

and granite and. granitic gneiss repre~ ent ing Holes DV- ’F~ 17 , ~~~~~~~~ and

-9, respectively, exhibited physical properties typical of relatively

competent to very co:~pt~te-nt :auc --oial , and all should ~~fer rea~~nab iy

good possibilities as competent media. The eoarse-ooa~nci gah~ ro

from Hole PV-CR-214 - ind the ~ii~1~h ibclite and tonalite fr ~n ~io1e

DV-CR-39 were generally m~tr~ inal to r e l at i v e ly cnnpet ~ in quai it ~:,

with only one specimen (Dv -cR-39, Specimen 7 , -n ~~~ ibo li te)  ield—

ing an ultimate uniaxial compressive strength cber~ct-oristic of in—

competent rock.

Evaluations have l -cei based en rather limited dala, and there-

fore , more extensive investigatic’ri wi ll be required in e-dcr to

accurately assess the areas under consideration . 
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APPENDIX A

I - TO’

f l s 1l- )V-C~~--~

2 5  Sol - ter I h e r  ~qy~

!ln I€’ ! YC.lt  j on : I - - I - , c 1 I- h ino C- I ) n t y , ‘ Ijon esr I ta

I.I)ng It~ lIIe : ~~

( a t i t -  5 :  ~~~~V 2’)’

r U W f l S h l ) I  7N , ~~~~~~~~ 23i~, ~ert i I In  3 , m- j / 5 4  Si; / 14

-C - S

1. Tn~ f o I l  ) 1 n)’ ~~I I r e  was tect - i s ’ ed n ~ ~~e r I t eT her ) 1 ) ~~ 9 I r I r  t es t i n r

m Ci )  It (  )er(h f t

1 3 )

1 1~ 
- I3~14 )

17
I?

t O  IS
2 )  l q )

2 1 2 ,1

i ) , .S rj ~~~t j I

2. Tho ~ q- : es r~~c~eive d were va r i ab le  in appe a ranc e . A c c - - ’ rd i n p

t - th e  f i N - i l l  I - , r~ e, eis’cd w i t h  th sY C ~C I’Y , the roc k --as ~~~~
- n I f led  as

1 i - . h t — g r a v  to  90- 11 t h  —m , rav rneis* and p i n  to - . rav  r r n n i t e .  P i c c e  Nos .

3 , 7 , and ~ r - , n t a ned a f ew t i g h t l y  close d I ac r o f r 3 c t u r e s .

67

~

. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_



- - - -~~~~

-?uali ty and un iforisi ty .tes ts

3. r~ determine var ia t ions  wi th in  tI-~ hole , S1)ec t f i C  gr~)vity,

Schm idt flUr,he r , eIXfl ))m ( ’SSiVe strength , and cor ~pr e ssionel  iav c v e l o ci t y

we re det er a in e ’ on s D e ej r .I-ns pr epare d fr os i  r e pre sen t a t  tve s o -- r i les  as

pjv en be low :

Sa ’nole Cor e Log Cor e Sch’oid t C C II I p  Crn’p Wave
No. )e script inn Depth Sio Cr No . St r g ,  p s i  Vo l , f p s

I Gr arii t lc Oneiss 5 2.~~7l 52 .~ 33 , 133 1~~,230

3 Onelss 24 2 .745 50 .1 15 ,68)) 1 3 5 5 5

L& B-ind~ d (Sneiss 33 2.7714 —— 13 ,350 l~~,~~2i)
Cran iUc Gneisø

7 4j,o4. ._ .a~p çq44p. ~~ 2 . 37~~ — —  22 , °5~ .lC l , 300

85 ( j n p i ,5s 7 1 2 , 7 5 5  3 5 . 5 14 , 7 ’ ) ’)  17 ,~~30

I) Bar,Ied One s SI) 2 752 41 .1 2 l , 14 -~-~ 15 , 610

10 Banded ~;noiss 89 2.755 35. 6 l4 , 3~~) 17 ,540

12 Gneiss 110 2 774 5-) .8 lt& ,~~
6 )  17 , S2f)

Granite
13 ~~~ E — ~~s4Aj .s,~ 121 2 , 4 5 ’  5 1 , 1, 26 ,21 ) 15 ,705

1 6 Pin —Gr ay Granite 149 2 ,6142 51. 5 35 , 1 5)) l 9 , 1414~
IS Gneiss 17 ) 2 .71)7 3-3 .3 14 , 1141) l’ , 950

2’ Cne j q~ 20)) 2 .790 43,4 )3~~ ,i )7J)S

Average of C r an i t ic Gn eiss and
Grani tes (4) 7~ 5cQ 2.0 29 , 150 5 ,1420

&vera ge It Banded Cneis~ and
Cray Cneiss (~) 2 7 1 ,4 42.c ] 1 , , 5 7 ) )  17 , 750

The Sch- - id t h orsie r test was not cendu r ted on ~evo~-al s l , e c i T w n S  due t-

poasi b l)it v ,f hrea ) age . ‘Ihe resu l ts grouped conveni ently into the two

diviSion 9 shown which differed in compressiv e strength by a factor of 2.
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I i  of . t e t or na ion

£4 , 9 : , r e s e I ) t O t i v e s i l o m i t e n S  W P C e  selected for dynam ic sr-I st~ tjc

‘ - I I .l Il 1 of  - ‘ef,r-ia ti on t~~s t 5 . The -l yns  t i c  -lod ul i we re d e t e r - t i l led by t h e

II I CO SO ))  -\s rl ) rie th 1 for  t o t e r - m a t  I on ‘f u l t r a s o n i c  C I I )  se ~‘ U I i(~ i ll PS

ato ’ ~~1~~S t j C  (-O n S I ~fl t 5 If rot- li . The sLO t  C 1)0(1 1,11 j  I I ( ~~5 C ’ l 1 ! i i t C l i1 f r om

t h e o r y  of e l a s t i c i ty by I l Se  Of s t r O m  - , ia su r e i s e f l t s  ta ,en f r  1 1  I ) e c t r i c a i

rt:s t stoner s t r a i n  (Sag es itt t~~i”l t I I  t h e  s -e ri -nY , 1 o~~. 7 , 9, 1 ) , and ) 4 .

St re ’- s — s t r i i n  cu r ’es a re 4 iven in ~ 1ates 1 , 2 , 3 , and L& . ) i i I e C l , . ,I enS 7 ,

0 , and 50 - - -c- re cv c i e I l  ~ t l0 , 0 ;0  ps i; s p e c i l l en  1 4  -~os cycled ~t 2-0 , 00 f l 5 L .

O S I h I t S  a r e :iv efl  b p l n u .

°pec-iiaen I,dulIIs , nsi C l ’ ) ° 
- 

She ar I ot ss ro n ’ a

N o .  Y-_YI tII ~ 
- S 11411 t_ shear  V (’ 1 0(1 1 )y  , u - s  

- 
R at  i

Dynzinic T e st s

0 85 .3 5 9  3~ 3 93 0 5

1’) 85 , 6 7 , 1) 3. 1 91455 0 3,)
III ~~~~~ 7 .~ 3 - 14 975 1 0.31

Static FeatS

7 J ’ 1 1 4  7 5  14. 1 —— 1) 29

1) 
~~~~ 4,9 3,6 .1 ,2 0

11 -0 ,5 4 , 9 4,3 ——
14 1 1 .6 4 , 7 LI , 5 ——

41 1 1 f  the rock t e s t e d  herein is a p paren t ly ra t he r r i p l I l  m a ter i s I

exh jb l t i n p  lj t t ~~,’ h ’ : s L - r C ’ a i s .  Th e tlynwlLC results we rE’ no t  in clu ded

: n r  9)IPCiTOE ’fl :o. ~, t h t c h  r eq oondc ’d e r r a t i c a l l y  t o the d v n r u ’u i r  t e s t .

(9  
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Cone I usi ons

5. Ihe co re  received from holp ) V — C I1— ~ was Iden tified by the

f i e l d  01 received with the core as l ight - t o medi um— gray i’neiss

arri pLnk to gray granite. A few tightly closed fracture s were

detected . General ly, the granit ic m~ teri aI was considerabl y “ore

competent than the rersaindet- of the core , exh [b 1tin ~ an overage

c- Ilrlpre3s ive s trength of nearl y twIce tha t yielded by the ,rn v and

banded greiss. The granitic ‘aaterial als o exhibited great er Schaidt

numbers and c o-opressi ve wav e v e l oc i t i e s .  Ba nding app eared ii have

f lu  e f f e c t  on mode of failure , the banded specimens split ting t h r o u g h

bands.

Grani te Gnoiss Banded Gneiss
Pr~ 1Ie r ty and Gran i t e  and Gray (Sneiss

Specific Gravi ty 2.6~ -J 2 .7585
Schni I t Nunber 52. ) 142 .6
Co:~pressiv~ Strength , p si  29 ,350 1 5 ,67i)

Conpre ssi-nal Wave Vc-ln city , fps 185 ,421) 17 ,750
Young ’s ‘lodIjius , psi x 11) 6 

10 .5 9 .-) 
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PP~NIJIX B

DATA REPORT

Role Dy-CR- h

22 September 1969

Hole Location : St . Lou is County, Minne sota

Longitude : 92° 27’ 48” West

Lat i tu de ; 48 ° 07’ 55” North

Township 6SN , Range 16W , Sec t io n 12

1100’ S /Nt , 800’ E/WL , ~lW 1/4 NW 1/4

Core

1. The £ol.1.owing core was received on B September 1.969 for testing:

Co re Piece No. Ap pro xlmate Dep~ h. f t

1 4
2 15
3 25
4 36
5 46
6 54
7 65
b 76
9 85

10 97
11 109
12 116
13 127
14 137
15 146
1.6 1.56

17 161
18 170
19 1.78
20 182
21 190
22 198

Deacrip~ion

2, The Samples received were gray-colored rock identified as granite by

the field log received with the core . Piece No s. 1, 2 , 5 , 6, 13, 15 , 18, 20 ,

and 21 appeared to be coarse grained and the remainder of the specimens

atediwn grained . The core received was very uniform in appearance th roughout

the entire depth .
75
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Qu~7,jty and unifo rmity teats

3. To determine variations within the hole , specific gravity,

Sc~~Ldt number , compressive strength , and compresatonal wave velocity

were determined on specimens prepared from representative samples as

given below :

Sample Core Schmidt Comp Cotnp Wave
No. Description 

~~~~ ~~~~~ 
No. Stra . psi Vel . fps

( 1. Coarse grained 4 2.662 48.4 17 ,520 15 ,260

( 2 Coarse grained 15 2.636 50.7 18,580 15 ,930
( Ned . to coarse
( 4 )4e4t grained 36 2.658 49.8 14 ,1.80 1.5,500

Tonalite ( 6 Coarse grained 54 2.642 48.8 10 ,500 15 ,390
( Msd . to coarse
( 1.1 Med’s grained 1.09 2.715 47.6 1.9,970 16 ,110
( Med. to coarse
( 17 Mcdi grained 161 2.664 48.2 11,820 13 ,730
(
( 18 Coarse gralned 170 L.~ i ~~~~~~ 

14.780 15.590

Average all specimens 2.660 49.0 1.5,340 1.5,360

The teat results verif y the visual observation of a relativel y u n i f o r m

material throughout the depth sam pled . The results also indicate that

the rock would be classified , at beat , as medi~un hard or average in

term s of hard rock terminology. A typical hard rock could be expected

to yield strengths and velocities approximatel y 20- 30 percent higher than

those determined for hole DV-CR- 17.
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Modult of deformation

4. Representa tive specim ens were selected for dynamic and static

modult of deformation tests. The dynamic moduli  were determined by the

propo sed ASTh method for determinat ion of ultrasonic pulse velocities

and elas tic constants of rock. The static moduli were computed from

theory of elasticity by use of strain measurem ents taken Iron electrical

resistance strain gages affixed to the specimens , Nos . I and 1.1. Stress-

strain curves are given in plates I and 2. Results are given below .

Specimen Modulus , psi x io6 Shear Poi sson ’s
No. Young ’s Bulk Shear Velocit y . fps Ratio

Dy namic Teat.~i

1 8.6 2.5 4.6 11 ,340 *
11 6.9 1,8 4.0 10,460 *

Static Test8

1 11.0 9.2 4.2 -- 0.30
11 11.0 * * -- *

* Cou ld not be determined.

Some crack closure is ind icated by the initial reverse curvature of the

stress—strai n curves. Littl e hysteresis is evident , however. The static

moduli were computed at approximately one-half of the ultimate strength ,

resulting in higher values compared to the dynamic moduli which were

de termined at low stress levels before the cracks were closed . 

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



Conclusions

5. The core received from hole Dy-CR-h was gray-colored rock

identified as granite by the field log received with the samples. The

core was very uniform in appearance ranging from medium to coarse grained.

No macrofacturing was noted ; however, some crack closure was ind icated on

the stress-strain curves. The test results verified the uniformity of

the core , but indicated the material wou ld probably be classif ied onl y

as average in hard rock terminology .

Property Result

Specific gravi ty 2.660
Schmidt number 49,0
Compressive strength , psi 15 ,340
Compressional wave velocity , fps

6 
15,360

Static Young ’s modulus , psi ii lO 7.0-11.0
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h a l  1 ty .ini~ t r n i f n r i i i t y  t .’at

3 . T-~ - !r ’re r- i jn t’ - - a r j a t l - i r l s  i . i t ~~i 1 f l  t I l l -  ~1 1 P , sp e c i f i c  gravity,

~ ch i i i 1t  n-I’4her , c 1~- r e s t i . i -  s~ r c n~’th , — n i  c- I - r .5s10n , 1i wavi- -‘e ]n c itv

were I l e t . -,”l jne I in sp ecjnen ~ :- ‘‘ r a r  “ 3  f r - - , rc r r i.~ enta t I ye s~ ”,nles ~s

1iven b~- 1

Sartple ‘ - r r  i,C ; V . I l  ci t Cr,’ ’: Co~~ ~‘ave
N i . i,~~ c — I  - i i  ,, ;e- t h  ‘

~ 1;, ;-:~ -~ Str~t , 5~ r ’c l , fps

( 2  I n : : ” t  : , r , c n i  ii- t ?  2 . A 3 1 1 2 7  34 ,391) 1~~,97O(
( 5 (7rani te - /( l 5. c’h-
( mc nctie nacf ,re * - ,~ 2 L I 7 5 1 ,] 23 , 9L 1 i V- ,325
(
(8 1-,’ a ct C -i ’-iit~ 7 7 2 . 343 13.3 32 , 550 17 , 2 2 3

Medium —grsined (1? tt - t- - i c t  n i t e  ( 3 1 )  2 . -~3S  4 2 .2  3~ ,52) V- , _12’)
tonalite (

(12 I n i n c :  ~;— ,- , n i t ~ - I I I  2 ’ ~4i 13. 1 3c ,]4( l~~,530(
(is ‘ n t nt: i - r c ’ n i t e  142 2 . f-, Q 

~) . I 3~~, 2 t 0  ] Ii 7 55(
(19 I r~.ar t Cr ar i  ite I 72 2 .  35~ LI -~~1 -~ 

- , 3-~~i I , 1 1 - )(
(21 1n ’ ic t 2’- a n i t e  i ’ l  ~~~~~ 5 . ~~~~~~ ~ ‘ 1 ~i5

:iucrage hr . In tac t  ‘ec i - ’efl~ ( ‘3  2 . ! i3  5 1 . 2 33 , 9 2 L I 12 ,535

i r ec imen  w i t h  ( i - - h — A n  I c
Fractur e 2 .~C~7 5~I .) 23 ,94-: 1 ,325

Speci~~- nr J ts rn~’e rcd t c  havr h r -r i lI  1 h i ’h - r c n~r 1e  f r a r i t  ~~i r ‘4h i c h  n a y  h a v c n
ini t i at c- r~ ‘a :]’,: .

4 . ho III rrial tlstrd e~hih ‘ , - l  r c ’ c v  i i ~ ’~ fnr-r (-hy sic - i l rhiracterist

t t i r u ~i~~h u t  h i -  - I - - n h ‘f t i n e  h i d e , i t : -  ‘n l \ ’  a ’-  c r ’c i ab l . ’  I’r V l l t I f l f l  b e i n r  t 11,-

S - ’ ieW hat I Oc,t e- ‘ r E ’ s  2 (VP s t r ” I I I I l- ‘. ic’ t - i l -. 1 ’  11,-’ sn - c- c  i- - t i  c r-nt aini rc r - 1

hea led , h i  , . h — a n V~ f t  - ic t r i r e .
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M o d u l i  of deformation

S . Representative specimens were selected for dynamic and static

ri oduli of defor mati on tests. The dynamic m odut i we re deter mined by

the propose d ASr! ‘iethod for  de t e r m inat l nn of ultrasonic pulse velocit ies

and elastic constants of rock . The s ta t ic  inodu li were computed from

the o ry c,f e l a s t i c i t y  by use of s t ra in  measurem ents ta ken fro m e lec t r i ca l

resistance s t r a i n  ga ges a f f i x e d  t o the specimens , Nos . ~, i i , and 1°.

.-it re ss— str ai n curve s are given in plate s 1 , 2 , and 3. A l l  three specim ens

were cycled at 20 ,000 psi. Re su l ts are given below .

Specime n Modulus , ps i x l0~ Shear P o isson ’ s
No. You ng ’ s Bulk Shear Velocity, fps Ratio

Dynamic  Tests

S 5 . -) 4 .4 3.1 93141) 0 .29
11 7 . 5 5 . 2  3. 0 9 15 5 0 .2~
18 7.5 5.3 3.0 9125 0.24

Static Tests

5 10 .) 7.2 3.9 —— 0.27
3 1  9.~ S .~~ 4 .0 — — 0 .22
19 1 i .2  5 .5  4 . 3  —— 0.19

~ . A l l  of the roc k tested herein is apparentl y rather r ig id  ma te r i a l ,

exh ib i t ing  l i t t l e  hysteres is . The slic tht initial reverse cu rv a ture of tt

I t r e s s — A t r a i n  cur ves did , however , indica te a smal l amount of initial

cra ck clos, i~ e . rtatir modu li were computed at approximately one—half the

iV t . --’at c ,~~r ength , r e s u l t i ng in s l L ~ h t i y  h igh er va lues  than y ie lded by

‘,nn ~~L C  ~P~~ i 5  wh i c h  ~~r, con ducted at lower  s t ress  leve ls  bc ,for e crack

- V .

I, 

-~~~~~~~~~~~~~-~~~~~~~~~~ -- -~~~~~~~~~~~~ - -- - 
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Conclus ions

7. The core received from hole DV-CR- 19 was pink , medium - to

coarse-grained rock ide n t it ie d as granite by the fie ld log received

with the c ore . The material was unusua ’ ly uniform , both in appearance

and physical characteristic a , the only deviation from this uniformity

being one somewhat l owe r compressi ve strength exhibited by a specimen

containing a heal ed , high—angl e fracture. Generall y, the samples from

this hole could be describe d as renresenting very competent rock .

intact Fractured
Property Specimens Specimen

Specific (ir,ivi tv ? • 443 2 . 647
Schmidt Number 5 1 . 2  50 . 3
Comp r essi’.’c~ St.ren ~ th , ps i 3 5 , 940 23 ,940
Comprea sional - ‘eve Velocity, fps 4 l~~,535 1~ ,325
Sta tic Ymunti ’s “-rdulus , psi v I~) O~ 9 —— 
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APPENDIX D

DATA !‘. ‘1’0R I’

(ic -c1~~ D~’— C ]1 — 2 4

5 October )9’;9

H o l e  Locati on : Lake C’cccnt v , I-iin nesc ’tm

T cc : n sh ip  21N , )en1)e a- ) , Se c t i i c o  3 , NE 1/4 NE 3/ 14

Lon~’ f t  ‘ cci  : 91 • 1114 ‘ -32 ’ We - s t

Latttc,.le: 147 14 7 ’  + S ”  ~ ‘ I r t h

1. The followin g cord: waa r e ce i v e d  on 2 October 1q 49 fo r  t e s t i n g :

C- i r e  P ie c e  No. Ap pr ox  jinate Oe~ t i ,  ft

1 5
2 1’;
3 23
14 35
5 :45
4
7 4’;
1 754
9 i-~2

1) 9’;
I l  05

12 II:’
13 l i l t
14 12 14
I I  135
1’; 1Lc 4
17
19 1’;’]
19 176
2-)

2 1  195
2 2  i’ll

L)escript I - n

2. Tict s and -I ce rec ~~ivecI were quite unif o rm in app earance. According

t o  t he  f 1 ’  I I log rece ived w i t h  the core , t he rock was Iden ti fi t- ci as me d ium—

t m  dar k -g ray, coarse— gra ined iiabhro . i lw’Cimefl Nos . 2 , S , and 1 1 contained

ti g htly el oo’ - ’ i~cipir ’n t fr sc tc ,re~ ,

89
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Puality and uniformity tests

3. To dete rmine variat ions within the hole , specific gravi ty,

Schmid t number , compressive stre ngth , and conpresatonal wave velocity

were determined on spe c imens prepared from repre$entat !ve samples as

given below:

Sample Core Schmidt Camp Comp Wave
No. Descri ption Depth Sp Or No.* Strg, psi Vel , fpe

( I Intact 5 2 .852 —- 29 ,5140 18 ,540
C
( 2 Contained incipient 16 2. 075 57.3 24,000 21 ,575
( Fracture
C
( S Contained Incipient 45 2.811 -— 214,150 20 ,300
( Fracture

Fractured 9 Intact 85 2 .878 56 .14 2 c ,S90 18 ,455
coarse-Ira m.d (
gabbro (11 Containe d incipient 95 3.0)0 59.3 27 , )l: i 21 ,575

( Fracture

14 intact 124 2. 836 —— 14 , 700 2 1 ,060

18 in ta c t 155 2.84 8 55 . 3  9 , 640 20 ,3145

22 Intact 197 2.856 51 . 4 ‘3 , 3 9 -  19 ,770

Average of All  Specimens 2.872 S~ .2 2l ,°~~’ 20,225

* Sch midt hammer te st not conducted on severa l specimens d u e  to
possibility of  breakage .

4. The apr -arent uniform nature of the core was not s-i b s t a ntiat e d

by the test re ~~u 1 t s .  Sample No, 1) contain ed a fracture , h u t  the

resul ts ind ica ted it was one of the anre com petent spe cimens. Con-

versely , specimen No , 18 , in which no fracturing was observed , yielded

a compressive strength of only 8640 pal .  Obviou sly the fracturing

observed prior to testing was not an influencin g factor in t he r~~ ults .
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~ I t d I  I i  of IcC I ,r ’ i .n i 1-40
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C ase luatona

“. The core received irons  hole UV-cR-2s4 was Identified as

m’me nitrn - t na dar k_ +t ra)+ , co.rae-srsined gabbro by th e  f i e l d  log received

.4th the core . The eon-c was unif orm in eppearane e , but physical teat

resu lts care ra th er variable . Compres sive wave veloc it ie s rant’ed from

L5 ,%00 t o  21 , 44) 0 ip s , a peen t Ic g r a v i t i e s  f r - , e n  7 . 81 to  3 . 2 , and compre s-

sive , ‘ rent ~t hS )no’- ~‘l) t--  29 , a95 ) p et .  i.’n rr o f rac tu r i ng in several

s oq- ’ LmPflS ‘n.j tin an- ’ tre e ’ .l - tr l’sntnt i f f e t - ’ ‘fl easpeesclve -m r eng th .

I’m oj ne : i s -  -__________ A11 S~.( tie ns

,- , ‘ r i t  - ‘  i r s v n ty  2 . ’72
C ’ c - i  “ ci tn.~ S 7 7

4 , -m~ - t  c I ’ .’c -~‘ i n i , I h , ps t 21 . ‘ 4
r 9 T 5 ”I f l f l a t  ~~IS’ Ve1- tc t~~v .  (DI, 2~~,22

i i  Ic - -  - nrc ,. a “ k,.lt i lui - n - a n ~ I - - .2
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A?PENDDC E

DATA REPOI1T

Hole DV-CR—3 9

1 Oc t ober 1969

Ic - Inn LocatLon : St. Louis County, Minnesota

Township 61N , Range 13W , Section 23 , ,$W 1/4 NW 1/44

Longitude : 9 1 5~~’ IS ”  West

Latitude : L4 7 45’ 03” North

Cørc

1. The f nllowl n” cone ‘ma received on 22 September 1969 for testing:

Cor e 1~aec e No. Apn-rr ,xmma te I)epth , ft

1 8
2 21
3 31

42
5 51
4 60
7 70
8 80
9 89

10 100
I l  111
12 121
13 127
144 134
15 144
16  154
17
18 175
I ”  184
20 190
21 290

h a cr ip ti afl

2. The sc ’-ap1 o~ rec e iv e d were quite s’ariable in a ppe arance. Accord-

ing to the f i - l d  I ’ - -: r~r c i v~d with the core , the roc k was I dentified as

-‘clg mettte , gray to t’reen ish—gra y gneiss, and gray to pink c’rnnite . Al l

pl ece~ contain ed seams , bands , and/or fractures , some of which  were

inclined at c ritical angles. Some of the fractures were hea led ; some

s~c’re incipient
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Quality and unif or mity tests

3. To deterictine variation s within the hole , specific gravity ,

Schmidt nu ’mtber , compre ssive strength , and coepressiona l wave ve locity

were determined on specimens prepared from representativ e s nari ple s as

giv en be l ow :

Sample Core Schmidt Comp Coiin p Wave
No. De scription 

— 
Depth Sp Gr No . Strg , psi Ve l , fps

Msdin~~—grained 2 ~se~’..~e’am.Me with 21 2.569 54.0 30,300 18 ,805
tonaiite Vertical Fracture

A~phtbolite ~ ~ca.~-ee’, Cr i tical — A ncl e ‘42 2.870 52. 1 16 ,240 21 ,120
1h~n- led Fn ‘etur e

Asphibolite 7 f ne4e’e., Cr Itical -Angle 70 2.878 147 .6 5 ,920 19 ,820
Healed Fracture

Amphiboitte 8 c~ic aee. high-Angle 90 2.883 51.2 21 ,520 21 ,090
lies led F r a c t u r e

N .dtiu—grained I i ~Gan.Lt~—.~aa.Ie.m Contact 111 2 .727 50.2 15 ,210 18 ,670
tonal ite
Aaphibolite 13 Cme.i.ao., Hin~h— Ang le 127 2.829 S i . 5  22 , 97) 21 ,800

Healed Fracture

Medtn~ —gratned IS ~~~~~~~~~~~~~ Conta c t 144 2 .777 50.9 15 DY) 20 500tonal ite

Medin~~—grainedl8 Goam.~t.’e. w it h  High— 17~ 2 . 68 1 5 5 , 2  1 3 , 150 19 , 720
toitalite Angle Band

Aaphtbol.tt. 19 Gne.~a.., h igh—An g Ie 184 2.922 54 . 1 23 , 790 2 1 , 000
Itea led Fracture.

Medtas—grained 20 Gcan.i.t.e.with High— 190 2 ,658 56~ 3 24 ,520 19 , 150
tonalite Angle Band 

— — ______ ______

Average of Specimens with
Contacts and Bands (4) 2.711 53.2 16 ,980 19 ,510

Average of Specimens wi th
Vertica l and High — Angle
Fracture s (14) 2.801 52.7 24 ,640 20 ,675

Average of Specimens with
Critical—Angle Fractures (2) 2.974 49.8 11 ,080 20 ,1470
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Apn.’tnently the critical—angle fraetures and the contacts and band s

all detrimentall y affect the compress ive strength but not the other

prooertiea .

M odul j of defor ma tion

4. Repre sent at ive specimens were selected for dynanic and static

n’rnduli of defur:ina tion te sts. The dynamic moduli were determined by

the oroposed A,STM method for determination of ultrasonic pulse velocities

and elastic const ants of rock . The static riodu li were computed from

theory of ela sticity by use of strain measurements taken from electrica l

resistance strain gates affixed to the specimens , Nos . 2, 11 , and 13.

9tress- .strain cu rve s are give n in plates 1 , 2 , and 3. Specimens 2 and

11 were cycleni at 10 ,000 psi; specimen 13 was cycled at 5000 psi.

t~eg u i ts are given below .

Sp ecime n Modul u s , psi ~ IO ~ Shear Poisson ’s
No . T ong ’ s Bu lk Shea r Velocity, Ins Ratio

Dynam ic Tests

2 0. Ls 7 . 9 3 ,~ lc ) , 02 5 (1 .30
I i  0 , 1  ~~ 2 3. 4 9 , 695 ‘1 ,32
13 1- 1 .9 12 , 7 4 . -) 1 , 305 0 .36

Stat ic Tests

2 h J . l  6 .1 ‘4 1  —— 0 . 2 3
2 . 8 — —  (3 . 19

13 11 .8 7 .5 14.9 — —  0 .24

,~l l of the r - c ~ test , d herein is app arently rather rigid n’ateri ,il ,

s’nclmi b itin g litt le hysteresis , The slightly open nature of the hysteres is

loo n - s indicate d ~rnal 1 amounts of residual strain . The static moduli and

st ati c Poisson ’ s ratios were ~rtr ’cpni ted from values taken iron ~tr rss —

stra in curves ni t points corresp onding to app roRin ia tely 50 ~*rcent of

the ultimate stren g th.
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Colic I tilL ofl5

5. The corc received frog hole DV—CR..39 was identified by the

field log received with the core as migmetite , gray to greenish—gray

gneies , and gray to pink granite. Physical test results varied somewhat ,

but generally ghowed rather good correlatjcm with the nature of the die—

continuities present in the specimen, i.e., critical—angle fractures .

vertical or hi~zh-angle fractures , contacts , ~nd bands . Generally,

the specimens containing critical-angle fractures were the weakeet ,

the group exhibitin g an average compressive strength of Il ,08I~ psi

and failure usually occurring along the fractures . The specimens

containing vertical or high-angle fractures e~ehibLted the highest

average compressive strength (24,61*0 psi), indicating that fracturing

of this type had little if any effect on strength.

Specimens
with Specimens

Specimens Vertical with
with or High— Critical—

Contscts Angie Angle
Property or Rends Fractures Fractures

Specific Gravity 2.711 2.~ 0l 2.S74
Schmidt Number 53.2 52.7 49.8
Compressive
Strength , psi l~ ,980 24,~ L4O 11 ,080

Com pressional Wave
Velocity, fps 19,510 20,~ 75 20,470

Young ’s ‘1~dulus ,
Dsi x 10 6.7 11. 0 ——
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APPENDIX F

DATA RgI’OPT

Hole DV~CR~I40

3 October 19’~9

H ol e  Location : St .  Louis County , Minnesot s

Township SiN, Range I3~ , Section 8

2558’ P/EL, 792 N/SL. SE 1/4 SW 1 114

Longitude : 92’ 00’ 57.2”

Latitude: 47 25’ 55.6”

1. The following core was received on 26 September 1969 for testing :

Core Piece No. Aporoxirnate U~pth, ft

7
2 18
3 2’)
4 38
5 48
6 55
7 68
S 74
9 79

10 88
ii  97
12 158
13 115
14 125
15 134

1143
17 - 153
iS 163
19 172
20 181
21 192
22 199

Description

2. The ee~ples received were quite uniforo in appearance . Accord-

ing to the fiold log received with the core., the roc k was idontified as

blue—gray gabhro . Spec imen Nos. 1 , 1*, 6, 7, S, 9, 10 , ii , 12 , 13 , 11*,

15 , l~ , 17 , 15 , 19 , 20, and 21 contained fraeturcs , most of which were

tightly healed.
103
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Quality and uniformity tests

3. rn determine variations within the hole , specific gravity,
Schmidt number , compressive strength , and compressional wave vel ocity

we re determined on specimens prepa red from representative samples as

gi ven be l ow :

Sample Core Schej dt Comp Comp Wave
No. Descri ption 

~~~~~ 
No.~ Strg, psi Vel , fps

2 Intact R ock 1. 2.807 55.5 1*7,730 22 ,790

3 Intact Rock 29 2.818 51.1 1*8,480 23,505

4 High—Angle , Healed 38 2.799 51.6 17 ,420 23,235
( Frac ture

5 Intact Rock 48 2.801 -— 50 , 580 23 , 180
)Isdt* -gr.iesd(
g.bbro ( S High—Angle , Healed 74 2.312 56.2 17 ,5.80 23,320

( Fracture
( High Angi.
( 12 .G~.i4~e,b—MM~4.e, 108 2 .778  —— 33,940 22 , 735
( Heale d Fracture
C
(13 High—Angle , Healed 115 2.803 52.9 34,850 23 ,350
( Fracture
(
(14 Intact Pock 125 2.910 53.7 57,880 23,390
(
(20 C r i t i c a l— A n g l e , 181 2 .815 54 .9 16 ,050 23 ,030
( Healed Fracture

C( 21 High—M~gle, Healed 192 2 .800 —- 32 ,270 23,290
Fracture

Average of I ntact Specimens (14) 2 .809 53. 4 51 ,170 23,220

Average of Fracture d Specimens (6) 2. 80 1 53. 9 25 , 350 23 , 160

* Schmidt hammer test not conducted on several specimens due to
possibility of break.ege.

10~

-.—- -

~

-

~ 

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



4. Of the several specimens tested containing healed fractures ,

Nop . Se , 5, and 20 fai led at much lower stresses than the remainder

of the specimen, in the group. These l ower ult imate strengths showed

no correlation with angle of inclination of the respective fractures ,

ind ic it ing that the strength variation might rather have been the

reault of variation in the filler material or the tightness of the

fracture.. The specific gravity and compressiona l wave velocity

result, ace indicative of a dense , uniform , competent rock.

Moduli of deformation

S. Representative specimens were selected for dynamic and static

moduli of deformation tests. The dynamic n o dul i  were determined by the

proposed ASTM .~ethod for determination of ultrasonic pulse velocities

and elastic constants of rock. ~~ static moduli were computed from

theory of elasticity by use of strein measurements take.n from electrical

resistance strain rapes affi,cecl to the specimens , No s. 5, 12 , an1 21.

Stress—strain curve s are given in plates 1 , 2, and 3. Specimens 12 and

21 were cycled at 10 ,000 psi; specimen 5 was cycled at 35 ,000 psi.

Results are given be low.

Specimen Moduln~ , pet x IO6 Shear Poisson ’s
No. Young ’s Sulk Shear Velocity, fp a Rat io

Dynamic Tests

5 12.1 14.3 14.5 10,910 0.36
12 11. 2 13 .8 4.1 10,505 0.36
21 1 1 .8 14.7 4.14 10,740 0.36

(Continued)
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b

(Continued)

Specimen Modulus , psi x 106 Shear Poisson ’s
No. Young ’s Sulk Shear Velocity , fps Ratio

Static Tests

5 14.1 10.7 5.5 —— 0.28
12 13.9 10.7 5.4 —— 0.25
21 14.7 9.9- 5.9 — —  0.25

All of the rock tested herein is apparently very rigid material ,

exhibiting little hysteresis . The erratic behavior of the stress—strain

curves during the early phases of loading of specimen No . 21 was probably

due to internal redistribution of stresses around the healed fracture.

A high degree of uniformity of material from th is hole is also indicated

by the noduli results.

Conclus ions

6 , The core received from hole DV—CR—1~0 was identified as blue—

gray gabbro by the field log received with the core. The core was very

uniform in appearance; however , many specime ns contained healed fractures.

T’hysjcal test results indicated that the in tac t  m a t e r i a l  was a very

competent rock , exhibiting an averar.e coripressive strength of 51 ,170 psi .

Even the fractured specimens yielded a minimum compressive st rength of

16 ,000 psi and a compression~ l wave velocity of 23,000 fps .

Intact Fractured
Property Specimens Specimens

Soecific Gravity 2.809 2.801
Schmidt Number 53.4 53.9
Compressive Strength , psi 51 ,170 25 ,350
Cotnpressional Wave Velocity, fpe 5 23,220 23 ,160
Static Young ’s ‘lodulus , pal x 10 14.1 14.3

106
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I. ASSTNA C?

~Laboratory tests were conducted on rock core samples received from six core holes in
the Duluth-Vermillion study area of Koochiching, Lake, and St. Louis Counties, Minne-
sota. Results were used to determine the quality and uniformity of the rock to depths
of 200 feet below ground surface. The rock core was petrographically identified as
predominantly tonalite and gabbro , with relatively minor amounts of amphibolite , gran-
ite , and gneiss. Many specimens contained fractures ranging in orientation from verti
cal to horizontal. Several specimens contained bands and/or contacts with other types
of rock. Evaluation on a hole—to-hole basis indicates the tonalite represented by
specimens from Hole DV-CR-19 to be quite uniform and very competent. This material
should offer very gcod possibilities as a competent hard rock medium. The tonalite,
mediuxn-grained gabbro, and granite and granitic gneiss representing Holes DV—CR-17,
_l+0, and -9, respectively, exhibited physical properties typical of relatively com-
petent to very competent material, and all should offer re~ sonab1y good possibilities
as c’-’mpetent media. The coarse-grained gabbro from fIole DV-CR-214, and the amphibolite
and tonalite from Hole DV-CR-39, were generally marginal (compressive strength 8,000-
12,000 psi) to relatively competent (compressive strength >12 ,000 psi ) in quality,
with only one specimen (DV-CR-39, Specimen 7, an amphibolite ) yielding an ulti-
mate uniaxia.1 compressive strength characteristic of incompetent rock. Eva3~ia—
tions have been confined to specimens from single holes arid , the~efore~’\jnor~ exten-
sive investigation will be required in order to expand evaluations to en~~re areas
of media.
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