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CHAPTER 1 

INTRODUCTION 

Background 

Efforta exerted over the paat aeveral years to develop tech

niquea and atandarda to allow for the competent deaign. and con

•truction of engineering atructurea in rock have led to the eatab

liahaent of aeveral particular mechanical rock propertiea in poaitions 

of prominence. According to Obert (9)*, theae "moat important 

phyaical properties for deaign. purpose• are d-enaity, Young•-. modurua, 

co11preaaive atrength, and flexural atrength. 11 

The determination of auch phyaical propertiea, accoapliahed 

through laboratory teating of aamplea of rock core and field teating 

of portiona of the in-aitu rock maaa, ia, aa a rule, quite time con

•uming and expenaive. It ia for thia reaeon that correlationa of 

physical propertiea of rock, and prediction• of one property from an 

already determined 'talue of &nother property, ahould be tremendoua 

aaaeta, provided the quality of the correlation• i• auch that the 

•le•ent of doubt regarding teat result• and predicted propertiea ia 

not of a magnitude neceaaitating an increaae in the factor of aafety. 

One particular aituation in which auch correlation• would prove 

of value might be the aite evaluation &nd aelection program. 

*Number• in parentheaia refer to reference• in the Bibliography. 
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Assuming aeveral site• were being considered for a particular atruc-

tural endeavor, preliminary elimination might well be facilitated if 

one or two of the leas time consuming and leas expen1ive physical 

tests would yield data from which one could reasonably predict other, 

more difficult to determine, physical properties to be used in the 

evaluation and elimination process. It is alao possible that corre-

lationa such as these, if of sufficient quality, would allow for 

reduction in the variety of tests required to determine the physical 

properties now deemed necessary for competent design and construe-

tion in rock media. 

J.nother significant application of physical property correla-

tiona might be the elimination of some destructive physical testing, 

to be replaced by nondestructive testing. As indicated by Obert (8), 

nondestructive teats can be repeated a number of times on the same 

specimens, facilitating determination of and compen1ation for pro-

cedural and instrument errors. Thia would allow one to separate the 

variations due to instrument error from the variation• due to actual 

diff erencea in mechanical properties of the specimens teated. 

Previous Studies 

In the past, laboratory investigations and correlations of 

physical propertiea of rock have generally been limited to intact 

specimens, i.e., rock cores which are macro1copically homogeneous 

and free of discontinuities such as aeams, joints, fractures, and in-

cluaions. However, even when these investigations have been restric-

ted to intact rock, thus eliminating the highly variable fracture 

. ' c 



paraaeter, data plota haTe frequently been highly acattered in nature 

reaulting in correlationa of queationable Talue. 

Uaually, inTeatigationa of thia nature have encompaaaed ll&Jly rock 

typea (3) (4) (6) (7), the determined physical propertiea for all 

rock typea being lumped together and analyzed in maaa. Thia procedure 

i• oriented toward determining general relationahipa characteristic 

of the entire group of apecimena examined. But the implication here, 

namely that large variation• in mineral compoaition, geologic hiatory, 

and grain aize (which uaually enter into the claaaification of rock 

•ateriala) haTe little or no effect on the relationahipa between 

phyaical proper~i••t i• duhioua (10}. 

Thus, a definite need exiata to inTeatigate the relationahipa 

between T&rious rock properties, focuaing attention on individual 

rock type• in an attempt to reduce the number of variable• and elimi

nate aome of the scatter typical of previous inTeatigationa. Hope

fully, the resulting correlation• will be of a quality which will 

allow for the elimination of repetitive teating and data reduction, 

facilitating more economic design of engineering atructurea. 

Ob3ectiTea .!!.!!!!!. lnveatigation 

This study will be pri~arily directed toward determining the 

influence of variation in rock type on the quality of correlation• 

obtained through linear correlation analyai• of varioua phyaical rock 

propertiea. An attempt will alao be ma.de to determine the effect of 

Yariation in grain aize within a particular rock type on the nature 

of the correlation• between phyaical propertiea determined for apeci

•ena of thi• rock type. 
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Specimen• of tonalite and granite will be prepared and teated, 

the following phy•ical propertie• being determineds 

(a) density 

(b) comprea1ional pulse velocity 

(c) •hear pulse velocity 

(d) Young'• modulus of elasticity (atatic) 

(e) ultimate uniaxial compre11ive atrength. 

Pul1e veloc1tiea will be determined according to the .ASTM propo1ed 

Standard Method of Teat for Laboratory Determination of Ultrasonic 

Pul1e -Veloci tle1 anti ~aatic -conatanta o-r Rock. Ultraaonic ela.•tic 

constant• will be computed from propertiea 1, 2, and 3. Static 

Young'• modulus will be computed from stre1a-atrain curve1 deter

mined during uniaxial compresaive teats. Representative •pecimena 

will be aubjected to petrographic examination (X-ray diffraction 

analyaia, modal analyaia, etc.). In as far as i• poa•ible, the 

apecimen1 of tonalite and granite will repreaent aamplea of various 

grain aizea, and mineral composition will be varied within the limits 

of the clasaification ayatem (11). All specimen• will be intact, 

i.e., free of macro•copic discontinuities auch aa fractures, joints, 

aeama, and vesicles. 

The data accumulated will be grouped and analyzed according to 

rock type, and then, for comparative purpoaea, analyzed in maaa. Cor

relation• will be me.de between varioua pairs of the phy•ical prop

.ertie• determined. In particular, ultimate uniaxial compressive 

atrength and •tatic Young'• modulua will each be correlated with ul

trasonic pul•e velocitie1 and the various ultra•onic elastic con

stants. Comparisons will be made of the quality of correlation& ob-



tained from the data grouped according to rock t1Pe and from the 

data treated in their entirety, and &11 effort made to determine the 

influence of data an.alyaia by rock t:ype on quality of the correla

tiona obtained. 

Correlation• will be made uaing phyaical propertiea determined 

for three group• of apecimena within one particular rock type 

(tonalite). Theae three group• will be eaaentially of the aame 

mineral co11poaition and geologic hiatory, the variable being grain 

•ize. The intention will be to evaluate the contribution of vari

ation in grain •ise ~o the nature of the phyaical property correla

tion• obtained within the particular rock type. 

5 



CUA.PTER 2 

EXPERIMENTAL TECHNl~UE 

Genere.l 

Seventy-nine samples of rock core representing two rock types 

(granite and tonalite) were prepared and teated in the course of 

· -thiD -inve-ati~t.ion. 'l'he-8-e -ape-cimens •er-e -r-emov~d Irom 10 drill ai tea 

in six geographic localities. Generally, eight specimens of one par

ticular rock type, either granite or tonalite, were selected from the 

core from each of the drill sites. All specimens teated were intact 

(contained no macroscopic joints or fractures) and eaaentially homo

geneous NJ:-aize (nominal 2-1/8-inch diameter) cylindrical corea. 

Testa were conducted during this investigation to determine the 

followings 

(a) rock type and mineral composition 

(b) bulk density 

(c) ultrasonic pulse velocities (compressional and shear) 

(d) ultimate uniaxial compressive strength 

(e) atatic stress-strain relations. 

Ultrasonic elastic constants were computed from measured ultrasonic 

pulae velocities and specific gravities. Static Young'• moduli were 

determined from the axial atreaa-atrain relations observed and re

corded during the uniaxial compressive teats. 



Petrographic Examination 

One repre•entative •pecimen from each of the 10 group• (10 drill 

•ite•) waa aelected for limited petrographic examination. Tbeae 

apecimen• were aawed axially, one sawed aurface of each •pecimen 

being poliahed and photographed at normal aize. 

Compoaite a&mplea were ta.ken from the remaining portiona of the 

•elected apecimena, and ground into a fine powder •o aa to paaa a 

No. 325 sieve (44µ). X-ray diffraction patterns were made of each 

•ample. Theae pattern• were then examined to make mineralogical 

identification• and comparisons. S-mall portion• or- ea.ch ot- tbeee 

powdered sample• were tested in dilute hydrochloric (HCl) acid and 

with a magnetized needle to detect the preeence of carbonate min

erals and magnetic minerals, reepectively. All X-ray pattern• were 

made with an XRD-5 diffractometer using nickel-filtered cooper 

radiation. 

Thin sections were prepared from each specimen and examined with 

a Spencer polarizing microscope. A point-count modal analyaia was 

made on each thin section to determine the mineral composition by 

percent and grain size (13) of each of the rocks represented. The 

number of counts per section waa held constant (500), but spacing of 

the counter was varied with grain size in an attempt to obtain a 

representative statistical average (2). 

A aummary of the results of the petrographic examination of 

repreaentative sample• from each of the 10 groups of core is given 

below. Detailed reaulta are given in Appendix 1. 

(a) Tonalite (Vermilion granite formation, Minneaota). Brownish

gray, medium- to coarse-grained. Sections were massive and 
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unweathered. Biotite was broken and altered to chlorite. Micro

cline was unaltered and unbroken. Very few microfracturea were 

detected. 

(b) Granite (Lucerne Pluton, Maine). Black and white. Coarae

grained porphyritic texture. Biotite was unaltered. Plagioclaee 

wa1 alightly altered to aericite. Specimens were unweathered and 

contained very few microfracturea. 

(c) Granite (Granite Mountains Uplift, Wyoming). Unweathered, 

browniah-gr~y, coarse-_grained. Microcline waa unaltered. Plagio

clase was altered to aericite. Biotite waa •lightly altered to 

chlorite. Uicrofractures were aomewhat common. 

(d) Tonalite (Sierra Nevada Batholith, California). Fine-grained, 

dark colored rock. Section• were fresh and contained no macro

fracturea. Contain• principally plagioclase feldspar and biotite 

mica with amaller amounts of quartz and hornblende. 

(e) Tonalite (Sierra Nevada Batholith, California). Medium- to 

coarae-grained igneous rock. Sections were fresh and intact. Simi

lar in compoeition to fine-grained rock diacuased above. 

(f) Tonalite (Sierra Nevada Batbolith, California). Medium

grained igneous rockJ much finer grained than medium- to coarse

grained tonalite (e). Similar in mineral composition to the two 

tonalitea diacuased immediately before (d and e) except slightly more 

biotite and slightly lesa hornblende. Also contains very small 

amounts of magnetite. 

(g) Granite {Northwest of Lone Grove Pluton and Enchanted Rock 

Batholith, Texas). ~edium-grained, red granite. Sectione were 



intact and waweathered. Slight alteration of microcline and plagio

claae. More auacovite mica preaent than biotite aica. 

(h) Granite (Sheraan Granite Faciea of Southern Laramie Range, 

Wyoming). Coarae-grained, light-gray granite. No preexiating frac

ture aurfacea could be detected. Largely compoaed of quartz, potaa

•iua feldapar, plagioclaae feldapar, and biotite, with leaaer amounta 

of hornblende. 

(i) Granite (Laramie Range, Wyoming). Medium- to coarae-grained, 

pink granite. Porphyritic texture. Section• were macroacopically 

free of fracture• and were unweathered. Predominately compoaed of 

quartz, plagioclaae feldapar, potaaaium feldapar with leaaer amount• 

of hornblende biotite &nd chlorite. 

(j) Tonalite (Cedar City Tonalite, Utah). Medium-grained, gray 

tonalite. Conaiated primarily of plagioclaae feldapar, quartz, and 

hornblende with leaaer a.mount• of potaaaium feldapar, biotite, and 

magnetite. Biotite wa• alightly altered to chlorite. 

Specimen Preparation 

Teat apecimena were prepared aa auggeated in the ASTM propoaed 

"Standard Method of Teat for Unconfined Compreaaive Strength of Rock 

Core Specimen•" and Corp• ef Engineers Standard Method of Teat for 

Triaxial Strength of Undrained Rock Core Specimena (12), CRD-C 14T. 

When prepared according to the above apecifieationa, apecimen toler

&ncea were well within the limit• required by the JSTM propoaed 

"Standard Method of Teat for Laboratory Determination of Ultraaonic 

Pulae Velocitiea and Elaatic Conatanta of Rock. 

9 



All aamplea were cut to lengths of approximately 4.32 inchea 

with a Covington (Figure 1) slab saw (16-inch diameter diamond 

blade). Thia specimen length waa aelected in order to meet the 

apecified length to diameter ratio requirement• (2.0 ~ L/D ~ 2.5). 

Since apecimen diameter ranged from 2.06 to 2.16 inchea, probably 

due to variation in rock t)'Pe, bit wear, and drilling technique, 

the actual length to diameter ratios alao varied slightly, but were 

in all caaea greater than 2.0 and leaa than 2.5. 

During the cutting process, specimens were aecured in a viae 

(Figure 2) which aided in alignment and provided for cutting aur-

-f'&c-ea--ne_arl.T_Den>endicular to the axis of the core. A aolution of 
V A -. 

water and soluble oil waa used as blade lubricant and coolant. All 

apecimena were thoroughly waahed immediately subsequent to cutting 

to remove any aolution which might adhere to the specimen aurface. 

Feed rate waa adjusted such that one cut aero•• a diameter required 

approximately 15 minutea. 

After cutting, the enda of all specimens were ground amooth, 

parallel to each other, and perpendicular to the axia of the core 

with a Norton hydraulic surface grinder (Figure 3). Thia surface 

finiahing was puraued in such a manner that apecimen enda were flat 

to within 0.001 inches and did not depart from perpendicularity to 

the axia of the core by more than the allowable 0.01 inch in 

2 inchea (0.25 degreea). Subsequent to grinding, the apecimena were 

again thoroughly washed to remove any of the oil-water grinding wheel 

coolant aolution from the core surfaces. 

10 
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Figure a. 
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~ Denait:t 

Bulk den•itie• were determined according to U. S. Army Engineer 

Waterway• Experiment Station, Concrete Divi•ion "T-2 Method of 

Determining Bulk Den•ity of Rock Core•." The te•t procedure con.-

(a) wa•h the core to remove du•t and other ceating• from the 

•pecimen 

(b) air dry the •pecimen to conatant weight, and weigh 

air-dried specimen to n.eare•t 0.1 gram 

(c) determine volume or •pecimen by liquid di•placement in 

a pycnom~ter chamber -(-F~gur-c -4) -~n~aining ~Jtilled water 

(d) calculate the den•ity of the core in the air-dried con-

dition from the following formula: 

where 

Wo 
Go ... -V 

0 

G0 • density of the air-dried core 

W0 • weight of the air-dried core in gram• 

V0 • volUJlle of the core in cubic centimetera. 

Temperature of the diatilled water in the pycnometer chamber was 

taken into account when the volume• of the specimen• were determined. 

In this inveatigation, den•itie• were computed from air-dried 

specimen• rather than oven-dried specimens to avoid po••ible change• 

in phy•ical properties due to oven-drying as have been observed in 

several previous studies. Obert (9), noted that oven-drying often 

produced pronounced and •ometimea drastic changes in elastic con-

•tants, and that the•e changes Yere frequently permanent. 





Ultrasonic Pulse Velocitiea 

Ultraaonic pulae velocities were determined according to the 

ASTM proposed "Standard Method of Test for Laboratory Determination 

of Ultrasonic Pulse Velocitiea and Elastic Constanta of Rock." Thia 

method is valid for determination of compressional and shear wave 

velocities in both iaotropic and anisotropic media. 

Barium titanate crystals and PZT-5.t\ high capacitance lead

zircon~te-titanate cryatals were used to produce compressional and 

shear pulses, reapectively. These pulses were produced by applying 

short duration, high voltage pulses to the appropriate crystals, 

resulting in compressional or shear pulses, whichever the caae may 

be, being generated in the apecimen. The high voltage pul1es, 

when applied to the X-cut barium titanate crystal, caused the 

crystal to expand and contract yielding compressional stress pulses, 

which were transmitted to one end of the specimen. ~ben ~pplied to 

the Y-cut lead-zirconate-titanate crystal, the pulses caused the 

shear crystal to vibrate in a direction perpendicular to the axis of 

the core creating shear pulses which were transmitted to one end or 

the specimen. The arrival of the pulses at the other end of the 

specimen were noted by a companion crystal affixed to that end, which 

acted aa a mechanical-electrical transducer and generated equivalent 

electrical pulses. Pureline white petroleum jelly and phenyl 

salicylate were used respectively, between the compressional trana

ducera and the rock specimens, and between the 1hear transducers 

and the rock specimens. 

Theae electrical aignala were recorded on an o•cilloscope 

(Figure 6) aa atationary wave forms, which allowed rather accurate 
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Figure 5. Bquipaent For Ueaauring tlltraaonic Pulae Velocities. 



meaaurement of the time of travel of the pulaea through the in

dividual apecimena. Stationary wave forma, a• diaplayed on a 

Hewlett-Packard model 1780-A oscilloscope, were photographed 

(Figure 6) and pulae traTel time• read directly from the time marked 

photographa. These times were corrected to eliminate error due to 

pulae travel time through the tranaducer leads, tranaducera, and 

tranaducer-apecimen co1LDection material• (petroleum jelly or phenyl 

aalicylate), thua, yielding pulse travel time• through the rock core 

specimen• above •. Compreaaional and ahear velocitiea were then 

determined from 

and -V8 

where 

VP • compresaional pulae velocity 

V8 • shear pulae velocity 

J, .-t. 

tp • travel time of the compresaional pulse through the 

specimen alone 

t 8 • travel time of the shear pul•e through the specimen alone 

L • length of the apecimen. 

All compresaional and ahear pulae velocitie• determined in thia 

inveatigation were meaaured with zero load on the apecimena. 

Static Axial Streaa-Strain lleaaurementa 

To determine axial atatic atreaa-atrain relations, Baldwin-

Lima-Hamilton SR-4, Type A3-S-6, electrical reaiatance atrain gages 

were affixed vertically to oppoaite aides of each apecimen. The 

gages were located in a manner auch that the midpoint of the 

18 



Figure 6. W&Ye-Forma All Dia
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resiatance aegment waa at midheight of each apecimen. The gage 

length was 13/16 inchea, 1uch that no portion would be effected by 

the nonuniform atreaa diatributiona noted by Fairhurst (5) to exist 

over the upper and lower 1/12 length of each apecimen, i.e., the 

uppermost and lowermost 1/3 to 1/2 inches for all specimens uaed in 

thi1 atudy. 

All gages were bonded directly to the rock apecimena by uaing 

SR-4 cement, a fast drying nitro-celluloae cement manufactured by 

Baldwin-Lima-Hamilton for the expreaa purpose of application of SR-4 

bonded strain gagea. Prior to application of the cement, specimen 

--aurfa.Ge-e-W•~ ~aned to remoTe subatancea 1uch a• oil or du1t which 

might impede development or a aecure bond between the 1pecimen and 

gage. A thin coat of cement waa then applied both to the specimen 

and to the gage, after which the gage waa mounted under moderate 

preaaure and allowed to dry for 24 houra. 

To determine atreaa-atrain relation•, the two gages were wired 

in aeries reaulting in an output of the average atrain regiatered 

by the two gagea. Stresa and strain were continuoualy plotted 

during the uniaxial compreaaive teat by using a Moaeley Autograf 

x-y recorder. A photograph of the recording equipment ia given in 

Figure 7. 

Uniaxial Compresaive .!!.!.!: 

All apecimens were subjected to atatic compreaaive loading to 

determine axial atreaa-1train relationa, as previoualy mentioned, 

and to determine ultimate uniaxial comprea1ive atrengtha. 
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Figure "I. 



A 440,000-pound univeraal, Baldwin hydraulic teating machine waa 

uaed for loading the apecimena. A photograph of thia machine ia 

given aa Figure 8. 

Thia teat waa conducted according to the JSTM proposed Standard 

Method of Teat for Unconfined Compreaaive Strength of Rock Core 

Specimena. All apecimena were carefully aligned ao that the axia 

of each core teated waa coincident with the center of thruat of the 

apherically aeated bet.ring block. An initial •eating load of approx

imately 100-200 pound• waa applied very alowly while the apherical 

aeated bearing block waa adjuated. All teat• were conducted at a 

loading rate of 35 .±. 15 psi per aecond -\eouTtlm.t f~r •particular 

apecimen) ao that cateatrophic failure occurred within 6 to 16 

minute• of commencement of loading. Aa noted by the propoaed 

atandard, auch a rate of load should provide value• of ultimate 

uniaxial compreaaive atrength which &re relatively free from the 

effect• of rapid loading. 

Ultimate uniaxial compreaaive strength• were calculated by 

dividing the maximum load carried by the specimen during the teat 

by the average initial croaa-aectional area of the specimen deter

mined aa auggeated in the ASTM propoaed atandard. All atrengtha 

were expressed to the nearest 10 pai. 
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CHAPTER 3 

PRESENTATION .AND DISCUSSION OF R&StJLTS 

General 

Physical propertiea or the varioua granite and tonalite apeci-

mena teated wer.e determined according to the procedure• diacuaaed 

in Chapter 2 and are preaented in tabular form in Table• 1 and 2. 

'£he --.te.ti-c values _of Youn,g' a moduli are tangent moduli of 

elasticity and were computed at ~O percent of ultimate uniaxial 

compressive strength. Static Young'• moduli were determined for a 

minimum of aix apecimena from each drill aite represented (ten 

sitea), thua exceeding the optimum number of four specimen• and 

minimum number of three recommended by the Bureau of Mine• (1) for 

adequate evaluation of thia particular property within a represen-

tative group or apecimena. 

Ultrasonic elastic constant• were computed from individual 

values of density, ultraaonic compressional pulae velocity, and 

ultrasonic ahear pulae velocity which were determined for each apeci-

men by procedures as diacusaed in Chapter 2. The equations uaed in 

the computation of ultraaonic elaatic constants are aa follows1 
2 2 2 

oV8 (3Vp - 4Y8 ) 

(l) Ed""' • 2 2 
.,- Yp - V8 



TA.BLE 1 

Phyaical Property Teat Reaul ta 

Ultimate 
Uni axial Static 

Petrographic Compreaaive Young'• Ultra.ionic Pulae Velocitie• 
Specimen DeacriJtion Strength Modulus f:e• 

No. { * ]?ai J!Bi X 10-6 Co5resaional She&r 

h. Tona.lite (a 29, 200 10.0 16,160 9,190 
2& Tona.lite 

!~ 
24,400 -** 115,240 8,830 

3a Tona.lite 215,200 -** 16,200 8,860 
4& Tona.lite 23,000 9.6 16,240 8,830 
15& Tona.lite 27,400 10.0 16,160 9,120 
6a. Tonalite 24,600 9 •. 3 14,180 8,550 
7& Tonalite ~: 29,800 10 •. 0 115,960 8,950 

I\) Sa Tona.lite 29,600 10 •. 0 16,090 9,080 V1 

le Tonalite (e 22,500 7 •. 4 1l),650 8,1570 
2e Tonali te e 21,700 7 •. 8 15,400 s,otso 
3e Tona.lite e 17,800 7.6 lts,180 8,570 
4e Tonalite e 20,400 6.9 12,900 7,670 
5e Tonalite e 14,200 -.·** 14,790 8,030 
6e Tonalite e 20,500 6.9 12,860 7,670 
7e Tonalite e 15,400 6.1 14,830 8,090 
Se Tonalite e 17 ,tsOO 6.9 1 T ,860 9,350 

lf Tonalite 

m 
22,900 8.3 16,900 s,690 

2f Tonalite 24,000 8.3 14,590 8,590 
3f Tonalite 24,200 8.1 13,MO 8,260 

a') 4f Tonalite 24,300 T.8 13,430 8,070 c:o 
~ *Correaponda to petrographic deacriptiona given in Chapter 2, page• 7-9. 
~ **Static Young's moduli not determined for these specimens. 
...:i 



TABLE 1 (Cont'd) 

Ultimate 
Uniu:ial Statif 

Petrographic Compreaaive Young • Ultra•onic Pul1e Velocitie• 
Specimen Descri~tion Strength Modul11a f:e• 

No. ~ * ]!•i pai x io-6 .ComJ!r•••ional Shear 

5f Tonalite (rl 23,600 8.6 14,880 8,510 
6f Tonalite ~~ 22,600 7.8 16,240 8,990 

I 

7f Tonalite 24,600 8.3 14,710 8,41SO 
Sf Tonalite (f 24,500 -" 13,510 7,760 

ld Tonalite ~: 36,400 11.ii 20,180 10,570 
2d Tonalite 47,200 11.6 20, 120 10,590 
3d ronalite i; 20,soo 9.E 19,050 9,900. 
4d Tonalite 43,200 11.6 20,790 10,700 
5d Tonalite 45,500 11.6 21,160 10,970 

~J 6d Tonalite (d 43,900 11.9 20,510 10,620 0\ 

7d Tonalite (d 45,700 11.9 20,460 10,650 

1i Tonalite (i 9,800 4.2 12, 590 6,560 
2i Tona.lite (i 18,900 5.3 12,340 6,790 
3i Tona.lite (i 15,1(\0 4.7 12,230 6,650 
4i Tona.lite ~! 17,800 5.4 12, 750 6,730 
5i Tonalite 12,500 4.3 12,610 7,050 
6i Tone.lite (i 19,000 :s.6 13,240 7,080 
7i Tona.lite ~! 12,300 4.5 12,860 6,950 
Bi Tonalite 12,900 4.i4 13,020 6,890 

*Corre•ponda to petrographic de•criptiona given in Chapter 2, page• 7-9. 
**Static Young's moduli not determined for these apecimena. 



TABLE 1 (Cont'd) 

Ultimate 
Uni axial Static 

Petrographic Compreaaive Young'• Ultraaonic Pulae Velocitiea 
Specimen DeacriJtion Strengt.h Modulua fJ!• 

No. ~ * pai J?•i x 10-6 Cogreaaional Shear 

le Granite ~: 34,000 9 .• 4 17,430 9,290 
2c Granite 31,100 8.6 16,360 8,760 
3c Granite ~: 34,600 9.3 18,830 9,340 
4c Granite 32,800 9.4 18,130 9,560 
15c Granite (c 33,900 9.6 19,340 9,860 
6c Granite ~: 32,300 9.8 18,100 9,630 
7c Granite 33,900 9.6 17,430 9,200 
Sc Granite (c 215,600 10.0 18,120 9,400 

lg Granite (g 23,600 9.6 17,900 9,530 
[\) 2g Granite g 21,100 9.6 18,620 9,210 --:i 

3g Granite 17,100 -,-** 18,040 9,690 g 
4g Granite g 25,£:00 10.2 17 ,860 9,450 
5g Granite g 23,000 10.0 18,350 9,630 
6g Granite g 19,000 10.3 17,800 9,720 
7g Granite c: 26 ,1500 9.6 18,270 9, ISSO 
Sg Granite 20,800 -,-** 18,510 9,820 

lb Granite 

m 
18,400 -,-** 17,870 9,220 

2h Granite 21,900 9.3 17,790 9,110 
3h Granite 23,100 9.4 19,070 9,640 
4h Granite 22,200 8.3 18,370 9,540 

-llCorreaponds to petrographic deacriptiona given in Chapter 2, pages 7-9. 
~tatic Young's moduli not determined for these apecimena. 



T.A.BLJ:; 1 (Cont'd) 

Ultimate 
Uni axial Static 

Petrographic Comprecaive Young•• Ultraaonic Pulae Velocitiea 
Specimen Deacri}tion Strength l.lodul11a f J!• 

No. '( * p•i p•i x io-6 Co!ffireaaional Shear 

5h Granite (bl 22,000 --** 18,530 9,630 
6h Granite ~: 22,600 9.3 17,370 s,910 
7h Granite 24,300 9.4 17,900 9, 180 
Sh Gra.ni te (h 23,400 9.4 18,320 8,930 

lb Granite 

w 
15,300 5.0 10,950 7,070 

2b Granite 16,800 6.9 11,390 1,000 
3b Granite 14,700 6.0 11, 700 7 ,290 
4b Granite 16,900 5.8 10,940 7,310 
5b Gra.nite 14,700 6.0 10,880 7,490 

f\j 
6b Gre.ni te {b 15,000 5,4 9,870 6,970 co 
7b Granite {b 17,600 5,, 7 10,070 e,500 
cb Gro.nite {b 14,900 5.i4 11, 100 7,370 

lj Granite {j 13,100 7.6 17,180 9,260 
2j Granite (j 15,000 81o3 16,780 S,660 
3j Granite (j 13,000 7,4 16,880 s,500 
4j Gra.nite {j 13,~00 7.6 17,090 8,670 
5j Granite ( . 13,400 8.3 16,480 9,340 
6j Granite (~ 13,100 7.8 17,180 8,670 
7j Granite (J 11,600 7.6 18,130 9,070 
8j Granite d 12,400 7.4 17,070 8,670 

*Correspond• to petrographic descriptions given in Chapter 2, pages 7-9. 
**Static Young's moduli not determined for these specimens. 



TABLE 2 

Computed Ultrasonic Properties 

Ultrasonic 
Specimen Ultrasonic Moduli 1 EBi :J: 10-6 Poisson'• 

No. Young's ~ Sbea.r Ratio 

la 7.6 5.3 3.0 0.26 
2a 6.9 4.6 2.8 0.25 
3a 7.2 5.6 2.8 0.29 
4& 7.2 5.7 2.8 0.29 
5& 7.5 5.4 3.0 0.27 
6a. 6.3 3.7 2.6 0.21 
7a 7.3 5.3 2.9 0.27 
Sa 7.4 5.3 2.9 0.27 

le 7.1 5.6 2.8 0.29 
[\) 2e 6.4 5.6 2.4 0.31 \D 

3e 7.0 5.0 2.8 0.27 
4e 5.4 3.3 2.2 0.23 
:Se 6.2 4.9 2.4 0.29 
6e :S.4 3.2 2.2 0.22 
7e 6.3 4.9 2.4 0.29 
Se 8.6 7.6 3.3 0.31 

1f 7.1 5.6 2.8 0.29 
2f 6.9 4.2 2.7 0.23 
3f 6.0 3.4 2.5 0.20 
4f 5.8 3.4 2.4 0.22 
5f 6.7 4.6 2.6 0.26 
6f 7.6 6.8 3.0 0.28 
7f 6.6 4.4 2.6 0.25 
Bf 15.5 3.7 2.2 0.25 



T.AJJ.LE 2 (Cont'd) 
Ultra.sonic 

Specimen Ul tra.aonic Moduli 1 2•i x 10~6 Poiaaon'a 
No. Young' a ~ Shear Ratio 

ld 11.2 9.9 4.3 0.31 
2d 11.2 9.8 4.3 0.31 
3d 9.9 9.0 3.8 0.32 
4d 11. 7 10.8 4.6 0.32 
5d 12.1 11.0 4.6 0.32 
6d 11.4 11.4 4.4 0.32 
7d 11.6 10.4 4.4 0.31 

li 4.0 3.6 1.5 0.31 
2i 4.2 3.2 l.6 0.28 
3i 4.0 3.2 l.6 0.29 
4i 4.2 3.6 1.6 0.31 
5i 4.5 3.3 1.8 0.27 

w 6i 4.6 3.9 1.8 0.30 0 

7i 4.4 3.6 1.7 0.29 
Si 4.4 3.8 1.7 0.31 

le s.o 6.7 3.1 0.30 
2c 7.1 5.9 2.7 0.30 
3c 9.5 8.0 3.4 0.31 
4c 8.5 7.3 3.2 0.31 
5c 9.2 8.7 3.5 0.32 
6c 8.4 7.3 3.2 0.31 
7c 7.8 6.8 3.0 0.31 
Sc 8.2 7.4 3.1 0.32 

lg 8.3 7.0 3.2 0.30 
2g 7.8 8.2 3.0 0.34 
3g 8.6 7.0 3.3 0.30 
4g 8.2 7.0 3.1 0.31 



T.A.BLE 2 (Cont'd) 

Ultraaonic Moduli 1 2•i x 10-6 
Ultraaonic 

Specimen Poiaaon'a 
No. Young'• !ill. Shear Ratio 

5g 8.5 7.5 3.8 0.31 
6g 8.6 6.7 3.3 0.29 
7g 8.4 7 .4 3.2 0.31 
8g 8.8 7.5 3.4 0.30 

lh s.2 7.6 3.1 0.32 
2h 8.0 7.6 3.0 0.32 
3h 9.0 8.8 3.4 0.33 
4h 8.7 7.9 3.3 0.32 
5h 8.9 8.0 3.4 0.32 
6b 7.7 7.1 2.9 0.32 
7h 8.1 7.6 3.1 0.32 
8h 7.8 8.4 2.9 0.34 

w 
f-' lb 4.1 1.9 1.8 0.14 

2b 4.2 2.3 1.8 0.20 
3b 4.5 2.4 1.9 0.18 
4b 4.2 1. 7 1.9 0.10 
5b 4.2 1.6 2.0 0.015 
6b 3.5 1.2 1.7 0.01 
7b 3.15 1.6 1.5 0.14 
Sb 4.3 1.8 1.9 0.11 

lj 8.1 6.6 3.1 0.30 
2j 7.1 6.6 2.7 0.32 
3j 6.9 6.8 2.6 0.33 
4j 7.1 6.9 2.7 0.33 
5j 8.4 8.2 3.2 0.33 
6j 7.1 7.2 2.7 0.33 
7j 8.0 &.O 3.0 0.33 
8j 7.3 7.0 2.7 0.33 



'Where· 

Edyn. ultra•onic Young'• modulua of elaaticity in pai 

Gdyn • ul traaonic •h•tu- wodulua or modulu• of rigidity in pd 

Kdyn • ultrasonic bulk modulua in pai 

vdyn. ultrasonic PoiaNon'• ratio 

P • denai ty in pound-aecond2 per inch 4 

V • ultrasonic compre•aional pulae velocity in inchea per 
p 

aeconei 

V • ultraaonic •hear pulae velocity in inchea per aecond • • 
The number of apecimena for which theae conate.nta were determined in 

all ca•e• exceeded both the minimum and optimum number of teats per 

group (3 and 6, reapectively) recommended by the Bureau of Mine• (1). 

Typical modes of failure exhibited by the aeventy-nine rock core 

specimens teated in uniaxial compreaaion are illustrated in the 

photograph• in Figure 9. Exploaive type failure• yielding the 

fragments illuatrated in Figure 9(a) were typical of failure• in the 

atronger tonalitea, i.e., thoae yielding ultimate unie.xial comprea-

•ive atrength• greater than 35,000 pai. The conical type failure 

•urfacea illustrated in Figure 9(b) were typical of the nature of 

failure exhibited by the remainder of the specimen• teated. 

In order to evaluate the linear degree of aaaociation between 

the. varioua pair• of phyaical properties of interest in thia invea-

tigation, correlation coefficient• were computed for each of the 
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group• of data. A lea•t-aquarea line was alao fitted to each data 

group, the intention being to giTe a visual representation of the 

degree of linear correlation between the particular physical prop

erties of intereat. 

The correlation coefficient {r) is a meaaure of the degree of 

interdependence between the particular variable• under atudy, with 

a coefficient of 1.0 or -1.0 indicating a perfect aaaociation, i.e., 

a perfect straight line relation, and a coefficient of 0.0 indi

cating no relation whatsoever, a completely random association. 

The algebraic sign of the correlation coefficient reflecta only the 

elope of the relationship, i.e., whether there ia a trend toward 

increase or decrease in magnitude of one Tariable accompanying an 

increase in the magnitude of other variables. 

Once the correlation coefficient• for the Tarioua groups of 

data were determined, it remained to evaluate the significance of 

theae correlations, i.e., determine the probability of getting a 

correlation coefficient aa large as the one actually obtained from 

the statistical •ample if, in actuality, no correlation of this 

nature existed in the univerae from which the atatiatical •ample was 

taken. In thia study, the probability level used to determine the 

minimum magnitude of a significant correlation coefficient for a 

given statistical aample size was 0.995. Thus, there would be only 

a O.~ percent probability of obtaining a correlation coefficient of 

a magnitude greater than or equal to the predetermined value from a 

atatiatical aample taken from a universe in which no correlation of 

this nature actually existed. A table of critical values for 

34 



correlation coefficient• correaponding to thia choaen probability 

level and the varioua atatiatical •ample size• uaed in thia atudy 

ia presented aa Appendix II. 

The actual mathematical determination of the indiTidual corre

lation coefficient• and equation• for leaat-aquarea linea Yaa, for 

each data group, performed on a General Electric 400 computer. 

Diacuaaion ~ Correlations 

The remaining portion of thia chapter will consist of the pre

aentation of acatter diagrams (data plota) repreaenting the various 

phyaical property correlations attempted. For each pair of phyaical 

propertiea examinad,_ fClur daJ,&- groupa- were al'!"&nged- and- corr&lat-ed-. 

These groups Yere compriaed aa foll0Ya1 

Group 11 All tonalite apeciaena teated from the Sierra Nevada 

Batholith, California. 

Group 21 All tonalite specimen• teated. 

Group 31 All granite apecimena teated. 

Group 41 All apecimens teated. 

Thua, for each pair of physical properties diacuaaed, there Yill be 

four acatter diagram•, one for each group. 

The correlations and scatter diagram• reaulting from analyaia 

of the data yielded by apecimena comprising Group 1 (Sierra Navada 

Batholith tonalitea) were compared to those reaulting from analyaia 

of the data yielded by the apecimens compriaing Group 2 (all tona-

li tea). The objective of thia compariaon was to evaluate the degree 

of acatter which might be attributed to variation in grain size alone 
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within the particular rock type. Variation in percentage mineral 

compoaition and geologic hiatory were kept to a practical minimUll 

for the Group 1 data (all apecimens come from three hole• within 

very cloae proximity of each other) and, for the Group 2 data, were 

allowed to vary within the confines imposed by restriction to the 

one particular rock type (tonalite). Therefore, cloae aimilarity 

between the correlation coefficients and acatter diagrams yielded 

for the two groups of data would suggest, for the particular pair 

of variable• under conaideration, that variation in grain aize was 

of primary importance in the determination of degree of scatter 

~!J>ical of the association between those two phyaical propertiea for 

that rock type. On the other hand, aignificant disaimilarity in 

nature of the physical property correlation• and correlation coef

ficients (i.e., a larger amount of scatter and leaser degree of 

linear aaaociation for the Group 2 data than for the Group 1 data) 

would indicate, for the particular pair of phyaical properties being 

examined, that variation in grain size, as opposed to variation in 

percentage mineral compoaition and geologic hiatory aa confined to 

the limita imposed by the particular rock type, was of leaser 

aignificance in the determination of the degree of scatter charac

teristic of the particular rock property correlation in question. 

The correlation• and acatter diagrams resulting from analyais 

of the data yielded by specimens comprising Group• 2 and 3 were 

compared to those resulting from analysis of the data yielded by 

apecimena comprising Group 4 (all specimens in Groups 2 and 3 com

bin~d), the objective being to evaluate the effects of minimal vari

ation in rock type on the nature of physical property correlations 
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obtained tor atatiatical data aamplea involving more than one 

igneoua rock type. Aa data Groups 2 and 3 repreaented indiTidual 

rock types (tonalite and granite, reapectively) while data Group 4 

repreaented both rock types, aignificant differences in the quality 

and orientation of the correlation• determined for the three data 

groups ahould indicate the effects of alight variation in rock type 

on the nature of the resulting physical property correlations. 

Moreover, since the granites and tonalitea involved in this inves

tigation were relatively homogeneous and isotropic intrusiTe igneous 

rocks, and since the percentage mineral compositions of the two rock 

types are not extremely removed from one another (11), the rock 

property correlation• determined for the data comprising Group 4 

should indicate a reasonable maximum degree of linear association 

and minimum degree of scatter to be expected for the particular 

pairs or physical properties examined and for a statistical data 

sample which includes specimens representing more than one rock t;ype. 

Co Versus Ultraaonic Pulse Velocities (Vp and V8 ). Scatter dia

grams developed to illustrate the relationships between uniaxial 

compreaaive strength and ultraaonic compressional pulae velocity are 

presented in Figures 10 through 13. Figures 14 through 17 graph

ically illuatrate the relationahips found to exist between ultimate 

uniaxial compreasive strength and ultrasonic shear pulae Telocity as 

determined in thia inveatigation. 

The degrees of correlation characteristic of theae two pairs of 

physical properties (C0 versus Vp and Co versus V8 ) were noticeably 

higher for the data yielded by the tonalite apecimens alone than for 

the data yielded by the granite specimens alone. In particular, the 
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correl&tion coefficients (T&ble 3) (r) determined for the Group 2 

ton&litea were conaider&bly l&rger th&n the correaponding critical 

T&luea (given in Appendix II), while the correl&tion coefficient• 

determined for the granites &lone were only 0.44 and 0.49 for C0 

veraua VP and C0 veraus Vs, reapectively, low enough to be of 

questionable significance. 

When the data yielded by the tonalites &nd granites were com

bined (for the particular pairs of physical properties) and examined 

as a •ingle data sample, the result, in both instances, wa• a rather 

noticeable increase in scatter over and beyond the scatter typical 

of either the granite or tonalite data alone. Also, while the 

resulting correlation coefficient• (for the Group 4 data) were 

slightly higher than thoae yielded for the granite data alone, they 

were substantially lower than the values determined for the tonalite 

data alone. Thus the net effect, in these instances, appear• to 

have been a conaiderable sacrifice of quality of the better 1catter 

plot• and phyaic&l property correlations (Group 2 tonalitea) re

sulting from the introduction of data exhibiting trends of a aome

what different character and lesser quality (Group 3 granites). 

A comparison of the correlation coefficient• (Table 3) deter

mined for the Groups 1 and 2 tonalitea and examination of the acatter 

plot• produced from data yielded by theae two groups of 1pecimens 

revealed no aignificant differencea in magnitude of the correlation 

coefficients or quality of the acatter diagram• for either C0 veraua 

VP or C0 veraua V8 • Thua, for these particular correlationa, varia

tion in grain aize, rather than subatantial variation in percentage 

46 



TABLE 3 

Correlation Coefficient• Obtained For Variou• Pair• 
of Phyeical Propertie1 

Correlation Coefficient• Obtained Fora 
A.11 

Sierra Granite• 
Nevada All All and 

Physical Batholith Tonalitea Granite• Tonalite• 
Propertie• Tonalite• Te•ted Te•ted Te•ted 
Correlated (Group 1) (Group 2) (Group 3) (Group 4) 

c VI V 
0 p 

0.81 0.83 0.44 0.58 

c .,... v 0.86 0.87 0.49 0.69 
0 I 

c VI Edyn 0.86 0.87 0.49 0.71 
0 

c VI Gdyn 0.87 0.88 0.50 0.73 
0 

c 0 Tl Kdyn 0.81 0.89 0.39 0-.-68 

c 0 Tl "dyn 0.49 0.20 0.33 0.24 

Etan VIV 0.88 0.86 0.89 0.86 p 

Et Tl V 0.92 0.92 0.91 0.92 an a 

Etan va Edyn 0.92 0.90 0.90 0.90 

Etan Tl 6dyn 0.93 0.91 0.90 0.91 

Etan vi Kdyn 0.88 o. 79 0.85 0.80 

Etan v1 "dyn o.~8 0.11 0.80 0.45 



mineral compoaition and geologic hiatory aa allowed within the con

fine• of the apecific rock type, appeared to be the primary factor 

contributing to the degree of scatter in the tonalite data plots. 

C0 Veraus Ultrasonic Moduli (Edyn, Gdyn' and K"u:yn). Scatter 

diagram• illustrating the general relationships existing between 

ultimate uniaxial compreaaive atrength (C0 ) and ultrasonic Young's 

modulus (Ed;yn), ultraaonic ahear modulus (Gdyn), and ultrasonic bulk 

modulus (Xdyn) are given in Figures 18 through 29. Correlations a.nd 

data plots for comparable groups for each of the above three pair• 

of variables were generally aimilar, probably a reflection upon the 

aimilar origin of the various values of the three different ultra

aonic moduli (all were computed from values of ultrasonic shear and 

compreasional pulse velocities and specific gravities determined for 

the individual specimens). 

Of particular intereat waa the fact that no appreciable changes 

in me.gnitudes of coefficients of linear correlation (aa oppoaed to 

the magnitudes of those values determined for C0 veraua VP and C0 

veraua V8 ) were effected by the use of ultraaonic elaatic moduli in 

correlation• with ultimate strength instead of the eaaier to deter

mine pulae velocitie• (previoualy diacuaaed). While correlation• 

of ultimate uniaxial compreaaive strength (C0 ) with ultraaonic abear 

modulus (Gdyn) yielded the highest correlation coefficients of any 

of the correlations in which ultimate strength was involved aa a 

variable (0.87, 0.88, 0.50, and 0.73 for Groups 1, 2, 3, and 4, 

respectively), these coefficients were not sufficiently greater than 

thoae yielded by correlation• of ultimate strength with ultra1onic 
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•hear pul•e velocity (0.86, 0.87, 0.49, and 0.69 for Group• 1, 2, 3, 

and 4, re•pectively) to alone ju•tify the additional te•ting and com

putation nece•eary to the determination of ultra•onic ehear moduli. 

Thie i• not to say, hoYever, that determination of ultra•onic ela•tic 

moduli would be undesirable. 

The same general trend• prevalent in the correlation• discuaaed 

previou•ly (C0 veraua Vp, C0 veraus v.) Yere alao common to correla

tions of ultimate •trength ver•u• the various ultra•onic moduli. In 

particular, both groups of tonalite data yielded correlation coeffi

cients of similar magnitudes (Table 3) and scatter diagrams of a 

similar nature. Thia apparently reinforces the previoue indication 

that variation in grain ~ize-, rather- than- var-t&t±on in minerar com

position and geologic hietory aa alloyed within the confines of a 

specific rock type, appear• to be of primary importance in the de

termination of the amount of ecatter typical of correlations betYeen 

varioue properties of thia particular rock type. 

Furthermore, examination of the correlation coefficients and 

scatter diagrams determined for the number 2, 3, and 4 data groups 

indicated, for all three physical property comparieone involving 

ultimate strength and ultra•onic elastic moduli, that the correla

tion of data for both rock types as a single atati•tical aample Yaa 

undesirable from the point of view that such a procedure resulted in 

an unneceasary sacrifice in quality of the scatter diagram and de

gree of correlation typical of the tonalite data alone Yithout 

yielding an accompanying acceptable increaae in quality of the scat

ter diagram and nature of correlation above thoae exhibited by the 

granite data alone. 
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C Veraua vd • Scatter diagram• illuatrating the relation-o :YD 
ahipa obaerTed to exiat between ultimate uniaxial compreaaiTe 

atrength and ultraaonic Poiaaon'• ratio for the four data group• 

uaed in thia inveatigation are given in Figure• 30 through 38. 

Correlation coefficient• determined for theae data groupa (Table 

3), were in general, very low, and in all caaea but one, were le•• 

than the critical valuea (given in Appendix 11), indicating no aig-

nificant degree of linear aaaociation between the two vari&blea. 

The coefficient• were 0.49, 0.20, 0.33, and 0.24 for data group• 

1, 2, 3, and 4·, reapectively. 

Figures 30 through 33 further indicate the lack of linear a•-

addition, reveal that the higher of the four correlation coeffi-

cient• owe their larger magnitude• aolely to the preaence of a few 

point• (eight) of queationable validity (unuaually low value• of 

ultrasonic Poiaaon'• ratio) without which theae coefficients would 

be even le•• aignificant. 

Etan Veraua Ultrasonic Pulae Velocities (VP and V
8
). Figurea 

34 through 37 physically illuatrate the relationahipa exiating 

between valuea of tangent Young'• modulu• of elaaticity (atatic) and 

values of ultrasonic compreaaional pulae velocity aa determined in 

this atudy. Figure• 38 through 41 depict the relationahip• exiating 

between value• of tangent Young's modulua and values of ultraaonic 

abear pul•e velocity. 

1ntereatingly, the eight correlations (four data groupa) deter-

mined for theae two particular pair• of variable• were all quite 
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aignificant (correlation coefficient• were much larger than the 

correaponding critical value• aa given in Appendix II) and very 

aimilar in nature, the quality and orientation of the relationship• 

determined for the granite data alone being very nearly the aame aa 

those determined for the tonalite data alone, for comparable pairs 

of propertiea. Thia trend of aimilarity, which incidentally will be 

observed to exi1t generally throughout the correlation• of tangent 

Young's modulua with the other various ultraaonic properties, was 

somewhat of a reveraal of the earlier trend noted for correlation• 

of ultimate uniaxial compressive strength with the various ultra

aonic propertie1 wherein the correlations for the granite rela

tionships were frequently inaigni~icant and noticeably inferior to 

thoae of the tonalite data. Thia "change" would appear to be a 

significant indication that the factors which contribute to ulti

mate uniaxial compreaaive strength characteriatica and to the nature 

of the values of tangent Young'• modulua of elaaticity typical of a 

particular rock type do not necesaarily contribute to the aame 

propertiea of a aimilar rock type in the same manner. 

A comparison of the scatter diagrams and correlation coefficients 

(Table 3) determined for the four groups of data representing each 

pair of phy1ical propertiea resulted in two additional general 

obaervationss (1) correlations determined for the Group 1 and Group 

2 tonalite data were similar both in orientation and degree of 

scatter, reinforcing the previous indication that variation in grain 

aize within the particular rock type, rather than variation in 

mineral composition and geologic hi•tory aa allowed within the 

confines of the 1pecific rock type, was a primary influence upon the 
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degree of •catter typical of the data plots for thi1 rock type, and 

(2) amalgamation of the data for the tonalitea and granites into a 

•ingle group (Group 4) and correlation of thi• data as such yielded 

a scatter diagram and correlation coefficient which were of a nature 

and quality very similar to those determined for the parent data 

groups (Groups 2 and 3). Thia would appear to indicate, for the 

particular variable• being examined, that 1uch an aJUalgamation of 

data for such geologically aimilar rock typea would not necessarily 

reault in correlation• of a quality aubatantially lower than the 

correlations determined for data grouped and correlated by individual 

rock type. 

Etan Veraua Ultrasonic Moduli (Edyn' Gdyn' Kdyn). Scatter dia

grams illustrating the general relationship• found to exiat between 

tangent Young'• modulua of elasticity (Etan) and ultrasonic values 

of Young'• modulus of elasticity (Edyn), shear modulus (Gdyn), and 

bulk modulua (Kdyn) are given in Figures 42 through 45, 46 through 

49, and 50 through as, reapectively. 

Nature and degree of linear correlation• obtained for correspond

ing data groups yielded for all three pairs of variable• were quite 

similar, probably due, aa was the case with ultimate uniaxial com

pressive strength, to similarity in origin of the various values of 

the three ultraaonic elaatic moduli (Edyn' Gdyn' and ~yn)• ~11 

were computed from equations involving values of ultrasonic ahear 

and compreaaional pulse velocities and apecific gravitiea of the 

individual specimen•. 

The physical property correlations determined for those paira of 

variable• involving ultraaonic moduli were generally quite good. 
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Correlation coefficient• determined for two of theae pair• (Etan 

versus Edyn and Etan ver1ua Gdyn) were among the higheat yielded 

by correlation of any of the pairs of variable• examined during the 

course of thia inveatigation (Table 3). Theae two group1 of corre

lations were not aufficiently 1uperior to those involving the eaaier 

to determine values of ahear and compressional pul1e velocity, how

ever, to alone ju1tify the additional time and money which i1 

necessary to the computation of ultrasonic elastic moduli. This is 

not to say, however, that computation of ultrasonic moduli might not 

be desirable for purpoaes other than physical property correlations. 

The general trend• characteristic of the physical property 

correlations discussed in the section immediately prior to thia one 

(Etan veraua VP and V1) were alao noted to exist for these correla

tions. Specifically, degrees of correlation determined for the 

Group 1 tonalite data groups were only alightly larger in magni

tude than those yielded by the Group 2 tonalite data group• for 

correaponding paira of physical properties, substantiating previous 

indications that variation in grain size, as oppoaed to aignificant 

variation in mineral compoaition and geologic history a• allowed 

within the confine• of a specific rock type, appears to be of pri

mary aignificance in the determination of the degree of scatter 

typical of various phyaical property correlations within the par

ticular rock type. 

Aa was mentioned in the previoua section, combination of the 

data for both rock types, granite and tonalite, into a single 1ta

tiatical sample and correlation of thia aingle ma•• of data did not, 

for either of the three pair• of phy1ical properties con1idered in 
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thi• •ection, re•ult in an appreciable •acrifice in quality of the 

correlation• obtained for the granite data alone or the tonalite 

data alone. Thua, for theae pair• of physical propertiea and theae 

rock type•, variation in rock type appeared to have no •ignificant 

effect on the quality of the correlations obtained. 

Btan Ver•u• ~dyn• Figures 54 through 57 graphically illu•trate 

the general lack of linear a•aociation ob•erved to exi•t between 

tangent Young'• modulua of elaaticity and ultra•onic Poiaaon'• ratio. 

Correlation coefficient• determined for thi• pair of variable• 

(four data group•) were, in moat caaes, appreciably larger than the 

ones obtained for the plot• of ultimate uniaxial compre••ive atrength 

verau•-Poiaaon'• r&t1o. ~amina~ion of t:ne •catter plota (Figure• 

54 through 57), however, revealed no aignificant trend• to exi•t 

between the two variable•. The higher correlation coefficient 

(yielded by the Group 3 data) had resulted aolely from the location 

of eight data point•, in thia in•tance, point• of queationable 

validity (valuea of Poi••on'• ratio were felt to be unrepre1entative) 

in a manner ao a1 to give definite orientation to the leaat-•quare• 

line without increasing the quality of the plot to one of actual 

significance (See Figure 56). 

Thu•, a1 was the ca•• with the correlation of ultimate uni

axial comprea•ive atrength with ultrasonic Poi••on'• ratio, the 

correlations determined for tangent Young'• modulu• of ela•ticity 

veraua ultrasonic Poiaaon'a ratio were all of little or no practical 

value from a property prediction point of view. 
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDA.TIONS 

Concluaion• 

Ba•ed upon reaulta of the phy•ical property te•t• conducted 

during thia inveatigation, and on linear correlation• of the variou• 

phy•ical propertiea determined for the•• granite• and tonalite•, the 

following concluaion• appear ju•tified. 

(a) Variation in grain aize rather than aub•tantial variation in 

percentage mineral compoaition and geologic hiatory aa allowed with

in the confine• of the apecific rock type (tonalite) appeara to be 

the primary factor re•ponaible for the degree of acatter t,-pical of 

data plota for the varioua pair• of phy•ical rock propertie• exam

ined for a •pecific intact rock type. It muat be kept in mind, how

ever, that the two rock t,-pea uaed in this inveatigation were both 

intruaive igneou• rocka and were e••entially of a homogeneou• and 

i•otropic nature. Thua, the above concluaion •hould be reatricted 

baaically te igneous rock•. It ia felt that variation in geologic 

history would have •ub•tantial influence on the degree of •catter 

typical of rock property correlation• for metamorphic and •edimen

tary rock•, particularly where there are wide variation• in angles of 

inclination of planes of •hi•toaity and sedimentation, and in 

degree• of cementation an~ recryatalization. 
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(b) Variation in rock type appear• to have a generally unde

airable influence on the quality of the correlation obtained for 

varioua pair• of rock properties. Where correlations between two 

particular phyaical propertiea determined for varioua individual 

rock types are quite different in degree of linear aaaociation, amal

gamation of the amaller individual correlations into a single larger 

relationahip inevitably result• in a aacrifice of quality and uae

fullneaa of the good relationahipa due to introduction of data 

exhibiting leaser degrees of correlation. Thia type of aituation 

waa found to -exiat when the corresponding Group 2 and Group 3 cor

relations which involved ultimate uniaxial compressive strength aa 

-~ne -va~i-able _..r-e -combinad -e.nd -e~&l-uat.d. .a -aingl• gr~up• (Group 4). 

A similar aituation would result if the various physical property 

correlation• for the individual rock typea were of a differing 

nature (inclination or orientation) such that amalgamation of the 

individual correlation• for a single pair of properties into one 

large group would produce a large degree of acatter and thua a 

leaser degree of linear aaaociation. Thia would probably be more 

likely to occur when greatly different rock types were involved. 

(c) A comparison of linear correlations involving ultrasonic 

pulse velocitiea with thoae involving ultraaonic elastic moduli 

indicated that linear relationahipa in which either ultrasonic shear 

moduli or ultraaonic Young'• moduli were employed aa one variable 

were slightly superior in quality to aimilar relationahipa in which 

one of the ultraaonic pulse velocities was involved. The degree 

of superiority did not appear great enough, however, to alone 



warrant the additional time and effort neceaaary to the determi

nation of the ultraaonic elaatic conatanta. 

(d) Correlation• which employ ultraaonic ahear pulae velocity aa 

one variable appear to be auperior in quality to aimilar correla

tion• involving ultraaonic compreaaional pulae velocity aa one 

variable. Shear pulae velocity appeara to be the ultraaonic phya

ical property of thoae examined in thia 1tudy, which offera the beat 

poaaibility for linear correlation with and preliminary prediction 

of ultimate uniaxial compre11ive strength and tangent (1tatic) 

Young'• modulua of elaaticity. 

(e) It doea not appear likely that ultraaonic valuea of Poiaaon'a 

ratio have any appreciable value in the ar•a r~ck_pr~t.T- eo-r-r-el.

tion and prediction. 

Recommendationa 

~. indicated previoualy, thia inveatigation waa confined to 

two typea of igneoua rock•. It ia auggeated that several varietiea 

of metamorphic and aedimentary rock• be atudied in a aimilar manner 

to determine whether or not the trend• obaerved in thia inveatiga

tion are typical of all rocka or are merely typical of igneoua rock 

typea. In particular, the effect• of variation in grain aize on 

the degree of acatter typical of phyaical property correlation• for 

metamorphic and aedimentary rock• ahould be inveatigated, aa it ia 

felt that variation geologic hiatory may here be of primary impor

tance rather than variation in grain aize. 

A.n inveatigation ahould be made to determine the extent to which 

phyaical property relation• auch aa thoae inveatigated here might be 

97 



better repreaented by curvilinear correlation• rather than linear 

correlation1. Several of the acatter diagram• in thi• atudy ap

peared to be of a nature that might be better repreaented by a 

aecond degree curve. In addition, a more extenaive atatiatical 

analysis (determine confidence limita, etc.) might be performed to 

determine the practical value of auch phyaical property correla

tion• for property prediction purpo1e1. 

Ultraaonic ahear pulae velocity and ultrasonic ahear modulua 

ahould be more thoroughly examined for uae in auch phyaical prop

erty correlation1. It would appear that theae two ultraaonic 

propertiea offer the beat poaaibilitiea of any of the ultraaonic 

propertiea uaed in thia inveatigation. 
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Correlation• of physical propertiea of rock and predictions of 

one property from a previoualy determined value of another property 

ahould be of tremendoua value in the field of civil engineering. In 

particular, auch correlation• and rock property prediction• would 

expedite multiple aite evaluation and •election programa, and 

posaibly allow for reduction in the number of varioua teata required 

to determine the phyaical propertiea now deemed neceaaary for com

petent design and conatruction in rock media. 

Previoua rock property correlation• have generally encompassed 

many rock typea, the objective being to determine general relation

ahipa typical of all rock typea. The data, however, have frequently 

exhibited auch a great degree of acatter that subaequent correlation• 
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were ef queatienable Talue. Thua, in an effort to eliminate aome 

of the 1catter typical of many previous rock property correlation•, 

thia inve1tigation wa1 conducted to determine the influence of vari

ation in grain aize and minimal variation in rock type on the 

quality of rock property correlation• for intact igneou1 rock type1. 

Phy1ical property test1 were conducted on 79 cylinderical speci

men• of granite and tonalite repreaenting 10 drill sites. Values 

of ultimate uniaxial compreaaive 1trength and static Young'• mod

ulua of elasticity (tangent) were correlated with value1 of ultra-

1onic comprelaional pulse velocity, ultra1onic 1hear pulse velocity, 

ultraaonic Young'• modulus, ultrasonic ahear modulu1, ultraaonic 

bulk modulu1, and ultraaonic Poi11on~1 ratio for eacb of the four 

following group• of 1pecimenas 

Group ls All tonalite apecimens tested from the Sierra Nevada 

Batholith, California. 

Group 2s All tonali te specimens teated. 

Group 3s All granite apecimena teated. 

Group 4s All apecimens teated. 

Compariaon of the nature and quality of these linear correla

tion• revealed that variation in grain aize, ae opposed to varia

tion in mineral composition and geologic aistory as allowed within 

the confines of a particular rock type, appears to have primary 

influence on the degree of scatter typical of rock property correla

tions for a particular intact igneous rock type. Moreover, rock 

property correlation• involving only one igneou1 rock type are gen

erally superior to tho•• involving seven.l igneoua rock types, the 
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latter caae frequently auffering from an overall lack ef quality due 

to a larger degree of acatter brought about by the amalgamatien ef 

data relatienahip• exhibiting different trend• and different de

gree• of linear aaaeciation. 
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PETROGRAPHIC DESCRIPTIONS 

AND 

POLISHED SECTION PHOTOGRAPHS 
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(t.) 

Browniah-gray 

and 

Compoaed 

feldspar 

apatite, 

detected. 

• 

w&• broken 

unbroken .. 

potaaudmn 

' 
were 



(b) 

grained 

and 

plagiech.1H 

biotite 

hematite. 

, 
texture. 

• 1 coar111e

were unweathered 

' 80~ 

, and 11~ 

, and 



(c) Granite (Granite Mountain• Uplift, Wyoming). Unveathered 

brownish-gray, coarae-grained granite. Microfractu.rea were somewhat 

common. Contained 80~ quartz, 80~ plagioclase feldspar, 88~ potas

sium feldspar (microcline), 5~ biotite, l~ chlorite, and l~ mag

netite and trace• of epidote, apatite, and zircen. Anorthite con

tent of the plagioclaae vaa 16~. Plagioclase vaa 1lightl7 altered 

to aericite. Biotite vaa •lightly altered to chlerite. 



( 

grained, 

19!' 

and 

chlorite. 

ine 

to 



(•) 



(f) Tonalite (Sierra Nevada Batholith, California). Medium-

grained, black and white tonal f much finer grained than the 

medium- to coarse-grained tonal (e). Sections were nnweathered. 

Percentage mineral compositions were 19% quartz, 46% plagioclase 

feldspar, 2~ microcline, l hornblende, and 21~ biotite. Traces of 

chlorite and magnetite were also detected. The biotite had been 

slightly altered to chlorite. Ne macrofractures were detected. 



(g) Granite (Nortbwe•t 

Batbelith, Tesaa). 

intact and unweatbered. 

mica. Percentage mineral 

teldapar, 83~ potaaaium 

trace• of hornblende te. 

, 

Rock 

biotite 

plagi•claH 

with 



(h) 

Light-gra;y, 

plagioclaae 

bietite, 

fracture 

Range). 

quartz, 30% 

' 10% 

preexisting 



(i) Ora.nit• (Seuthern Laramie Range, Wytming). Medium- te 

c1arae-grain1d, pink granite, porphyritic texture. Percentage 

mineral ctmpeaitien ia 29~ quartz, 30~ plagieclaae feldapar, 34~ 

peta11ium teld1par (microcline), 5~ bittite, 1~ hornblende, and 1~ 

chlorite. Section• were unweathered and macro1cepically er 

tracturoa. 



(j) medium-

grailu;d 

ch.ae ende, 

&~ &CCU&-

aa.ry Specimen• 

were 



.APPENDIX II 

Cl\l'l'lc.\1, VAl.UES-

OF 

CORRELATION COEFFICIENTS 
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Critical Valuea (rcr) of Correlation Coefficient• 

Statiatical 
Sample Critical 

Size (n) Value (rcr) 

21 0.55 

36 0.43 

36 0.39 

39 0.40 

40 0.40 

71 0.30 

19 0.29 
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