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SUMMARY 

This report siumarlzrs prosress on the analytical and experimental 

aspects of the investigation concerned with «ave propagation resulting 

fron Impact on a Yule marble block and an Investigation cf Its mechani- 

cal properties.  The system was modeled ss a transversely Isotropie 

halfspace with the elastic symmetry axis lying In the free surface, 

loaded by a concentrated r.ormal force of arbitrary time variation.  The 

analysis for the displacements, strains and stresses in the iitterio' is 

complete and numerical results have been obtained by integral transform 

methods.  A corresponding fi'.ilte element program has also been completed. 

Transducer packages for the measurement of stresses in the interior of a 

Yule marble block have been developed, calibrated and tested.  Drilling 

and embedment techniques for the testing of the Yule marble blocks under 

actual impact conditions have been evolved.  Static and dynamic tests 

in tension and compression for various orientations of samples have been 

completed ss well as cyclic loading, creep and some fracture tests. 



INTRODUCTION 

This report represent« the first semi-annual tecmical report 

under contract H02Jp021 between the U. S. Bureau of Mines and the 

University of Callforria on the subject entitled "wave Propagation in 

Anisotropie Ftocks." The current contract period fro» February 23, 1972 

to February 22, 1973 represent« the second year of the program; the 

present document summarizes progress up to August 31, 1972, with 

emphasis on the work completed since the beginning of the second year 

of the contract.  A full account of the activities on this project 

during the first year of Its existence may be found In Reference 1. 

The scope of the program Is detailed In the proposal Identified 

as UCB-Eng 3286 dated April 26, 1971 and submitted on behalf of the 

University of California, Berkeley, by W. Goldsmith as Principal In- 

vestigator and is also spelled out In Artlle I of the subject contract. 

A program schedule was also submitted at the end of March, 1972; this 

schedule has been faithfully observed with the exception of the work 

on fracture initiation and propagation; In some areas, however, the 

work Is progressing ahead of schedule. 

The work has been subdivided Into the following categories: 

(a) Theoretical Examination of the Wave Propagation In an 

Anisotropie Solid. 

(b) Experimental Examination of Wave Propagation In an 

Anisotropie Solid. 

^Bibliography appears at the end of the text. 



(c)  Experimental Determination of the Physical Properties of 

Yule Marble under Static and Dynamic Loading. 

The following personnel have been employed on the project during the 

report period:  (a) Mr. S. L. Suh who is concerned with the develop- 

ment and evaluation of the history of the field variables in a trans- 

versely  iaotropic half-space subject to an impact OP ita free surface 

ufing integral transform methods, (b) Mr. M. Katona who completed the 

f. rst pha.'e in the development of a finite-element program for the 

soluMon of the subject problem and who has since departed to resume 

his permanent position with the U. S. Navy, (c) Mr. R. Kenner who 

assisted in various tasks as a Fortran program-ar, but departed for 

an industrial position in Anril, (d) Mr. G. Dasgupta who has taken 

over the completion of the subsequent phases of the finite element 

analysis, (e) Mr. K. Krishnamoorthy who has heen concerned with 

category (b) of the investigation, (f) Mr. Tom Jones who has been 

assisting Mr. Krishnamoorthy in the development ol experimental 

equipment, (g) Mr. S. Howe who hts  been assigned to the pursuit of 

category (c), assisted for a brief nerlod by Mr. J. Thorington, and 

two laboratory assistants, Mr. E. Lin and Mr. C. Wllcox.  Messrs. 

Suh , Katona, Dasgupta, Krishnamoorthy and Howe will use or have used 

part or all of fieir work under this contract as part or all of their 

graduate research requirements.  Supervision and active collaboration 

have been provided by Professors W. Gjldsmith and J. L. Sackman who 

are responsible for the conduct of the program.  In the development 

of the finite element program, the expert r.ssistance of Prof. R. L. 

Taylor of the Department of Civil Engineering, University of California, 



Berkeley without compensation Is gratefully acknowledged. 

The only technical difficulty that has been encountered during the 

first six months of the present contract that is as yet unresolved 

concerns the evaluation of the surface displacements of a transversely 

Isotropie half-space under the action of a concentrated, time-dependent 

surface lead.  This quantity cannot be obtained directly from the 

corresponding solution of the interior displacements evaluated at the 

free surface, but rather must be analyzed as an independent problem. 

It appears that the crux of the difficulty may lie in the accuracy of 

the numerical evaluation of the integration that converts the two- 

dimensional solutions to the three-dimensional situation.  This phase 

of the investigation will be further scrutinized during the remainder 

of the contract period. 

Another difficulty concerns appropriate staffing of the investi- 

gation. Although it was anticipated that the portion of the prograi.; 

dealing with fracture inlatiation and propagation could not be com- 

pleted during the first two years of the contract, it was hoped to 

make a significant start in this direction by securing the services of 

a graduate student, Mr. J. Thorington, who expressed considerable 

interest in pursuing research in the area of fracture of brittle 

materials.  However, after a very brief apsociation with the project, 

Mr. Thorington accepted a full-time position in industry for financial 

reasons.  Consequently, a replacement must be located and suitably 

trained which will considerably delay the planned execution of this 

phase of the project. 



The remainder of the report will be concerned with a »ore detailed 

technical description of the progress achieved. 

2.   SUIMARY OF PROGRESS ACHIEVED DURING FIRST YEAR OF INVESTIGATION 

The Integral transform technique was developed and partially 

tested to obtain the displacement field In the transversely Isotropie 

solid with an axis located In the free surface under a Heavlslde In- 

put.  This process constructed a three-dimensional solution from the 

Integration of a series of two-dimensional problems associated with 

line loads on the surface of the half-spaca.  It employed a Cagnlard- 

de Hoope transformation which simplified the Inversion process and 

led to a physical Interpretation of the transient wave process In 

terms of well-established concepts of wave and slowness surfaces that 

have been employed in the field of crystal acoustics. 

A finite element program had been written for the three-dimensional 

problem cited above and was in the debugging and test phase.  It had 

also been specialized to the simpler case of Isotropie behavior where 

other solutions for checking purposes exist.  Results obtained at 

that time Included the uniaxlal wave process in a rod and the surface 

motion of a half-space. 

In the experimental wave propagation phase, the major accomplish- 

ments achieved at that time included the development of a crystal 

transducer package with a laterally unconstrained crystal employed ss 

a sensing element, the calibration of both the crystal and the entire 

package, the development of installation techniques for the embedment 

of the transducer inside cores drilled in rock bars, and some progress 



in the development of a suitable grouting material to fill the core 

holes after Installation of the transducer unit with a minimum of 

dynamic mismatch. 

Crystallographlc techniques were developed for the location of 

the axis of elastic symmetry of the Yule marble specimens.  Static 

compresslve tests, some with repeated loading, wera conducted on 

samples of the material, indicating significant non-linearities and 

the presence of hysteresis.  A technique was developed for the genera- 

tion of constant strain rates in the Intermediate range of 10 to 100 

sec  utilizing an adaptation of a Hopklnson-bar procedure. 

3.   PROGRESS DURING REPORTING PERIOD 

(a)  Theoretical Examination of Wave Processes 

(1)  Integral Transform Approach 

Introduction 

It was reported previously [1] that slowness, velocity, and wave 

curves for the Yule marble characterized by the elastic constants 

obtained by Rlcketts [2], have been evaluated.  Furthermore, Cagniard- 

de Hoope paths for different angular ranges of ihe medium were 

generated.  From these, displacement fields in the half-space due to 

a point load representing a Heavlslde function of time denoted as the 

fundamental displacement solution, were constructed.  Corresponding 

computer programs were written to perform the required numerical 

evaluations.  During the last six months, formulations for the dis- 

placements, strains and stresses produced by a realistic input have 

been obtained by use of convolution integrals in conjunction with the 
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fundamental solutions.  Also, ■ computer program for the above with 

an assumed realistic force Input given fef I ■ I sin  ^ JJ ) h" 

been written and corresponding curves for several positions In the 

medium have been obtained. 

During the next six months, It Is planned to check the solution 

and to compare numerical results both with experimental data, yet to 

be obtained, and with the results of a corresponding finite element 

analysis. An additional effort will be extended to obtain numerical 

results on the surface of the half-space.  So»e exploratory efforta 

may also be directed towards obtaining numerical results for the 

displaceiDjnt fields due to a point source in the medium and possibly 

for sn orthotropic material 

Formulations 

1)  Body Waves 

As indicated in Eq. (35) of Ref. Ill, the displacement response 

in a transversely Isotropie half-space subjected to a force normal to 

the free surface represented by a Heavlslde time function msy be 

expressed as 

TT 

uk (x.t) U J de[ ^■•[•Jct.P.a*.«]^  -^Hct-t)] 
"H        2V  PR  TT      .., 

(k = 1,2,3) (1) 

in which p    j  = p(i)(t(t.ff1(9)    i« ■ Cagnlard-de Hoop path defined 

by Eqs.   (29)  and   (30)  of  Ref.   [11. 



f    1« an  angle defined   In  the  ilownest apace, 

t    la the tlM, 

%    la the position vector of •  reaponae point   In a Cartesian 

coordinate ajratea In the Bedlua 

(R/S.Q )  !•  the poaltlon of a reaponae point   In apherlcal 

coordlnateai 

■<l>     are complex algebraic  functlona 

H(t)  ■    *  i' *  <o    }    *• ^ Heavlalde function,  and 

Hal   1     indlcatea the real part of a coaplex quantity. 

In Iq.   (1),  h renreaenta  the coaiponent  of  the dlaplare»ent   field   In 

a Cartealan ayatea.  and J  Indlcatea  the nuaberlng of  the  roota of 

■qa.   (29)  and  (30)  of  Itof.   (11. 

Equation  (1) waa utilized  to o>taln dlaplacearnnta reaultlng  fro» 

the  input of an arbitrary tl»e  function through a convolution Integral. 

Let   1  ■ I(t) be the tl«e hlatory of the aurface force,   then the 

correapondlng dlaplaceaent uk(x,t)   la given by 

t 

Uj^t)  -     [ i(t-t/)  uk   (x.t') dt' (2) 

where 

i«, - ^ . 

and  t'  la a dummy variable. 

The dlaplaceaent gradlenta which will be uaed to compute atraln 

fields are obtained analytically by aluply taking apatlal derlvatlvea 

of Eq. (2).  In the uaual Indlclal notation. 



Though Ki.   (3)  iippears slapl«.   the expreaslon  la actually quite 

involved  bec^uae .. are c »plicated   implicit   functlona of x      aa 
H J 

can  be aoen by   inspection of Eq.   (1).     For the purpose of writing and 

teatlng a computer prograa «hlch  carrlea out  the convolution  Integral 

indicated by Eq.   (2),   the  Input  force haa been taken  In the for« 

Kt)  - L .   2   /nO 
0 •,n    \TiJ M) 

where   10    la the aaplltude,  and  t»  la the duration of the Input  pulae. 

It   tums out  that expression   (4)   la a good approxlaatIon for the  In- 

put   force produced when a steel ball  la dropped vertically onto the 

free  aurface of a half-space.     The   time derivative of Eq.   (4)   la 

;<«'• ^-e-*) 
which  la  to be  substituted   Into Eq.   (3).     It   la convenient   to  Intro- 

duce  a  parameter     T = -   ,  where  R  la  the distance   from  the   Impact 

point  on  the free surface of  the half-space to a  receiver  in  the 

■ediuw.     Rewriting Eq.   (3)   by use of Eq.   (5)   results  in  the  following 

(6) 



«her«  T» 3 — , This represents the dlsplaceaent field under the 

input force given by Eq. (4). mm  the InfInlteslaal theory of elas- 

ticity, the coaponents of the strain tensor are defined aa 

•ij '5 <ui.j +11j.i>     W»J-»•«.« W 

where    u^    are given by Eq.   (3),   and  the components of the streaa 

tensor are expresaed  as 

01J   " CiJKi eki (i.J.k.i- 1,2.3) (8) 

For a  transversely  Isotropie medium,   c       ,    consists of 5 independent 

constanta.     These were obtained  experimentally by  Ricketta  [2]   for 

the    Yule marble considered here. 

It  is convenient  to use a reduced  for» of Eq.   (8)  written as 

0I  != CIJ ej (I,J = 1,2,3 6) (8) 

•here    Oj = a^     a2 = o22        el  = e^  e2  = e22   and 

Cll   = Cllll C12  = C1122,•••   etc*   ^2^'     The ,natrix  fonn of Eq.   (8) 

for the computer programming may be expressed as 
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(9) 
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I   (cu. 

in  the .xl.tlng co.puter    progr.» which evaluated   fund.»ent.l 

dl.pl.ce«ent     .olutlon» given by     (1).     .subroutine    which 

perfor«. . convolution  Integration  si-ultaneoualy  for the  three 

Cartealan component, of dl.place.ent  has been  Incorporated,  debugged 

and   tested  using the Input   force  given by Eq.   (4).     Furthennoro.   a 

aubroutlne which  finds displace-ent  gradients given by  Eq.   (3), 

.trains given by Eq.   (7),   and  stresses  given by Eq.   (8)'    has boon 

written and  tested.    A  listing of this  program will be  Included   In  the 

final  report. 

11)     Surface Motion 

Ftor  the surface motion,   the Cagniard-deHoop    p6th8 defined  by 

Eqs.   (29)   and   (30)  of Itef.   [1]   collapse  into the real  axis on  the 

p-plane on which  the Cagniard-deHoop paths are defined  [1].     However, 

a simple pole lies on  the real  axis which corresponds  to  the  Rayleigh 

pole  for vhr   Isotropie medium.     The presence of the simple pole at 

P = - —  ,  where vR    is  the phase velocity of the  Rayleigh wave, 

requires an  indentation of the path of  Integration  to avoid  the pole. 

When  this   is done,   the points on a  small  semicircular Indentation 
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around  the pole no  longer corresponds  to  real  time.    Therefore,   the 

contribution  fro»  the pole was obtained  separately  fron those of 

ordinary  points on  the Cagniard-deHoop     path  and  expressed   as 

H pole 
(x1,0,x3,t)   = Bj  H^t J 

v^.W 
(10) 

The Heaviside  function appears  in  the  relation above  ir^tead of the 

r  N 
Dlrac-delta function  Mt which was incorrectly exhibited 

in Eq. (36) of Ref. [1].  To obtain solutions for a realistic input 

for the displacements, strains and stresses, a procedure analogous 

to that employed for the body wave solution nay be applied. 

Results and Discussions 

i)  Body Waves 

A subroutine which finds the roots of the Cagniard-deHoop path 

by solving a quartic algebraic equation has been modified so as to 

be faster and more accurate.  This is rather Important since most of 

the computing time is spent in finding the roots of the quartic equa- 

tion defining the path.  Examples of the output obtained from the 

computer program for the force input given by Eq. (4) will be presented. 

Three components of the fundamental displacement u , u am4 u  along 

a ray at 6 = 80 , 9 ■ 45 , which lies In the fan of critical angular 

ranges for both 6 and cp , HI, are shown in Fig. 1. As can be seen, 

although the u component appears very much like the Heaviside 
m 

function in time, u and u exhibit a sharp change in shape at 
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(lN -5 
-j*  1.0 x 10 ' which Is «pproxlMtely the arrival tine for the 

qu..i-8hear waves.  All three components of the diaplace-ent approach 

their static values at approximately  T - 2 x ID-5 .  Curves along 

other rays have also been obtained, although they are not included 

here.  The ratios of the amplitudes of the three components become 

quite different depending on the angles'? and tp .  Figures 2, 3, 4 

and 5 represent convolved components of displacement of Eq. (6) for 

the same ray as shown in Fig. 1 but with R = 1,2,5,10 inches, re- 

spectively.  As can be seen from this sequence, the amplitudes of 

the displacements decrease proportionately to ± as would be expected 

for the body wave. 

In the evaluation of the convolution Integral of Eq.(6), the 

time steps employed were,  AT = 1 xio"6, 2.08 XlO-6, 8.33 xlo"7, 

and 4.1 XlO"'  for Figs. 2,3.4 and 5 respectively.  It can be seen 

that the AT employed for Fig. 3 appears to have been too big resulting 

In curves which are distorted compared to the other results obtained 

with smaller integration steps.  Figures 6.7,8,9 and 10 represent 

the fundamental normal strain components e^ o^.  «^ the convolved 

strain components e^ e^,  e^.  e^,  «^ and e^  for the Input 

force given by Eq. (4), the fundamental normal stress components 

^l* 022' 033 and the convolved normal stresses o.., 0,o and o , 

respectively, along a ray defined by ? = 80°,  9 = 450. As can be 

seen, the fundamental «:tralns as well as the fundamental stresses 

vary rapidly for the range of T which lies between 6 X lo"6 and 

1.5 x 10 *  and they appear to approach their static values at a 

time of about T = 2 x lO-5.  The above time Interval brackets the 
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arrival times of the two quaal-shear waves for this medium. 

Additional stress and strain data have been obtained, but are 

not included in the present report.  The total time to compute the 

fundamental as well as the convolved displacements, strains avid 

stresses "-as about 7 seconds on the CDC 7600 computer for a single 

receiver point. 

11)  Surface Motion 

The Rayleigh function for this medium has been checked against 

Buchwald's expression [31 who utilized a plane wave approach.  A 

program givinR the Rayleigh wave speeds for different directions on 

the free surface of the half-space has been developed.  A program 

which computes fundamental displacements on the surface from a 

Keavislde input force has also been written.  The results obtained 

show spurious oscillatory motion for the time intervals from zero 

to the time of the RayUigh vave arrival, although, at later times 

the solution appears to be reasonable.  The cause of this difficulty 

has not yet b«jen determined.  For this reason, no further attempt to 

compute convolved quantities has been made at this moment but effort 

will be directed toward resolving this problem during the next 
t 

6 months. 

ill)  A computer program which plots the history of a  field variable 

at  a given  receiver point has been written using the GDS-CALCOM 

system [41  developed at  the Computer Center of the University of 

California,   Berkeley.    This program was used  to produce the plots 

presented here. 
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Conclusions 

A program which yields displacements, strains and stresses for 

an input of the form of Eq. (4) has been developed.  This program 

computes above quintities in the half-space except on the free sur- 

face and on thfe vertical axis given by <p = 90° .  These numerical 

results will be checked against experimental data and results derived 

from a finite element program.  The program which computes surface 

displacements will be examined and possible modifications will be 

attempted to correct suspected arrors.  If time is available an attempt 

will be made to modify the program so as to solve the similar boundary 

value problem for an orthotropic material.  Finally a solution to 

the problem of an internal source in the half-space may be examined. 

2.   FINITE ELEMENT METHOD 

The annual report [1] contains in detail the formulation of the 

algorithm used in the finite element method of solution of wave 

propagation problems. Mr. M. Katona authored a report 15] that is 

presently employed as a user's guide.  This report described the 

solution algorithm and contained a discussion of the stability of the 

explicit method of solution and the choice of integration tine step. 

Mr. Katona enlarged the Finite Element Assembly Program (FEAP) 

originally written by Professor Robert L. Taylor of the Department of 

Civil Engineering, University of California, Berkeley, adding two 

main subroutines, namely EXPLCT (for explicit time integration) and 

DYNPLT (to give printer plots of stress  evolution )• An option 

was provided to input any desired pulse shape either as a prescribed 

function or as a table of values of the impulsive force at each time 
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step. 

Reference [5] described the results of see w.ve propagation 

Problems used to check the accuracy and efficiency of the coding 

developed.  The -se of a colua.n subjected to a triangular load 

l-pulse was run. „odel-ng the syste» with a stack of three dimen- 

sional elements with eight node« per element (the so-called 

"Brick-8 element") and with Poisson'- .atio  v - 0.  It was ob.arved 

in the numerical solution that a nondispersive stress pulse propagated 

down the column as predicted by the analytical solution for the one- 

dimensional wave propagation problem.  Encouraging numerical results 

were also obtained upon comparing the surface displacement for wave 

propagation in an Isotropie half space modelled by axisymmetric 

elements with the theoretical solution.  A problem involving a sine- 

squared impulse acting on the surface of an anisotroplc half space 

using the three dimensional general anisotroplc element was also 

evaluated.  A study of the time steps in the solution indicated that 

the latter is practically insensitive to their size provided they am 

smaller than the critical one. 

The  report also includes a discussion of an efficient way of 

modelling half space problems with a finite „umber of elements,  m 

this procedure, the maximum dilatational wave speed in the medium was 

estimated as the bar speed with the Urgest constitutive modulus. 

From the largest coordinate in the region of interest and from the 

duration of.the pulse the total solution time of interest is estimated 

at that station so as to include the effect of the entire input pulse. 

TOen the s^e of the finite element model is evaluated such that no 
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reflections could arrive from the finite boundary at the point of 

interest during the solution period. With an assumed mesh density 

(normally 8 to 10 per piU.se length), the element size for adequate 

discretization was obtained. Calculations for the time step used in 

the explicit integration scheme for the desired time span and for 

blank common storage required to execute the FEAP coding are also 

contained in Ref. [5]. 

Examples of input data for various problems were given and an 

updated version of the user's manual was included.  The input in- 

structions were also given on the use of the general Isotropie 

solid element, the axisymmctrie, Isotropie solid element and the 

general anisotropic solid element. 

Professor R. L. Taylor introduced many changes in the program 

after March 1972, and made the program more efficient.  He Introduced 

a section to estimate the critical time step.  For a step larger than 

the estimated one, the program gives an error message and stops 

execution.  This is to prevent the user from encountering numerical 

instabilities  due to the time of transmission of a disturbance 

through an element being less than the integration time step.  Without 

modifying the algorithm some statements in the EXPLCT subroutine 

were changed to increase the computing speed by about ten percent. 

Cases were run for the problem of wave propagation through an 

Isotropie rock block both with a sine-squared impulse and an experi- 

mentally-measured load history. Good correspondence with the experi- 

mental results was observed as far as the radial stress a  is rr 
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concerned; however, the axial stress o   did not compare to a 
zz 

satisfactory degree. This indicates that the PEAP program should be 

reexamined to check the accuracy of the numerical analysis; in addi- 

tion, the experimental calibration procedure should be further veri- 

fied. 

At present the following modifications in the program are being 

considered;  a) the output option in the entire program is to be 

changed radically so as to obicin only those outputs of interest. 

Thus, for the four point quadrilateral element, only the center stress 

will be printed out as the others at the corners are of no significant 

value.  (b) The present time step estimate for the stability check is 

very conservative as the eigenvalue is calculated at the element 

level. A section will be added to calculate the largest eigenvalue 

of the full stiffness matrix.  This may add to the economy of 

running as it might be possible to use a larger time step than pre- 

sently. 

It is intended to prepare and publish a report containing all 

the details of the FEAP program, with a listing and with elaborate 

user's instructions In the next six months. 

(b)  Experimental Examination of the Wave Processes in an 

Anisotropie Rock Material 

The examination of body and surface waves will be conducted 

using the two available bl cks of Yule marble whose dimensions are 

24" X 24" X 10" .   In order to attain this objective a program of 

experimental work was completed during the first year of the contract 

to develop the necessary body-wave sensors and the technique of 
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embedding the -«ensors in the Yule marble blocks.  The first annual 

report II] contains a description of the initial experimental efforts 

tc achieve this goal. The present report is a continuation of this 

earlier work.  The main accomplishment to be reported at the present 

stage of the overall research project is the completion of th« 

development work leading to the suitable design, adequate calibration 

methods and successful embedding technique of the body-wave sensors. 

Actual measurements have been made using these body-wave sensors 

embedded in a block of limestone which is nearly Isotropie. A method 

of loading the free surface by means of sphere impacts through an 

intermediate loading bar has been used for these measurements which 

was found to be convenient because it permitted repeatability of the 

test, allowed measurement of the input pulse, and permitted close 

control of the impact conditions. The monitoring of the loading pulse 

by means of an input crystal at the contact point has also been 

successfully accomplished.  In the sequel further detail« will be 

given. 

As reported in [ll, at the end of the first year of contract, 

a number of experiments were conducted establishing the design of 

crystal transducers which could be suitably calibrated.  Further 

experiments indicated that these crystal transducers could be in- 

stalled in deep holes, leads extracted out and the remaining voids 

filled with a suitable grouting material. A mixture of alumina and 

epoxy in appropriate proportions was considered as a possible filler 

material. However, since a metal bar with a crystal transducer 
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mounted at one end could be Inserted with ease into a deep hole, the 

previously developed quartz crystal transducer was redesigned as 

shown in Fig. U.  Since magnesium has an acoustic impedance closely 

matching the average acoustic impedance of Yule marble, such a trans- 

ducer package was constructed using a 3/16" diameter rod of magnesium. 

A block of sancstone 14" x 12" X 9" was obtained and one face of It 

was machined flat.  A 3/16" diameter hole was core drilled in the 

center of the block from the bottom.  The transducer package was in- 

serted in the hole.  Smearing the bar with wax before insertion 

enabled the bar to be held finnly in the block with the crystal trans- 

ducer anchored securely at about ij" from the free surface.  Simple 

drop tests with 1/2" diameter steel balls indicated that the quartz 

crystal was not sensitive enough.  Also, a reexamlnatlon of the 

piezoelectric relations of x-cut quartz crystals showed that even 

though x-cut quartz crystals are sultabls for one dimensional experi- 

ments, because of the coupling between the piezoelectric constants 

of x-cut quartz crystals, they are not suitable for obtaining the 

truly unidirectional stress in a complex stress field. Thus a transi- 

tion from x-cut quartz crystals to the more sensitive PZT-5a crystals 

was made.  In these ceramic crystals the absence of coupling between 

the plezoelastic constants enables the measurement of a truly uni- 

directional stress even in a complex stress field.  However, the 

l.teral surface of the crystal must still remain free as in the case 

of x-cut quartz.  Table 1  shows the comparison of the 

appropriate piezoelectric relations and constants for x-cut quartz 

and PZT-5a crystals. 
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•thm choicm of Mgne.lu. •• . .utt.ble -.f rl.l   for the tr.n«lUcer 

P«ck.fe •.. governed  t*  the clo.e wtch   in   ih* .cou.ttc  l^ed.nce of 

-gne.lu» and the everege acoustic i«p«iaoce of Yule «rble Mterial. 

A co.p.rl.on of the  phy.lcal  propertle. of y^le .arble and  the varlou. 

»terl.l. uked  in the PZT-Sa cry.t.l  tr)ln-uc<,r p.ck,ge  iB pr„ented 

in Table 2. 

The PZT-9a ceraalc cryatala,   1/S" dla.   x 1/32" thick »ere ob- 

tained  fro- Valpey Flacher Corporation,  Ma.aachu.etta.    A tran«Jucer 

package «aa conatructed aa ahown  In Fig.   11 with  the PZT-5a cryatal 

replacing  the quart« cryatal.     Again  the bar «a.  ..eared »ith »ax and 

the package »aa Inaerted  in the aandstone block  to »ithln ij" fro« the 

free aurface.     Si-ple drop teat, by  1/4" dia-eter ateel  .phere. ahoeed 

that  the c.-y.tala were extre-ely aenaitlve.    The experi-ental  arrange- 

■ent   la ahown  in  rig.   12.    Typical  recorda obtained by  two different 

aphere  iapacta directly above the cryatal package are ahown  in  Figa.   13 

•nd  14.     in Fig.   13  ;he record »aa obtained by voltage a«pllficatlon 

•nd   in  Fig.   14  charge amplification »a. uaed  [1].     The shapes of  the 

pul»«» .nd  the degree of sensitivity indicated that pulsea could be 

recorded deep  in a block of rock -aterlal.     Ho»ever,   the crystsls and 

the  tranaoucer packagea had  to be calibrated before any quantitative 

reaulta could be catabli.hed. 

TTi» c.libr.tlon of x-cut quarta cryatala »aa made ualng an alual- 

nua aplit Hopklnaon bar technique.     But MgnealuM and  PZT-5a cryatala 

•ere  found  to be nc'.  compatible  In  the aenae  that   they do not  have the 

same acoustic  lapcdance  in the relevant direction of the cryatala. 

Ho»ever.  alnce the diwontlnulty i. .».11 co»p.red      to    the    pulae 

length,  aagnoaiim aplit Hopklnaon    bar    was    uaed     to    te.t    the 



cry.t.U.  THUS a number of quality control tests were >sde using s 

1/8" dis.eter split Hopkinson bar of magnesium.  The experimental 

arrangement is sho»n in Fig. 15.  Since the PZT-5a crystals were 

highly sensitive, a 100* attenuator «as used before the output «as 

recorded on the oscilloscope.  THe crystal output »a. compared »1th 

the strain gage output.  In view of the rather high crystal outputs 

interfering with the strain gage circuit,as chown in Fig. 16 by the 

drastic deviation in the output from the strain g.ge station upon 

initiation of the crystal signal.whlch has a peak value of 400V to 500V, 

the output from th-* atrain gage station immediately after the cryatal 

station «as not recorded.  However, a comparison of the strain gage 

response and the attenuated crystal response for a number of crystals 

Indicated that the crystals were essentially identical.  In Fig. 16 

a typical record of the strain gage response and the attenuated 

crystal response obtained on a dual beam oscilloscope is shown.  Now 

a number of crystal packages were constructed as shown in Fig. 11. 

However the lead wlrea were omitted and the packages were tested using 

the experiments! arrangement shown In Fig. 17.  The calibration tech- 

nique «as essentislly the same ss the previously esttblished split 

Hopkinson bar technique reported in [1].  The piezoelectric constant 

«as computed from the measurements.  A typical record of the strain 

gage response and the attenuated crystal response is shown in Fig. 

18.  The interference of the crystal output with the strain gage out- 

put was eliminated by attaching the two bars together with epoxy, thus 

isolating the bar vith the strain gage station from the transducer 

parkage.An average value of 1557 pcoulombs/Lb. was obtained for the 
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iiezoc-lectnc constant which compared with the published value of 

1650 pcouloirbs/Lb. for the PZT-5a ceramic crystal material, the order 

of agreement being the same as those obtained for quartz [1] and 

within manufacturer's tolerance. A limestone block with dimensions 

15" x 15" X 11J" which was also used by Ricketis [21 for surface wave 

measurements was drilled as shown in Fig. 19.  Four transducer 

packages were assembled and inserted in the 3/16" diameter holes again 

using wax as the bonding agent between the bars and the rack material. 

The experimental arrangement is shown in Fig. 20.  The free surface 

was loaded by shooting 3/16" diameter balls with an air gun through 

an 1/8' diameter loading bar.  The loading pulses were measured by 

means of both x-cut quartz crystals and PZT-5B crystals at the contact 

point as shown in Fig. 20.  Both voltage amplification and charge 

amplification were adopted to measure the crystal responses inside 

the block.  Typical input and output pulse shapes are shown in Fig. 

21(a) for a sphere impact as shown in Fig. 21(Q).  Similarly a number 

of measurements were made for different impact locations.  Each crystal 

station measures the unidirectional stress in the direction of the 

crystal axis i.e. in the direction of the bar.  For example, referring 

to Fig. 19, station 1 measures a  and stations 2 and 3 measure 
zz 

O  .  The various pulse shapes and the corresponding Input pulse 

shapes and impact locations are shown in Figs. 22 to 29*.  A compari- 

son of the properties of limestone and magnesium Is given in Table 2. 

Presently the experimental results are being compared with the 

results obtained from a finite element program. 

I 

Table 3 shows a summary of stresses measured and approoriate scale 
factors for the various lulse shapes 
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A T>l«xij{lass model of the Yule marble block currently in hand 

was made.  Tho optimum locations of the crystal transducer packages 

in the rock are being determined using this model in conjunction with 

the analytical results.  The drilling of the rock and embedding of 

crystals will commence soon.  The actual drilling will be done at 

right angles to the surfaces of the block which has been determined 

by the choice of a rectangular coordinate system for the location 

of the transducer packages.  Since the PZT-5 crystals are highly 

sensitive,it had been decided to use 1/16" diameter x 0.020" thick 

crystals with 1/8" diameter bars.  These transducer packages are being 

constructed.  The calibration of these packages will be completed 

shortly.  These smaller diameter transducer packages will be used in 

Yule marble blocks thus reducing the possibility of altering the 

wave processes due to the insertion of metal bars in rock like 

material. 

The following is the approximate schedule of endeavors planned 

for the rest of the contract period:  (1) The construction and cali- 

bration of the 1/8" dia. transducer packages which is expected to 

be completed by the end of September 1972.  (2) The drilling of one 

Yule marble block and mounting of these transducer packages in the 

block which will be completed by the middle .of November 1972  (3) The 

actual measurements of body wavep in the Yule marble block using 

essentially the methods of impact and measurement used already for 

the Limestone block which will be completed by the end of Dec. 1972. 

(4) The repetition of body wave measurements in the second Yule marble 

block,making any necessary changes in the location of the transducers 
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and in the methods of measurements,which Is planned for completion 

In Jan. 1972. (5) Further investigation of surface wave measurements 

using the second Yule marble block which will be completed by the end 

of February 1972 . (6) The comparison with the finite elomenl method of 

solution and integral transform analysis will be pursued concurrently. 
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(c)  Experimental Determination of the Physical Properties of Yule 

Marble- under Static and Dynamic Loading 

Introduction 

As expressed in the previous technical report, the overall 

objective of this phase of the investigation consists of the determin- 

ation of the geometric and mechanical properties of Colorado Yule 

marble, Including fracture properties, as a function of strain rate. 

Up to the time of publication of the previous report, the following 

had been accomplished: 

1. the axis of clastic symmetry (AES) of a slab of marble was 

determined using crystallographlc techniques 

2. a method of obtaining Intermediate strain rates of 10 to 100 

sec  was obtained 

3. the mechanics of rock coring and specimen preparation wore 

mastered 

4. the set vip and calibration of instrumentation necessary to 

record stress-strain relationshlos at various strain rates was 

accomplished 

5. some nrelimlnary mechanical nronertles were obtained. 

This report details the progress from that point. 

Object ives 

During the last six months the following objoctives were 

accompliphed: 

1.   the determination of the AES of a new slab o' Yule marble used 

in the extensive testing of the rock, and, the verification of 
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the AES in the block used by Ricketts [2].  Both of these studies 

were performed using the ootlcal crystallographlc technique 

described in the previous technical report. 

2. the determination of the static r.nd dynamic elastic constants 

for Yule marble 

3. th»» investigation of fracture stress versus strain rate and 

specimen orientation for both tension and compression. 

In addition to these objectives, some additional subdivisions 

of the testing program, to be completed in the next 6 month period, 

are described: 

4. the characterization of the nonlinear and/or non elastic behavior 

of the rock 

5. in order to get dynamic fracture strengths, a split Hopklnson 

bar will be used with a reduced and specially contourod rock 

midsection.  This orocedure should allow for the construction 

of a dynamic stress-strain curve to fracture for both tensile 

and compresslve pulses. 

6. the characterization of the failure process in terms of the 

strain rate parameter, including optical observations of the 

phenomena.  From this information, a comprehensive model of the 

mechanical response of the substance may be solved. 

Methodology and Procedure 

Previous experiments on the first marble slab obtained from the 

Clervl Marble Co. are described in the last technical report [I].  It 

was found using crystallographlc methods that the AES of this slab 
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was neither in the slab nor perpendicular to it but rather at an 

inconvenient angle.  For that reason, a new slab wap sought and 

obtained, again from the Clervi Marble Co. of San Francisco. The 

manner in which the test specimens were cut from this slab is shown 

in Fig. 30.  The AES of the slab lay in the p-iane of the slab and 

was determined both by visual inspection of the distinct bedding 

planes and by crystallographic techniques.  The orientation of the 

optic axis of 100 crystals of a specifically prepared thin section 

is shown graphically in Fig. 31. The thin section was cut so that 

the orientation of the AES as deduced from vitual inspection of 

the bedding planes (assuming the AES is perpendicular to these planes) 

is normal to the slide surface. 

Compression specimens measuring 1.05 inches in diameter and of 

lengths between 1.4 and 2.2 inches were cored using an oil cooled 

diamond bit.  The ewiti of these specimens were milled flat using a 

special Jig and an oil cooled milling machine with a diamond abrasive 

surface. These surfaces were flat and parallel to 1/1000" and the 

lateral dimensions of each specimen at the ends of two mutually 

orthogonal diameters as well as the dirmeter of the specimen was 

recorded. 

Specimens used for tensile testing and in the Hopkinson bar 

experiments were cored using a 7/8" CD. diamond bit and cut on 

a water cooled gravity feed drill press especially converted for the 

coring of rock specimens.  These cores measured ~ 3/4" diameter by 

nominally 6" in length and were cut nearly perpendicular at the ends 

using a diamond cut off saw at very slow feed rates (2"/hour). 
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Ten compression specimens were cut from each of three mutually 

orthogonal directions, X,Y,Z.  The Z axis lies in the plane and the 

X axis is normal to the slab.  Y and Z direction specimens were 

nominally 2.0 inches long, while the X direction specimens, owing to 

the thickness of the slab, measured roughly 1.4 inches. 

These specimens were mounted with Baldwin-Lima-Hamilton 

FAE-12-12S9L epoxy backed strain gages of 120 0 resistance having a 

gage factor of 2.01.  These 1/8" gages were mounted longitudinally 

and diametrically opposed at the midsection of the specimen using 

EPY-150 epoxy.  They were wired in series to eliminate the measure- 

ment of any bending component. 

The gages were Incorporated in an AC-excited bridge curcuit in- 

cluding an amplifier and the output was recorded on a plotter.  The 

records were calibrated by means of kno. n shunt resistances across 

the gage.  The applied compressive force was determined by means of 

a calibrated 0-20,000 lb range Instror load call.  Strain-time and 

stress-time records were recorded on a strip chart recorder.   For the 

fastest of these quasistatic loading tests (less than 2 seconds 

duration) an oscilloscope was used to record both stress-time and 

strain-time data. 

An Instron testing machine was used to load the specimens as 

shown in Fig. 32. A ball and socket loading member with a 3" diameter 

bearing plate and a 2" dia. ball assured uniform contact with the 

loading surfaces. A specimen of 7075 aluminum was mounted with 

longitudinal and transverse gages and tested.  The data from these 

tests were reduced in a manner identical to that used for the rock 

specimens.  The elastic constants obtained from this data were 
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E = 11.6 X10 psi and v = .34 as compared with the accepted values 

g 
of E = 10.6 x 10 psi and v = .33. Although there Is some error in 

Young's moduli s relative to the accepted value (< 10%), the value 

for Poisson's ratio agrees closely (<3%) , and there is no hysteresis 

present. 

In order to determine the static elastic constants of Yule 

marble, three compression specimens were prepared as above.  The 

constitutive relation for a transversely Isotropie material may be 

written in terms of well-known constants as follows: 

Let the z direction be the AES and E', V
7
 be Young's modulus 

and Poisson's ratio in that direction.  Let x and y denote coordi- 

nates lying in the plane of isotropy (PI).  Let E and v be the 

elastic constants in this plane.  Let G7 denote the shear modulus 

in any plane perpendicular to the PI.  Then the constitutive equa- 

tion is: 

E \ xx   yy /  E' 
C  * =10  - vO 
xx  E\ xx   yy zz 

yy EVyy ' ^xxj ' P zz 

zz 

yz 

-^(o  +0 )+-/0 E  xx   yy   E  zz 
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Using the specimens mounted with strain gages as shown in Fig. 33, 

all the elastic constants can be determined using these three 

specimens. They were tested in compression from 0-1200 psi at about 

100 psi/sec loading rate for seven cycles and elastic constants were 

measured on this seventh cycle.  The specimens were then tested at 

0-6000 psi at 300 psi/sec for three more cycles and stress and 

strain data as a function of time was recorded. 

An attempt has been made to obtain the same type of information 

as above for the rock in tension.  Different geometries have been 

employed but none have been very successful.  One series of tests 

were performed on rock rods glued to aluminum endcaps as shown in 

Fig. 45.  The rock cores were glued to the aluminum endpieces in a 

V block using high strength Scotchweld Structural Adhesive. Strain 

gages were mounted at the midsection and tensile tests to fracture 

were performed at various strain rates for spacimens oriented both 

in the Y and the Z directions. The results of these tests are given 

in the next section. 

In order to measure the dynamic elastic constants for Yule 

marble, rock cores 3/4" ♦ X 6" X were cut as desc-ibed above.  The 

ends of these rods were cut perpendicular using a diamond cutoff 

saw.  Three rods, all with the same orientation, were glued together 

and mounted with strain gagw^s as shown in Fig. 34. These strain 

gages -ere monitored by an oscilloscope through a dynamic bridge 

balance and calibrated using a known shunt resistance. Aluminum 

endcaps 1/2"i  x 3/4% were attached with wax to the impact end of 

the rod to prevent local fracturing. These specimens were held 
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vertically in a drop teat aet up aa shown In Fig. 35.  A 1/2" dlamter 

ball was dropped fro« 22J" through an aligning tube onto the rock rod. 

Strain pulses were recorded at two stations, each using the same time 

baae.  The scope waa triggered using a piezoelectric crystal taped 

to the aide of the rod.  Thla apparatua waa to meaaure atraln hlatorlea 

at three gage locations:  two longitudinal atralna and one transverse 

atraln.  Peak atraln arrival times were uaed to calculate waveapeeda 

and these dynamic elastic constants ualng B « Pcj*  for both tensile 

and compressive pulses.  The ratio of transverse to longitudinal atraln 

gave Poissons ratio in thoae tests.  In order to aacertaln the error 

In thla aetup, the dynamic elastic conatanta of a rod of 7075 alumi- 

num with the same dimensions aa the rock rod waa uaed.  For thla rod, 

waveapeeda of 200,000 In/aec Implying E - 10.2 x106 pal were obtained 

for both tensile and compreaalve pulses.  Polaaon'a ratio obtained waa 

.335. 

fteaulta 

Ten compreaalve  specimens  In each of three mutually orthogonal 

directlona X,Y and  Z were cut  and   Instrumented  aa deacrlbed  In  the 

prevloua  aectlon.     Two  specimens  from each direction were  teated  at 

iach of five strain rates and both atreaa-tlme and  strain-time data 

to  fracture were gathered.     From theae data stress-strain curves 

were constructed.     The  general  ahape of   the atreaa-atraln curve  in 

each direction doea not  aeem to depend on atraln rate.     Flgu es 36, 

37,  38  ahow  the  two moat deviant curvea  from each of  the  three 

dlrectlona. 
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The shape of the ■treaa-streln curve  is both charactrr «tic 

wtth   respect   to  specimen  orientation and   reproducable.      Imti   Hy, 

there  la a region of Increaalng atlffneaa fro« an Initial  tr.n^ent 

■odulua Ej    to a region o/ conatant atdulua E    .      Thla atlffeiIng 

d2o region where    —j  >0    peral.ita until  roughly one third  the rjxlsua 
de 

atreaa c  la reached.  The material exhibits conatant aodulua E 
■ 2 
%      Soy 

between   — and -— and with Increaalng atreaa enters a region 

d2 
of decreasing tangent modulus,  —| < 0.  Directly preceeding failure. 

dc 
the aodulus becoaes negative and the material fails at a value of 

fracture atreaa  Oj  lower than o^ .  Figure 39 Indlcatea the values 

of Ej and E,  for the apeclmena teated.  Due to low amplifications 

of both atreaa and strain signals near the origin, error In the 

determination of G.  la eatlmated at around ±20%  of the actual 

value.  Thla modulus la obtained with greater accuracy lr subsequent 

testa. Strain ratea for theae teata were calculated on the basis of 

atrain  , 2c^   „.     ..     , 
ti|||e  " -5- •  Straina become large aa failure approaches giving 

increaalng strain ratea near fracture. 

In the region near fracture, strain recorded by tl.o gages no 

longer is an accurate measurement of average cross-sectional specimen 

atrain.  Fracture patha initiate, almost without exception, at the 

corners of the specimens and travel diagonally through producing one 

plane of failure.  In X and Y oriented specimens, thc-ie planes were 

Invariably oriented auch that their normal lay in the plane produced 

by the test axis and a point lying on the AES or Z direction.  Gages 

mounted such that this plane of failure traveled through them pro- 

duced larger strain readings than those located away from the fracture 



path.     This conclusion was reached  sfter »ountlng four gages st  90 

intervals around both Y and Z direction specimens and  co»psrlng  o- e 

curves produced by gages  through which the fracture p.th occurred 

with  those produced by  gage, distant   fro« this p.th.     The  results of 

this  test  are .ho.n in  Fig.   40.     Soecl-ens  in the X direction were 

unintentionally -ounted  so  that the fracture path was as far as 

poaaible fro- the gage while specimens in the Y were mounted  such 

that  the fracture path always psssed  through the gages.       Thus,  the 

apparent difference  in material properties near failure.  X direction 

specimens appearing brittle while Y direction specimens showing 

remarkable amours of seemingly near pla.tic strain,   is explained. 

Figure 40 clearly  indicates how the structure of the material  Is 

such that  the assumption of one-dimensionality breaks down near 

failure. 

Specimens in the Z dirertion show no preference in  fracture 

plane orientation,  although they also split diagonally,  sometimes 

accompanied by secondary cracks  Initiating at the bearing plates and 

running parallel to the specimen axis.     In the four gage test,  there 

was very little difference in strain between two sets of gages even 

though  vhe fracture path lay clearly through one set. 

Maximum sti^ss  CL    as a  function of static strain  rate and direc 

tion  is  shown in Fig.  41.     No strong strain rate dependence   is 

evident  for either the X or Y directions.     Z shows a greater depen- 

dence of maximum stress with  If^i ■     The difference  in     C,,    for 

X and Y directions may be attributable to shorter   (1.4" vs.   2.o•) 

X direction specimens. 
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The results of the compression tests used to obtain the static 

elastic constants are shown In Fig. 42.  As Is evident from these 

figures, more of these "constants" are truly constant.  Previous 

tests on this material have shown a permanent deformation accompanying 

each virgin stress level.  On repeated loading to this stress level, 

the stress-strain curve exhibits hysteresis but no appreciable 

permanent set after this first cycle.  In order to avoid measuring 

any "first cycle" effects, the specimens were all loaded through 

six cycles before the stress-strain relationships were recorded on 

the seventh.  The following elastic constants were determined: 

E1 =4.7 X 106 psl 

Vj = .13 

Ej « 2.3 X 106 psl 

^ = .05 

C' =2.8 X 106 psl 

These same specimens were then loaded through three additional 

cycles at 300 psi/sec to 6000 psl. A typical result of these tests 

is shown In Figs. 43, 44. As can be observed from the figure, an 

initial permanent deformation occurs after the first loading cycle. 

Subsequent loading cycles show only minor amounts of permanent defor- 

mation after each cycle, while retaining a nonlinear form at low 

stresses.  Hysteresis in the second and third cycles is greatly 

reduced.  Again, there exists a region between 0^3 and 2om/3 

of very nearly constant modulus. 
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Several prelininary tests have been performed to try to indicate 

the viacoelastic nature of the rock, if any.  Creep tests at stresses 

■ 
"P to —£-    seem to yield little viscoelastic phenomena in the 1-1800 

sec range.  Some definite creep is observed for Y compression specimens 

at about 7/8 0m but this data ia still preliminary in nature. 

Dynamic elastic constants were obtained by measuring strain-time 

histories at two longitudinal and one transverse station in base 

oriented in each of the three directions Y, Z and 4ä0 .  These tests 

produced the following dynamic elastic constants: 

v 

E' 

compressive pulse 

11.3 x 106 psi 

.29 

5.0 x 106 psi 

.13 

tensile pulse 

11.3 x 106 DSi 

.24 

3.2 X 106 pal 

.09 

Although the value of c' has not been calculated as yet, the pro- 

cedure is straightforward and enough data is available in terms of 

five dependent tests to obtain five elastic constants.  This method 

of measuring the elastic constants is identical with the method 

used in the static compression tests in so far as location of recording 

gages with respect to X, Y, and Z directions is concerned.  The 

following relations were used 
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€ /            2               /                   xx _ . E     =  PC v    =    -      Z-axis bar 
Z zz 

2 evv E     =  PC v =    -    —^ Y-axis bar 
'Ü t. 
Y xx 

Wavespeed and a Poisson's ratio have been obtained for the 45 

specimen and thus a dynamic G' can be determined.  These elastic 

constants were measured at peak longitudinal strains of less than 

200 ^in/in and thus fall into the initial elastic region as 

determined by the static tests. As Indicated by Ricketls' [2], 

conversion of thos'j technical constants to corresponding velocity 

constants is straightforward. 

Some problems were encountered in the development of a satisfac- 

tory method of testing the rock in tension.  An initial tensile spec- 

imen design was patterned after standard metal test specimen geo- 

metries and loaded by means of a friction hold with end clamps as 

shown in Fig. 45.  These specimens broke as they were being attached 

to the testing machine. 

A second geometry was considered.  Rock slabs measuring 6" Xli x1/4 

were attached to aluminum end pieces 3" X lj" equipped with a ^' 

diameter loading hole using Scotchweld Structural Adhesive.  Load was 

applied through a chain so that if the specimen and endcaps arrangement 

was symmetrical with respect to a line between the loading holes, no 

bending moment could be Introduced.  These jpecimens proved unsatis- 

factory as they consistently broke at the rock-aluminum interface. 

In addition, these specimens were extremely difficult to fabricate 

and align properly.  In order to get some indication of the strain 
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state in the rocK, . trlttle coating, stress Coat, was applied to the 

rock surface. At roon, temper.ture this material cracks near 500 »in/in , 

although using special techniques to cool the coating, this lUrtt 

can be lowered to 200 Mn/in .  Even in the region directly advent 

to the tensile fracture path, only very few cracks in the Stress 

Coat were observed.  Maxin.u. tensile strain at failure .. Yule .arble 

is about the san.e as that required for crack initiation of the Stress 

Coat and thus this brittle coating is not very useful in obtaining 

an overall prefecture strain state necessary in order to detect 

stress concentrations. A third specie geometry was decided on, 

orlmarlly because of ease of fabrication.  This tensile test con- 

sisted of 6" long 3/4" diameter rock rods glued with Scotchweld 

Structural Adhesive to threaded aluminum end caps as shown in Fig. 

45.  The ends of the rods were cut nearly perpendicular to the axis 

using a diamond cut off saw.  The endcaps were wrapped with trans- 

parent tape until they measured within .002 of the diameter of the 

rock rods.  TOe endcaps were glued to the rock by placing the pieces 

in an aluminum L member. Weights were applied to the rod and end- 

caps to assure that they remained securely in the bottom of the L as 

shown in Fig. 46. 

These specimens were mounted with diametrically opposed longi- 

tudinal strain gages located at the midsectlon of the rock,  fbur 

specimens in both the Y and Z  directions were prepared in this manner. 

The rock tensile specimens were tested at four different loading 

rates to fracture and the resultant stress-strain curves are shown 

in Figs. 47 and 48.  All of the Y direction specimens broke at the 
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rock-spec men interface.  The stress-strain curves obtained from 

these tests are probably in error in three ways.  First, the strain 

measured by the gages is probably much smaller than that at the rock- 

aluminum interface where failure eventually occurred.  Second, 

fracture stress is underestimated since a stress concentration 

apparently exists at the interface.  Third, the apparent increase in 

fracture stress with respect to strain rate may be partially due to 

a strain rate property of the glue and thus a strain rate sensitivity 

of the stress concentration.  Specimens oriented in the Z direction 

are also subject to these criticisms but to a lesser extent as two 

of the four specimens broke relatively near the gages. 

The soeclraen geometry for tension is not considered satisfactory. 

Now in progress is an attempt to fabricate a reduced section contour 

from 6"i X 3/4" fl( rods.  This configuration should eliminate distal 

fractures.  However, affects of additional machining of the rock 

must be investigated. 
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CONCLUSIONS 

After one and one-half years of theoretical and experimental investl- 

Kation involving the propagation of body and surface waves In a trans- 

versely isotronlc natural rock, namely Yule marble, the following results 

and conclusions can be summarized: 

(1) An analysis has been developed based on integral transform 

procedures utilizing the Cagnlard de-HooP technique of inversion for the 

propagation of waves in a transversely Isotropie half-space with the axis 

of symmetry lying in the free surface when subjected to an arbitrary 

concentrated normal force.  This model simulates the normal Impact of a 

sphere on a large block of Yule marble as represented by corresponding 

experimental conditions.  The displacements, strains and stresses pro- 

duced by body waves In the Interior of the medium have been completely 

delineated, and numerical results have been obtained specifically for a 

step input and a sine-squared Input in time; the latter Is one of the best 

simple analytical representations of an actual Impact by a snhere.  The 

formulation for the surface response has been completed and the procedure 

for obtaining numerical results has been Initiated; however, computational 

difficulties have been encountered at singular points of the solution and 

attempts are currently under way to resolve this oroblem. 

(2) A finite-element program for the Identical problem was evolved 

approximately five months ago, but has since been refined and Improved, 

although requiring further checking.  Typical numerical difficulties are 

encountered when results are desired close to the source, requiring for 

its improvement very fine mesh sizes leading to extensive computational 

efforts. 
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(3) Complete transducer packages for the direct measurement of 

dynamic stress components in the interior of rock and ceramic-type 

materials have been developed and externally calibrated both by means of 

split Hopkinson bars and embedment within rock bars.  Drilling 

and insertion techniques have been evolved and applied to rods and blocks 

composed of nearly isotropic rock.  Techniques are currently being 

constructed for in situ calibration of these packages in the interior 

of anisotropic rock masses. 

(4) In the area of the determination of mechanical properties of 

the marble, the axes of elastic symmetry of static and dynamic test 

specimens as well as of the blocks to be used in the body wave experi- 

ments have been crystallographically determined.  A large number of 

quasi-static and some dynamic tests have been performed both in tension 

and compression for various orientations of the material.  Creep, 

cyclic loading and fracture studies have also been executed, and 

dynamic elastic constants have been determined for the material. 

During the remainder of the contract period, it is expected to 

complete the analytical and experimental studies of body wave response 

and to compare the integral transform, finite-element and experimental 

results as a test of the validity of the model and the theoretica1 and 

test techniques employed. The characterization of selected mechanical 

properties of the Yule marble both under static and dynamic conditions 

is anticipated to be largely complete with the exception of fracture 

initiation and propagation studies that will require further effort. 



44 

The analytical procedures developed will permit ready extension to 

other classes of substances, such as orthotropic materials, while 

the techniques Involving the construction and embedment of transducer 

packages will find wide apnlicability in the study of dynamic processes 

in the interior of large blocks or structural elements. 
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TABLE  OF E1   t E2     VB.    C fc DIRECTION 

SPECIMEN  I.D. 
MC xlO     psi 

AX-8 

AX-9 

AX-10 

AX-11 

AX-12 

AX-13 

AX-14 

AX-15 

AX-1« 

AX-17 

EY-1 

EY-2 

EY-3 

EY-4 

EY-5 

EY-6 

EY-7 

EY-8 

EY-9 

EY-10 

XlO     psi 

.9   X 10 

1.0   x 10" 

1.0   x 10 

.9 x 10* 

1.0 x 10 

1.0 x 10" 

1.2 x 10" 

1.2   x  10" 

.9   x  10" 

.9   x  10" 

1.1   X 10 

1.1   x 10" 

1.1   X 10" 

1.1   X   10" 

-6 

-a 

-4 

1.3   x 10 

1.2   X 10 

.7   X 10 

-1 

-1 

1.2   X   10 

1.0   X 10 

1.3   x 10 

-2 

-2 

5.5 

6.6 

6.4 

3.8 

5.0 

6.6 

6.9 

4.4 

6.4 

8.8 

6.3 

6.1 

5.8 

6.3 

6.5 

9.6 

6.2 

8.9 

9.1 

8.9 

9.3 

9.3 

9.1 

<) .U 

H .1 

K .4 

P X 

H 3 

H •1 

H 0 

H. 1 

H. B 

6.4 

7.5 
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SPECIMEN   I.D. 

DZ-1 

UZ-2 

DZ-3 

DZ-4 

DZ-5 

DZ-6 

DZ-7 

DZ-8 

DZ-9 

DZ-10 

X ave 

Y ave 

Z ave 

sec 
-1 

1.8x10 

2.0x10 

1.6X10 

-6 

1.8x10 
-5 

1.7x10 

2.0x10 

5.7x10 

-4 

5.5x10 
-3 

El E2 

XlOG   nsl XlO6 nsl 

1.7 5.3 

2.9 6.2 

2.8 

3.0 

2.4 

1.9 

2.9 

2.4 

5.6 

6.6 

8.6 

6 .2 

6 .3 

6 .2 

5 .7 

5. 0 

- 

5. 2 

8 9 

». 1 

5 8 
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