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INTRuOUCTION

Th*r# 4i  a n**d to  c o r r e la te  c o n c re te  e l a s t i c  modulu: value* 
d eriv ed  fro #  e a ta b l l ih e d  th e o r e t ic a l  form ulae w ith  a c tu a l 

experim ental r e w i t * .  T h is p ro je c t  r e p o r t  examine* w ch  

c o r re la t io n * .  E xperim ental wort Involved th e  m w w rem ant o f th e  

e l a s t i c  aodu ll (E -value*) o f  th e  varlou*  c o n c re te  pha*e* I . e .  th e  

a g g re g a te , hardened cement p a * te , m o rta r, and th e  coa*o*1te 

c o n c re te . In mo*t code* o f p r a c t ic e  th e  modulus o f  e l a s t i c i t y  Is  
g e n e ra lly  r e la te d  to  th e  compres*1v* s tr e n g th . However, fa c to r*  

a f fe c t in g  e l a s t i c  modulus do n o t always he## a co rrespond ing  
e f f e c t  on s t r e n g th .  For e x a # 1 e .  an ag g reg a te  w ith  a h ig h e r  

e l a s t i c  modulus does n o t n e c e s s a r i ly  produce a c o n c re te  o f  

g r e a te r  s tr e n g th  a lthough  I t  w il l  In cre ase  th e  modulus o f  th e  

c o n c re te .

A m ajor p o r tio n  o f th e  work re p o rte d  h ere  was th e  developm ent o f 

s t a t i c  and dynamic a p p a ra tu s  fo r  ach iev in g  a c c u ra te  e s t im a te s  o f  

E -values f o r  th e  v a rio u s  p h ases . T his Inc luded  th e  des ign  and 
m anufacture o f moulds and s e t tin g /h a rd e n in g  ap p a ra tu s  fo r  ceme n t 

pas te*  and m o rta rs . The s e t tin g /h a rd e n in g  ap p a ra tu s  wa* de*1gmed 
to  *m*ure u n ifo rm ity  and hence p re v e n t se g re g a tio n  du ring  th e  

s e t t in g  o f specim en*. The p ro p e r t le *  o f each s w te r la l  phase a re  

f i r s t  d e a l t  w ith  by a broad background study  and l i t e r a t u r e  

*urvey. fo llow ed by re * u lt*  o f a la b o ra to ry  prograamte to  

a*cert*(m  e la * t1 c  modwlu*, both s t a t i c a l l y  and dynam ically . Rock 

c y lin d e r  co res were te s te d  fo r  th e  ag g reg a te  E -v a lu es ; prism s 

were u*ed fo r  p a s te ,  m ortar and c o n c re te  E -vaiue* .

S ta t i c  ap p ara tu s wa* developed to  In v e s t ig a te  au tog raph ic  
mea*urlng systems to  re p la c e  manual reco rd in g  m ethods.

U l t ra so n ic  appara tus  wa* u*ed to  determine dynamic E-values fo r  

rock c o r * ; .  Dynamic apparatu* wa: developed with  In s t rum en ta t ion  
s im i la r  to BS 1481: p a r t  5: 197Q1 to  measure the  dynamic 
modulus nf p a s t * : ,  m o r ta r ;  and co ncre te* .  A s e l e c t io n  of



itan d a rd  mix** wa* Choaan and two lo c a l "hoamganaoua, la o tro p lc "  

ag g rag a to a , on* w ith  a modorat* E -valu*  (g ra n i te )  and one w ith  a 

h igh  E -*aiu* (a n d e a ite )  were a e le c te d . (O e ta ila  o f th e  

aggregated  a re  given l a t e r  in  th ia  In tro d u c tio n ) . The e f f e c ta  o f 

ag g reg a te  vol"#* c o n c e n tra tio n  and ag g reg a te  moduli were 
in v e s tig a te d  to  v e r i fy  experim ental v a lu es w ith  th eo ry .

In th e  tw o-phase model approach fo r  e s tim a tin g  e l a s t i c  m odulus, 

th e  c o n c re te  la  v iw e d  as a c o a p o s lte  n o ta r ia l  c o ^ o s e d  of 

d i f f e r e n t  phases which a re  ch em ica lly  and am ch an ica lly  d i s t i n c t  

and a re  se p a ra te d  by d e f in i te  I n te r f a c e s .  Hence th e  s t r u c tu r e  o f 

th e  c o n c re te  can be aaodelled m ath em atica lly  by a s sa a in g  th a t  th e  

p a s te ,  m o rta r and ag g reg a te  phases a re  each homogeneous and 

i s o t r o p ic .  T h is i s  a reaso n a b le  assus* t1 o n  a t  m acroscopic 

le v e l* . U ltim a te ly  c a l ib r a t io n  o f  a s u i ta b le  th e o r e t ic a l  model 
f o r  e s t ,m a tin g  E -values o f c o n c re te  fo r  d i f f e r e n t  ag g reg a te  typ es 

i s  env isaged . Once c a l ib r a te d ,  th e  model cou ld  be used  to  check 
experim enta l r e s u l t s .  I t  would a ls o  a f fo rd  d e s ig n e rs  th e  

o p p o rtu n ity  to  e s t im a te  c o n c re te  E -values frnm a knowledge o f  th e  

c o n s t i tu e n t  m a te r ia ls .

In th i s  p r o je c t ,  nn s in g le  th e o r e t ic a l  e q u a tio n  p re d ic te d  th e  

E -value o f th e  c o n c re te  w ith  c o n s is te n t  accu racy . Although th e  
models have been te s te d  and found r e l i a b le * ,  many prob!earn 

reamin un reso lv ed  w ith  r e sp e c t  to  e s tim a tin g  th e  e l a s t i c  amdulus 

by means o f a tw o-phase sk d e l .  The w in  drawback i s  th e  lack  o f 

d a ta  necessa ry  to  e s tim a te  th e  d i f f e r e n t  phase s t i f f n e s s e s .  

N e v e r th e le s s , where d a ta  I s  a v a i la b le  th e  models can be used as a 

powerful en g in ee rin g  to o l in  exam ining th e  in f lu e n c e  o f  phase 

s t i f f n e s s  and mix p ro p o rtio n s  "n c o n c re te  e l a s t i c  modulus.



D IS T R IB U T IO N  AM) L IT H T .O G Y  OF AGGREGATES

G ran i te  Aggregate

The gr*m lt# ag g reg a te  used in  th e  p ro je c t  we* rece iv ed  fro #  

Juk:ke1 q u a r ry . Halfway House. The g r a n i te  1* p a r t  o f th e  
Basement Complex, more s p e c i f i c a l ly  th e  Ja h a n n e sb u rg -P re to rla  
g r a n i te  I n l l e r ^ .

I t  I s  a medium ev en -g ra in ed  g r a n i te  c h a ra c te r is e d  by th e  presence  

o f  I r r e g u la r ly  developed c o a rse  g ra in ed  p lg m a tl t lc  a re a s  The 

c h ie f  m in era ls  a re  m lc ro c lln e , so d lc  p la g lo c la 'e  and q u a r tz .

These m in e ra ls  a re  p re se n t In app rox im ately  equal amount* and 

to g e th e r  c o n s t i tu te  9 0 -M l o f  th e  ro ck . A dd itional pn^ses 

p re se n t In minor amounts a re  b l o t l t e ,  h o rnb lende, m ag n e tite  and 

z irc o n . Also p re se n t In th e  rock a s se n t!a g e  a re  p a tch es  and 

ve in s o f  q u a r tz  b l o t l t e  s c h i s t  and a # h 1 b o l1 te * . The g r a n i te  

sto n e  and sand p a r t i c l e s  tended  to  be rounded to  su b -an g u la r  In 

shape , w ith  a r e l a t i v e  d e n s ity  ( # .0 . )  o f  f ,6 5 . The g r a n i te  

c ru sh e r  sand had a f in e n e ss  modulus (P.M .) o f  3 ,6 .

Andeslte  Aggregate

The a n d e s l t e  agg rega te  s tu d ie d  In t h i s  p r o j e c t  was rece ived  from 

the  E1ke,ihof quarry  which l i e s  In th e  L arjge leven  Formation* 
approximately 25 km south o f  Johannesburg. The rock has a d a r t , 

g reen ish -g rey  c o lou r  and Is  h ig h ly  aqygdalo ldal  In  p la c e s .

Table 1-1 shows the  m ln era log lca l  composit ion of  the a n d e s l t e  
from the  Elkenhof  quarry* .

Both the  a n d e s l t e  stone and sand p a r t i c l e s  have an angu la r  to  
sub-angular  shape.  The a n d e s l t e  c ru sh e r  sand was found to  have a 

f ineness  modulus (F.M.) of  3 ,5  and a r e l a t i v e  d e n s i ty  (R.D.) of 
2,89 .



Tab!* I - l  M1n*ralog1c*1 C o a p o iltlo n  o f th*  A nd*:It# from 
Elkonhof Quarry*

MINERAL 1 BY VOLUME

AMRHIBOLE Imoat Imooftamt m in era l) ) y ;

ALBITE )

PYROXENE 2

CHLORITE «

EPIOOTE )

RUTILE ) 5

OPAQUE MINERALS (p d M lb ly  MAGNETITE) )

FREE QUARTZ IN VEINS 10
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CHAPTER 1 DYNAMIC AND STATIC ELASTIC PARAMETERS FOR GRANITE 

AND ANDESITE ROCKS

1.1 INTROOUCTION

The main o b je c tiv e *  of th i*  c h a p te r  e re :

11 To a;*e** th e  e n g in ee rin g  p ro p e r t ie s  o f  th e  g r a n i te  and

a n d e i l te  ro c k : In o rd e r  :ub$equent1y to  determ ine th e  

e l a s t i c  modulus o f  g r a n i te  and an d e x ite  c o n c re te  by 

th e o r e t ic a l  model*.

21 To c o r re la * ?  measured x t a t l c  and dynamic m oduli.

A b r i e f  l i t e r a t u r e  survey  1* f i r s t  p re se n te d  o u t l in in g  th e  

f a c to rs  a f f e c t in g  th e  modulus o f e l a s t i c i t y  o f  th e  ro ck s . The 

la b o ra to ry  p rocedure  employed to  determ ine th e  s t a t i c  and dynamic 

en g in ee rin g  p ro p e r t ie s  and d isc u ss io n  o f th e  r e s u l t s  then 

fo llo w s.

1.2 BACKGROUND

R ecognition  o f th e  d isc repancy  between s t a t i c a l l y  and dynam ically  
determ ined e l a s t i c  moduli o f  rock was f i r s t  re p o rted  by Zlsmanl 

In 1933. He te s te d  a g r a n i te  u sing  a reso n an t frequency method 

a t  atm ospheric p re ssu re  and found th a t  th e  dynamic e l a s t i c  moduli 
E^ were 20 » cent  g r e a te r  than  the  s t a t i c  v a lu es E ,. In 

1936 Ide? a l s o  adopted th is  method of m easuring th e  dynamic 

modulus. He compared E^ from -easonance of t a r s  w th  E, 

m easured In s t a t i c  com pression t e s t s  The dynamic value  ranged 
from 4 to  87 per c e n t h ig h e r than  th e  s t a t i c .  He found a mean 
d if fe re n c e  o f  around 20 per c e n t ,  s im ila r  to  Zlsman.

In g e n e r a l , the  dynamic e l a s t i c  moduli have been found to  be 
s i g n i f i c a n t l y  g r e a t e r  than th e  s t a t i c  v a lu e s ,  the  d isc repancy  
fo r  ' s o f t '  ro ck s ,  such as sandstone ,  being g r e a t e r  than fo r



'h a r d '  rock*, such a* g r a n i t e . 3 Re inha rt^  found t h a t  th e  

d i f f e r e n c e  between s t a t i c a l l y  and dynamically  measured e l a s t i c  

moduli was g e n e ra l ly  l e s s  than 40 per  c e n t  f o r  rocks having a 
high e l a s t i c  modulus (approximately  50 GPa) and more than 100 per  

c e n t  f o r  rocks with j  low e l a s t i c  modulus (IS GPa) with  the  
dynamic value being g r e a t e r  in each cas e .  The d i f f e r e n c e  i s  even 

l a r g e r  f o r  f r a c tu r e d  rocks .  Simmons and Brace* a l s o  rep o r ted  
t h a t  a t  a tmospheric  p r e s s u re  a d isc repancy  o f  se vera l  hundred per  
c e n t  may e x i s t  between s t a t i c  and dynamic v a lu e s .  This  can be 

a t t r i b u t e d  p a r t l y  to  experimental e r r o r ,  %m#re an u n c e r t a in ty  o f  

10 o r  20 per  c e n t  In an experimental  value may lead  to  a 50 per  

c e n t  d i f f e r e n c e  in  the  s t a t i c  and dynamic v a lu es .  A more l i k e l y  

source of  th e  d isc repancy  in  low -p ressu re  va lues  i s  the cracks 

which a re  g e n e ra l ly  p r e s e n t  In most c r y s t a l l i n e  ra c k s .

I t  should be noted t h a t  two methods a re  u s u a l ly  used to  determine 

dynamic e l a s t i c  c o n s ta n t s :

!1) the resonance method, and 

( l i )  the u l t r a s o n i c  p u lse  method i . e .  measurement o f  pu lse  
v e l o c i t i e s  above th e  a u d ib le  frequency range.

The wave v e l o c i t i e s  most commonly determined fo r  th e s e  purposes 

a re  lo n g i tu d in a l  and to r s io n a l  wave v e l o c i t i e s  by the  resonance 
method or  compression and shear  wave v e l o c i t i e s  by th e  pu lse  

method. I f  the m a te r ia l  under  t e s t  Is  homogeneous, i s o t r o p i c  and 

e l a s t i c ,  e l a s t i c  co n s ta n ts  determined by e i t h e r  resonance or 
pu lse  methods should y ie ld  e q u iv a le n t  r e s u l t s .  Th* dynamic 

method used In t h i s  r e p o r t  f o r  rock c o r e :  was the  u l t r a s o n i c  
pu lse  method.

The d i sc re p a n c ie s  between Ey and E, have been widely 

a t t r i b u t e d  to  microcrack;  and p o res ,  though the  s i t u a t i o n  Is  

complicated by the f a c t  t h a t  r e s u l t s  a re  dependent on both rock 
m ic ro s t ru c tu re  and level  of  confinement dur ing  t e s t s  and th a t  
both E d  and E ,  A r e  a f f e c te d  d i f f e r e n t l y .  Walsh- found
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t h a t  th e  e l a s t i c  modulus o f  am e l a s t i c  s o l id  c o n ta in in g  c r a d s  

was le s s  than  th a t  fo r  an Id e n tic a l  s o l id  w ith o u t c ra c k s . An 
I so tro p ic  s o l id  f i l l e d  w ith  a low c o n c e n tra tio n  o f p la n a r  

e l l i p t i c a l  c rack s was used as a m odel. This was an I d e a l iz a t io n  

fo r  most ro ck s, which a re  c o l le c t io n s  o f g ra in s  In d iv id u a lly  

e x h ib i t in g  e l a s t i c  a n is o tro p ic  b eh av io u r. He s ta te d  t h a t  
a lthough  th e  deform ation  o, th e  s c a le  o f In d iv id u a l g ra in s  I s  
dec id ed ly  a n is o tr o p ic ,  behavl.m r o f a la rg e  group of g ra in s  may 

be co n sid ered  I s o tro p ic  I f  th e  g ra in s  have no p re fe rre d  

o r ie n ta t io n .  The c rack s a ls o  must have a random o r ie n ta t io n  I f  

th e  rock I s  to  be I s o t r o p ic .

At low s t r e s s e s ,  c rack s In f ra c tu r e d  rock a re  open. As s t r e s s  I s  

In cre ased  c rack s c lo se  and th e  rock becomes e l a s t i c a l l y  s t i f f e r .  
I . e .  th e  e l a s t i c  modulus In c re a se s  w ith  s t r e s s  As most c reek s 

In  rock a re  f l a t  a t  low c o n fin in g  p re ss u re s  o f 2-3 kPa. th e se  

c rack s a re  c lo se d  o r  la rg e ly  e lim in a te d .*  Above th i s  s t r e s s  no 

change In s t i f f n e s s  due to  crack c lo s u re  occu rs and th e  
s t r e s s  s t r a i n  curve I s  l ln e .  r .  The In c re a se  In  Ey w ith  

In c re a s in g  s t r e s s  can La a t t r ib u t e d  to  th e  c lo s in g  under s t r e s s  

o f  crack s w ith in  th e  ro c k , s in c e  e l a s t i c  waves In c re a se  In 

v e lo c ity  as th e  m a te ria l becoams com pacted. V olarovlch? a ls o  
found th a t  a t  a s t r e s s  o f 1 kPa th e  lo n g itu d in a l v e lo c i ty  In 

g n e isses  In creased  by 10-12 p er cen t and th e  shear wave v e lo c ity  
by 7-9 p e r  c e n t .

Walsh* a l s o  showed t h a t  even when the  app l ied  s t r e s s  was 

s u f f i c i e n t  to  c lo s e  a l l  c ra c k s ,  th e  modulus would s t i l l  not  be 

equal to  t h a t  of  a s o l i d  m a t e r i a l ,  s in c e  f r i c t i o n a l  s l i d i n g  a t  

th e  crack faces  can occur .  He showed t h a t  c racks  t h a t  had 
exper ienced s l i d i n g  did  no t  Immediately s l i d e  In the  o p p o s l :e 

sense when the con f in ing  s t r e s s  was lowered. Q u a l i t a t i v e l y  he 

exp la ined  the lack of  agreement between s t a t i c  and dynamic values 

of e l a s t i c  modulus, even though measurements were taken a t  the 
same conf in ing  s t r e s s .  The passage of  a sound wave corresponds to  
the su p e rp o s i t io n  of a sm.l l  a l t e r n a t i n g  s t r e s s  on the e x i s t i n g  
app l ied  s t r e s s  (see f ig u re  1 .1 ) .  The s t a t i c  value Is  taken as
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th*  i lo p e  o f  th e  curve a t  a a a la c ta d  value  o f

ap p lied  i t r a a a  Convaraaly th e  awdulua c a lc u la te d  froai th e  aonlc 

v e lo c ity  correaponda to  th e  average a lopa  o f the  loop 

re p re se n tin g  th e  aound wave. Thua th e  dynamic aonlc va lue  would 

be expected  to  be somewhat h ig h er than  th e  s t a t i c  v a lu e .

Thla ex p lan a tio n  la  a ls o  c o n s is te n t  w ith  th e  o b se rv a tio n  o f 

Anderson e t  a l*  t h a t  th e  In c re a se  In Ed w ith  In c re a s in g  
s t r e s s  !« a * re  aiarked In th e  d i r e c t io n  o f  th e  m ajor p r in c ip a l  

s t r e s s  and more pronounced a t  tow s t r e s s e s .  They found t h a t  th e  

d if fe re n c e  between s t a t i c  «nd jynamlc c o n s ta n ts  v a r ie d  from 0 to  

300 p e r  c e n t .  The d if fe re n c e  between s t a t i c  and dynamic 
c o n s ta n ts  was ex p la in ed  q u a l i t a t i v e ly  by ZlsmanM and I del*  
who s ta te d  t h a t  a wave p u lse  o r  p ack e t o f  energy p a ss in g  through 

a rock s u f f e r s  a lo s s  o f energy due to  r e f l e c t io n  and r e f r a c t io n  

on e n te r in g  a c a v ity  ( c r a c t ,  pore) a t  th e  a i r / ro c k  -  r o c k /a i r  

In te r f a c e s .  A small aswunt o f  energy I s  t r a n s s r l t te d  a c ro ss  th e  

boundary and a la rg e  amount I s  s c a t te r e d  around th e  c a v i t i e s .  

However, as th e  c a v i t i e s  form a random a rra y  In th e  rock th e  

s c a t te re d  energy 1s o f n e g l ig ib le  Im portance and th e  p u lse  p asses 

through th e  rock la rg e ly  u n a ffe c te d .

The more compact th e  rock I . e .  th e  l e s s  c rack s and f i s s u r e s ,  th e  

c lo s e r  th e  s t a t i c  and dynamic c o n s ta n ts  ag ree  as evidenced In th e  
fo llow ing  ta b le :

Table 1.1 S ta t i c  and dynasMc c o n s ta n ts  o f  Quincy g r a n i te  
and Sudbury n o r l te  ( a f t e r  R e in h a rt e f  a " )

MODULUS OF ELASTICITY POISSON'S RATIO
STATIC DYNAMIC STATIC DYNAMIC

GPa

QUINCY GRANITE 35 43 0 .10 0.33

SUDBURY NORITE 83.6 88.2 0.22 0.27



The Sudbury n o r i te  1% more coepac t than  th e  Quincy g r a n i te  # ; 
In d ica ted  by th e  much h ig h e r va lue  o f e l a s t i c  modulus and the  
c lo s e r  agreem ent o f the  s t a t i c  and dynamic v a lu e s ^ .

R e inhart e t  a l ^  a lso  found th a t  when th e  c o n fin in g  p re ssu re  

Increased  f r c a  0 to  0 .5  kPa. v e lo c i t i e s  In c re ased  by 10 to  30 per 
c e n t o f  t h e i r  I n i t i a l  v a lu e . For p re ssu re  In c re a se  from 0 .5  to  

Z.O kPa th e  v e lo c i t i e s  Increased  from 0 .3  to  2 .0  p er c e n t per 1 

kPa. G en era lly  th e  p ro p ag a tio n  v e lo c i t i e s  In rock In c re a se  as 

p re ssu re  In c re a se s . F ig u re  1 .2 shows the  d i f f e r e n t  method* of 
app ly ing  p re ssu re  o r  s t r e s s  to  a specim en. The r e s u l t s  o f  th e  

d i f f e r e n t  m*t*"ds do n o t vary mich and r e s u l t*  a re  com parable. 

Also when u nax la l s t r e s s  was a p p lie d  to  a rock th e  v e lo c i ty  In  a 

d ir e c t io n  p a r a l l e l  to  th e  s t r e s s  was approx im ately  10 p e r  c e n t 
h ig h e r than  th e  v e lo c i ty  In a d ir e c t io n  p e rp e n d ic u la r  to  th e  

s t r e s s

H ow arthl) In v e s tig a te d  th i s  d i f fe re n c e  between s t a t i c  and 

dynamic c o n s ta n ts  by u sin g  an ap p a ra tu s  which measured both 

moduli 's im u lta n e o u s ly '.  This e f f e c t iv e ly  e lim in a ted  problems 

and In a c c u ra c ie s  a r i s in g  from h y s te re s is  e f f e c t s .  The e l a s t i c  

h y s te re s is  o f c r y s t a l l i n e  rocks can a ls o  be ex p la in ed  by th e  
presence  o f c rack s and th e  e f f e c t  o f f r i c t i o n  between crack 

su rfa c e s^ * . Howarth found th a t  under t r l a x i a l  c o n d itio n s  the  

d if fe re n c e s  between Ey and E, a re  sm a lle r  a t  high c o n fin in g  

p re ss u re s  than a t  low c o n fin in g  p re s s u re s . C ircu m stan tia l 
evidence su g g ests  th a t  m icrocrack ; and m ic ro f is su re s  In th e  rocks 

a re  re sp o n s ib le  fo r  th i s  phenomenon.

* study c a r r i e d  out  by th e  United  S ta t e s  Bureau of 

R e c la m a t io n ^  In 1953 found t h a t  the  r a t i o  of  dynamic to  s t a t i c  
moduli "ay vary between 0.85 and 2 .9 .  The d isc repancy  between 

s t a t i c  and dynamic values Is l e s s  fo r  rocks which have a g r e a t e r  
e l a s t i c  modulus. This f a c t  h ig h l ig h t s  the  assumption t h a t  the 
equat ions  r e l a t i n g  e l a s t i c  moMulu; to  v e lo c i ty  a re  based on the  
c o n s id e ra t io n  t h a t  the rock Is homogeneous and I s o t r o p i c .  Most 
rocks do not  meet these  assumptions p e r f e c t ly .



The Sudbury n o r i te  I* more co ep ec t then  th e  Quincy g r e n i te  a :  

in d ic a te d  by the much h ig h er va lue  o f e l a s t i c  modulus and the  
c lo s e r  agreem ent o f the  s t a t i c  and dynamic v a l u e s ^ .

R ein h a rt e t  a l ^  a ls o  found th a t  when th e  c o n fin in g  p re ssu re  

In cre ased  from 0 to  0 .5  kPe, v e lo c i t i e s  In cre ased  by 10 to  30 p er 

c e n t o f t h e i r  I n i t i a l  a lu e . For p re ssu re  in c re a se  from 0 .5  to  

2 .0  kPa th e  v e lo c i t i e s  in c rease d  from 0 .3  to  2 .0  p e r c e n t p er 1 

kPa. G en era lly  th e  p ro p ag a tio n  v e lo c i t i e s  in  rock In c re a se  as 

p re ssu re  in c re a s e s . F igu re  1 .2  shows th e  d i f f e r e n t  methods o f 

app ly ing  p re ss u re  o r  s t r e s s  to  a specim en. The r e s u l t s  o f  th e  

d i f f e r e n t  methods do n o t vary much and r e s u l t s  a re  coagw rable. 

Also when unax la l s t r e s s  was a p p lie d  to  a rock th e  v e lo c i ty  In a 

d ir e c t io n  p a r a l le l  to  th e  s t r e s s  was approx im ately  10 p er c e n t 
h ig h e r than  th e  v e lo c ity  in  a d i r e c t io n  p e rp e n d ic u la r  to  th e  

s t r e s s

HowerthlS in v e s tig a te d  th i s  d i f fe re n c e  between s t a t i c  and 

dynamic c o n s ta n ts  by usin g  an ap p ara tu s which measured both 

mod'll 1 's im u lta n e o u s ly '.  T his e f f e c t iv e ly  e lim in a te d  problems 

and In a c c u ra c ie s  a r i s in g  from h y s te re s is  a f f e c t s .  The e l a s t i c  

h y s te re s is  o f c r y s t a l l i n e  rocks can a ls o  be ex p la in ed  by th e  
p resence  o f  crack s and th e  e f f e c t  of f r i c t i o n  between crack 

su rfa c e s^ * . Howarth found t h a t  under t r i a x ia l  c o n d itio n s  the  
d if fe re n c e s  between and E , a re  sm a lle r  a t  high c o n fin in g  

p re ss u re s  than a t  low co n fin in g  p re s s u re s . C ircu m stan tia l 

ev idence su y g e sts  th a t  mi croc racks and m ic ro f is su re s  In th e  rocks 
a re  r e sp o n s ib le  fo r  th i s  phenoamnon,

A study c a r r i e d  out  by the United  S ta te s  Bureau of 

Reclamation!^' in 1953 found t h a t  the  r a t i o  of  dynamic to  s t a t i c  
moduli may vary between 0.85 and 2 .9 .  The d isc repancy  between 

s t a t i c  and dynamic values Is l e s s  for  rocks which have a g r e a t e r  
e l a s t i c  modulus. This f a c t  h i g h l ig h t s  the assumption t h a t  tne 

equations r e l a t i n g  e l a s t i c  modulus to  v e lo c i t y  a rc  based on the  
c o n s id e ra t io n  t h a t  the rock i s  homogeneous and i s o t r o p i c .  Most 

rocks do not  meet these assumptions p e r f e c t l y .
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Th# rocks used In th i s  p ro je c t  w#r* te s te d  by conventional s t a t i c  

and u l t ra s o n ic  p u lse  dynamic m ethods. The rock c y lin d e rs  were 

te s te d  u n la x la l ly  tu  o b ta in  th e  s t a t i c  modulus. No co n fin in g  
s t r e s s  wa, ap p lied  to  th e  rocks d u rin g  th e  u l t ,a s o n lc  t e s t .  The 
specimens cou ld  ne expected  to  c o n ta in  m icrocracks and m icro- 

f i s s u r e s  r e s u l t in g  from th e  b la s t in g  p rocedure a t  th e  q u arry . 

T h e re fo re , we would ex p ec t d i f fe re n c e s  between th e  s t a t i c  and 
dynamic c o n s ta n ts  o f each rock ty p e  f o r  The reasons d isc u sse d  

above.

1 .3 ELASTICITY OF AGGREGATES

E la s t i c i t y  I s  a p ro p e rty  o f  an Id ea l m a te r ia l .  The degree to  

which m a te r ia ls  In c lu d in g  rocks approxim ate to  th e  id e a l depemds 

on th re e  m ajor f a c to r s :

a) Iso tro p y
b) homogeneity

c l  c o n tin u ity

Iso tro p y  Is  a m easure o f  th ?  d i r e c t io n a l  p ro p e r t ie s  o f  the  

m a te r ia l .  In a s t a t i s t i c a l  se n se , a g ra n u la r  body w ill  be 
I s o tro p ic  I f  a l l  i t s  g ra in s  have random o r ie n ta t io n ,  and a p lane  

o f given dim ension in te r s e c t in g  th e  body in  any d ir e c t io n  exposes 

an equal number o f  g ra in s . Thus s in c e  most rocks have a 

p re fe rre d  p a r t i c l e  and c ry s ta l  o r i e n ta t io n ,  they  a re  a n is o tro p ic  
I . e .  r e a c t  d i f f e r e n t ly  to  fo rce s  In d i f f e r e n t  d ire c t io n s  

depending on the  degree o f an iso tro p y .

Homogeneity Is  a measure o f th e  p h y sic a l u n ifo rm ity  o f th e  body. 

The c o n s t i tu e n ts  of a homogeneous m a te ria l a re  d is t r ib u te d  so 
th a t  a m inute fragment cu t from a,,y p a r t  of the  body would be 

r e p -e s e n ta t lv e  of the  whole body. Homogeneity Is a ls o  la rg e ly  
dependent upon s c i le .



14

C o n tin u ity  I s  taken  j  r e f e r  to  th e  amount o f j o i n t ,  c r ic k  and 

pore space In * p a r t i c u la r  rock body. The c o n t in u i ty  a f f e c t s  th e  
cohesion  and hence th e  t r a n w h s i lo n  o f s t r e s s  th roughout the 

body.

From th e  above d e f in i t io n s  I t  i s  p o s s ib le  to  a r r iv e  a t  a rough 

e s tim a tio n  o f th e  p robab le  e l a s t i c i t y  o f a rock . In f a c t  a l l  

ro ck s , to  some e x te n t ,  a re  a n is o tr o p ic ,  inhomogeneous and 
d isc o n tin u o u s . No rock I s  p e r f e c t ly  e l a s t i c .  However, some 

ag g reg a tes fo r  p r a c t ic a l  purposes e x h ib i t  e l a s t i c  p ro p e r t ie s  

p a r t i c u la r ly  under low s t r e s s e s  ^

Most f in e  g ra in ed  m assive and c o # a c t  rocks may be regarded  as 

p r a c t i c a l ly  e l a s t i c .  They approxim ate to  a b r i t t l e  e l a s t i c  
m e ta r ia l having a n ear l in e a r  s t r e s s / s t r a i n  r e la t io n s h ip  to  

f a i lu r e  and a re  th e  s o -c a lle d  q u a s i - e la » t ic  ro ck s . Coarse 

g ra in ed  rocks and f in e  g ra in ed  compacted sedim ents having a low 

p o ro s ity  and a reaso n a b le  amount o f  cohesion  a re  term ed 

s e m i-e la s t ic  ro ck s . T h e ir  degree o f e l a s t i c i t y  i s  le s s  than  th a t  

o f th e  f in e  g ra in ed  rocks m entioned above. T h e ir  s t r e s s / s t r a i n  
curve i s  c u r v i l in e a r ,  th e  slo p e  o f th e  curve d ec reas in g  w ith  

in c re a s in g  s t r e s s  L a s t ly ,  rocks w ith  lower cohesion  and w ith 

la rg e  pore sp a ces , com prising  m ainly th e  weaker sedim entary  

ro ck s, a re  n o n -e la s t ic  and e x h ib i t  v a r ia b le  s t r e s s / s t r a i n  
c h a r a c t e r i s t i c s .  T ypical s t r e s s / s t r a i n  r e la t io n s h ip s  fo r  rocks 

a re  shown In f ig u re  1 .3 .

As f a r  as was p r a c t i n l i /  p o s s ib le  th e  two ag g reg a te s used in 
th i s  p ro je c t  were chosen to  comply w ith  th e  d e f in i t io n  o f an 

id ea l e l a s t i c  a g g reg a te . The rock co res were s e le c te d  w ith  ca re  

to  ensure  a ; homogenous, j o i n t  and crack  f re e  samples as 

p o s s ib le .
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: a )  QUASI - ELASTIC (b) SEMI - ELASTIC In I NON - ELASTIC

F ig u re  1 .3 T ypical * t r e * : / ; t r * 1 n  - rve* fg r  rock 
( a f t e r  Farm erK  a t  a l :



1 . 4 E X PR E SSIO N S FOR DYNAMIC E L A S T IC  CONSTANTS OF ROCK

The dynamic e l a s t i c  c j n i t a n t :  o f  a s o l id  m a te r ia l can be 

determ ined I n d i r e c t ly  by m easuring p ropagation  v e lo c i t ie s  In the  

m a te r ia l .  For an I so tro p ic  s o l id  th e re  a re  two ty p es o f  
free-medium waves

a) lo n g itu d in a l n r  co n g ress io n a l waves which tr a v e l  w ith  a

v e lo c i ty  Vp, and

bl sh e a r o r  t ra n sv e rse  waves which tr a v e l  w ith  a v e lo c ity

V , '

T he,* v e lo c i t ie s  a re  Id e a l ly  r e la te d  to  th e  e l a s t i c  c o n s ta n ts  by 
th e  fo llow ing  e q u a tio n ;!? :

Ed - P V,Z (3 V ^  - *V,Z )  . ' . . . . ( 1 . 1 )

(VpZ -  V )

Gd -  " *s^ ...........(1 .2 )

"d " -  2 V  ...........( 1 3 )
2(VpZ .  v,Z)

where Is  the dynamic modulus o f e l a s t i c i t y  (Pa)

Gd )« the dynamic modulus o f  r i g id i t y  (Pa)
''d Is  the dynamic P o i s o n ' s  r a t i o  

p Is  the  u n i t  weight o f  mate-1al (kq/m^)
Vp, have u n i t ;  o f  m/s

: t  snould be n o te j  th a t  the dynamic c l a s t i c  cons tan t  Gj can be 
determined from V, without :  knowledge of
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The r e la t io n s h ip  fo r  vy in  (1 .3 )  I s  ob ta in ed  from:

Gj " Ed .........  (1 .4 )
2( 1  +

I t  1* Im portant to  n o te  th a t  th e  above equation*  a re  s t r i c t l y  
v a lid  only I f  th e  m a te r ia l I ;  i a o t r o p ic ,  homogeneou; and 

l i n e a r - e l a s t i c .

1 .5  STATIC ELASTIC CONSTANTS OF ROCK

To d e fin e  any m a te ria l e l a s t i c a l l y ,  two e l a s t i c  c o n s ta n ts  a re  

re q u ire d  from th e  f iv e  a v a ila b le :

a) Modulus o f e l a s t i c i t y ,  E

b) Poisw m s r a t i o ,  v

c) Modulus o f r i g i d i t y ,  G

d) Bulk modulus, K

e) Lame's c o n s ta n t ,  k

In en g in eerin g  rock problems E and v a re  th e  most commonly 

quo ted . The th re e  ty p es o f rock p re v io u s ly  d efin ed  In term s of 
th e i r  r e la t iv e  i n e l a s t i c i t y  as q u a s i ,  semi and n o n -e la s t ic  can 

so be roughly d e lin e a te d  i r  term s of th e i r  ap p aren t e l a s t i c  

m oduli. Thus in  general a q u i d - e l a s t i c  rock w ill  have an 
F value hptwien 60GP# - HOGPa, a s e m i- e l a s t i c  rock between 

40-70GP' am' a n o r - e la s t i c  rock le s s  than  SOGPa. The values 

i #d in e*-h case  a re  the i n i t i a l  t&ngent m oduli.

Puisson s r a t i o  fo r  many m a te r ia l s  i s  between 0 ,15  and 0 ,35  and 
is o f ten  assumed equal to  0 ,2517. In any work invo lv ing  
e l a s t i c  a n a ly s i s  of rocks ,  the re  i s  adequate evidence a v a i l a b le  

to  suggest th a t  ] value of 0,L5 f c r  P o i s s o n 's  r a t i o  should be 
assumed un less  th e re  i s  co n s id e rab le  evidence to the 
c o n t r a ry 18. Table 1 .2  l i s t s  values of  s t a t i c  modulus of 
e l a s t i c i t y  and Po1ssons ' s r a t i o  f o r  var ious  rock types .



18

Table 1.2 I n i t i a l  Tangent Values o f  E l a s t i c  Constants 
f o r  Rocks ( a f t e r  Farmer e t  al  H®

ROCK E , (GPa )

G ran ite 20 -  60 0,25

M ic ro g ran ite 30 - 80 0.25

S y en ite 6 0 - 8 0 0 25

D lo r 't e 7 0 - 1 0 0 0 ,25

O o le r l te * 0 - 1 1 0 0 ,25

Gabbro 70 -  110 0 .25

B a sa lt 6 0 - 1 0 0 0 ,25

where E , I s  th e  s t a t i c  e l a s t i c  modulus o f e l a s t i c i t y  o f  th e  rock .
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D e ta il*  o f th e  H th o lo g y  and d i s t r ib u t io n  of the  two rock ty p e : 
te s te d  In th e  p re se n t work have been given p re v io u sly  on page 3 o f 

th e  In tro d u c tio n . The rock types were chosen so as to  s a t i s f y  the  
o v e ra ll  o b je c tiv e  o f  the  In v e s t ig a t io n ,  which was to  c o ^ ia re  th e  

e l a s t i c  moduli o f c o n c re te s  p re d ic te d  fro #  th e o re t ic a l  #od*is using  

th e  e l a s t i c  c o n s ta n ts  o f I t s  c o n s t i tu e n ts  w ith  ex p erim en ta lly  
determ ined v a lu es .

C oncrete I s  a m u ltiphase  m a te r ia l w ith  a number o f  c o n s t i tu e n ts  
Inc lu d in g  unhydrated  cem ent, cement g e l ,  w a te r , a i r ,  and f in e  and 

co arse  a g g reg a te . The e l a s t i c  modulus o f  th e  c o n c re te . Eg, I s  a 
fu n c tio n  o f th e  e l a s t i c i t y  o f th e  a g g re g a te , E ,,  th e  e l a s t i c i t y  

o f  th e  p a s te ,  Ep, and t h e i r  r e l a t i v e  volume c o n c e n tra t io n s .
These fa c to r s  w il l  be d isc u sse d  In g r e a te r  d e ta i l  In c h a p te r  3. 

G e n e ra lly , th e  modulus o f  e l a s t i c i t y  o f c o n c re te  In c re a se s  w ith  

In c re ase  In modulus o f a g g reg a te . In o rd in a ry  c o n c re te , f o r  which 

E , * Ep, .he modulus o f  th e  co n c re te  a ls o  In c re a se s  w ith  
In c re a se  In th e  c o n c e n tra tio n  o f ag g re g a te . T heiW ore , fo r  equal 

mix p ro p o rt io n s , a c o n c re te  made w ith  a r e l a t i v e ! )  low modulus 
agg reg a te  ( g ra n i te  In th i s  ca se )  and an o th er w ith  a r e l a t i v e ly  high 

modulus agg reg a te  (a n d e s lte  In  th i s  c a se )  should  r e s u l t  In  th e  
l a t t e r  c o n c re te  having a h ig h e r  modulus than th e  fo n c e r. G ran ite  

and andesl r.e were chosen fo r  th e se  reasons and th e  o th e r  f a c to rs  
d e ta i le d  In se c tio n  1 .2 , 1e homogeneity and u n ifo rm ity  of 

specim ens. These c o n d itio n s  were met as f a r  as was p r a c t i c a l l y  and 
econom ically  p o ss ib le  fo r  the  p ro je c t .

1.6 LABORATORY PROCEDURE FOR PREPARATION OF CORES

A to t a l  of  42 rock cores  was t e s t e d ,  21 cores  from each rock 

type.  The c y l in d r ic a l  cores were nominally 42mm diameter  and 

had a minimum as pec t  r a t i o  ( leng th  to  diameter  r a t i o )  o f  2 :1 .
The g r a n i t e  cores were cu t  from boulders  approximately 300 %
300 x 250 mm. However, due to  the hardness of  the a n d e s l t e  
rock,  the a n 'J e ^ to  cores were d r i l l e d  by an o u ts id e  rock



re sea rch  o rg a n isa tio n  as th e  u n iv e r s i ty  la b o ra to ry  equipm ent was 

Inadequate . Three bou ld ers  p e r rock type were used to  o b ta in  the  

t e s t  c o re s . The g r a n i te  bou lders were JA (Juskel g r a n ite

bou lder A) from which ten  co re s  were c u t ,  JC (Ju sk e l g r a n ite
bou lder C) from which four co res were c u t  and JF (Juskel g ra n ite

bou lder F) from which seven co res were c u t .  The a n d e s lte
boulders were AA (a n d e s lte  bo u ld er A) from which seven co res

were c u t .  AB (a n d e s lte  b o u ld er B) from which seven co res were c u t 

and AC (a n d e s lte  bou lder C) from which seven co re s were c u t .  The 

g r a n i te  rock was sosmwhat v a r ia b le  and to  o b ta in  th e  number o," 

co res e s s e n t ia l  f o r  t e s t i n g ,  store co res wore d r i l l e d  from so w  

bo u ld ers  than  o th e r s .

For th e  d e ta i le d  la b o ra to ry  procedure a p p lie d  to  th e  g r a n i te  and 

a n d e s lte  co res r e f e r  to  APPENDIX A.

I t  shou ld  be no ted  th a t  th e  rock bo u ld ers  fo r  both agg regate  

sou rces were s e le c te d  from th e  same lo c a tio n  In t h e i r  r e s p e c tiv e  

q u a r r ie s  a s  th e  crushed  ag g reg a te  used In  th e  c o n c re te  m ixes.

T his ensured  th a t  th e  e l a s t i c  c o n s ta n ts  d e riv ed  from th e  rock 

co; s  would g ive  a t r u e  r e f le c t io n  o f th e  e l a s t i c  c o n s ta n ts  o f 
th e  agg reg a tes used . C onsiderab le  d if fe re n c e s  could  a r i s e  I f  th e  

rock bou lders and ag g reg a tes were taken from d i f f e r e n t  lo c a tio n s  
in  th e  q u a r r ie s .

1 .6 .1  D r i l l in g  Procedure and P re p a ra tio n  o f Cores

The rock boulders  were mounted on a Matheys v e r t i c a l  co r ing  
machine, ( :  j  F igu re  1 .4 ) .  The d r i l l  b i t  and b a r re l  used was 
type NX. (Length 200mm, In te rn a l  d iam eter  42mm).

Successive cores were c : f  from each boulder and sawn to  leng th  
using a Olamant Boart DV20 saw, such t h a t  the un f in ish ed  cores 
had an aspec t  ra» :o  of not l e s s  than 2 .1 .  Hence, the  leng th  of  

the  f in is h e d  cures equa l led  or  exceeded 81mm. Approximately one 
m i l l im e tre  e x t ra  was allowed In the leng th  of  the specimen to



Flgur*  1.4 Y e r t ic # ' Coring Machine u&#d to  Cor* Rock 
Specimen;



F igure  1 .5  Lapping machine used to  G rlrd  End Feces of 
Rock Cores

F igure 1 .6  Lapping d isc  and g r a n i t e  cores
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compemiate fo r  lap p in g  and f in *  g rin d in g  o f th* *p*c1*M en d :.

The end* of th* c o re ;  were ground f lu sh  and p a r a l le l  by mean* of 

a lapp ing  machine shown In f ig u re  1 .5 . F ig u re  1.6 show: 
specim en; h e ld  In th e  lapp ing  d is c .  The specimens were ground 

f lu sh  by means o f f in e  s lllC u n  a b ra s iv e  f i l i n g s  lu b r ic a te d  by 
w ate r.

1 .7  LABORATORY MEASU%0€NT OF DYNAMIC ELASTIC CONSTANTS

The fo llow ing  w c t l w  d w e r lb M  th #  equipm ent and p rocedures used 

to  measure th *  p u lw  v e lo c l t lw  o f  com pression ##d *hear waves in  

th e  roc* c o re s , and hence th#  d e t# m l n a tio n  o f  dynamic e lam tlc  

c o n s ta n ts .

The dynamic modulus value# f re q u e n tly  do n o t agre#  w ith  th o w  

determ ined s t a t i c a l l y ,  as d lsc u ased  In  s e c tio n  1 .2 . However, th e  

so n ic  e v a lu a tio n  o f  th e  p ro p e r t le *  a r#  u aefu l f o r  th #  prwHaHnary 

p re d ic t io n  o f  s t a t i c  p ro p e r t ie s .  OynaaHc co n s tan t*  mMMired by 
th i s  method do n o t n e c e s s a r i ly  ag ree  w ith  dyiwadc c o n s ta n ts  

measured by o th e r  d)iam1c m ethods.

1 .7 .1  A pparatus

The son ic  v e lo c i ty  equipm ent shown p h o to g ra p h ic a lly  In f ig u re

1 .7 c o n s is ts  o f : -

*) a p u l i :  g ene ra to r  with o s c i l lo s c o p e  t r i g g e r

b) p u ls in g  and sensing  heads c o n ta in in g  p i e z o - e l e c t r i c

c r y s t a l s

c) o sc i l lo s c o p e
d) connect ing  cables

a) Sonic Puls*  Generator

The pu lse  g ene ra to r  Is  designed to  produce a voltage  
pu lse  wl».h a maximum amplitude of  about e ig h t  hundred 

v o l t s .  The r e p e t i t i o n  r a t e  of th* ou tpu t  pu lse s  Is
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