
Flgur*  1 .7 U ltr# w n 1 c  V e lo c ity  Eqw1«m#mt



c o n tr o l la b le  and I t  warn found th a t  th e  h o s t  pu ls#  ra t#  

was around 60 puls#* p e r  second. This produced a steady  
t r a c e  on th e  o sc illo s c o p e . The same r e p e t i t io n  r a te  was 
used fo r  a l l  th e  t e s t s

b) P u ls in g  and Sensing Needs

The p u ls in g  and sen sin g  heads a r t  Id e n tic a l  In  every 

re sp u c t and a re  In te rc h a n g e a b le . One s e t  o f tra n sd u c e r  
heads g e n e ra te s  and se n ses P-waves (cosqiresslon  w aves!; 

a  second s e t  g e n e ra te s  and se nses S-wav#s ( tra n s v e rse  

w aves). The heeds had no r e s t r i c t i o n  on th e  s iz e  l im i t  

o f  c o re s  and a  rock core o f  a s  l i t t l e  as ZOma d lasm ter 

cou ld  be t e s te d .  The re so n a n t freq u a n c la s  o f  th e  
tra n sd u c e r  c r y s ta l*  were 600kHz f o r  P-wave and 600kHz 

f o r  S-wave h ead s i* .

F ig u re  1 .6  shows a g r a n i te  c o re  fix ed  between a p a ir  
o f  p u ls in g  head".

c )  O sc illo sco p e

The v o lta g e  p u lse  a p p lie d  to  th e  p u ls in g  heads and th e  
v o ltag e  o u tp u t o f th e  se n sin g  head Is  d isp lay e d  on a 

ca th o d e -ray  o s c illo s c o p e . T ravel tlsm s can be measured 

on th e  o sc illo s c o p e  by m easuring along th a  sc a le  

Im prin ted  on th e  sc re e n . For th e  tra n sd u c e rs  used In 
t h i s  p ro je c t  th e  time base of  the o s c illo s c o p e  was 

requ ired  to  be as  f a s t  as 10 nsec/cm and the  v e r t i c a l  
s . a l e  amplitude 0.02 vo l ts /cm .

1 .7 .2  Test  Specimens

Test  specimens r eq u i re  two f l a t  p a r a l l e l  su r faces  between which 

the t r a v e l  times of the P- and S-waves are  measured. This 
requirement was met by the  procedure described  In paragraph 1 .6 .1  
and In APPENDIX A. The ground faces of the rock cores were f l a t  
to  + 0,0254 mm and p a r a l l e l  to + 0,005 mm per  as* se p a ra t io n .  The



f ig u re  1 .8 G ren lte  Core he ld  between P u ls in g  Heed*
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were tw t e d  In # dry c o n d itio n .

I t  was *1$o am ended In th# Experim ental Manual 1* th a t  the  

fo llow ing  i t lp u ^ a t lo n i  b« « # t .

1) Th* cond<*1on of I n f in i t e  e x te n t .  T h is 1 ; s a t i s f i e d  when

the  a* g ra in  *1ze < wave len g th  o f th e  p u li#  minimum 

specimen dim ension.

2) The l a t e r a l  minimum dim ension (normal to  th^ d ir e c t io n  o f
wave p rop ag a tio n ) Is  recommended to  be no t l e s s  than te n  

tim es th e  wave le n g th . ASM recommendation 028*5*0 

s t ip u la te s  f1*e tim es th e  wave le n g th .

1) The tr a v e l  d l s t i c e  o f  the  p u lse  through th e  rock should  be

a t  l e a s t  ten  tim es th e  average g ra in  s iz e

4) The r a t i o  o f  th e  p u lse  tr a v e l  d is ta n c e  between p a ra l le l
faces  and th e  minimum l a t e r a l  dim ension Is  n o t to  exceed 

f iv e  I f  r e l i a b le  f re e  medium v e lo c i t i e s  a re  re q u ire d .

5) The wave len g th  should  be a t  l e a s t  tw ice th e  average g ra in
i l z e  o f th e  m a te r ia l .

*11 m e above s t ip u la t io n s  were met w ith  th e  excep tio n  o f (2 ). 

C a lc u la tin g  th e  w avelengths of the  r e sp e c tiv e  p u 'te s  u sin g  the  
reso n an t freq u en c ies o f th e  p u ls in g  head ; r e s u l t s  In th e  fo llo w ln g :-

a) fo r g r a n ite  P-wave len g th  « 10,1 urn

S-wave len g th  » 4 ,1 mm
b) fo r  a n d e s lte  P-wav* len g th  « 11 .5m «

S-wave len g th  « 4 ,8  mm

Thererore al though c o n d i t io n  (2) Is  met fo r S-waves I t  obv iously  I s  not 

fo r  P-waves. I t  must be r e a l i s e d  t h a t  r i c t l c a l l y  speaking r e n d i t io n  
(2) i ;  not easy to meet. I f  I t  was r i g i d l y  adhered to  with t h i s  type 
of  pu ls ing  head th» r e s u l t i n g  c c e  dimension; would be 120mm diameter



and 240m long. The very f a c t  Uiat  the ASTM recom endatlan  

s t i p u l a t e *  t h i t  the  dl#en*ton should be f fve  t**e« the wave
leng th  and no t  ten show* ttie apparent  lark of  agrseme.i: on t h i ;  

s t l p u a t l o n .  (See a l s o  ad d i t io n * '  note on 28(a) and 28 (b)) .

1 .7 .3  Measurement o f T ra v t' O ls ta  ce" an^ D e w itf

T ravel d is ta n c e :  ( I . e .  co re  leng th*) were measured by v tans o f  a 
v e rn ie r  sc a le  b t ween f l a t  o a r a l le l  su r fa c e s . The WA'ahi of w ch  
roeclmen was measured to  an accuracy of 0 , lg  and th e  d en sity  
% .:cu1ated from measurements o f  len g th  ind dlamwter.

I . ) . '  A ttach in g  P u l« ' Heads to  Specimens

Grc c o u d l r y  between pu simg heads and specimen Is  e s s e n t 'a l  fo r  
r f 'f« \t1 v e  tn e rg y  tra n u m ls d o n . T his was achieved by use o f a 

U l - . 's  rr^pound re le a s in g  a g e n t, tra d e  name Dow Com ing 7 
c a ? ? .  ,d. rhe gel was ap p lied  to  th e  p u lsin g  head and *he t e s t  

p iece  s ta te d  f irm ly  on th e  p u ls in g  head. The gel was forced out 
c re a tin g  » vacuum end hence an e x c e l le n t  conn e c tio n . The puls* 
heads wf ;  o r ie n ta te d  so th a '; the  cab le  connectors were d ir e c tly  
above c * . a n o th e r .

1 .7 .5  Jw ^ iress lo n P -W am s

The f1 r» t  at iv a l  tim e o f th e  c o ^ re ss lo m  wave on th e  scupe was 
e a s i ly  * a t a : i l n c e  I t  was marked by th e  f i r s t  c ev la tlo n  o f the  
wave fo r*  f - v i  a s t r a ig h t  h o riz o n ta l l i n e .  The wave d ev ia ted  In a 
downward d u  .U o n . The s t a r t  o f th e  wave was c a r e fu l ly  zeroed and 

th e  v e r t ic a l  a :v H tu d e  of th e  scope ad ju s te d  to  a maximum 1n order 
to  produce a sharp  k nee ' In the  t r a c e .  F igure 1 .9  shows 

d ia g ra m a tlc a lly  a ty p ic a l t ra c e  o f  a P-wave. The tra v e l time Tp 
Is s l ip ly  measured from the  s t a r t  o f the  tra c e  to  t i e  K nee ' .



Reference 21 d l s c t r t e s  th re e  method: fo r  determ ining the v e lo c ity  o f 
p ropagation  o f  e l a s t i c  waves In la b o ra to ry  rock t e s t in g .

1. F i r s t  methou a high frequency u l t ra s o n ic  pu lse  tecn loue  -
s im ila r  to  th a t  d escribed  In the  te x t .

2 . Secono nethod - a low frequency u l t ra s o n ic  technique fo r

b a r - l ik e  o r r o d - l ik e  specim ens.
3. Thl d method -  A reso n an t frequency method. By d e te r ­

m ination o f th e  reso n an t frequency of the  
d l la t lo n a l  v ib ra tio n  o f  b a r - l ik e  c y lin d r ic a l  
rock specimens th e  d l la t lo n a l  wave 
p ropagation  can be c a lc u la te d .

T able 1 .2 (a )  D 1 ffe ren t U ltra so n ic  Methods fo r  Rock T estin g ,
fro #  R ef. 21

FIRST METHOD SECOND METHOD

1. Pulse g e n e ra to r  frequency
range

2 . R e p e titio n  frequency of
the p u lse  g en e ra to r

3. Transducer frequency range

4 . Optimal a sp e c t r a t i o

100kHz - 2MHz

10 -  lOOOs-1 

100kHz - 2MHz 

2:1

2 - 30kHz

10 -  lOOs-1 

2 -  30kHz 

3:1

The method o u tl in e d  In the  c u r re n t te x t  e s s e n t i a l ! . ' r e fe rs  to  the  

f i r s t  method. The p u lse  g en e ra to r  used hud a r e p e t i t io n  freq jen cy  of 
60 pe« second and th" \  sonant frequency of th e  P-wave transducer was 
MCkllz. The a sp e c t r a t io  o f the  specimens te s te d  ,a s  2 :1 . The 
recommendations given In the  te x t  apply to  the  f i r s t  method.

H w .v e r , as m entioned p re v io u s ly , th e re  Is  lack  of .g r eemenl on the  
requirem ent fo r  minimum la te r a l  dim ension. Tho ASTM recoamen- 

datlonZO would r e q u ire ,  fo r  the  c u r re n t t e s t s ,  a minimum la te r a l  
dimension of about 50mm. This 1s s l ig h t ly  g re a te r  than the ac tual



dim ension of 42**. F u rth e r , th e  w r i te r  d isc u ised  and checked the 

t e s t  techn ique  w ith  se n io r  members o f  the Miming Engineering 
Department who u t i l i z e  th e  same experim ental procedure fo r dynamic 

rock te s t in g .  They were s a t i s f ie d  w ith  th e  chosen approach In every 
r e s p e c t .  I t  was no t p o ss ib le  to  d r i l l  la rg e  d iam eter co res to  check 
th e  minimum l a t e r a l  dimension recommendation; consequen tly  the 

c u r re n t  t e s t  techn ique  was adapted as a p ra c tic a l  compromise, and 

w ith  th e  -ndorsem ent o f Rock Mechanics s t a f f .



A ctu a lly  a m lnut* p o r tio n  o f  th e  t r a v e l  tim e (approx im ately  1 ws) 

la  not reco rd ed , due to  th e  f a c t  th a t  th e  scope t r ig g e r s  about 1 ua 
a f t e r  th e  p u lse  Is  I n i t i a t e d .  However, t h i s  small tim e war 

accounted fo r  when a c o r re c tio n  was made fo r  th e  tim e delay  

Involved In  the  waves p assin g  through th e  p u ls in g  heads.

1 .7 .6  Shear S-Waves

F i r s t  a r r iv a l  tim e of shear-w aves I s  n o t so r e a d i ly  d is c e rn ib le  on 

th e  scope. The shear-wavo a r r iv a l  may be obscured  by v ib ra tio n s  

due to  'r in g in g ' o f  th e  tra n sd u c e rs  and r e f l e c t io n s  o f  th e  
co ag ress lo n  wave^k Ringing may occur a t  high p u lse  r e p e t i t io n  

r a te s  and I s  caused by th e  p rev ious p u lse  n o t having s u f f i c i e n t  
tim e to  com pletely  d ie  away b e fo re  th e  nex t pu lse  o ccu rs .

R ing ing ' causes unsteady  t r a c e s  on th e  s c o p e ^ .

The shear p la te  type o f p iezo  e l e c t r i c  c ry s ta l  used h ere  In v a ria b ly  

produces some com pression wave coam onerts which a r r iv e  ahead of th e  
sh e a r wave. In f a c t  the  shear-w ave heads can be used to  m a tu re  

th e  tra v e l  tim es o f both  P and S waves. However th e  I n i t i a l  'k n ee ' 

o f  the  com pression wave i s  no t so c le a r ly  defined  when usin g  the 

sh e ar p u lse  heads. Soma tim e a f t e r  the  P-wave has a r r iv e d  a t  the  
sensing  head, the  S-wave a r r iv e s  and causes a la rg e  upward sweep on 

th e  o sc illo sc o p e  F ig u re  1 .6  shows a ty p ic a l  t r a c  fo r  g r a n i te .
The S-wsve tr a v e l  tim e T , Is  o b ta in ed  by m easuring from th e  s t a r t  

of the  t r a c e  to  the  s t a r t  o f  the  s tro n g  upward sweep, which u su a lly  
occurred  a t  th e  bottom  of a wave tro u g h , a lthough I t  could occur a t  

th e  peak of a t r a c e .  Hence th e  accuracy  of the  S-wave a r r iv a l  time 
depends on the  s k i l l  o f th e  o p e ra to r . I f  many specimens a re  under 

t e s t  and the  m a te ria l Is  uniform  th e  In accu rac ie s  can be reso lv ed  
to  a la rg e  e x te n t .

I t  was found th a t  the t r a v e l  time of the S-wave was approximately 
twice th a t  of the P-wave f o r  a p a r t i c u l a r  specimen. This was a 
use fu l  g u id e l in e  to  lo c a t e  the S-wave t r a v e l  t ime. The e s t im a t io n  

of  the shear wave a r r i v a l  time can be performed mere e a s i l y  on
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;p*c4m*n; whose len g th  I ;  o p tlm lie d  e .g .  an ;$ p e c t r i t l o  o f 2 :1 1* 

p re fe ra b le  to  m r a t i o  o f  1 : 1 ^ ^ ) .

1 .7 .7  C a lib ra tio n  Procedure*

The tray * I tim e: m eaiured on th e  d i f f e r e n t  rock ipaclmen* were 

c o r re c te d  by s u b tra c tin g  th e  zero  c o r re c tio n  tim e ( th e  tr a v e l  tim e 

W e n  fo r  th e  p u l i e ;  to  move through th e  p u ls in g  head* 
th eaw elve* ). The zero c o r re c tio n  tim e wa* ob ta ined  by two 

aw th o d i:-

1) P lac in g  the  tra n sd u c e r : In d i r e c t  c o n ta c t w ith  each o th e r

and m easuring th e  delay  d l w c t l y .  T h l: method 1* mot 
recomaended fa r  shear p u l l in g  head*, a* *11ght 

m lia llgnm ent can produce la rg e  e rro r*% l.

2) M eaiurlng th e  tr a v e l  tim e* c f  se v e ra l specimen* o f th :

same m a te r ia l b u t o f d i f f e r e n t  len g th * . T ravel tim e 
ver*u* tra v e l  d1*tance was p lo t te d  fo r  *everal a n d e s lte  
co re* . The graph was e x tra p o la te d  back to  zero  tra v e l 

d is ta n c e  to  g ive th e  tr a v e l  time between (he head*.

Method 7 was adopted fo r  th l*  d i s s e r t a t io n .  The r e s u l t*  

a re  shown <n f ig u re  1.10 and f ig u re  1 .1 1 . From th e  
grauhs the  c o r re c tio n  time* were 1 .3 n t  fo r  th e  P-wave* 

and * .6  w* fo r  th e  S-waves.

1 .7 .8  C a lc u la tio n  o f  Dynamic E la s t i c  C onstan ts

The wave v e lo c i t ie s  were c a lc u la te d  from the c o r re c te d  tr a v e l  tim es
and tne  tra v e l  d1*tance ^ between th e  t r a n s m it te r  and re c e iv e r ,  by 
using  the  eq u a tio n s:

Vp - :  /  Tp 
V, .  V  T,
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wher# Vp 1* th e  v e lo c ity  o f  th# lom gltudliw l w#v«

V, 1 : the  v e lo c ity  o f th#  * h w r wav#
Tp *nd T , *r* th#  t1»#% taken  to  tra v e l 

d is ta n c e  * o f  the  P- atM S-wave r e s p e c tiv e ly .

The dynamic e l a* t i c  conitam t* were c a lc u la te d  froai e q u a tio n : ( 1 .1 ) ,  

( l .Z )  amd ( :  3) a* given In se c tio n  1 .4 .

1 .7 .9  Rew ilt*

T able 1 .3  :how* th e  r e s u l t :  fo r  th e  g r a n ite  ccre*  and T able 1 .4  
sh o w  r e s u l t s  fo r  th e  a n d e :1 te  c o r e : .  For r e p e a ta b i l i ty  o f  r e w i t :  
r e f e r  to  Appendix 9 . For specimen p r o p e r t le :  and tramwalMlom 

t? a * i  (Tp fo r  P- wove tr a v e l  tim e and T* f c r  S- wavw t r a w l  

t l a e )  r e f e r  to  Appendix 0 t a b le :  B2 and S3 fo r  g r a n i te  and 
a n d e ilc e  c o re :  r e s p e c tiv e ly .

The r e i u l t s  f t h m  g ra n ite  specim en: JA3 and JM  were excluded 

frm r iw oseoutnt c x l c u 'i t l c n ;  on th e  b a s l :  of a : t a t1 : t 1 c a l  o u t l i e r  

t e s t .  The v a lu e ; recorded  were obv iously  n o t r# p re# # m t* tiw  o f th e  
g r a n ite  rock.

T able 1.5 show: th*  r*an and sta n d ard  d e v ia tio n  o f  * ea:u rem en t: 

fo r  both types of  ag g reg a te . Although th e re  1* a la rg e  v a r ia t io n  
In b i th  P-wave ond S- wave v e lo c ity  e s p e c ia l ly  fo r  th e  g r a n ite  
c o re s , th e re  I* only  s l i g h t  d e v ia tio n  about the  mean fo r  the  

dynamic e l a s t i c  c o n s t a n t  F j  and v^. Thi« i s  " 'cause the 
P-wave and S-wave v e lo c i ty  v a r ia t io n s  tend  to  cancel out in 
equat ions  (1 ,1 )  and ( 1 .3 ) .  The r e s u l t :  l " f l y  th a t  a n d e s ite  I :  more 
homogeneous than g ra n ite  and has p o ss lb l"  fewer pores and c ra c k s .



Table 1.3 Tran*«(s*1om of body wave: through Cramlt* rock epeclmem?

MATERIW. SPECIMEN CALCUIATEO VELOCITY DYNAMIC ELASTIC CONSTANTS
NUMBER

_____________________________ & ........ _________________ k _________ k _________ i

WLANITE JA1 6029,2 3252,0 75.2 29,1 0 .30

JA2 5723,4 3312,3 73,7 29 .5  0.25

JA3 4953,1 2336,6 39,2 14,4 0 ,36

JA4 5422,6 2554,7 46 .8  17,2 0 ,36

JAS 5883,5 3312,3 73.5 29 ,0  0 ,27

JA6 7518,0 3161,0 76,2 27 .4  0 .39

IA7 5825.2 3155.3 67 .5  26,1 0 ,29

JA8 5863.3 3208,7 69 ,6  27 ,0  0 ,29

NB: C o rrec tio n  time* fo r  p u ll in g  head*: 
P-Wave -  1 .3  u*ec



Table ' . 3  Tr#m:m4*:4on of body wave; through Gramft* rock »p*c1mem&/romttimed

MATERIAL SPECIMEN
NUMBER

CALOKATED VELOCITY DYNAMIC ELASTIC CONSTANTS

& & a
»d

GRANITE JA9 6270.7 3418.0 79.7 30.9 0 ,29

JA10 SMI .6 3413,3 77,5 30.8 0.26

JCI 6057.6 3314,9 74.6 29.0 0 .2 9

JCZ 6176.S 3282.8 74,5 28.6 0 .30

JC3 6420.0 3446,7 81.7 31,5 0 .30

JC4 61M .9 3355,4 77.2 30.0 0.29

JF1 5780.9 3131,3 68.7 26.6 0 .2*

JFZ 5943,6 3252,6 73.5 28.6 0.29

NR: C o rrec tio n  time* fo r  p u ls in g  head*:
P-Wavr - 1,3 i<*ec 
S-Wa^' - 4 ,6  ii;ec

A*....................*



T*b1# 1.3 Tr#m*#4**lo# of bo<ly wove: through Granite rock apeciment/contimued

MATEKlAl SPECIMEN
NiMBER

C4I.CU14TED VELOCITY OYNMWC ELASTIC CONSTANTS

& 8 .
"d

GMW1TE JF3 5S36.3 3082,7 64.1 25.1 0 .28

JF4 5943.6 3129.4 69.2 26.5 0.31

JFS 5856.1 3083.3 65.0 24.9 0,31

JF6 5806.9 3315.0 75.0 2 9 .G 0.26

JF7 5904.8 3254.6 71.2 27.8 0.28

NB: C o rrec tio n  tim e: fo r  p u l l in g  head ::
P-Wave - 1 .3  w ee 
S - W a v e - 4 ,6 w e c



Table 1.4 TranaaMaxiom of body wave: through hmdeaite rock apaclawm*

MATE*;*!. SPECIMEN CAtCUlATED VELOCITY DYNAMIC ELASTIC CONSTANTS
NUMBER "

 &  % ,  &  &

'NOESITE XI

X2 CORES USED EXCLUSIVELY FOR CORRECTION TIMES

%3

AA1 6910.5 3818,1 107,0 41.8 0,28

AA2 6903,4 3751.1 104,1 40.4 0,29

AA3 6906,7 3669,2 100.6 38.6 0.30

AA4 6794.8 3590,2 97.4 "7 .3 0.31

Ml: C on a c tio n  tim e; fo r  p u ls in g  h ead ;:
P-Wavc - 1,3 u ;ec 
S-Wave 4 ,6  p ;ec



Table 1.4 Transmission of body waves through Andesite rock specimens/continued }

'

MATERIAL SPECIMEN
NifSEP

CALCULATED VELOCITY DYNAMIC EL AST C CONSTANTS

:? s % S &

i
1

*d

AMOESITE AA5 3673,4 100,5 38,7 0,30

AA6 6876,8 3653,3 100,0 38.4 0 ,30

AA7 6911,8 3755.7 104,1 40,3 0,29

A81 6859.9 3727,5 103,1 40,0 0,29

AM 6833,3 3837.9 107,9 42,5 0.27

AB3 6837,4 3840.2 108,0 42.5 0,27

A84 6947,7 3928,3 111.0 *3.9 0,27

A8S 6886,6 3836,4 107,6 42,2 0,28

MB: C o rrec tio n  tim es fo r  p u ls in g  heads:
P-Wave - 1,3 wsec 
S-Wavo - 4 .6  usee

I



Table 1.4 Transmission of body » unii*' Amdcslte rock specimens/continued

MATERIAL a»ECIMEN
NUMBER

CALCULATED VELOCITY DYNAMIC ELAST1, uM3;»WTS

5 s 5 s &
*d

ANCESITE AW 6 * 4 .9 3837.2 108.6 42.3 0.28

AB7 7050.4 3884.3 112,4 43 ,8 0.28

AC1 6810.3 3739.6 103,4 40.3 0.28

ACZ 6813.0 3826.5 107.0 42.1 0.27

AC3 6807.6 3705,0 101,8 39.5 0 .29

AC4 b863.4 3738.1 103.5 40.2 0,29

ACS 68Z6.6 3715.3 102.3 40 ,0 0,29

AC6 6825.2 3747.8 103,9 40 ,5 0,28

AC7 8 3615.7 98.0 37.6 0.31

C o rrec tio n  tim es fo r  p u 's ln g  heads: 
P-Wave -  1.3 w ee  
S-Wave - 4 ,6  ^sec



This I s  I w l l e d  hy th e  g r e a te r  d e n s ity  and h igher P- and S-wave 

v e lo c i t ie s  measured in  th e  an d e s ite  c o re s . Hence th e  an d es tte  i s  a 
' s t i f f e r '  rock and has a h ig h er dynamic modulus than  g ra n ite .

The mean a r j  stan d ard  d e v ia tio n s  o f  the  specimens taken from each 
Ind iv id u a l rock boulder were a ls o  c a lc u la te d  to  a s se s s  whether 
th e re  were any lo c a lis e d  d if fe re n c e s  i . e .  v a r ia t io n  w ith in  the 
sample tak?n fro #  a s p e c if ic  area  i"" th e  q u arry . The r e s u l t s  are  
shown In  ta b le  1 .6 . I t  can be seen th a t  only  small d if fe re n c e s  
a re  ap p aren t between the  d i f f e r e n t  rock bou lders and i t  was 

considered  th a t  th ese  d if fe re n c e s  would n o t a f f e c t  th e  l a t e r  t e s t s  
s ig n i f ic a n t ly .  Once again  th e  an d es it*  showed le s s  v a r ia t io n  than 
th e  g ra n i te .  I t  could be concluded th a t  f o r  th e  p a r t i c u la r  quarry  
face  fro #  which these  rocks were taken th e re  i s  good u n ifo rm ity  of 

agg reg a te .

1 .8  LIMITATIONS

The p rev ious se c tio n s  show th a t  th i s  tectm lqu# o f  measuring 
dynamic e l a s t i c  c o n s tan ts  In rocks u  f a i r l y  ra p id  and gives 
p re l im inary  p re d ic tio n s  of  s t a t i c  p r o p e r t i e s .  However c e r t a in  
l im i ta t io n s  must be borne in mind. The e l a s t i c  c ons tan ts  
measured here a r e  c a r r i e d  ou t  on .-null la b o ra to ry  specimens.
This could  a ccen tu a te  Inhomogeneity and an iso tropy  and hence (live 
a d i s to r t e d  p i c tu r e  of  the e l a s t i c  co n s ta n ts  of  th e  rock mass as 
a whole. This Is  a d e f i n i t e  drawback even when coupled with 

s t a t i s t i c a l  a n a ly s i s # .  The coupling  between th e  p i e z o e l e c t r i c  
t ran sd u ce r  and the specimen m y  be i n f e r i o r  and lead  to  In te rfa c e  
l o s s e s .  This i s  e s p e c ia l ly  Important whr . shear  transducers  are  

used . Equations ( l . i ) ,  ( 1 .2 ) ,  and (1 .3 )  a re  a p p lic a b le  to  
I so tro p ic  rock and when degrees of  an iso tropy  a re  p re sen t f u r th e r  
e r ro r s  may r e s u l t .



Table 1.5 Mean and Standard Deviation  Values o f  Dynamic E la s t i c  
C M u tan t; fo r  G ran ite  #nd A ndexlte Rock Cor#*

ROCK TYPE OENSTTY
kS/*3 I ) , # /s

vd

GRANITE 2659.8 60M .6 3256.9 73.3 0,292

(19 cor#*) + 37.3 + 411,5 2  111.6 1  * '7 + 0 .029

NOESt'E Z874.4 6871,8 3756.7 104,4 0.287

(21 core*) * 1 2 / + 62 ,9 + 89.4 ±  *.1 + 1,012

Tabl# 1 .6  V aria tio n *  o f OynaaMc E la s t ic  C onstanM  o f  Rack Core; 
D r il le d  fro#: D if fe re n t  Boulder*

ROCK TYPE MEAN AM) STMOARD 
DEVIATION

(G^a)

VARIATION OF E/ WEAN A*) STAN5ARO 
FROM GRAND MEAN OEYIAT ON 

OF GRANITE OR ANKSITE v j

GRANITE JA 74.1 + 1 .5 0 ,293
(8 c o res) + 4 ,0 + 0,043

GRANITE J l 77,0 + 5 .2 0,295
( 4 core*) + 3 .4 + 0,006

GRANITE JF 69.5 - 5 .0 0 ,289
( 7 core*) l ^ . l + 0 ,018

ANOESITE AA 102,0 - 2 .4 0,296
( 7 c o re :  1 , 3 . 3 + 0 ,010

ANOESITE AB 108.4 + 3.7 0.279
( 7 core*) + 3 .0 + 0.007

ANOESITE AC 102.8 -  1.5 0.287
( 7 core*) + 2 .7 0 .013
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1.9 Determination o f  S t a t i c  P l a s t i c  Modulus of Aggregates

Tht 42m  nominal d iam eter and 84%# nominal len g th  rock cy lin d e r*  

were Instrum ented  w it e l e c t r i c ? '  r e ;1 : t i n c e  s t r a in  gauge*. Six 
core* were randomly x e lec ted  from both th e  g ra n ite  and and**1t# 

rock . Two each o f 10m  gauge* were u*ed to  m eaiure the 
lo m g ltu d ln tl and l a t e r a l  i t r a ln *  o f th e  specimen by a t ta c h in g  th e  

gauge: a t  m id -h e ig h t, the  corre*pond1ng d r a i n  gauge* being 
d ia m e tr ic a lly  oppo*1t* one a n o th e r . The corre*ponding gauge* 

were connected 1m *er1e* the* q iv ln g  th e  average o f th e  * tra1n  on 
two *1de* o f  th e  c o re . S tra in  reading* were taken over one cy c le  

o f  load ing  and u n load ing . The *t r a in  gauge* were connected  to  a 
d a ta  lo g g er and th e  rock specimen* te * te d  In an Amxler 200 tonne 

Compre**1on Machine.

I n i t i a l l y ,  two core* from each rock type were loaded to  f a i l u r e .  

The average f a i lu r e  load* fo r  th e  g ra n i te  and an d ex lte  core*  were 

330 kM and 300 kN re* p ec t1 v e ly . The core*  were loaded  a t  about 
30 Mpa/mln The c u t  o ff  load  fo r  th e  d e te rm in a tio n  o f  th e  x t a t l c  

e l a i t i c  moduli fo r  both rock type* w«* cho*en a* 601 o f  th e  
re x p e c tlv e  f a i lu r e  lo ad . Six c o re ;  were then  chosen i t  random 

from the  g ra n ite  core* and a *1m11ar number from th e  ande*1te 
core* . * leng th  to  d iam eter r a t i o  rang ing  from 2 ,0  to  2 ,5  wa* 

u*ed to  en*ure a f a i r l y  uniform  * tr e * i  a t t r i b u t i o n  In th e  * ample 
and to  1ncrea*e th e  po**1b111ty o f a f a i l u r e  p lane  being f re e  to  
form w ith o u t 1n ter*ect1ng  the  te*t1mg head%^.

I t  iho-jld a l io  be noted th a t  fo r  many rock types th e  ;!o p e  o f  th e  
I n i t i a l  o r v l r ) \n  * tre** * traim  curve fo r  load ing  and un loading 

1* 1*** than th e  *lope o f th e  curve  fo r  nubieouent cy c le* . The 
cause of th l*  d if fe re n c e  ha* no t been d e f in i te ly  determ ined, 
a lthough a* p o in ted  out e a r l i e r  1n th l*  c h a p te r  severa l 
1 nve* ttga to r*  have a t t r ib u te d  I t  to  th e  opening o f  m icro-crack* 

a t  the time the specimen Is i f p a /a te d  from I t s  surrounding* and 
I t s  con fin in g  * tre*se*  are r e l ie v e d . S ince the  d if fe re n c e  
between the slope o f the  s t r p s s - s t r a ln  curve fo r  th e  I n i t i a l  and
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w b w q u e n t cycle*  may be la rg e ,  and because th e  d if fe re n c e  

between su c cess iv e  c y c le s  u su a lly  d e c re a se s . I t  Is  common 
p ra c t ic e  to  su b je c t the  specimen to  a number o f load ing  c y tie s  

b e fo re  r e c c r j lu g  the  d a ta  cy c le  and to  sp e c ify  th e  d a ta  
cy c le^ * . The d if fe re n c e  between su ccess iv e  s t r e s s / s t r a i i  

curves was no t thought to  be s ig n i f i c a n t  fo r  the  p re se n t g ra n ite  
and a n d e s lte  ro ck s, and th e re fo re  th e  read ings werr taken  over 
th e  second lo ad in g  '.y c le .

In p o in t o f f a c t ,  a s e r ie s  o f  t e s t s  c a r r ie d  o u t by P e l l s  and 
F e r r y #  (*, d e te rm in a tio n  o f  Young's Modulus showe d t h a t  from an 

en g in eerin g  judgement v iew po in t. I t  d id  no t make any s ig n i f ic a n t  
d if fe re n c e  Whether th e  specim ens had a len g th  to  d iam eter r a t io  

o f  2 ,0  o r w* u t  n o n -p a ra lle l (b u t w ith  f l a t )  ends. T herefore 

th e re  Is ev idence to  su g g est tn a t  some recommendations r e la t in g  
to  Young's Modulus d e te rm in a tio n  fo r  rocks a re  u n n e c e ssa rily  
s t r in g e n t .

1 .9 .1  R esu lts

The r e s u l t s  fo r s t a t i c  e l a s t i c  c o n s ta n ts  a re  given In ta b le  1 .7  
fo r  th e  g ra n i te  and a n d e s lte  c o re s . Table 1 .7  c le a r ly  shows 

th a t  a n d e s lte  has a h ig h er s t a t i c  e l a s t i c  modulus than  g r a n i te ,  
th e  r a t io  o f th e  modulus o f  a n d e s lte  to  g ra n i te  being  

approx im ately  1 ,3 . The P o ls s o n 's  r a t i o  value fo r  a n d e s lte  Is 

a ls o  h igher than  th a t  o f th e  g r a n i te s .  Values fo r  th e  two rock 
types vary about the  mean In a s im ila r  manner as shown by th e i r  

re sp e c tiv e  stan d ard  d e v ia t io n s . T ypical curves of s t r e s s  a g a in s t 
s t r a in  as p lo t te d  by a c o e e u te r  g rap h ics programme a re  shown In 
f ig u re  I .12 and 1.13 fo r  g r a n i te  and f ig u re  1.14 and 1.15 fo r  

a n d e s lte .  The s t a t i c  e l a s t i c  modulus wai determ ined by the  b e s t 
f i t  s t r a ig h t  l in e  through th e  p lo t te d  p o in ts  up to  30% of the  
f a i lu r e  s t r e s s .

Both s e ts  o f curves fo r th e  g ra n ite s  and th e  a n d e s lte s  a re  l in e a r  
over th i s  s t r e s s  range. The unloading curve o f g ra n i te  specimen



JA5 show; th e  h y s te re s is  e f f e c t s  fo r  g r a n i te s .  H y s te re s is  

e f f e c t s  v a ried  from specimen to  specimen even when the  co res were 
taken from one bow lder. For example specimen JAS ( r e f e r  to  
f ig u re  I .12) shows a c le a r  h y s te re s is  loop In th e  lo n g itu d in a l 
s t r a in  w hile  JA1Q e x h ib ite d  c le a r  h y s te re s is  In  th e  l a t e r a l  

d ir e c t io n .  The p lo t  fo r  JC4 ( r e f e r  to  f ig u re  1.131 shows the  

l a t e r a l  . t r a i n  ten d in g  to  the  h o r iz o n ta l .  This was due to  th e  
f a c t  th a t  . * speclamo f a i le d  a t  th i s  s t r e s s  l e v e l .  For the  

a n d e s l te s ,  th e  p lo t  o f  speclme ACZ ( r e f e r  to  f ig u re  1.14) 

shows much s e re  reduced h y sten : Is e f f e c t s  than  th e  g ra n ite s  and 
In general th e  a n d e s lte  p lo ts  ex fb l te d  g r e a te r  l i n e a r i t y  than 

th e  g r a n i te s .  The h y s te re s is  e f fe c  I s  a ls o  g r e a t ly  reduced in  

both  the  lo n g itu d in a l and l a t e r a l  d ir e c t io n s  In  th e  a n d e s lte  
rock.

The s t a t i c  e l a s t i c  modulus and co rrespond ing  P o ls s o n 's  r a t i o  was 
c a lc u la te d  a t  301 o f th e  f a i lu r e  s t r e s s  fo r  each rock ty p e . The 

average s t r e s s  and s t r a in  were c a lc u la te d  from th e  b e s t  f i t  

s t r a ig h t  l i n e .  The s t a t i c  e l a s t i c  modulus E , I s  given by:

E% " 0^ . . . . .  (1 .7 )

«a

a ,  « average s t r e s s
a* " average s t r a in

1 .10 OISCUSSIOW

The r e s u l t s  of the  average s t a t i c  and dynamic moduli and P o isso n ' 

r a t i o  a re  shmvn In ta b le  1 .8  and ta b le  1 .9  r e s p e c tiv e ly .  The 
dynamic method g ives b e t t e r  r e p e a ta b i l i ty  of r e s u l t s .  T able 1 .8  
shows th a t  fo r  g ra n ite s  th e re  Is  about a 10 per cen t v a r ia t io n  
between the  s t a t i c  and dynamic e l a s t i c  m oduli; Ep, w ith  E, 
being g -e a te r  than E j. This appears a t  f i r s t  to  be an anomaly. 
However, as s ta te d  In se c tio n  1 .2 . th e  r a t io  o f dynamic to  s t a t i c



Table 1.7 S t a t i c  E la s t i c  Modulus and P o fs so n s 's  Ra tio  fo r  
G ran lt#  and Amdwlt# Rock

SPECIMEN

GRANITE 
STATIC "  
MOP'JLUS 
OF ELASTICITY

B a

POTSSON'S
RATIO SPECIMEN

AMDESITE
S^\TIC 
MJOULU3 
OF ELASTICITY

B ,

POISSON'S
RATIO

JAS 81.70 0.22 AA2 101.83 0.32

JA10 #6.22 0.30 A87 112.72 0 .27

JC1 92.B4 0.32 AC2 102.62 0 ,29

JC4 77,59 J.3 0 AC3 10W.7 I 0 .29

JF1 72.08 0.17 AC! 110.79 0 .3 0

JF2 79.04 0.24 AC6 89.71 0.Z5

Awrag# 8 1 .Ml 0.26 104.40 0 .29

Standard
D eviation 7.22 0.06 8.42 0.02

*8: VALUES TAKEN AS BEST FIT STRAIGHT LINE UP TO 30% OF FAILURE STRESS
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moduli may vary between 0,85 and 2,9^®. B h a t t a c h a ry y a ^ 'M  

*1 *0  s t a t e :  t h a t  1m t e s t :  he c a r r ie d  ou t on v ario u s ro cks, th e  
s t a t i c  modulus was g r e a te r  than  th e  dynamic modulus. In th e  case 

of Bald H ill  C laystone th e  r a t i o  o f dynamic to  s t a t i c  moduli 
ranged from 0,52 to  2 ,6  (5 co res te s te d )  and fo r  Hawkesbtry 
Sandstone the  r a t i o  v a r ie d  from 0 ,34 to  0 ,70  (10 co re s  t e s te d ) .
He s ta te s  th a t  th e  r e l a t i v e ly  low dynamic modulus values r e su lte d  

f ro *  low tran sm iss io n  v e lo c i t ie s  o f  th e  P-w aves, p robably  caused 
by m icro -cracks and Inhom ogeneities In th e  In stan ce  o f Bald H ill 
C lay sto n e , and by a high degree o f p o ro s ity  and lew w ate r co n ten t 
f o r  th e  Hawkesbury S andstones. The p o ss ib le  causes o f th e  low 

dynamic e l a s t i c  moduli In  th e  case  o f th e  g ra n ite s  In  th i s  p ro je c t  
cou ld  p o ss ib ly  be m icro-crocks and inhom ogeneities.

Th# u l t ra s o n ic  equipment was checked by a s c e r ta in in g  th e  dynamic 

e l a s t i c  modulus o f a s te e l  c y lin d e r .  For I s o t r o p ic ,  homogeneous, 
l in e a r ly  e l a s t i c  m a te r ia ls  such as s te e l  which lack th e  te x tu ra l  

d is c o n t in u i t ie s  c h a r a c te r i s t i c  of ro ck s . E* and Ey should be 
equal** . The dynamic e l a s t i c  modulus o f th e  s te e l  cy lin d e rs  

ranged from E j « 217 - 224 GPa. The average value quoted in  
t e x t s  i s  2J8 GPa fo r  th e  s t a t i c  e l a s t i c  modulus o f s te e l^ * .  The 

d if fe re n c e  i s  about s ix  per c e n t and th e re fo re  I t  was considered  
t h a t  the  equipment was fu n c tio n in g  c o r re c t ly .

T able  1 .7  sh w s  th a t  th e  s t a t i c  modulus E, of th e  am deaites i s  
approxim ately  28% g re a te r  than  th a t  o f the g r a n i te s .

The modulus r e s u l t s  fo r  a n d e s ite  mow th a t  th e  r e s u l t  ob ta ined  
from th e  dynamic method Is  v i r tu a l ly  id e n t ic a l  to  t h a t  o f th e  
r e s u l t  ob ta ined  from the  : t a t1 c  method. When one co n s id e rs  the 
tim e Involved In s t a t i c  t e s t i n g ,  i t  Is  obv iously  more b e n e f ic ia l  

to  use the  dynamic metnod tn  e v a lu a te  the  modulus o f  e l a s t i c i t y  
fo r  th is  a n d e s lte . S im ila r coim ent would a lso  apply  to  the 

r e s u l t s  given In ta b le  1.9 f n r  P o l ' i s n ' i  ra H o  v a lu es .
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Table 1 .8  Comparison of  measured values o f  Ea and Es fo r  G ranite  
and A ndesite  rock cores

ROCK TYPE Ed Es RATIO

HGPa GPa

GRANITE 73,03 + 4.74 81,58 + 7,22 0,895

ANOESITE 104.39 + 4.05 104,40 + 8 ,42 1,000

Table 1 .9 Comparison o f  measured values o f  vy and v , f o r  G ranite  
and Andesite  rock cores

ROCK TYPE '"d "s RATIO
2d
VS

GRANITE 0,29 + 0,029 0 ,26  + 0 ,058 1,115

ANOESITE 0.29  * 0,012 0 ,29  + 0,024 1,000

Table 1.10 Summary of  mean values of  dynamic and s t a t i c  e l a s t i c  c o n s tan ts  
fo r  G ran ite  and A ndeaite rock

ROCK DENSITY P-WAVE S-WAVE DYNAMIC DYNAMIC STATIC STATIC 
TYPE VELOCITY VELOCITY ELASTIC POISSON'S ELASTIC POISSON'S

MODULUS RAilO MODULUS RATIO
.  , 1 Ey Es \__________ k g / i r_______ m/s______ m/s________ ^ a ____________________ GPa______________

GRANITE 2660 6035 3257 73 0 .29  82 0 .26

ANDESITE 2874 607"' 17S7 104 0 .2 9  104 0 .29



Table 1.10 summarises the t e s t  r e s u l t s  f o r  g r a n i t e  and an d es l te  
rock. These values were used for  c a l c u l a t i o n s  In the p re sen t  
work. However, f u r th e r  work needs to  be undertaken In o rder  to 

a s s e s s  v a r i a b i l i t y  of  rock p r o p e r t i e s  from d i f f e r e n t  sou rces ,  or 
w i th in  one quarry .

1 .1 1  cow ausiow s

a) Th* #v«r*g# s t a t i c  e l a s t i c  modulus o f amdexlt# rock ***
28% g r w te r  than  th# e l a s t i c  modulus o f  g r a n i te .

b) Dm average th e  s t a t i c  e l a s t i c  modulus o f  g r a n i te  nas
g re a te r  than  I t s  dynamic e l a s t i c  modulus, thought to  be 

due to  th e  presence  oi im hom ogeneltles In th e  g r a n i te  
rock a s sw b la g e  r e s u l t in g  in  low tran sm iss io n  v e lo c i t ie s  

o f  th e  P-wa*es and hence low dynamic modulus r e s u l t s .

c )  The dynamic e l a s t i c  m odulus, E j o f  th e  am deslt#  rock 
was equal to  th a t  o f  I t s  s t a t i c  m odulus. E*

d) The a n d e s lte  rock I s  le s s  v a r ia b le  than  th e  g r a n i te  rock 
producing more uniform  r e m i t s .

e )  Both quarry  lo c a tio n s  gave f a i r l y  uni fo r#  r e s u l t s  from 
d i f f e r e n t  rock b o u ld e rs .

f ) For homogeneous rocks such as a n d e s lte  th e  dynamic method 

o u tlin e d  In th i s  c h ap te r  i s  a f a s te r  and more r e l i a b le  

method of determ in ing  a va lue  o f both e l a s t i c  modulus and
P o ls s o n s 's  r a t i o .  However, t h i s  Is  cond i t io n a l  on the 

accuracy with which the pu lse  a r r iv a l  t imes can be 

es t im a ted ,  e s p e c i a l l y  th e  S-wave value .

g) F u r the r  work Is  r equ ired  to  a s sess  the  v a r i a b i l i t y  o f
rock p ro p e r t i e s  from d i f f e r e n t  sou rces ,  or  w ith in  one
quarry .
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CHAPTER 2 ELASTICITY OF HARDENED CEMENT PASTES AND MORTARS

2.1 BACKGROUND

Many a t t w p t i  have b«*n mad* to  p r e d ic t  th e  dependence of 

co n c re te  a t l f fn e a a  upon th e  i t l f f n e a *  o f  th e  p as t*  and aggregate  
and th e i r  ro lua*  ^ m c e n tra tlo n s . W ithin th e  acope o f th la  
d la a e r ta t lo n  th la  ch ap te r  dea la  w ith  th e  ea tlm etlo n  o f e l a a t l c  

auxhilua fo r  p aatea  and m ortara  r e la te d  to  th e  various co n cre te  
mlxea d lacusaed  In c h a p te r  3. I t  la  known th a t  th e  a t l f fn e a a  o f 
hardened cement p a s te  and co n c re te  In c re a se s  as cem ent/w ater 

r a t i o  la  in c re a se d ' However, as th e  load  I s  In c re ased , the  
s t i f f n e s s  o f  both p a s te  and c o n c re te  d ec reases co n tin u o u sly .

I t  la  o ften  s ta te d  In th e  l i t e r a t u r e  (see  Shah and W inter*) 

th a t  cement p a s te  speclawns e x h ib i t  an approxim ately l l n e t r  
r e la t io n s h ip  between s t r e s s  and lo n g itu d in a l s t r a i n ,  b u t t h i s  has 

been shown to  be In c o rre c t  by Spooner*. This m isconception  may 
have a r ise n  because p a s te s  o f cem ent/w ater r a t i o  p o ss ib ly  as high 
as about fo u r may have been te s te d ;  such p a s te s  cannot 

n e c e s s a r i ly  be regarded as r e p re s e n ta t iv e  o f  pas t*  In 

co n c re te* . The s t ru c tu r e  o f p as t*  Is  a ls o  s u f f i c ie n t ly  
d lso rd e red  and heterogeneous to  en su re  th a t  s tr% :s-s tr* 1 n  

r e la t io n s h ip s  a re  no t sim ple. The s t r e s s - l a t e r a l  s t r a i n  curves 
fo r  p as t*  a re  a lso  n o n - lin e a r* . The r a t*  o f l a t e r a l  s t r a in  

In c re a se s  con tin u o u sly  as th e  ap p lied  s t r e s s  In c re a se s , and th i s  
becomes very marked as the  maximum s t r e s s  1s approached.

The r e la t io n  between s t r e s s  and lo n g itu d in a l s t r a in  f,)r rock , 

p a s te  and co n cre te  i s  shown In F igu re  2 .1 ( a ) .  The r e la t io n s  
between s t r e s s  and l a t e r a l  s t r a in  and volum etric  s t r a in  fo r  ro c k , 
p a s te  and co n cre te  are  shown In F ig u re  2 .1 (b ) . I t  can be seen 
th a t  a t  low s t r e s s  le v e ls  the  curve fo r  the cement p a s te  d ep a rts
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i l l g h t ly  fro *  U n w r l t y .  Th# *ppro%f**te lo n g itu d in a l s t r a in s  a t  
f a i lu r e  fo r ag g reg a te , p a s te  and co n cre te  a re  o f th e  o rd e r o f 
0 ,4  to  1 .0 1 , 0 .6  to  0 ,81  and 0 ,1  to  0,25% re s p e c tiv e ly . The 
approxim ate l a t e r a l  s t r a in s  a t  f a i lu r e  fo r  p a s te s  and co n cre tes  
a re  0 ,3  to  0 ,5  o f t h e i r  lo n g itu d in a l f a i lu r e  s t r a in s .

Hobbs* s t a te s ,  "The s tre s s -v o lu m e tr ic  s t r a in  curves fo r  
a g g reg a te , p a s te  and co n cre te  a re  g e n e ra lly  n o n - lin e a r  (as shown 
In f ig u re  2 .1 ( b ) ) ,  For p a s te s  th e re  I s  an ongoing red u c tio n  In 

volume as a p p lie d  s t r e s s  I s  In c re a se d . As s t r e s s  In c re a se s  th e  
g ra d ie n t of th e  s tre s s -v o lu m e tr ic  s t r a in  curve d e c re a se s . This 
would seem to  lagily th a t  p a s te s  compact o r  c o n so lid a te  
co n tinuously  u n t i l  f a i lu r e  s t r e s s  I s  reached . C onsequently no 

ev idence o f p 's t e  crack in g  p r io r  to  f a i lu r e  Is  ap p aren t from the  
s tre s s -v o lu m e tr ic  s t r a in  cu iv v . T ie approxim ate maximum 

voluem trlc  s t r a in s  fo r  ro ck s , p a s te s  and c o n c re te s  a re  0 ,1  to  
0 ,4 1 , 0 .1  to  0 ,3 1  and 0 ,04  to  0 ,081  r e s p e c tiv e ly ."

This c h a p te r  o u tl in e s  th e  f a c to r s  a f fe c t in g  the  modulus of 
e l a s t i c i t y  u f both p a s te s  and m o rta rs . I t  a ls o  d ea ls  w ith  th e  
la b o ra to ry  p ro g ram *  to  determ ine the  s t a t i c ,  electrodynam ic and 

u l t ra s o n ic  e l a s t i c  moduli o f p a s te s  and m orta rs fo r  sp e c if ie d  

cem ent/w ater r a t i o s .  The o b je c tiv e s  o f th e  la b o ra to ry  p ro g r ansae 
were to :

(a ) a s c e r ta in  the  en g in eerin g  p ro p e r t ie s  o f p a s te s  and 
m ortars fo r  use In th e o re t ic a l  models r e la te d  to  
co n c re te  s t i f f n e s s .

(b) a ttem p t to  c o r r e la te  th e  s t a t i c  e l a s t i c  modulus, E, to  

the electrodynam ic and u l t ra s o n ic  dynamic f o d u l l ,  E,d 
and Eyd re s p e c tiv e ly .
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Z.Z ELASTICITY HAADENEO CEMENT PASTE

Z.2.1 P o ro s ity

When * load 4 ; *ppH*d to  hardened cement p a s te  ( h . c . p . ) tl,e  
fo rce s  a re  c a r r ie d  I n te rn a l ly  by th e  s o l id  s t r u c tu r e ,  made up of 
both the  la rg e r  c r y s t a l l i n e  h y d -a tlo n  p ro d u c ts  and th e  calcium  

s i l i c a t e  &el5. The s o l id  sk e le to n  I s  In te rsp e rse d  w ith  a la rg e  
volume of gel and c a p i l la r y  pores w ith  a wide range of s iz e s .  I t  

Is  conceivab le  th a t  w ater w ith in  th e  pores I n i t i a l l y  c a r r ie s  some 
lo a d , and hence comes under p re ss u re . The gradual d is s ip a t io n  o f 

th e  p re ssu re  In  th e  w ater w oild lead  to  time dependent s t r a in  

which would be observed as c re e p , and th e  e l a s t i c  (Immediate) 
s t r a in  fo r  wet c o n c re te  would d i f f e r  from dry c o n c re te . However, 

th e  evidence in d ic a te s  t h a t  t h l :  e f f e c t ,  a lthough  I t  mmy be 

p re se n t , does no t r e s u l t  In more than  a small p a r t  o f  th e  load  
being d iv e r te d  from the  s o l id  m a te r ia l .  I t  fo llow s th a t  th e  

e l a s t i c  response of th e  h .c .p .  depends on th e  r i g id i t y  o f th e  
s k e le ta l  i t ru c tu r e * .

seems reaso n ab le  to  assuaw th a t  th e  s t i f f n e s s  o f  th e  v ario u s 

s o lid  h y d ra tio n  products and of th e  wnhydrated ceatent g ra in s  
In co rpo ra ted  In th e  s t r u c tu r e  a re  n o t too d is s im i la r  and t h a t  th e  

c o n f ig u ra tio n  does n o t change w ith  th e  development o f h y d ra tio n . 
The d if fe re n c e  between one h .c  p . and an o th e r then  reduces to  

d i f f e r e n t  d e n s i t ie s  of s t r u c tu r e .  This l a p l l e s  t h a t  th e  e l a s t i c  
modulus of h . c . p . , Ep. w il l  In c re a se  w ith  In c re a s in g  degree o f  

h ydra tio n  and In c re a s in g  cem ent/w ater r a t io * .  This e x p e c ta tio n  

Is  confirm ed by the  experim ental r e s u l t s  shown In f ig u re  Z.Z In 
which the development of h y d ra tio n  i s  rep re sen ted  by In c re ase  in 
age?.

These two se p a ra te  In fluences  can be Incorpora ted  In a s i n g l e ,  
more fundamental q u a n t i ty  - p o ro s i ty  - which may be e i t h e r  
c a p i l l a r y  or  t o t a l  p n ro :1 ty .  The c a p i l l a r y  p o ro s i ty  r e f e r s  to 

c a p i l l a r y  space only, while t o t a l  p o ro s i ty  Includes gel pores as 
well a ;  c a p i l l a r i e s .  When cons ider ing  the p ro p e r t i e s  o f  h . c .p .
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th e re  1* no agreed p r f ^ r e n c e  to  u w  c a p i l la r y  o r to ta l  p o ro s ity  

a* a measure o f p o ro s i ty .*  F ig u re  2 .3  shows th e  re la t io n s h ip  

between E . and c a p i l la r y  p o ro s i ty , p ;  and t h i s  can be 
expressed  a s :

Ep '  Eg (1 -  Pc)3 ......... (Z .U

where Eg Is  th e  e l a s t i c  modulus of cement y*1; from 

f ig u re  2 .3 . Eg 1 ; th ' d u e  o f  Ep when Pc Is  ze ro .

(e 32 GPa.

The modulus o f e l a s t i c i t y  of h .c .p .  I s  r e la te d  to  I t s  com pressive 
s tr e n g th , In c re a s in g  w ith  In c re ase  In  the  l a t t e r  (see  f ig u re  2 .4 ) .

I t  I s  g e n e ra lly  accep ted  th a t  p o ro s ity  c o n s t i tu te s  th e  most im portan t 

s in g le  fa c to r  In determ ining s tr e n g th . I t  fo llow s th * i  any fa c to r*  
which a f f e c t  p o rv s lty  u f the  p a s te  a ls o  a f f e c t  I t s  s t r e n g th . In th i s  
c o n te x t th e  most 1 # o r t a n t  ones a re  c/w r a t i o  and degree o f  

h y d ra tio n , which d i r e c t ly  a f f e c t  p o ro s i ty . The r e la t io n  between 

s tre n g th  o f  th e  p a s te  and th e  c/w r a t i o  I s  s im ila r  to  t h a t  between 
s tre n g th  and p o ro s i ty .*  C onsequently f a c to rs  which a f f e c t  s tre n g th  

a ls o  a f f e c t  th e  modulus o f  e l a s t i c i t y  o f  t N  p a s te . M oisture  co n ten t 

o f  th e  p a s te  I s  th e  only excep tio n  a f fe c t in g  th e  two p ro p e r t ie s  

d i f f e r e n t ly .  G enera lly  speak ing , th e  s tre n g th  of th e  cement p as te  
decreases w ith  In c re a s in g  m oistu re  c o n te n t (see  f ig u re  Z .5) whereas 

i t s  modulus o f  e l a s t i c i t y  I n c r e a s e s ^ .

2 .2 .2  Environment

Drying removes w ater from the  la rg e r  p o res. S ince th e  w a te r , as 

s ta te d  above, may be load b e a r in g , th e re  I s  a red u c tio n  o f e l a s t i c  
modulus w ith d ecreas ing  m oistu re  co n ten t o f th e  h .c .p .  More 
s ig n i f i c a n t ly ,  w ater I ;  a l so removed by d ry ing  from the f in e r  pores 
and from between the lay e rs  o f the s o l id  m a te r ia l .  This w ater Is  
bound s tro n g ly  and I t  can be regarded as p a r t  of th e  s o l id  m a te r ia l ,  

c o n t r ib u t in g  to  I t ;  s t i f f n e s s .  The lo s s  o f th i s  w ater 1s the second 
cause of a reduc t ion  (n modulus with d rying!* .
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The e f f e c t  o f  moisture con ten t  on the  modulus of e l a s t i c i t y  of  
the cement p a s te  Is demonstrated In f ig u re  2 .615. i t  can be 

seen th a t  d ry ing  of th e  sa tu ra te d  p a s te  a t  Cl r e la t iv e  hum idity 

d ecreases th e  modulus o f e l a s t i c i t y  c o n s id e ra b ly . Rew etting, 
however, s t a r t s  to  a f f e c t  the modulus only a t  a m oistu re co n ten t 
corresponding  to  a s t a te  of e q u ilib riu m  a t  approxim ately 551 
r e la t iv e  hum id ity , and on red ry in g  th e  modulus I s  a f fe c te d  only 
a t  th e  very low end uf the  r e l a t i v e  hum idity  s c a le .

The Feldman and S e re d a ^  model a t t r ib u t e s  v a r ia t io n  In th e  

modulus o f  th e  cement p a s te  w ith  change In m oistu re  co n ten t to  
movement o f I n te r la y e r  w ate r. The lay e red  s t ru c tu r e  o f  th e  ,,.1 

p a r t i c le s  1s d escrib ed  In f ig u re  Z.7 by two p a r a l le l  s h o r t 
l i n e s .  The w ate r between the two l i n e s ,  marked X In th e  f ig u re , 

I s  I n te r la y e r  w ater. The r ig h t  hand p a r t  o f th e  f ig u re  d esc rib es  

the  v a r ia t io n  in  the  modulus o f e l a s t i c i t y  o f  th e  p a s te  w ith  th e  
change In m oistu re  co n ten t l i e  f ig u re  Z .6) and th e  l « f t  hand 
p a r t  1s th e  Isotherm  fc , :h* In te r la y e r  w ate r. The l e t t e r s  * to  

G re p re se n t th e  same s ta g es  In a l l  p a r t s  o f  f ig u re  Z .7.

On In c re a s in g  the  r e la t iv e  hum id ity , w ater s t a r t s  to  e n te r  the  

s t ru c tu r e  from the  edges causing  expansion by opening up th e  
la y e rs  ( s ta g e s  * to  C ). F igu re  Z.7 Im plies th a t  the  g r e a te r  
p a r t  o f  th e  sw ellin g  o f  th e  cement p a s te  tak es  p lace  a t  th is  
s ta g e . The w ater Is  n o t s tro n g ly  bound a t  th i s  s ta g e  and ac tv  

l ik e  a web o r  c ro ss lin k s  In a sandw ich-type c o n s tru c tio n ; 

th e re fo re  th e re  1s no s ig n i f i c a n t  In cre ase  In th e  modulus. This 
s t i f f e n in g  e f f e c t  and th e  a s so c ia te d  In crease  In modulus occurs 
from C to  0 and reaches a maximum when th e  la y e rs  a re  sa tu ra te d  
( s ta y j  0 ) .  On d ry ing  from 0 to  E, v i r tu a l ly  nu In te r la y e r  w ater 

Is  l o s t  and th e re fo re  the  modulus remains u n a ffe c ted . From E to  
F a small amount o f I n te r la y e r  w ater Is lo s i from the  edges, the 
modulus being s l ig h t ly  a f fe c te d . Only when tiie I n te r la y e r  w ater 
Is removed from the  m iddle (1e F to  G) I s  th e  modulus of 
e l a s t i c i t y  co n s id e rab ly  d e c re a s e d ^ .



Nxrory. per cent

F ig u re  2 .6  E ffe c t of M oistu re  C ontent on Modulus o f
E la s t i c i t y  of Cement P a ste  ( a f t e r  Sereda e t  a l " ]
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F igure  2 .7 E ffe c t of E x it *nd Re-emtry o f  In te r!* y # r  Water 
on Modulo* o f E la s t i c i t y  o f Cement P este  
( e f t e r  Feldmem end S e re d a " )

AW » r e l a t i v e  w eight 1o$*

P « r e la t iv e  w ater vapour p re ssu re

P@ « s a tu ra t io n  vapour p re ssu re
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T e m p e r a t u r e ,  t o o ,  a f f e c t s  the e l a s t i c  m o d u l u s  o f  h a r d e n e d  c e m e n t  

p a s te s .  H igher te a p e ra tu re s  r e s u l t  In lower m oduli. The 

te a p e ra tu re  dependence may well be r e la te d  to  the  Increased  
m o b ility  o f th e  m o istu re  a t  h igher t e # e r a t u r e s .  g iv in g  some lo ss  

o f  s t i f f n e s s  I n  t h e  s o l id  s t r u c t u r e ^ .

2.3 ELASTIC MODULUS OF CEMENT MOKTA*

From f ig u re  2 .8  I t  I s  apparen t th a t  th e  s t r e s s  s t r a in  
c h a r a c te r i s t i c s  o f m orta r a re  very s im ila r  to  those  o f  co n c re te . 

However, co n c re te  e x h ib i ts  g r e a te r  I n e l a s t i c i t y  lead in g  to  
g re a te r  c u rv a tu re  o f a s t r e s s - s t r a ln  p lo t .  C oncrete a ls o  has a 
g re a te r  c a p a c ity  to  c a rry  a reduced s t r e s s  a t  h ig h er s t r a in  

lev e l s . T his g ives r i s e  to  th e  descending branch o f  th e  

s t r e s s - s t r a l n  curve . (However, th i s  depends very much on the  

s t i f f n e s s  o f the  t e s t in g  m achine).

As th e  load  In c re ases  th e  m ortar s o f te n s . H a ir lin e  c rack s begin 
to  appear s h o r t ly  a f t e r  c ro ss in g  th e  peak of th e  s t r e s s  s t r a in  

c u rv e . As th e  s t r a in  In c re ases  f u r th e r  th e  s iz e  and th e  leng th  
o f th e  c racks In c re a se . At la r g e r  s t r a in s  s l id in g  occu rs In the  
cracked zone. This appears to  be th e  m ajor c o # o n e n t o f the 
lo n g itu d in a l s t r a in  In the descending branch of the s t r e s s - s t r a l n  

cu rv e . The n o n lin e a r i ty  of c o n c re te  under com pressive load ing  Is 
dependent on the  n o n lln e a r l ty  o f 1t s  cement p a s te  and m ortar 

c o n s t i tu e n ts .  Cement m ortar i s  no t an e l a s t i c  b r i t t l e  m a te ria l 
as p rev io u sly  supposed, bu t Is n o n lin e a r  and Is  damaged 

co n tinuously  under lo ad . The p rocess of damage In c o n c re te  Is 
a lso  continuous and begins a t  very low s t r a i n s ^ .  These re c e n t 

fin d in g s  seem to  suggest th a t  m lcrocrack lng  Is  not n e c e s sa r i ly  
the  most Im portant fa c to r  In the nan !In ear behaviour of 
c o n c r e te ^ .  Maher and DarwlnZO p o s tu la te d  t h a t  the many 
s im i l a r i t i e s  between p a s te , m ortar and co n cre te  suggest th a t  not 
only the fa c to rs  a f fe c t in g  d a m a g e  but a ls o  the  n o n lin ea r  

behaviour of m ortar and p a s t e  dominate the behaviour o f co n cre te .



F igu re  2 .3  T ypical S t r e n - S t r * ln  C h#r#ct#r1*t1c* of A ggregate, 
Hardened Cement P * : te ,  M orter and C oncrete 
( a f t e r  Swaay and K a o " )



O ther *uthor*ZO %tat« th a t  the  i t r # ; i / ; t r * 1 n  re la t io n s h ip  o f 
c o n c re te  and m orta r 4* dominated by th e  development o f In te rn a l 
m lcrocracklm g under In c re as in g  lo ad . Hardened cement p a s te  and 

aggregate  combine to  form a tw o-phase m a te r ia l ,  th e  r e s u l ta n t  
* t r e * s /$ tr a ln  r e la t io n  becoming c u r v i l in e a r  due to  th e  presence 

o f  In te r fa c e s  a t  which m lcrocrackm g can o c c u r^ l. However, as 
p rev io u sly  s ta te d  although rock which I s  used as agg regate  

e x h ib its  an approxim ately  l in e a r  r e la t io n s h ip  between s t r e s s  and 
lo n g itu d in a l s t r a in  up to  f a i l u r e ,  p a s te  e x h ib i ts  markedly 

mom-1 In e a r  b e h a v io u r# .

DavlsZ* c a r r ie d  o u t t e s t s  to  determ ine th e  r e la t io n s h ip  between 

coa*r#*s(ve s tr e n g th  and s t a t i c  e l a s t i c  moAilu* fo r  m o rta rs . He 
found th a t  r ic h  m o rta rs , because o f t h e i r  high p a s te  co n ten t had 

s ig n i f ic a n t ly  lower moduli r e la t iv e  to  t h e i r  re sp e c tiv e  
c o n c re te s . C onversely , lean  m orta rs rendered  r e l a t iv e ly  high 
e l a s t i c  moduli bu t owing to  t h e i r  low cement c o n te n t r a r e ly  

exceeded a com pressive s tre n g th  o f 10 MPa. I t  I s  obvious th a t  
s t r e s s  s t r a in  r e la t io n s h ip s  fo r  m orta r a re  no t sim ple and deserve 

co n s id e rab ly  more a t te n t io n  than  they  have rece iv ed  to  d a te .

2 .4  LABORATORY PROCEDURE

The o b je c tiv e s  o f  the la b o ra to ry  t e s t s  w ere :-

1) to  asses*  the eng ineer ing  p ro p e r t i e s  of  cement p as te s  

and morta rs  In order  subsequently  to determine the 

e l a s t i c  modulus of conc re te  by t h e o r e t i c a l  models.

2) to  c o r r e l a t e  measured dynamic e l a s t i c  moduli with 
measured s t a t i c  e l a s t i c  moduli.

A r e p re se n ta t iv e  range of cement/water  r a t i o s  were chosen and the 
c o n s t i t u e n t  p a s te  and mortar mixes were e x t r a c te d  from the 

concre te  mix design (see Chapter 3 for  d e t a i l s  of mix des ign ) .



T h e r e f o r e  f o r  e a c h  c o n c r e t e  a t  a  p a r t i c u l a r  c e m e n t / w a t e r  r a t i o ,  

t h e  p a s t e  a n d  m o r t a r  e l a s t i c  m o d u l u s  v a l u e s  f o r  t h a t  s p e c i f i c  m i x  

c o u l d  b e  e x a m i n e d .  H e n c e  k n o w i n g  t h e  e l a s t i c  m o d u l u s  o f  t h e  

a g g r e g a t e ,  a n d  f r o m  m e a s u r e m e n t s  o f  t h e  e l a s t i c  m o d u l u s  o f  p a s t e  

a n d  m o r t a r  ( a t  a  s p e c i f i e d  c e m e n t / w a t e r  r a t i o ) ,  a  t h e o r e t i c a l  

o f  th e  com posite comcret# cou ld  b# m d #  by # 
m athim m t'cal mmd compared to  th #  me##ur#d e l a s t i c

modwlu*.

2 .4 .1  Cement P a s t e s

P rism a tic  qw clo##* w ith  c«m em t/**t#r n t l o #  Of 2 ,4 ,  2 ,1 ,  1 ,9 , 
1 ,5  and 1 ,2  wer# c a s t .  M l specimens war* te s te d  In  a sa tu ra te d  
s t a te  a t  Z@ days. Four specimens p e r  cementA *ater r a t i o  were 
c a s t .  The s e le c te d  prism  dim ensions were 40 x 40 x 160 *# fo r  

th e  p a s te  specim ens.

S nee cement p a s te s  tend to  se g reg a te  I f  conven tional c a s t in g  

rmtheds a re  used , i t  was decided to  adopt an approach s im ila r  to  
th a t  o f S p o o n e r Z S .  The techn ique  f i n a l ly  adopted was to  c a s t  

th e  specimens In s te e l  m oulds, th e  moulds being  f in e ly  machined 

and se a led  by th e  use o f  petroleum  j e l l y .  The se a led  moulds were 

then  ro ta te d  a t  6 re v o lu tio n s  p er m inute fo r  15-I8h b e fo re  the 

specimens were demoulded. F igu re  Z.Oa shows a p a r t i a l l y  

d ism antled  mould and f ig u re  2 .9b  shows th e  ap p a ra tu s  t h a t  was 
assem bled to  r o ta te  up to  s ix  such moulds.

The lower cem ent/w ater r a t i o  specimens o f  1 ,2  and 1 ,5  were l e f t  

in  th e  moulds fo r  approxim ately  36 hour* to  f a c i l i t a t e  c u r in g . 

However a f t e r  numerous a ttem p ts i t  was decided to  om it th e  p a s te  
specimens o f cem ent/w ater r a t i o  1,2 as I t  was found im possib le  to  
o b ta in  a void f re e  specim en, even when an adm ixture was used to  
t r y  and d isp e rse  the  cement p a r t i c le s  and reduce f lo c c u la tio n .

SpoonerZS compared two specimens both of 1,9 cement/water 
r a t i o .  One pr ism was c a s t  conven t iona l ly  on I t s  s ide  and the 
o th e r  r o t a t e d ,  s im i la r  to  th a t  described  above. He found "here
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