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APPENDIX A

LABORATORY PROCEDURE. MINERALOGY ABO PETROLOGY FOR 
GRANITE AND AMDESITE ROCKS

A1 Pr*par*tIon o f G ranite and Andasit* Rock Boulder*
and Core*

The boulder* o f  g ra n ite  were approximately 300 x 300 x 250 mm. I t  
wa: found th a t  boulder* in  exce** of the** dlm eniion; proved 
cumber*oe* and d i f f i c u l t  to  manoeuvre when mounted on the  d r i l l in g  
machine.

The boulder* were amunted on a wooden board and *ecured by placing  
n a i l :  around th e  perim eter of the ba;e of the rock and then 
applying P la x te r  o f P a r i :  around the  ba*e of th e  boulder, f i l l i n g  
up void* between the  rock and the  wooden board. The boulder* were 
cho*en to  be a :  cuboid a :  po**lble. or to  have a t  le a x t two 
oppo*1te face* f l a t .  Thi* f a c i l i ta t e d  both f ix 'n g  and d r i l l in g .  
The boulder* were ready fo r  d r i l l in g  approximately one hour a f te r  
the  P la a te r  o f P a r i :  wa* app lied .

A: i ta te d  In the  te x t ,  the  d r i l l in g  machine wa* a Mithey* v e r tic a l 
coring machine and the d r i l l  b i t  and barre l wa* NX type , noadnal 
dl earn te r  42 mm.

A2 D r il lin g  procedure fo r G ranite rock

The prepared boulder wa* placed on the ad ju s tab le  ta b le  of the 
coring machine and the h eigh t ad justed  by mean* of a manual worm 
gear. G rec' ca re  wa: exerc ised  during th is  operation  to  prevent 
damage to  the d r i l l  b i t .  Once the boulder wa* in  the co rre c t 
p o sitio n , a steady flow of water was applied through the core 
b a r re l . Immediately p r io r  to  the  machine being switched on, the 
core b i t  was e levated  above the surface of the rock to  prevent 
damage.
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A fter the  machine was w itc h e d  on, the core b i t  was applied to  the 
rock by a d r i l l in g  le v e r . A steady pressure was maintained while 
the core was c u t from th e  rock. I t  was found th a t  during the 
d r i l l in g  procedure the d r i l l  b i t  would a t  times cu t through the 
rock with ease and a t  o th e r  times considerable force had to  be 
app lled  to  d r i l l  the  co re . This was evident on Individual cores 
and throughout the rock. This could be a t tr ib u te d  to  two 
p o s s ib i l i t i e s .

a) In c lu sio n s o f 'h a rd e r ' rock In the g ran ite  m atrix .

b) the  c u ttin g  cd.« of ' I r l l l  piece had co llec ted  a film
of rock over I t s  diamond abrasive cu ttin g  edge.

T herefore, to  ensure (b) did not occur I t  wes necessary to  clean 
the  d r i l l  b i t  by d r i l l in g  In to  an abrasive rock such as sandstone 
which e f fe c tiv e ly  'c le a n s ' the d r i l l  b i t  and exposes fresh  dlemond 
cu ttin g  edges. This procedure was perfoneed a t  the d isc re tio n  of 
the o p e ra to r. However, clean ing  the d r i l l  b i t  between each core 
f a c i l i ta t e d  the  d r i l l in g  opera tion .

A3 Grinding and lapping o f  G ranite cores

The u n fin ished  cores were cu t to  a rnlnlseae aspect r a t io  o f 2:1 
(but not g re a te r  than 2 ,5 :1 ) by use o f a Olasunt Boart saw DY20. 
Approximately Isaa e x tra  on the length  of each cu t core was allowed 
fo r , to  compensate fo r the lapping and grinding procedure.

The cu t cores were fixed In to  the d isc  of the lapping machine,
( re fe r  to  f ig u re  1 .6) and the specimens ground flush  by means of 
s il ic o n  ab rasive  f1 11ngs and a w ater lu b ile a n t. The d isc  Is 
trav ersed  across the ro ta tin g  lapplnq wheel onto which are applied 
the abrasive  f i l in g s  and lu b r ic a tin g  water.
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The procedure 1* coeg le te  when a grey i lu r r y  Is  produced which Is 
very fin e  and alm ost f lu id . A fter g rinding one s e t  of ends the d isc  
shown In f ig u re  1.6 was completely Inverted  w ith the specimens 
f ix ed  In p o sitio n  to  ensure th a t  the ends of the  specimens were not 
only f l a t  hut a lso  p a r a l le l .  I t  Is  a lso  recomtended to  grind ; 
balanced number o f specimens a t  any one time on the  lapping  machine. 
The d isc holds s i s  specimens In a hexagonal co n fig u ra tio n .

The completed cores were then wiped o f f  and l e f t  to  dry . A s t r a ig h t  
edge of a s te e l ru le r  was held across each end to  ensure the  specimen 
was plane.

A4 P repara tio n  o f Andes!te boulders and cores

The an d eslte  boulders were of s im ila r  dimension to  those o f the  
g ra n ite . Due to  the hardness of the  an d es lte  rock, the  cores were 
c u t by Boart Research Ltd. A high powered In d u s tr ia l d r i l l in g  
machine was used to cu t the  requ ired  number o f cores from the 
an d eslte  boulders supplied .

AS Grading A nalysis and S p ec ific  G ravity T ests fo r 
G ranite and Andeslte Aggregate

In order to  c la s s i fy  the two aggregates used, a sieve grading 
a n a ly l s  and a sp e c if ic  g rav ity  t e s t  was c a r r ie d  out on each 
aggregate type. The sp e c if ic  g rav ity  was determined th ree  times and 
the  average was found to  be 2,89 fo r  the an d eslte  sand and 2,65 fo r 
th e  g ran ite  sand. The gradings of the g ra n ite  and an d eslte  crusher 
sands as received from the q u arries  are shown In ta b le s  A1 (a) 
and lb) re sp e c tiv e ly . The values shown In these ta b le s  rep resen t 
the  average of th ree  grading determ inations. These gradings are  a lso  
shown g rap h ica lly  on f ig u res Al(a) and (b) re sp e c tiv e ly .
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TaH e *1 (a) Grading A nalysis of G ranite Crusher Sand a i 
Received fro#  the Crusher

SIEVE SIZE 
m

% RETAINED X PASSING CUMULATIVE 
% RETAINED

47KD

2360

1180

600

300

150

75

<75

TOTALS

FINENESS MODULUS

0.3

11.9

19.4

20.4 

19.7

16.4 

*.8 

S .l

100.0 

" 2.56

99.7

97.8 

68.4 

48.0 

28,3

11.9 

5.1

0.3

12.2

31.6

52.0

71.7

88.1 

94.9

2S5.9

Table Al (b)

SIEVE SIZE 
»

Grading A nalysis o f Andeslte Crusher Sand as 
Received from the  Crusher

% RETAINED % PASSING CUMULATIVE 
1 RETAINED

4750

2360

1180

600

300

150

75

(75

TOTALS

FINENESS MODULUS

0.4

20.7

24.9 

15.5

9.4

6 .6

4.6

17.9 

100.0

- 2.77

99.6

78.9

54.0

38.5

29.1

22.5

17.9

0.4

21.1

46.0

61.5 

70.9

77.5

82.1

277.4
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A P P E N D I X  B

REPEATABILITY OF DYNAMIC ROCK CORE RESULTS.
DYNAMIC ROCK CORE RESULTS FOR GRANITE AND AMOESITE.

81 D efin ition*

For the pwrpoie: of th is  appendix the follow ing d e fin itio n *  ipply:

re p e a ta b il i ty  ( r)  : Q uan tita tive  expre*;1on of the random e rro r
a*;oc1ated with a :1ng1e t e s t  o pera to r in a 

given labo ra to ry  ob ta in in g  :ucce**1*e re iw lt*  with the  *eme apparatus 
under c o m tan t operating  condition* on Id en tica l te * t  m a te ria l. I t  
i*  defined a :  th a t  d iffe ren ce  i * tween two *uch ;1ng1e re iu lt*  a* 
would be expected In the long run In only one ca*e In twenty In the 
normal and c o rre c t opera tion  of the t e : t  method;

rep ro d u c ib ility  (R) : Q uan tita tive  expre**1on of the  random
e r ro r  a**oclated with te * t  operator* working 

In d if fe re n t  l a b o r a to r ie s  each ob ta in ing  *1ng1e re* u lt*  on Iden tica l 
te * t  m aterial when applying the *a*w method. I t  I* defined a :  th a t 
d iffe ren ce  between two *uch *1ngle and Independent re* u lt*  a* would 
be exceeded In the long run In only one ca*e In twenty In the normal 
and co rre c t opera tion  of the  te * t method.

82 R e p ea tab ility  of Dynamic Result*

From the above d e fin itio n *  a re p e a ta b il i ty  te * t ,  ra th e r  than a 
rep ro d u c ib ility  te * t  wa* c a rr ie d  out on an ande*lte core to try  and 
gauge *ome w a*ure o f the re p e a ta b il i ty  of the equipment u:ed and the 
accuracy of mea*urement: taken. Table 81 *how* the trav e l time* of 
3Jth  the P- and S- wave fo r  t h l :  :pec1men meaiured twenty :uccei*1ve 
t^mei. I t  I ; c le a r  th a t  the P- wave can be meaiured w ith g rea te r  
accurary ' lan the S- wav*. This h ig h lig h t;  the fac t th a t  the S- wave
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tra v e l time mutt be measured very c a re fu lly  and as p re c ise ly  as 
p o ss ib le . The g re a te s t  source of e r ro r  In measuring dynamic 
constan ts In th i s  way Is  the  estim ated  S- wave trav e l tim e.

83 Dynamic Rock Core R esu lts

See ta b le s  82 and 83 fo r g r a r l te  and andeslte  rocks re sp e c tiv e ly .



Table B1

APPENDIX

Repea tab i l i ty  of re su i t s  (P- and S- Wave Travel 
Times taken on an Andeslte Core 20 Times)

CORE AC2

TP T,
Reading

t . 13.6 26,5
2. 13.6 26,2
3. 13.6 26,2
4. 13.6 26,5
5. 13.6 26.5
6. 13.6 26.5
7. 13.6 26,5
8. 13.6 25.9
9. 13,6 Z«,2

10. 13.6 27.0
I I . 13.6 26.2
12. 13.6 26,0

13. 13.6 ?6.2
14. 13.6 26.2
15. 13.6 26.2
16. 13.6 26,0
17. 13.6 26.2
18. 13,6 25.9
19. 13,6 27.0
20. 13.6 26 5

Mean T p «  13,6 u ;  M e an '  " 2 6 . 4  us
Standard Deviation « 0.022 us Standard Deviation « 0,323 ^s
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APPENDIX C

STATIC MODULUS TEST PROCEDURE AND RESULTS FOR CONCRETES

S t a t i c  M o d u l u s  T e s t  f o r  C o n c r e t e ,  P a s t e  a n d  M o r t a r

Th* follow ing procedure w i  adhered to  fo r  c o n c re te ;, paste*  and 
m ortar*. The te x t  wai l l a d la r  to  8S 1981: PART 121: 19W L

A p p a r a t u s

The a ta t l c  modului apparatus 1 i shown 1m Mgur# Cl and co n sist*
of the fo llow ing.

a) S ta t ic  t e s t  r ig  w ith ad ju s tin g  screws and c a lib ra te d  LVDTs 
( l in e a r  v ariab le  d if fe r e n t ia l  tra n sfo rm irs ) .

b) XY reco rder measuring lon g itu d in a l and la te r a l  
d isp lacem ents.

c ) Power pack capable o f supplying a constan t 6V ou tpu t.
Before each t e s t  the  output o f the power pack was checked by
the use of an accu ra te  d ig ita l  vo ltm eter.

d) A d ig i ta l  voltm eter capable o f measuring one ten th  o f a 
m i l l iv o l t .

e) A compression loading machine (T inlus O lsen).

f ) A stopwatch and a ru le r .

Procedure

Fnd faces of  specimens were ground before t e s t  to ensure a plane 
loading surface .  The prisms were marked with cen tre  l in es  and
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gaUjt length  lin e*  fo r th e i r  re ip e c tlv e  * t«t1c r ig * . This 
f a c i l i ta t e d  the  f ix in g  of ti,e  r ig  end eniured th a t  the  extension 
we* meawred over the  c o r re c t gauge leng th . The i t a t l c  r ig  was 
ad justed  to  en*ur* the  LVDT: were perpend lcu ler to  th e  f in e  
ad ju s tin g  wrew*. Hgur*. C2 *how* a pas te  xpeclmen held  in  the 
i t a t l c  pa*te/m ort*r r ig .  The prism was mounted In a Tlnlw* Olsen 
loading machine and connected to  an XY n c o rd e r .

The specimen was c a re fu lly  cen tred  In the  loading machine end the 
loading p la ten  le v e lle d  to  ensure co ncen tric  load ing . * pre-load  
as given In ta b le  Cl was app lied  to  the  specimen and held 
constan t fo r  approxim ately one m inute. During th is  time a 
voltm eter was connected across the outpu ts o f the lo n g itu d in a l and 
la te r a l  LVDTs, which were then zeroed by means o f the  f in e  
ad ju s tin g  screws. This ensured th a t  tne movement of the cores of 
th e  LVOT was in  I t s  l in e a r  range. The XY p lo t t e r  was s e t  a t  
su ita b le  s e n s i t iv i t ie s  and the  lo n g itu d in a l and la te r a l  pens 
p ositioned  a t  a convenient o r ig in , u su a lly  th e  top l e f t  hand 
com er of the XY c h a r t.

In accordance with BS 1881: PART 121: 1983 the  load  w a' Increased 
a t  a r a te  o f 15 MPa/min up to  a value o f one th ird  o f Uie mean 
compressive s tre n g th . The th e o re t ic a l  compressive s tre n g th , fg , 
(which w:s based on concrete cube s tre n g th s )  wa; computed from c/w 
r a t io  and design c h a r ts . Table Cl gives the  v:r1ous values used 
fo r  the co n c re te s , m ortars and p a s te s . The load was app lied  a t  
th is  r a te  up to  the value o f one th ird  of the compressive 
s tre n g th . This load was m aintained fo r one m inute. Then the 
specimen was unloaded a t  15 MPa/min to  the p re-load  value which 
was m aintained fo r  one minute. The XY pens were re-zeroed  and the 
procedure repeated tw ice. The e la s t ic  modulus was determined from 
the th ird  tra c e . The XY recorder s e n s i t iv i ty  was then reduced and 
the specimen reloaded a t  the p rescribed  ra te  to  f a i lu re .



Figure Cl S ta t ic  Modulu* T esting  Apparatus fo r  P as te s , 
M ortars and Concrete

Figure C2 Paste Specimen held in S ta t i c  Test ing Rig
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C alcu la tion  o f R e w lt;

Flgur# C3 ihow: a typ ica l tra c e  fo r  an andaalta  concre te , 
cem ent/water r a t io  1,5 and 700 kg/aP atone co n ten t. Fro# the  
f in a l p lo t ,  p lo t  3, slope AAl was taken to  determine the s t a t i c  
e l a s t ic  modulus. Due to  the s t a t i c  r ig  "bedding 1n" ar 
approxim ately h o rizon ta l p o rtion  wax eviden t on both the  
lo n g ltu d l" -!  and la te r a l  s t r e s s / s t r a in  p lo ts .  Slope and 
5*1 were constructed  p a ra lle l  to  t h e i r  re sp ec tiv e  curves, 
ex trap o la ted  back to  give c o rre c tio n  d istan ces and the tru e  o rig in  
of each curve. The slopes were converted to  an e l a s t ic  modulus E 
value and P o lsso n 's  r a t io  value. by p rev iously  ascerta in e d  
c a lib ra t io n s  Incorporating  LVDTs, loading machine and the XT 
p lo t te r .

Tables CZ and C3 give s t a t i c  e la s t ic  modulus r e s u l t :  fo r  g ran ite  
and an d es lte  concretes re sp e c tiv e ly .
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T*b1* Cl P re -lo ad s , Loading r 'E ' Load Values and Loading 
Machine S e ttin g s  fo r  C oncretes. P aste s and Mortars

SPECIMEN C/W
MHO

PRE­
LOAD

kN

LOADING
RATE

(15MPa/aW

kN/mln

PREDICTED
COMPRESSIVE

STRENGTH

E'LOAD
(fc/3XAREAl

kN 1
CONCRETE 1.5 5.0 155 28.C 96,3
101.6x101.6
xESO me 1.8 5.0 155 36.5 125,9

2.4 5.0 155 52.0 178.9

PASTE AND 1.5 0.8 24 28.0 14.9
MORTARS &40x40x160* 1.8 0.8 24 36,5 19.5

2,1 0.8 24 44.3 23.6

2.4 0.8 2* 52.0 27.7

J f
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3 0 0

L0 6.0 8.0
STRESS (MPa)

LONGITUDINAL STPAfN

---------------LATERAL STRAIN

r 1 gure C3 Typical Tra'-e for  Concrete showing Slopes taken 
fo r  Determination of  E and v Values

I
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T a b l e  C 2  S t a t i c  M o d u l u s  R e s u l t s  f o r  G r a n i t e  C o n c r e t e

SPECIMEN LOAD AT 
FAILURE 

kN

STRESS AT 
FAILURE 

MPa

Ec

GPa

MODE OF 
FAILURE

700 kg/n|3
c / w - 1 , 5 1 222,6 20,98 22,54 0.17 C

2 218,0 20,57 23,67 0,17 8

3 212,4 20,02 23,65 0.17 8

4 216,6 20,43 - 96 0,16 8

700 kg/*:
c / w - 1 , 8 1 262,0 24,69 29,72 0,18 8

2 284.5 26,84 32,22 0,19 A

3 229.8 21,66 31,16 0,18 8

4 316,8 29,89 26,63 0,18 8

700 kg/*3
c / w « 2 , 4 1 408,3 38,77 30.18 0,21 8

2 402,9 38,08 29,53 0,22 8

3 399,2 37,91 29.80 0,21 8

4 399,8 3 7 .,8 29,60 0,19 8
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Table C2 S t a t i c  M o d u l u s R esults fo r  G ran ite  Concrete (continued)

SPFCIMEN LOAD AT 
FAILURE 

kN

STRESS AT 
FAILURE 

* a

EC

GPa
v

MODE OF 
FAILURE

1000 kg/#3 
C / w " l , 5 1 187,0 17,81 24,53 0.14 C

2 220,8 21,45 25,23 0.16 C

3 182,2 17,35 25.76 0,16 A 4 C

4 214.0 20,79 20.45 0.18 B

1000 kg/*3
c / w « l , 8 1 290,8 27,23 30.28 0.18 B A G

2 283,6 26,62 24,12 0.13 C

3 279,0 26,13 25 12 0.16 A

4 26E.7 24,94 27.26 0.18 C

1000 kg/»3 
c / w - 2 , 4 1 377,0 35,49 32,05 0,19 C

2 339,4 32.07 29.69 0 .!0 c

3 374,9 35,30 31.90 0,22 C A R

4 382,5 36,15 31,83 0.20 B
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Table C2 S ta t ic  Modulus Results fo r  Granite Concrete (continued)

SPECIMEN LOAD AT 
FAILURE 

kN

STRESS AT 
FAILURE 

MPa

Ec

GPa
v

MODE OF 
FAILURE

1300 kg/*3
c / w ' 1 , 5 1 167.9 15,75 26,97 0,19 8

2 175,9 15,65 24,32 0.15 8 * C

3 175,5 16,46 25,04 0 .1 6 8 * C

4 178,0 16,70 23,18 0,14 8

1300 kg/m3
c/w « 1,8 1 247,9 23,42 29,54 0,17 8

2 263,6 24.88 28,15 0,16 8

3 253,0 23,91 30,34 0,16 A A 8

4 286,1 27.00 29,17 0.17 8

1300 kg/*3
c / w « 2 , 4 1 383,4 36,31 33,23 0,20 8

2 404,3 37,71 31.94 0,16 8

: 346,4 37,82 31.76 0.20 8

4 347,4 32.41 36,03 0,23 8
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Tmbl# C) S ta t ic  E la s t ic  Modulus R esu lts fo r  Andeslte 
Comeret#

SPECIMEN
LOAD AT 
FAILURE

kN

STRESS AT 
FAILURE 

MPa

Ec

GPa
FAILURE TYPE

700 k;/*3 
c / w - 1 . 5

1 2ZS.2 21,29 29,25 0,18 A

2 239.6 23,Ci 33,61 0.23 8

3 273,2 25.84 28,55 0,19 8

4 248,4 23,86 31,81 0.21

c / W ' 1 . 8
1 277,9 26,23 31.79 0.20

2 338,7 31,70 31.98 0.17

3 308,2 29,09 33,26 0.20

4 313,2 29,32 34,67 0,22

c/w « 2,4
404,1 71.73 36,57 0,23

2 377,8 35,98 36,49 0,18

3 444.3 41.48 35,27 0,20

4 M L 4  40,14 3 f,5 0  0,21

A t - ,  ^

I

:

J l
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S ta tic  E1**tfc Modulus R esu lts fo r A ndeilte 
C orcrete /continued

SPECIMEN
LOAD AT 
FAILURE 

kN

STRESS AT 
FAILURE 

MPa

Ec

GPl
FAILURE TYPE

1000 kg/*3
c / w - 1 , 5

1 217.3 20.43 31,26 0,19 A

2 219,0 20,49 35,14 0 ,2 . 8

3 251,0 23,60 34.59 0,20 C

4 226.1 21,17 36,99 0,21 B

CO,36
286,8 26,80 37,71 0,20

2 356,3 33,71 37,71 0,20 A

3 292.6 27,35 38,53 0,21 8

4 317,8 30,07 35,97 0,20 A

c / w ' 2 , 4
I 371.3 34,62 40,44 0,18 B

2 373.8 35,06 39.89 0,22 8

3 399,6 37,26 42,65 0,25 B

4 355.4 33,34 39,42 0.22 B



Table C3 S ta tic  E la itlc  Modulus Results for Andesite
Concrete /continued

SPECIMEN
LOAD AT 
FAILURE 

kN

STRESS AT 
FAILURE 

MPa

Et

GPa
FAILURE TYPE

1300 kg/mP 
c / w - 1 . 5

1 237,2 22,18 38.95 0,19

2 1*1.5 18,65 40.18 0,21

3 226,0 21,13 42.10 0,22

4 204,0 19,07 37,40 0.19

c / w " l , 8
1 297,e 27,83 44.03 0,23

2 275,0 25,85 40,06 0,20

3 279.3 26,10 44.20 0,22

4 284,3 26,72 41,43 0,21

c/w » 2,4
1 361,8 34,20 44,54 0,24

2 358,8 33,68 41,87 0.1E

3 384,9 36,38 44,84 0,20

4 384,6 36,10 46,15 0,21



APPENDIX C

REFERENCES

1. BRITISH STANDARD T eitlng  C m c rtte  Pa r t  121 Method fo r 
D*t*ir*(natfon of S ta t ic  Modutui of E la s t ic i ty  In 
C om rM pon 85 1&81: PART 1%1: 19d)



A P P E N D I X  0

APPARATUS DESIGNED FOR PROJECT

D1 P*tt#/M ortar Moulds #nd R otating  M*rd#m1mg/Settlmg
Device

Sine* cement p*«t** tend to  w greg a t*  i f  convention*! c e it ln g  
method: a re  used, in  ipproach i lm lla r  to  th a t  of Spooner^ wai 
adopted. F inely machined, sea led  moulds were designed and 
m anufacture'' The mould: were sea led  by the  us* of petroleum 
j e l l y .  Figure 2 .9 (a ) In chap ter 2 shows a p a r t i a l ly  dism antled 
mould. A ro ta tin g  machine fo r  up to  s ix  moulds was a lso  
designed. The machine was designed to  ro ta te  the  moulds a t  six  
revo lu tio n s per minute. The sea led  moulds on the  ro ta tin g  machine 
a re  shown 1n f ig u re  2 .9 (b) o f chap ter 2. This technique helped 
reduce segregation  In the  p as tes  and m ortars and ensure b e t te r  
uniform ity o f specimens. The s te e l moulds were a l l  covered with 
an o il  re le a s in g  agent and clamped together by Alien screws. The 
jo in ts  were sealed by petroleum j e l l y .

D2 Electrodynamic Apparatus fo r  C oncrete, Pastes and 
Mortars

The electrodynam ic apparatus i s  shown In f ig u re  EZ of appendix E.
A ful l  d escrip tio n  of the apparatus and the technique used Is a lso  
given In appendix E. All of th is  Apparatus was made up to  enable 
the oynamlc electrodynam ic modulus to be Determined In accordance 
with BS 18812.
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03 S ta tic  Modulus T eitlng  Apparatus fo r P a s te :,  Mortar* 
and Concrete

A ful l  d escrip tio n  o f th* apparatus and procedure 1: given In 
appendix C. i t  was decided to  use LVDT's ( l in e a r  v ariab le  
d if fe re n t ia l  transform ers) to measure deform ations o f specimens. 
T herefore, ligh tw eigh t aluminium r ig s  were designed fo r  both p as te , 
m ortar and concrete specimens. The r ig s  held th e  LVOT's In 
requ ired  p o s itio n  to  determine long itud inal and tra n s fe rs ',  
deform ations o f specimens under load . The r ig s  were ca lib ra te d  
ag a in s t a s t r a in  gauged s te e l cy lin d er. Accurate E-values were 
determined fo r the p as te s , m ortars and concre tes using c a lib ra tio n  
fa c to rs  determined fo r  the LVDT's, the T lnlus Olsen and th e  X-Y 
p lo t te r .
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ELECTRODMMMIC ELASTIC MODULUS LABORATORY PROCEDURE AND 
RESULTS FOR PASTES, MORTARS AND CONCRETES

ET#ctm4ymwMc T est fo r  Modulus o f E ls s t lc l ty

The most lomvenlent way of measuring th e  modulus o f e l a s t i c i t y  o f 
concrete  i s  by v lb rrc lo n a l techniques^. Resonance techniques 
were f i r s t  used about th i r t y  years ago% and have becoam p a r t  of 
jo ,.f re te  te s tin g  technology. The concrete has to  be In a well 
ic rined  stwpo to  allow resonance In some p a r t ic u la r  mode to  be
x- ted  by a v ib ra to r . At a p a r t ic u la r  resonant frequency the 

t^nr/i.c  modulus o f e l a s t i c i t y  can be es tism ted . The most cession 
sp 'c l'w n  employed in re srt^n c e  t e s t s  I s  a beam of rec tan g u la r  or 
rq ia  "-ross-sec tlon , which Is  a lso  o ften  used In f lex u ra l 
; t r . : f  th stasp.-em ents. The B r it ish  Standard^ (BS 1881) gives 
deta il : of t i e  method employed to  e x c ite  the fundamental 
" ogl*%t!nal resonance of square sec tio n  standard  beams. The 
" i i i t n  /nam e apparatus used In th e  p ro je c t was modelled on t i e  
a fo re* : Monad method. C a lc u lf tlo n  o f  dynasdc moduli were 
performed in accordance with BS 1881 fo r  p a s te s , m ortars and 
concretes

n some ca se . I t  Is  d e s ira b le  to  detersMne progressive changes In
the s reng '  and s t i f f n e s s  of a co n cre te , m ortar o r pas te
specimen. ir example I t  might be necessary to  determ ine concrete 
d e te r lo ra t r, due to  daswglng a c tio n  of f ro s t  or chesrlcal a tta c k . 
Resonanci » . i „ j s  are  sp e c ified  In the  United S ta te s  o f America as 
a means of d « m i n i n g  re s is ta n c e  to  f ro s t ,  and they have been 
used In o ther coun tries to  determine re s is ta n c e  to  a ttack  by 
su lphate  or ay*. Being non-destructive  the methods have 
considerable ad iila g e s  over conventional s tren g th  and s t i f f n e s s  
methods. R ep e titiv e  t e s ts  to  study ageing and d u ra b il ity  can be
made on the same specimen, so considerab le  economy Is  e ffe c te d  In
the number of Tpecimens requ ired . The ch ie f  disadvantage 
resonance methods 1s th a t  they are  r e s t r ic te d  to  specimens of
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shapes fo r which I t  1 ' s s lb le  to  derive the  frequency 
equation ). M artincet^ hat recen tly  computed r e s u lts  fo r  the 
resonant frequencies o f  cubes and d isc s , to  en large the  range 
of specimen shapes co which the  technique can be app lied .
Resonance techniques are  ra re ly  app licab le  to  In s i tu  s tru c tu ra l 
concrete  and p u 'se  propagation methods are  more su ita b le  fo r  1n 
s i tu  te s t in g ) .

Using the srrm gem ent shown In f ig u re  El Kaplan^ found an 
Increase In path length  ( I .e .  the  length o f specimen) gave g rea te r  
accuracy In c a lc u la tio n s . The A5TM standard C215-60* describes 
th e  measurement o f long itud inal resonan t frequency, tran sv e rse  
( f le x u ra l) frequency and to rs io n a l frequency. The schematic 
layout of th i s  apparatus Is shown In f ig u re  E l.

Ihe dynamrlc e la s t ic  modulus determined In th is  way i s  u sua lly  
considerably  h igher than the s t a t i c  modulus of e l a s t i c i t y .  
N eglig ib le  s t r e s s  Is  app lied  to  the  specimen during v ib ra tio n ; 
hence the dynamic modulus r e fe rs  to  almost purely e la s t ic  e f fe c ts  
and I t  Is unaffec ted  by creep*. Kaplan* a lso  concluded frxm 
mis In v e stig a tio n s  on th ir te e n  d if fe r e n t  types o f coarse aggregate 
th a t  changes w ith age In the dynamic modulus were c h ie f ly  due to 
changes in the  m ortar phase of the  concre te . The type of 
aggregate and mix proportions a f fe c t  the  dynamic modulus. He 
found a h igh ly  s ig n if ic a n t  c o r re la tio n  between dyn**lc modulus and 
the  flex u ra l o r compressive s tre n g th . Th se re la tio n sh ip s  are  
a ffe c ted  by th e  type o f aggregate and the mMx p roportions.

Apparatus

The apparatus 1s shown in figure E2.
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T r#n * #r*e YY 7 o f* o n * i  L o n * m o m

Figure El Schematic Diagram of Typical Apparatus showing 
D river and Pick Up P o sitio n s fo r  Three Types of 
V ibration  (A fter ASTM C 2 l f 1

Figure  F? Electrodynamlc Apparatus fo r  Concretes, Pastes and 
M--tars
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Th* mpparmtui con sisted  of the follow ing

*) * v a riab le  frequency o a c il la to t  w ith a range of zero to  20
kHz. Output power v a riab le  to  ZkW.

b) an electrom agnetic e x c ite r  u n it  of which the  p a r t to  bo
attached  to  the beam had a max: not g re a te r  than 0,21 of the 
me** of the  xpeclmen.

c )  The v ib ra tio n  aty lu*  pick up alvo had no resonance* a t  
frequencies below 10 ,Hz.

d) a cathode ray o sc illo scope

e) a frequency counter

f )  an audio frequency am plifier

g) a fix ed  cle** with a maximum width o f 1/20 the  leng th  of the
specimen

h) a th ick  polystyrene base to  form en a n tl-v lb ra tlo n a l 
mounting

I)  a balance of adequate capac ity  and accuracy of lOg

Procedure

The beams were removed from the curing tank and te s te d  while s t i l l  
wet. Surface w ater and g r i t  were wiped o ff the beam before I t  was 
clamped In p o s itio n . The ends of each specimen were a lso  ground 
plane unless they had been c a s t  ag a in s t a machined s te e l mould.
The electrom agnetic e x c ite r  u n it  was ad justed  u n til I t  was
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touching the  *p#ci**n c e n tra l ly . The i ty lu s  pick up we: adjusted  
and fixed c e n tra l ly  on the o th e r  end of the apecimen by mean: of a 
awgmetic c la a y . The v a riab le  frequency o s c i l l a to r  was w itc h e d  on 
and the frequency varied  u n til  a peak output wa: observed on the 
o sc illo sco p e . The frequency was then  read o f f  the  frequency 
counter. This procedure was c a rr ie d  out th ree  tim es to  obtain  a
mean resonant frequency. Care wa: taken during th i s  operation  to

isu re  th a t  the peak tra c e  on the  osc illo sco p e  was not a harmonic.

The follow ing add itio n a l measurement: were a lso  made on each 
specimen:-

1) The w eight. W,. in  kilogrammes of the wet specimen In a i r .

i ) The len g th , x, In m illim e tres  of the specimen using the  mean
of four sy m e trlca lly  placed measurement s .

i l l )  The d e n s ity , P. in  kilogrmmaes per cubic metre by
determ ining the average w idth, b, and depth , d, in
m illim e tres from six  equally  spaced measurement: along the 
leng th  o f the specimen.

Then P « Wa x 10* (kg/m^)   (E .l)
tbd

Nominal specimen s iz e  fo r concrete  was 100mm x lOOaaa x 500am
and fo r the m ortars and pastes 60am x 40am x 160am.

C alcu la tion

The dynamic modulus, E^, of each specimen was ca lcu la ted  from 

Ed - 4 nZ 1Z p .10-9 op, .........  (-.%)
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where:

t  * length  o f j *  specimen In m illim etre*
n « n itw n l frequency of the fundamental mode of long itud inal

v ib ra tio n  of the  ipeclmen In h e rtz  and 
p " dem ilty In knogram ee: per cubic metre

Table: o f  R w u lt:

The r e i u l t ;  of the above ca lcu la tio n *  are  given in  tab le*  El fo r  
paste* , tab le*  EZ(a) and E2(b) fo r  g ra n ite  and andealte  mortar* 
rex p ec tlv e ly  and tab le*  E3(a) and E3(b) fo r g ra n ite  and andeslte  
concrete* re*pectlve1y.
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Table E3(*) E1ectro4ym*dc Elastic Medulw* Rewlt* for Gramit* Concrete: /comtinwed
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ULTRA- NIC XETH* FOR PASTE. MORTAR AND CONCRETE

This form of te s tin g  employs pu lses 1n the frequency range of 
SO-iSO per second, generated and recorded hy e^ec ronlc c i r c u i t s .  
The coammrclal equipment av a ila b le  Is ro b u st, ligh tw eigh t 
equipment su ita b le  fo r s i t e  as well as labora to ry  u ;e .

Theory of Pulse Propagation through Concrete

Three types o '  wave are generated by an lap u lse  app lied  to  a so lid  
mass.

1) Surface waves having an e l l i p t i c a l  p a r t ic le  displacem ent are  
the slow est.

11) Shear o r transverse  waves with p a r t ic le  displacem ent a t
r ig h t  angles tc  the d ire c tio n  o f trav e l a re  f a s te r .

I l l )  Longitudinal waves with p a r t ic le  dlsplaceem nt In the
d ire c tio n  o f trav e l (coagresslon waves) a re  the  smst
im portant since these a re  the f a s te s t  and provide more 
useful Inform ation.

The wave v e lo c it ie s  depend on the e la s t ic  p ro p e rtie s  and density  
o f the medium and hence i f  the density  and v e lo c ity  of wave 
propagation are  known. I t  Is possib le  to  assess the e la s t ic  
p ro p e rtie s . For an I n f in i te ,  homogeneous Iso tro p ic  e la s t ic  medium 
the  cos*cession wave v e lo c ity  Is given by:
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wher# V » comp'eiilomal wav* v e lo c ity  (km/a*c)

K -  ( I - * )    (F.2)
( l - v ) ( l - 2 v )

Ej « dynamic modulwa of a la a t lc  ty (GPa)
P " density
v « dynaaHc Poiaaon 's r a t io

K 1: r e la t iv e ly  In aen a ltlv e  to  v a r la t iu rs  In dynamic Pol aeon 's 
r a t io  and hence provided th a t  a reasonable estim ate  of th is  value 
and the d ensity  can be made, I t  Is  p o ss ib le  to  coapiut* Eg using 
a measured value o f weve v e lo c ity  V. Since p and v vary l i t t l e  
fo r ml sea con tain ing  natura l aggregates (In  the  case o f concrete  1, 
the  re la tio n sh ip  between v e lo c ity  and dynamic e l a s t ic  modulus may 
be expected to  be reasonably constan t d esp ite  the fa c t  th a t  
concrete  Is  not an 'I d e a l ' medium to  which the above equation 
a p p lle s k

Equipment and Us*

The bas ic  c i r c u i t r y  requlreamnts a re  shown I .  " ,  j c r *  p i .

B a sica lly  the  t e s t  equlpamnt saist provide a i c f  generating  a 
p u lse , tran sm ittin g  th is  to  the concrete  aw r.ar or p as te , 
rece iv ing  and am plifying the pulse and measuring and d isp lay ing  
the  t r a n s i t  tim e. R epetitive  voltage pulses a re  generated 
e le c tro n ic a lly  and transform ed In to  wave b u rsts  o f mechanical 
energy by the tra n sm ittin g  transducer, which must be coupled to  
the concrete su rface  through a s u ita b le  medium. A sim ila r  
receiv ing  transducer Is a lso  coupled to  the  concrete a t  a known 
d lstance  from the  em itte r and the mechanical energy converted back 
to  e le c tr ic a l  pulses of the same frequency. The e le c tro n ic  timing 
device measures the  In terval between onset and recep tion  o f the
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pul*# and t h i i  I :  d<iplayad on i  d ig i ta l  readout For concrete , 
te e tln g  tre n id u c e n  with natura l frequencla i between cO kHz and 
ISC kHz are  moat a u l t r t l e .

Apparatus

The apparatus la  ahown In f igu re  FZ. The apparatus consisted  
o f : -

a)

b)
cl

An u ltra so n ic  t e s te r  (a Stelnkamp u ltra so n ic  t e s te r  type 
BPIV), w ith e x c itin g  ami receiv ing  tran sd u cers , na tura l 
frequency 40 ' Hz.
A standard c a ll  o ra tion  bar.
Coupling medium, petroleum j e l l y .

Procedure

The u ltra so n ic  t e s te r  was c a l ib ra te d  using th e  standard  10 us 
c a l ib ra t io n  b a r . The sp e d  ns were reawved from the  curing  tank 
and su rface  w ater and g r i t  was cleaned o f f .  Special care  was 
taken to  ensure the ends o f the specimens were clean and surface 
dry to  ensure good acou stica l coupling between the  specimen 
su rface  and the  face o f the transd u cer. Petroleum j e l l y  was 
app lied  to  the ends of the transducers and attached to  the

"U m lnated as f a r  as p o ss ib le  and 
any surplus being squeezed 

any specimen was rough or 
.mooth surface  fo r transducer 

"-epeated th ree  times fo r each 
specimen, using the d ire c t  method of transm ission . The various 
types of readings are shown In f ig u re  F3. The d ire c t  method Is  the 
most re l ia b le  from the po in t of view of t r a n s i t  time measurement.

specimen. All a i r  pockets wm-, 
only a th in  separa ting  la 
out by p ressu re . I f  th 
uneven I t  was ground to pr 
ap p lica tio n . The readings were

I
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P U L S E
(G E N E R A T O R

6ld*LAY I  I WlXING I
UNIT | *  I CIRCUIT |

]l
irm

CIRCUIT
5LL

Figure FI Typical U ltrasonic  Puis* V elocity  T ailing  Equipnant 
(A fter Bungeyl)

F igure F2 U ltrasonic  T esting Equipment

J
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Additional measurement: o f aas* length and d ensity  were performed 
as described In Appendix E fo r electrodynam ic modulus of 
e la s t ic i ty .

jlc u la t lo n

A: previously  s ta te d , the u ltra so n ic  dynamic modulus o f e l a s t ic i t y  
can be ca lcu la ted  from t'n* Lrowledge of the d en sity  and pulse 
v e lo c ity . The dynr 1s given by*

Ed '  "fZ

fo r  specimens w ith la te r a l  dimension le s s  than one wavelength 
where:

Ey he u ltra sc n lc  dynamic modulus o f e l a s t i c i t y  GPa 

p Is  the d ensity  kilogrammes per cubic metre 

V Is  the transm ission  time met aer second.

The r e su lts  of the  above calcui 
p a s te s , ta b le  FZ(a) and F2(b) 
resp ec tiv e ly  and F3(a) and F3I 
concretes re sp ec tiv e ly .

n; are  given In ta b le  FI fo r 
r r n l t e  and an d eslte  mor a r s  

g ran ite  and andeslte
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(c) lnd*#ci

Figure F3 Type* of Reading (A fter Bungeyl)
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FI U1tr*«om1c OynmMc Modulw* fo r P ast# :

RATIO
SPECIMEN

MUMK#
UlTRASONIC 

TWAVEL TIME 
T

ULTRASONIC
VELOCITY

V
m*-l

ULTRASONIC
DYNAMIC
MODULUS

GP,

l.S 1 w 2823,8 13,67

2 ST.* 2786.1 13.11

3 57.1 2311,4 13,94

4 60.7 2638,4 11,87

1.8 1 52.2 3078,5 17.30

2 52.0 3085.1 17,19

3 53.5 2W 5.3 16,21

4 51.8 3093,2 17,26

2.1 1 45.7 3509.2 24,18

2 47.8 3362,6 22,19

3 47.0 3413,8 22,61

4 46.5 3456.1 23,42

46.8 34Z9.1 23.07
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T a b l e  F I  U l t r a s o n i c  D y n a m i c  E l a s t i c  M o d u l u s  f o r  P a s t e s / c o n t i n u e d

RATIO
SPECIMEN
NUMBER

ULTRASONIC 
TRAVEL TIME 

T 
M

ULTRASONIC
VELOCITY

V
m s'l

ULTRASONIC
DYNAMIC
MODULUS

GPa

2.* 1 4 5 .S 3522.0 24.69

2 45.1 3478.3 23.95

3 45.6 3524.3 24,74

4 45,8 3498.9 24.38

5 46.7 3436.2 23.24
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Table F2(a) U ltrason ic  Dynamic E la s tic  Moduli' for  G ranite Mortars

MHO
SPECIMEN
NUMBER

ULTRASONIC 
TRAY L TIME

T
M

ULTRASONIC
VELOCITY

V
m s'l

ULTRASONIC
DYNAMIC
MODULUS

GP*

1,5 1 3 '.9 4069.3 43.33

2 38.9 3993,6 35.61

3 37.8 4071.6 37.09

4 37.7 4072,9 36.66

1.8 1 36.1 4205.6 40.1*

2 35,0 4327,1 43.11

3 36.8 4211.2 39.72

4 36.4 4ZS5.7 40.68

2.4 1 33.6 4461.8 46.24

2 34.5 4438,6 45,76

3 34.3 4455.3 45.85

4 35,1 4297.7 43.25
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T a b l e  F 2 ( b )  U l t r a s o n i c  D y n a m i c  E l a s t i c  M o d u l i  f o r  A n d e s i t e  M o r t a r s

i 4

RATIO
SPECIMEN

NUMBER
ULTRASONIC 

TRAVEL TIME
T

US

ULTRASONIC
VELOCITY

V
ms-l

ULTRASONIC
DYNAMIC
MODULUS

GP*

1.5 1 36,0 4252,8 42.83

Z 36.3 4167.8 41.11

3 36.9 4159.2 40.83

4 36.8 4114,1 39,90

1.8 I 35.8 4320,7 44,66

2 34.3 4460,5 47,85

3 35.5 4369,0 45.39

4 34,6 4400,5 46.15

2.4 1 34,7 4420,7 46.36

2 34.3 4460,5 47.28

3 33.9 4526.8 49,75

4 34,5 4447,0 47,13
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Table F3(a) U ltrason ic  Dynamic E la s t ic  Moduli for Granite Concrete

STOWE '/w SPECIMEN ULTRASONIC ULTRASONIC ULTRASONIC
CONTENT RATIO MINCER TRAVEL TIME VELOCITY DYNAMIC

T V MODULUS
kg/*3 PR ms-1 GP*

700 1.5 1 109.9 4485.9 47,05
Z 109,4 4469,8 46,72

1.8 1 107,1 4593.8 49,28
2 107,9 4587.6 49,86

2,4 1 4700.3 52,37
2 4703.1 52,42

1000 1.5 1 107.!, 4569.0 49,36
2 106,5 4633,8 50,73

1.8 1 102,8 4795,7 54,69
2 103,7 4761.3 53,65

2.4 1 101,8 4835,5 56,27
2 101.7 4818,1 56.00

1300 1.5 1 104.8 4723,3 53,88
2 103,9 4f32.9 54.06

1.8 1 102.3 4826.5 55,90
2 101,2 4896,2 58,05

2.4 1 99.4 5000,0 60.75
2 100.2 4930.1 59,33
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T a b l e  F 3 ( b )  U l t r a s o n i c  D y n a m i c  E l a s t i c  M o d u l i  f o r  A n d e s I t e  C o n c r e t e

Hi c/w
MHO

SPEC I "  
HUNGER

ULTRASONIC 
TRAVEL TIME

W

ULTRASONIC
VELOCITY

V
M -l

ULTRASONIC
DYNAMIC
MODULUS

GPa

700 1.5 1 103,1 4723,6 55,75
2 105,3 4710.4 55,90

1.8 1 101,9 4820,9 57,97
2 101,1 4871,4 59,03

2.4 1 99.6 4934,7 60,90
2 97.5 5039.3 64,33

1000 1.5 1 101,3 4935,8 61.68
2 9N.1 4984,7 63,71

1.8 1 97,1 5108,1 66,61
2 98,5 5009,1 64.84

2.4 1 94.7 5198,0 69,37
2 95.1 5150.9 68.12

1300 1.5 1 97,0 5103,1 67,29
2 9«,4 5150,4 67,69

1.8 ! 94.2 5284,0 72,14
2 94,0 5215,4 69,96

2.4 1 9 :,4 5311,2 74,54
2 92.2 5349.G 74,89
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