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ELASTIC AND STrZENGTH PROPERTIES OF HANFORD CONCRETE 

MIXES. AT ROOM AND ELEVATED TEMPERATURES 

Melvin S. Abrams, Michae l  G i l l e n ,  
and Donald H. Campbell* 

HIGHLIGHTS 

T e s t s  were conducted  on two H.anford c o n c r e t e .  mixes  to - d e t e r -  

mine t h e  modulus o f  . e l a s t i c i t y ,  . P o i s s o n ' s  r a t i o ,  compres s ive  

s t r e n g t h ,  and s p l i t t i n g  t e n s i l e  s t r e n g t h  a t  room t e m p e r a t u r e .  and 

e l e v a t e d  t e m p e r a t u r e s .  A l l  t e . s t s  were made on 6-in.  . . d i ame te r  x  

12- in .  l o n g  . c y l i n d e r s .  'Modulus o f  e l a s t i c i t y  and P o i s s o n ' s  

r a t i o .  were de t e rmined  by s o n i c .  (dynamic) and s t a t i c  tes t  methods 

a t  room tempera tur ' e  and by a  s t a t i c  t e s t  method.. a t  e l e v a t e d  t e m -  

p e r a t u r e s .  V a r i a b l e s  o f  t h e  program were t h e  e f f e c t  o f  ( a )  tem- 

p e r a t u r e  and (b)  l e n g t h  o f  exposu re  t o  e l e v a t e d  t e m p e r a t u r e s .  

P e t r o g r a p h i c  and f  r a c t o g r a p h i c  a n a l y s e s  a l s o  w e r e -  conducted .  

G e n e r a l l y ,  s o n i c  and s t a t i c  moduli  o f  e l a s t i c i t y . a t  73F. 

i n c r e a s e d .  s l i g h t l y  w i t h  . age  f o r ' t h e  3 K  and 4:5K c o n c r e t e  mixes: 

S o n i c  v a l u e s  were a b o u t  20% h i g h e r  t h a n  t h e  s t a t i c  v a l u e s .  For 

bo th  c o n c r e t e .  mixes ,  t he .  modulus o f  e l a s t i c i t y  dropped  s h a r p l y  

d u r i n g .  t h e  f i r s t  30 d a y s  of  h e a t i n g .  From t h a t  p o i n t  on ,  the 

d r o p  o f  modulus was much more g r a d u a l .  E f f e c t s  of t e m p e r a t u r e  

on t h e . c o n c r e t e s  w i t h  r e g a r d  to  t h e  modulus o f  e l a s t i c i t y  were 

v e r y  pronounced.  The l o w e s t  v a l u e s  were o b t a i n e d  a t  450F. 

* Manager and Research  E n g i n e e r ,  r e s p e c t i v e l y ,  Fi re  Research  
S e c t i o n ,  E n g i n e e r i n g  Development Depar tment ,  and  S u p e r v i s o r ,  
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P o r t l a n d  Ceme~?t Asscrc la t ion ,  S k o k i e ,  I l l i n o i s ,  



P o i s s o n ' s  r a t i o  va lues  de termined by t h e  s o n i c  method f o r  

t h e  3 K  and 4.5K mixes a r e  n e a r l y  t h e  same, ranging from 0.20 

and 0.23. Son ic  P o i s s o n ' s  r a t i o  is g r e a t e r  i n  a l l  cases than 

t h e  r a t i o  determined by t h e  s t a t i c  method. A t  e l e v a t e d  temper- 

a t u r e s ,  P o i s s o n ' s  r a t i o  d a t a  were v e r y  e r r a t i c  f o r  both  mixes. 

However, no twi ths tand ing  t h e s e  v a r i a t i o n s ,  t h e  h igh  t empera tu re  

va lue  f o r  P o i s s o n ' s  r a t i o  vazied  between 0.12 and 0.14. Length 

of  exposure  and t empera tu re  d i d  n o t  have a s i g n i f i c a n t  e f fec t ,  

on t h e  v a l u e s  .ob ta ined  f o r  P o i s s o n ' s  r a t i o .  

For both  mixes, s p l i t t i n g  . t e n s i l e  s t r e n g t h  of .  t h e  ' c o n c r e t e  

moist cured  a t  73F i n c r e a s e d  r a p i d l y  up t o  200 days  a n d  

dec reased  t o  abou t  350 days. Beyond t h a t  p o i n t ,  s p l i t t i n g  ten-  

s i l e  s t r e n g t h  l e v e l e d  o f f  or i n c r e a s e d .  S p l i t t i n g  t e n s i l e .  

s t r e n g t h  of  each mix g e n e r a l l y ' d e c r e a s e d  wi th  both  l e n g t h  of 

exposure  and t empera tu re .  The g r e a t e s t  d e c r e a s e  i n  . t e n s i l e  

s p l i t t i n g  s t r e n g t h  was o b t a i n e d  a t  450F. a f t e r  abou t  900 days of  

expos u r  e . 
A t  room tempera tu re ,  t h e . m o i s t - c u r e d  c o n c r e t e ' s  compress ive  

s t r e n g t h  i n c r e a s e d  wi th  age. .  The g r e a t e s t  i n c r e a s e  w a s  between 

30 and 200 days .  Beyond t h i s  p o i n t ,  t h e  i n c r e a s e  w a s  much 

s m a l l e r .  ' The observed s t r e n g t h  i n c r e a s e  is r e p r e s e n t a t i v e  f o r  
. . ., 

. t h e s e  c o n c r e t e  mixes. Compressive s t r e n g t h  d a t a  for t h e  3 K  and 

4.5K c o n c r e t e s  hea ted  a t  250F, 350F, and 450F f o r  o v e r  900 days 

were very  e r r a t i c .  However, f o r  most cases, s t r e n g t h  dec reased  

with i n c r e a s i n g  length o f  exposure .  Also ,  s t r e n g t h  dec reased  



with  i n c r e a s i n g  t empera tu re .  The lowest compressive s t r e n g t h  

v a l u e s  were o b t a i n e d  a t  450F a f t e r  900 days exposure .  However 

t h e s e  reduced s t r e n g ' t h s  were b a r e l y  below t h e  minimum s p e c i f i e d  

l e v e l s  o f  3000 and 4500 p s i .  

R e s u l t s  of t h e  p e t r o g r a p h i c  examinat ion ,  show no - c i e a r l y  . 

d e f i n e d  c o r r e l a t i o n  wi th  t h e  t empera tu re .  of  s t o r a g e  o r  t i m e  o f  

exposure .  In fo rmat ion  o b t a i n e d  s u g g e s t s .  a p o s s i b i l i t y  t h a t  real 

d i f f e r e n c e s  e x i s t  i n  t h e  c o n c r e t e  due t o  t h e s e  t w o  v a r i a b l e s .  

However , . the  n e c e s s i t y .  f o r  a d d i t i o n a l  d a t a  was demonst ra ted .  

Data o b t a i n e d  from f r a c t o g r a p h i c  examina t ion '  s u g g e s t  t h e  p o s s i -  

b i l i t y  o f  major e f f e c t s  of  both  t empera tu re  and t i m e -  on t h e  type  

of f r a c t u r e  produced i n  compressive and s p l i t t i n g  t e n s i l e  tests. 

However-,. t h e  examinat ion was conducted a f t e r  t h e  c y l i n d e r s  had 

cooled  t o  room temperature. .  The c o o l i n g  p robab ly  produced a  

p o o r l y  understood r e l a x a t i o n  e f f e c t  ..on t h e  p a s t e  a g g r e g a t e  bond 

which may. have weakened t h e  c o n c r e t e .  Consequent ly ,  t h e  e f f e c t s  

of t empera tu re  and time o f  exposure  a t  e l e v a t e d '  t empera tu res  

could  no t  be . e v a l u a t e d  c o n c l u s i v e l y .  

INTRODUCTION 

The purpose of  t h i s  tes t  program was to de te rmine  t h e  

e f f e c t s  of  long-term exposure  to e l e v a t e d  t e m p e r a t u r e s  on t h e  

p h y s i c a l  p r o p e r t i e s  of c o n c r e t e  mixes used i n  Hanford radio-  

a c t i v e  waste s t o r a g e  t anks .  In fo rmat ion  gained from t h e  program 

w i l l  be u s e f u l  i n  s e v e r a l  ways. It can be used to de te rmine  how 

much t h e r m a l l y  induced d e g r a d a t i o n  has  occur red  i n  t h e  c o n c r e t e  



used i n  e x i s t i n g  waste t a n k s ,  t h u s  h e l p i n g  t o  e v a l u a t e  t h e  ade- 

quacy of  t h e s e  t a n k s  f o r  cont inued waste s t o r a g e .  P r o p e r t y  

in fo rmat ion  f o r  t h e  Hanford. m a t e r i a l s  can a l s o  be used t o  . o p t i -  

mize and. p l a n  ' for. maximum s a f e t y  i n  , the d e s i g n ,  of new waste  

tanks .  F i n a l l y ,  a t  t h e  p r e s e n t  t ime,  pub l i shed  l i t e r a t u r e  on 

t h e  long- term , e f f e c t s  of e l e v a t e d  t empera tu res  on Hanf o r d  con- 

c r e t e s .  is no t -  a v a i l a b l e .  The program .has provided.  d a t a  gener-.  

a l l y - a p p l i c a b l e  t o  t h e  use o f  c o n c r e t e  a t  e l e v a t e d  t empera tu res  

f o r  prolonged p e r i o d s  of time. T h i s  i n f o r m a t i o n  shou ld  be of  

v a l u e  i n  s e v e r a l  ongoing and planned programs a t  Hanford. 

TEST PROGRAM 

The exper imenta l .  t e s t .  program was conducted at:  t h e  Cons t r  uc- 

t i o n  Technology L a b o r a t o r i e s  of  t h e  P o r t l a n d  Cement A s s o c i a t i o n  

i n  Skokie ,  I l l i n o i s .  ' A l l  t e s t s  were. made on 6-in,. d i amete r  x 

12-in. long  c y l i n d e r s  o f  two c o n c r e t e  mixes d e s i g n a t e d  3K and 

4.5K. D e t a i l s  of  mix d e s i g n s  are given i n  T a b l e  1. M a t e r i a l s  

for t h e  mixes and mix d e s i g n  in fo rmat ion ,  were f u r n i s h e d  by t h e  

sponsor .  Raw m a t e r i a l s  used were from t h e  same s o u r c e s  as f o r  

tank c o n s t r u c t i o n ,  Sand and g r a v e l  were o b t a i n e d  from t h e  

Hanford batch.  p l a n t .  Type I1 low a l k a l i n e  p o r t l a n d  cement was 

f u r n i s h e d  by Lone S t a r  I n d u s t r i e s  i n  S e a t t l e .  T e s t  c y l i n d e r s  

were f a b r i c a t e d  fo l lowing  t h e  p rocedures  o u t l i n e d  i n  ASTM 

Designat ion:  

(1) Numbers i n  r a i s e d  p a r e n t h e s e s  r e f e r  t o  r e f e r e n c e s  on page - 70. 



TABLE 1 M I X  DESIGNS 

Portland Cexnent,Type I1 

Aggregate 

Sand 

Water 

Darex, 2% Solut ion 

ITEM, 

. . 

Air (Percent by 
Volume ) , . .  

QUANTITY (lb/cu/yd) 
3000 P s i  Mix (3K) ( 4500 P s i  Mix ( 4  ..SKI 

. . 
. . 

Water/Cement Ratio 

1 

I * 

j . - .  

0.54 0 . 4 3  

. . .  . . 



RHO-C-28 

D e t a i l s  concerning t h e  f a b r i c a t i o n  of t h e  t e s t  c y l i n d e r s  

a r e  g iven i n  Appendix A. 

T a b l e  .2 g i v e s  t h e  s c h e d u l e  f o r  t h e  s o n i c  test  program. All 

t e s t s  were made on t h e  same 'two .specimens of t h e  3K ,and 4.5K 

mixes. Modulus of e l a s t i c i t y  and P o i s s o n ' s  . r a t i o  were o b t a i n e d  

a t  room tempera tu re  on moist-cured specimens a t  ages  r ang ing  

.from 32 t o  1204 days.  . . 

Schedules  f o r  room' t empera tu re  and e l e v a t e d  . tempera ture-  

t e s t s  u s i n g  t h e  s t a t i c  method a r e  g i v e n  i n  Tab le  3. T e s t s  were 

made a t  room tempera tu re  on one or t w o  specimens of t h e  3 K  and 

4.5K. mixes. Two specimens of  each of  t h e  t w o  mixes were t e s t e d  

a t  each of  the e l e v a t e d  t empera tu res .  Modulus of  e l a s t i c i t y ,  

P o i s s o n ' s  r a t i o ,  compressive s t r e n g t h ,  and s p l i t t i n g  t e n s i l e  

s t r e n g t h  were o b t a i n e d  a t  each o f .  t h e  t e s t  d a t e s .  

In fo rmat ion  concerning p e t r o g r a p h i c .  and f r a c t o g r a p h i c  ana l -  

y s e s  is given i n  Appendix 2. B i r e f r i n g e n c e  s t u d i e s  were made 

on specimens o f  3K and 4.5K mixes t h a t  were. exposed to tempera-. 

t u r e s  of  250F, 350F, and 450F f o r  p e r i o d s  ranging f r o m . 3  t o  270 

days. A i r  c o n t e n t  - e s t i m a t e d  on broken s u r f  a c e s  and t h e  t e n a c i t y  

of pas te -aggrega te  bond were a l s o  .determined on specimens hea ted  

a t  '250F, 350F, and 450F f o r  p e r i o d s  ranging from 3 t o  270 days.  

A f r a c t o g r a p h i c  a n a l y s i s  of  broken s u r f a c e s  was made. on s p e c i -  

mens o f  both  mixes stored i n  t h e  m o i s t  room a t  73F f o r  p e r i o d s  

rang ing  from 30 t o  679 days.  Also,  f r a c t o g r a p h i c  s t u d i e s  were 

made on specimens hea ted  a t  250F, 350F, and 45OF f o r  p e r i o d s  

rang ing  from 3 to 487 .days.  



TABLE 2 SONIC METIIOD TEST 
SCEIEDULE 

i 

T e s t  Date, 
Mo. -day-yr: 

6-23-75 . . 

7-21-75 

' 8 - 2 0 - 7 5 .  . 

12-3-75 

1-19-76 

5-16-76 

10-5-76 

3-30-77 

11-11-77 

5-9-78 

9-6-78 

- 

Age a t  T e s t ,  
Days 

3 2  

6 0  

90 

1 9 3  

240 

360 

502  

678  

873  

1 0 8 3  

1 2 0 4  

i 



Temperature 
a t  T e s t , F  

I 

7 3  
7 3  
73  
7 3  
7 3  
7 3  
7 3  

250 
250  
250 
250  
250 
2 5 0  
250 
250 
250  

3 5 0  
3 5 0  
3 5 0  
350  
350 

T e s t  Date ,  ' 

Mo.-day-yr. 

6-21-75 
12-2-75 
1-19-76 
5-17-76 
3-31-77 
11-18-77 
9-6-78 

12-4-75 
12-11-75 
12-31-75 
2-19-76 
4-29-76 
8-27-76 
4-1-77 
9-29-77 
9-1-78 

12-5-75 
12-11-75 
12-31-75 
2-19-76 
4-29-76 - 

Time i n  Fog Room,  
Days 

3 0  
1 9 4  
24 0 
3 6 1  
6 7 9  
8 8 0  

1204 

193  
1 9 3  
193  
1 9 3  
1 9 3  
193  
283 
283 

270 ,276  

1 9 3  
1 9 3  
1 9 3  
1 9 3  
1 9 3  

A g e  a t  T e s t ,  
Days 

30  
194 
24 0 
361  
679 
880 

1204 

196  
203 
223 
273 
343 
463  
679 
861  

1198 

197 
203 
223 
273 
343 

Time i n  
E , p ,  Compress ive  

S t r e n g t h  

0 
0 .  
0 
0 
0 
0 
0 

3 
1 0  
30 
80  

1 5 0  
270 
396 
578 

922 ,928  

4 
1 0  
3 0  
8 0  

1 5 0  

Oven, Days 
S p l i t t i n g  T e n s i l e  

S t r e n g t h  

0 
0 
0 
0 
0 
0 
0 

3 
1 0  
30  
8 0  

1 5 0  
270 
396 
578 

9 2 2 , 9 2 8  

4 
1 0  
30 
8 0  

1 5 0  



TABLE 3 ELASTIC CONSTANTS (STATIC METHOD) AND STRENGTHS TEST SCHEDULES ( C o n t i n u e d )  

. , 

T e m p e r a t u r e  
a t  T e s t , F  

350 ' 

350 
350 
350 
350 

450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 

J 

T e s t  D a t e ,  
N o . - d a y - y r .  

8-27-76 
4-1-77 
9-30-77 
9-1-78 
9-5-78 

12-11-75 
12-15-75 
12-23-75 
1-7-76 
2-3-76 
3-15-76 
5-24-76 
9-30-76 
3-31-77 
9-29-77 
9-1-78 
9-6-78 

T i m e  i n  F o g  Room, 
D a y s  

- 193 
276 
276 
276 
27 6 

197 
197 
197 
197 
197 
197 
197 
197 
27 0 
270 
283 
283 

A g e  a t  T e s t ,  
D a y s  

463 
679 
851 
1198 
1202 

203 
207 
215 
230 
257 
297 
367 
497 
679 
861 
1198 
1203 

T i m e  i n  
E ,  p, C o m p r e s s i v e  

S t r e n g t h  

270 
403 
585 
922 - 
6 
10 
18 
33 
60 

100 
170 
300 
409 
591 
915 - 

O v e n ,  D a y s  
S p l i t t i n g  T e n s i l e  

Strength 

270 
403 
585 - 
926 

6 
10 
18 
33 
60 
100 
170 
300 
409 
591 - 
920 



TEST PROCEDURES 

The h e i g h t ,  d i a m e t e r ,  and weight  of c y l i n d e r s  were measured 

p r i o r  t o  be ing - p l a c e d  , in  t h e  oven f o r  heat ing. .  - T h i s  informa- 

t i o n  is l i s t e d  i n  Tab le  4. Cy l inder  l e n g t h s  .and d i a m e t e r s  are 

t h e  average  of  two or t h r e e  measurements. as . r e q u i r e d  by ASTM 

(5 )  Des igna t ions  C39, ( 2 )  C215, (3 )  C469, ( 4 )  C496. 

A l l  specimens were . t r a n s p o r t e d  f  .rom t h e -  oven .to. t h e  test 

a r e a  i n  a w e l l - i n s u l a t e d  c o n t a i n e r .  T e s t s  were per-formed as 

q u i c k l y  a s  p o s s i b l e  t o  p r e v e n t  h e a t  loss. Specimens n o t  t e s t e d  

t o  d e s t r u c t i o n  were . r e t u r n e d  t o  t h e  oven i n  t h e  i n s u l a t e d  

c o n t a i n e r .  

Spec h e n s .  t e s t e d  a t  e l e v a t e d  t empera tu res  were hea ted  t o  

t e s t  t empera tu res  a t  a  r a t e  of 70-75F per  day. F i v e  tempera- 

t u r e  changes over  t h e  24-hr p e r i o d  were made to  . o b t a i n  t h e  

70-75F t empera tu re  rise. Required t empera tu re  v a r i a t i o n  l i m i t s  

of 2 15F a t  250F and 350F and + 20F a t  450F were e a s ' i l y  main- 
- :  

t a i n e d .  A con t inuous  r e c o r d  of oven-temperatures was main ta ined  

d u r i n g  t h e  t e m p e r a t u r e  r ise and soak, p e r i o d s .  

Modulus of E l a s t i c i t y ,  and P o i s s o n ' s  R a t i o  

E l a s t i c .  c o n s t a n t s  of  t e s t -  c y l i n d e r s  were o b t a i n e d  us ing  a 

dynamic and s t a t i c  method. A d e s c r i p . t i o n  of e a c h .  method 

f o l l o w s  : 

Sonic (Dynamic) Method 

Modulus of e l a s t i c i t y  and P o i s s o n ' s  r a t i o  were o b t a i n e d  on 



TABLE 4 DIMENSIONS AND WEIGHTS OF CYLINDERS 
AT AMBIENT TEMPERATURE 

Specimen Diameter, a Height, Weight, 
No. in. ,. in. lb.' . .  . 

~ - - - - - - 

3K3-1 . .  6.00 . .11.99 30.15 . ,  

3K3-3 6.02 12.00 30.24 
3K3-5 5.98 11'. 95 ' 30.32 
3x3-7 5.99 12.15 30.56 
3K3-8 6.01 11.97 30.40 . . 

3K3-9 6.03. . . 12.15 30.40 
3x3010 6.01 11.99 30.31. 
3K3-11 6.01 11.94 30.22 . 
3K3-12 6.00 12.02 30.29 
3K3-13 6.01 12.15 30.48 
3K3-14 6.01 12.. 05 30.35 
3K3-17 6.02 11'. 95 30.21 
.3K3-20 6.02 11.93 30.18 . .  

3K3-23 5.99 11.98 . 30.16 
3K3-25 6.01 11.99 29.33 . . 

3K3-26 6.03 11.96 30.39 
3K3-27 6.01 12.00 30.00 



TABLE 4 DIMENSIONS'AND WEIGHTS OF CYLINDERS 
AT AMBIENT TEMPERATURE ( C o n t i n u e d )  

Specimen D i a m e t e r  , H e i g h t ,  Weight, 
N o .  i n .  i n .  l b .  



TABLE 4 DIMENSIONS AND. WEIGHTS OF CYLINDERS . . AT AMBIENT 'TEMPERATURFI ( C o n t i n u e d )  

Specimen D i a m e t e r  ,- H e i g h t ,  Weight, 
N o .  i n .  in .  lb . 



TABLE 4 .DIMENSIONS AND' WEIGHTS OF CYLINDERS 
AT AMBIENT TEMPERATURE . ( C o n t i n u e d )  

S p e c i m e n  . D i m e  ter , H e i g h t ,  .Weight ,. 
N o .  in .  i n  .' l b .  



TABLE 4 DIMENSIONS AND WEIGHTS OF CYLINDERS 
AT AMBIENT TEMPERATURE ( C o n t i n u e d )  

Specimen D i a m e t e r ,  H e i g h t ,  Weight, 
N o .  in.  i n  . lb. 

. . 

4.5K4-10 . 6.01 12.15 29.48. 
4.5K4-11 , 6.07 ,11.97 29.44 
4.5K4-12'- 6.00 12.00 29.52 
4.5K4-13 5 -9.9 12.04 29.60 
4.5K4-14 . 6.00 11.97 . 29.72 
4.5K4-15 6.02 12.02 29.82 
4.5K4-17 6.03 12 ..OO 29.73 
4.5K4-19 6.05 . 12.13' 29.70 
4.5K4-20 6.02 11.96. 29.58 
4'. 5~4-21 6.01 11.95 29.64 
4.5K4-23 ' 6.04 11.93 29.57 
4.5K4-24 6.02 ,12.. 02 29.74 
4 . 5K4-26 6.00 12.08 29.66 
4.5K4-28 6.01 12.06 29.50 
4.5K4-29 5.95 12.09 . .  29.62 
4.5K4-30 5.99 .12.09 29.73 



TABLE 4 DIMENSIONS AND WEIGHTS OF CYLINDERS 
AT AMBIENT TEMPERATL7R.E (Continued) 

Specimen Diameter, Height, Weight, 
No. in. in. lb. 



TABLE 4 DIMENSIONS AND WEIGHTS OF CYLINDERS 
AT 'AMBIENT TEMPERATURE ( C o n t i n u e d )  

Specimen D i a m e t e r ,  H e i g h t ,  Weight, 
N o .  i n .  . . i n .  lb . 

. . 

4.5K8-1 .. 6.07 11.98 29.50 
4.5K8-2 - - - 
4.5K8-3 - .  12.01 . , 29.55 
4.5K8-5 - - - 
4.5K8-6 6.0.1 11.97 29.42 
4.5K8-8 5.99 11.97 ,. 29.53 
4.5K8-10 6.02 11.93 29.43 
4.5K8-11 .6.02 11.96 29.46 
4.5K8-12 6.02 12.16 29.72 
4.5K8-13 
4.5K8-14 6.03 12.00 29.66 
4.5K8-15 6.02 .12.12 29.60 
4.5K8-16 .6.01 11.95 . 29.41 
4 :5K8-17 6.03 11.96 29.70 
4.. 5K8-18 6.. 03 12.13 29.75 
4.5K8-20 - - - 
.4.5K8-22 6.02 . .11.96 29.'46 
4.5K8-23 . ' 5.96 11 :97 29.48 
4.5K8-24 - - - 
4.5K8-25 6.00 12.00 29.51 
4.5K8-26 6.02 12.16 29.71 
4.5K8-27. 6.00 11.98 29.50 
4.5K8-28 6.00 11.97 . 29.43 
4.5K8-29 6.01 11.99 29.54 
4.5K8-30 6.01. 12.00 29.66 



specimens cured  i n  t h e  mois t  room a t  70F by f o l l o w i n g  t h e  gen- 

e r a l  p r o v i s i o n s  g iven i n  ASTM Des igna t ion  C215. ( 3 )  The 

equipment c o n s i s t e d  of a  v a r i a b l e  f r equency  a u d i o - o s c i l l a t o r ,  

a m p l i f i e r s ,  a  d r i v e r  u n i t ,  a  pick-up u n i t ,  and meter t y p e  and 

ca thode r a y  o s c i l l o s c o p e  i n d i c a t o r s .  Specimens were s u p p o r t e d  

a t  t h e  q u a r t e r  p o i n t s .  The d r i v i n g  f o r c e  was a p p l i e d  normal t o  

t h e  specimen s u r f a c e  near  one end. Fundamental,  t r a n s v e r s e ,  

and t o r s i o n a l  f r e q u e n c i e s  were o b t a i n e d .  The d r i v i n g  f o r c e  

also was a p p l i e d  .normal to t h e  s u r f  a c e  .midway between . t h e  ends  

of . the.  specimen. The fundamental  t r a n s f e r  f requency can be .  

o b t a i n e d  i n  t h i s  manner and was. u s e d .  to check t h e  v a l u e  

o b t a i n e d  by d r i v i n g  t h e  specimen by one end. Frequency 

d e t e r m i n a t i o n  r e q u i r e d  abou t  1 min. The test  equipment w i t h  

t e s t  c y l i n d e r  i n  p l a c e  is shown i n  F i g .  1. 

S t a t i c  Method ' 

The p r o v i s i o n s  o f  ASTM Designat ion:  C469 ( 4 )  were f o l l o w i n g  

i n  de termining t h e  e l a s t i c .  c o n s t a n t s  .by. t h i s  method.. A. compress- 

ameter  f i t t e d .  wi th  d i f f e r e n t i a l .  t r a n s f o r m e r s  were u s e d .  to measure . . 

l o n g i t u d i n a l  and l a t e r a l  s t r a i n s .  During e l e v a t e d  t empera tu re  

tests, t h e  t r a n s f o r m e r s  were p r o t e c t e d  wi th  a s b e s t o s  h e a t  

- s h i e l d s .  A d i f f e r e n t i a l  t r ans fo rmer  was a l s o  used to  i n d i c a t e  

load. Outputs  from t h e  d i f  f e r e n t i a l  t r a n s f o r m e r s  were recorded 

on .an XYY recorder .  Thus, t h e  s t r e s s - l o n g i t u d i n a l  s t r a i n  and 

s t r e s s - l a t e r a l  s t r a i n  curves  wese o b t a i n e d  s i m u l t a n e o u s l y  d u r i n g  

each l o a d i n g  of  t h e  specimens. S u r f a c e s  o f  t h e  specimens used 

f o r  .de termining t h e  e l a s t i c  c o n s t a n t s  were lapped ,  





Specimens were loaded three or four times f o r  determination 

of e l a s t i c  constants .  The f i r s t  loading was a sea t ing  loading,  

and t h e  information obtained from it was not used. E l a s t i c  con- 

s t a n t s  were ca lcu la ted  for  subsequent loadings and averaged. 

Specimens were usual ly  loaded t o  40 to 50 percent  of u l t imate  f o r  

obtaining e l a s t i c  constants  data .  Typical s t r e s s - s t r a i n  curves 

obtained during a loading a r e  shown i n  Fig. 2. F i t t i n g  t h e  

specimen w i t h  the  compressometer , balancing the  electrical 

c i r c u i t s ,  and loading t h e  specimen required from 1 0  to 15 min. 

Figure 3 shows a t e s t  cyl inder  subjected t o  the s t a t i c  load t e s t  

f o r  e l a s t i c  constants  determination, 

Compressive Strength 

Compressive s t rength  a t  room and elevated temperatures was 

obtained by following t h e  genera l  guidel ine of ASTM Designation: 

C39 . (2)  Surfaces of cy l inder s  used t o  obta in  cyl inder  s t r eng th  

were lapped, Elevated temperature s t r eng th  determinations were 

made on ay l inde t s  used fo r  obta in ing  e l a s t i a  cons tants  by t h e  

s t a t i c  method. After t h e  e l a s t i c  cons tants  were obtained, t h e  

cyl inders  were returned to the oven f o r  at l e a s t  2 hr before 

being tested.  The compressive s t r eng th  test took about 5 min. 

Splf t t i n g  Tens i l e  Strength 

To determine s p l i t t i n g  t e n s i l e  s t r eng th ,  t h e  provis ions  of 

ASTM Designation C496 ware followed. A t  each test da te ,  

one of t h e  two specimens of each mix design t e s t e d  a t  e levated  

temperat u e s  was used for  determining elastic cons tants  . T e s t  
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FIG. 2 - STRESS-STRAIN CURVES USING X-Y-Y PLOTTER FOR STATIC TEST 



Fig.~ S t a t i c  Test Method For Determining 
Elastic Constants and Compressive 
Strength 



specimens were removed from t h e  fog  room or oven,  marked w i t h  

d i a m e t r a l  l i n e s . ,  pos i . t ioned - i n  t h e  - t e s t i n g  machine, and loaded 

t o  f a i l u r e .  The 1/8-in. t h i c k  plywood b e a r i n g  s t r i p s  were n o t  

a f f e c t e d  by t h e  h e a t  from t h e  tes t  specimens ... The t ime  r e q u i r e d  

f o r  t h i s  test p rocedure  . d i d  n o t  exceed 1 0  -.min. 

P e t r o q r a p h i c  A n a l y s i s  

C y l i n d e r s ,  r e p r e s e n t i n g  s p e c i f i e d  t i m e  . and t empera tu re  combi-' 

n a t i o n s  were removed f rom.  t h e  ovens.  A f t e r  a few hours  of  

c o o l i n g  a t  room . tempera ture ,  . a  1-in.  t h i c k  s l i c e , . w a s  c u t : . t r a n s -  

v e r s e l y .  us ing  a water-cooled saw. A s m a l l  block c u t  .from - t h e  

i n t e r i o r  of t h e  sli.ce wi th  an a i r - c o o l e d .  saw was l apped ,  d r i e d  

a t  122F, and mounted on a s t a n d a r d  p e t r o g r a p h i c  s l i d e  w i t h  

epoxy -adhesive.  Thin s e c t i o n s  were .ground t o  approx imate ly .  1 0  

t o  20 microns t h i c k n e s s  and p r o t e c t e d  wi th  cover  g l a s s  loose- 

mounted. i n  epoxy. The t h i n  s e c t i ' o n s  were l a b e l e d  and were 

numerically coded so t h a t  t h e y  c o u l d  be d e s c r i b e d  w i t h o u t  p r i o r  

b i a s  as to d u r a t i o n  of storage and t empera tu re .  

B i r e f r i n g e n c e  is t h e  numer ica l  d i f f e r e n c e  between t h e  maxi- 

mum and minimum i n d i c e s  of r e f r a c t i o n  o f .  an a n i s o t r o p i c  c r y s -  

t a l l i n e . s o l i d  and is r e l a t e d  t o  t h e  c r y s t a l  t h i c k n e s s  ( t h i n  sec- 

t i o n  t h i c k n e s s )  by t h e  . f o l l o w i n g  equa t ion :  



where 

x = wavelength of t r a n s m i t t e d  l i g h t ,  i n  m i l l i m i c r o n s  ( 5 4 0 )  

8 = a n a l y z e r  r o t a t i o n  on t h e  microscope,  i n  d e g r e e s  

B = b i r e f r i n g e n c e  of  t h e  c r y s t a l  s o l i d  

t = t h i c k n e s s ,  i n  microns 

Assuming a q u a r t z  b i r e f r i n g e n c e  o f  0.009, t h i c k n e s s  of t h e  

c o n c r e t e  t h i n  s e c t i o n  was determined by averag ing  s e v e r a l  mea- 

surements  of  0 on 6 t o  8 g r a i n s  of q u a r t z .  Using t h i s  ca lcu-  

l a t e d  va lue  of  t h i c k n e s s ,  t h e  ave rage  b i r e f r i n g e n c e  of ca lc ium 

hydroxide i n  t h e  same t h i n  s e c t i o n  was determined by examinat ion  

of  8 t o  1 0  c r y s t a l s  i n  t h e  p o r t l a n d  cement p a s t e  of t h e  con- 

crete. More in fo rmat ion  on t h e  p e t r o g r a p h i c  and f r a c t o g r a p h i c  

a n a l y s e s  is g i v e n  i n  Append.ix 2. 

TEST RESULTS 

T e s t  r e s u i t s  f o r  a l l  room and e l e v a t e d  t empera tu re  tests are 

giveri i n  Tab les  5 t o  7 and Figs. .  4. t o  22. 

Modulus o f  E l a s t i c i t y  

Modulus of e l a s t i c i t y  d a t a  a t  room t e m p e r a t u r e  de termined by 

t h e  s o n i c  and s t a t i c  methods f o r  t h e  3 K  and 4.5K mixes a r e  g i v e n  

i n  Tab les  5 and 6 and shown i n  F i g s .  4 and 5. For b o t h  mixes,  

s o n i c  modulus inc reased '  wi th  i n c r e a s i n g  m o i s t u r e  p e r i o d .  The 

l a r g e s t  i n c r e a s e s  occur red  between 30 and 200 days.  Over t h e  

n e x t  1000 days ,  the .  i n c r e a s e  i n  modulus was q u i t e  small. 

Higher v a l u e s  of  t h e  s o n i c  modulus were o b t a i n e d  f o r  t h e  4.5K 

mix a t  room tempera ture .  The i n c r e a s e  i n  modulus a t  room t e m -  

p e r a t u r e  d i d  n o t  d i f f e r  a p p r e c i a b l y  for e i t h e r  mix. 



TABLE 5 ELASTIC CONSTANTS AT ROOM TEMPERATURE - SONIC METHOD 

Specimen Date of T e s t ,  Age a t  T e s t ,  Weight a t  Modulus o f  E l a s t i c i t y ,  P o i s s o n ' s  
No. Mo.-day-yr. Days ' T e s t ,  l b  p s i ,  Mi l l ions  Ratio 

'specimens i n  f o g  room a t  100% r e l a t i v e  humidity and 73F 



TABLE 5 ELASTIC CONSTANTS AT ROOM TEMPERATURE - SONIC METHOD (con'd) 

Specimen Date of T e s t ,  Age a t  T e s t ,  Weight a t  Modulus o f  E l a s t i c i t y ,  Po i s son ' s  
N o .  Mom-day-yr. ~ a y s  T e s t , l b  p s i ,  M i l l i o n s  Ratio 

'specimen8 i n  f o g  room a t  100% relative humidity and 73F 



TABLE 6 - COMPRESSIVE BTRENGTII AND ELASTIC PROPERTIES (STATIC METHOD) 
AT ROW AND ELEVATED TEMPERATURES 

Ipecimen Date o f  Tee t ,  Age a t  Tee t ,  Time i n  Time i n  Temperature Weight Compreesive Hodulue o f  Poieeon'e  
Number Mo.-day-yr. Days Fog Room, Oven a t  Tee t ,  a t  Tee t ,  Strength,  E l a e t i c i t y ,  Rat io  

~ a ~ e '   aye' F l b  pa1 m i l l i o n  p e i  

3K4-28 6-21-75 30 3 0 0 73 29.62 4430 4 .48  0 .15  
3K4-30 6-21-75 30  30 0 7 3 29 .49  4250 4 .05  0 .15  
4.SK4-28 6-21-75 3 0 30 0 7 3 29.37 5160 4 .32  0 .15  
4 .  5K4-30 6-21-75 3 0 3 0 0 7 3 29.68 5510 4 .58  0 . 1 6  
3K9-1 12-2-15 194 194 0 73 29 .51  5570 4 .65  0 . 1 6  
3K9-3 12-2-15 194 194 0 7 3 29.37 5480 4.76 0 .16  
4.5K9-1 12-2-15 194 194 0 .  7 3 29 .29  6450 5 . 0 0  0 . 1 6  
4.5K9-3 12-2-75 194 194 0 7 3 29 .40  6320 5 .02  0 .18  
3K6-25 1-19-76 240 240 0 73 29 .55  5680 4 .87  0 .17  
4.5K6-25 1-19-76 240 240 0 73 29.12 6530 5 .03  0 .16  
3K6-28 5-17-76 361 361 0 7 3 29.64 5410 4 .38  0 . 1 7  
4.5K6-28 5-17-76 361 361 0 73 29 .31  6790 4.46 0 . 1 7  
3x5-28 3-31-71 67 9 679 0 73  29 .71  58fO 5.06 0 .15  
3K8-28 3-31-17 679 679 0 73 29.68 - 4 .92  0 . 1 6  
4.5K5-9 3-31-77 679 679 0 73 29.43 6640 5 .64  0 .18  
4.5K8-29 3-31-71 679 679 0 73 29.56 - 5.44  0 .18  
3K4-9 11-18-77 080 880 0 73 29 .64  5750 4 .61  0 . 1 5  
3K4-15 11-18-77 880 880 0 7 3 29.58 - 4 .83  0 .17  

1 4.5K4-7 11-18-77 880 880 0 73  29.63 5950 5 .71  0 .18  
N 4.5K4-12 11-18-77 880 880 0 73 29.53 - 5 .39  0 .17  
J 3K8-15 9-6-78 1204 1204 0 73 6070 4 .98  0 .16  
I 3K8-18 9-6-78 1204 1204 0 73  - 5 . 2 1  0 .18  

3K8-29 9-6-78 1204 1204 0 7 3 6150 5 .06  0 . 1 6  
4.5K8-5 9-6-78 1204 1204 0 73 - 5 .65  0 . 1 9  
4.5K8-20 9-6-78 1204 1204 0 73  7725 5 .48  0 . 2 0  
4 .  5K8-24 9-6-78 1204 1204 0 73 8120 5 .79  0 .19  

' ~ ~ e c i m e n e  i n  fog room a t  100% r e l a t i v e  humidity and 73F 

'specirnene t e e t e d  a t  250, 350, and 450P heated i n  oven a t  75P/day to t e a t  temperature 

' ~ e s i g n a t e e  tha t  s p e c h e n  was used f o r  e p l i t t i n g  t e n e i l e  test a f t e r  e l a e t i a  cone tante  were determined 



TABLE 6 (con'd) - COHPREBSIVB STREtlGTll AND ELASTIC PROPERTIES (STATIC HBTIIOD) 
AT ROOM AND ELEVATED TEMPERATURES 

Specimen Date of Teet, ~ g e  at' Teot, Time in Time in Temperature Height Compreeeive Hodulue of Poleeonne 
Number Yo.-day-yr. . Daye , Fog Room, Oven at Teet, st Test, Strength,, Elasticity, Ratlo 

Daya' Days' P lb pal milllon pel 

3K3-1 12-4-75 196 193 3 250 29.15 
3K3-5 12-4-75 196 193 3 250 29.34 

'. 313-3 12-4-75 196. 193 3 250 . 29.23 
4.513-3 12-4-75 195 193 3 250 28.58 
4.5K3-5 12-4-75 196 193 3 '250 28.54 
4. 5K3-1 12-4-75 196 193 . . 3 25'0 . 28.70 
3x8-3 12-11-75 203 193 10 250 27.81 
3~8-5 iz-11-75 203 193 10 250 27.74 
3K8-1 12-11-75 203 193 10 250 27.14 
4.5K8-1 12-11.-75 203 193 10 250 27.79 
4.5K8-6 12-1t-75 203 193 10 250 27.72 
4. SKB-3 12-11-75 203 193 10 250 27.94 
3K7-1 12-31-75 223 193 3 0 250 27.33 
3K7-5 ,12-31-75 .' 223 193 3 0 250 27.16 
3K7-3 12-38-75 223 193 30 250 27.29 
4.5K7-3 12-31-75 223 193 3 0 250 27.32 
4.5K7-4 12-31-75 ,223 193 30 250 27.24 
4.5K7-1 12-31-75 223 193 3 0 250 27.22 
3K4-1 2-19-76 273 193 00 . ' 250 27.72 

a 3x4-3 2-19-76 273 193 8 0 250 27.75 
I 3 x 4 4  . 2-19-76 273 193 80. 250 27.67 

4 .  SKI-3 2-19-76 273 193 80 250 27.61 
4.5K4-4 2-19-76 273 193 8 0 250 27.80 
4.5K4-1 . 2-19-76 273 193. 80 250 27.59' 
3K5-3 4-29-76 343 193 150 250 27.95 
3K5-5 4-29-76 343 - 193 150 250 27 .82 

'~~eclmene in fog room at lOOI relative humidity and 73P 

'~~ecimene teeted at 250, 350, and (SOP hated in oven at 75P/day to teat temperature 

'Deeignatee that epecimen was ueed for eplittihg teneile teat after elaetia constante were determined 



TABLE6 (aon'd) - COHPRBSSIVR STRENOTll AND ELASTIC PROPERTIES (STATIC METHOD) 
AT ROOH AND ELEVATED TEHPERATURES 

Specimen Date of Teet, Age at Teet, Time in Time in Temperature Weight Compteeeive Hodulue oL Foiseon'e 
Number no.-day-yr. Day0 ~ o g  Roy, Oven at Teet, at Teet, Stren tho 1 Blaetlcity, Ratio 

Day8  aye' P lb Pa million pel I 

3K5-2 4-29-76 343 193 150 250 27.84 - 8 3.13 0.12 
4.5K5-3 4-29-56 343 193 150 250 27.72 6160 3.41 0.14 
4.5K5-5 4-29-36 343 193 150 250 27.76 6180 3.18 0.11 
4.5KS-1 4-29-36 343 193 150 250 27.64 - 3.12 0.12 
3K6-3 8-27-36 463 193 270 250 27.71 5250 3.09 0.14 
3K6-5 8-21-76 463 193 270 250 27.84 5080 3.00 0.12 
3x6-1 8-27-76 463 193 270 250 27.80 - 2.84 0.14 
4.5K6-3 8-27-76 463 193 270 250 27.11 6020 . 3.16 0.12 
4.5K6-6 8-27-76 463 193 270 250 27.14 5990 3.07 0.13 
4.5K6-8 6-27-76 463 193 270 250 27.04 - 3.68 0.14 
3K9-14 4-1-77 679 283 ' 396 250 27.77 5190 3.17 0.13 
3K9-20 4-1-77 67 9 283 396 250 , 27.59 4990 3.08 0.13 
3K9-17 4-1-77 679 203 396 250 27.78 - 3.15 0.13 
4.5K8-25 4-1-77 679 283 396 250 27.64 6470 3.36 0.13 
4.5K0-20 4-1-77 679 283 396 250 27.49 7020 3.48 0.12 
4.5K8-16 4-1-n 67 9 283 396 250 27.50 - 3.41 0.11 

z 
0 

1 3K9-25 9-29-77 861 283 578 250 27.69 5300 3.07 0.14 1 

3K9-28 9-29-77 861 283 578 250 27.68 SO80 3.03 0.14 C3 
- 1 

3K9-23 9-29-77 861 283 578 250 27.76 2.99 0.18 %' 
4.5K8-10 9-29-77 861 283 578 250 27.54 6620 3.32 0.12 a 
4.5K8-27 9-29-77 861 283 578 2 50 27.h 6425 3.21 0.12 

' 4.5K8-22 9-29-77 861 283 578 250 27.57 - 3.21 0.12 
3K8-21 9-1-78 1198 276 922 250 4530 2.43 0.11 
3K8-25 9-1-1 0 1198 276 922 250 4625 2.60 0.13 
3K8-30 9-1-78 1190 276 922 250 - 2.71 0.14 

'6pecimene in fog room at lOOI relative humidity and 7 M  

8~pecltnene teeted at 250, 350, and 45OP heated in oven at 75P/day to teat temperature 

. '~eelgnatee that epeclmen wae ueed lor.spllttlng tenelle teat after elaetla conetante were determined 
I 



TABLE 6 (coned) - CONPRBSBIVE BTRENGTII AND ELASTIC PROPERTIES (BTATIC HBTIIOD) 
AT R W  AND ELEVATED TEMPERATURES ' 

Specimen 
Number 

Date  o f  Tee t ,  Age a t  Tee t ,  Time i n  Time i n  
no.-day-yr. Daye Fog Room, Oven 

Dayel ~ a ~ e '  

9-1-79 1198 270 928 
9-1-78 1198 270 928 
9-1-78 . 1198 2.70 928 
12-5;75 197 193 4 .  
12-5-75 197 193 4 
12-5-75 197 193 4 
12-5-75 197 193 4 
12-5-75 197 193 4 
12-5-75 197 193 4 
12-11-75 203 193 . 1 0  
12-1 k-75 203 193 10  
12-11-7.5 203 193 10  
12-11-75 203 193 1 0  
12-11-75 203 193 10  
12-13-75 203 , 193 10  
12-31-75 223 193 3 0 
12-31-75 223 193 3 0 
12-31-75 223 193 30 
'12-39-75 223 193 30 
12-31-75 223 193 3 0 
12-31-75 223 193 30 ' 

2-19-76 273 193 8 0 
. 2-19-76 27 3 193 ' 80 

2-19-76 273 ,193 80 
2-19-76 273 193 8 0 

Temperature , Welgllt 
a t  Tee t ,  a t  Tee t ,  

F l b  

Compreeeive Hodulue o f  P o l e e o n e e  
Btrength,  . . . E l a e t l c i t y ,  R a t i o  

. p e l  . m l l l l o n  p e l  . 
. . 

' ~ ~ e c i m e n e  i n  fog toon a t  l O O I  r e l a t i v e  humidity and 73P 

'Bpeclmene t e e t e d  a t  250, 350, and 45OP heated i n  oven a t  75F/day t o  t e n t  temperature  

' ~ e e i g t l a t e e  t h a t  epecimen was ueeq f o r .  e p l i t t i n g  t e n e l l e  t e a t  a t  ter e l a e t i a  c o n e t a n t e  were 'determined 



TABLE 6 (coned)  - COHPRESSIVE STRENGTII AND ELASTIC PROPERTIBS (ITATIC HETIIOD) 
AT ROOM AND ELEVATED TEMPERATURES 

I 

specimen Date o f  T e e t ,  A g e . a t  T e e t ,  Time I n  Time i n  Temperature , Weight Cornpreeeive : .  . H o d u l u e . o f  . , P o l e e o n a e  
Number no.-day-yr. Days Fog Ropa, Oven ' _ a t  Teat ,  a t  Tea t ,  . 8trenqth," ,  ; , ; . E l a e t l c l t y ,  R a t i o  

Daye  aye' . . p ,  ' .  l b  . .  pe  ,, , . m i l l i o n  p s i  I a 
. . I 

4.5K6-14 2-19-76 . 273 193 ' 80  350 27.13 . 5215 . 2 .72  : 0 .14  
. 4.5K6-12 2-19-76 273 193 8 0 350 27 .24  . -  - 2.66  0 .14  

3K7-8 4-29-.76 343 193 150 350 26.87 -4410 2 .11  0 . 1 5  
3K7-11 4-29-76 343 193 150 350 27.11 4675 2 .29  0 .14  
3K7-14 4-29-76 343 193 150 350 26.93 - 2.17  0 .14  
4 .  5K7-8 4-29-76 343 193 : 150 350 26.92 5490 2.34 . .,  0 . 1 2  
4.5K7-10 4-29-76, 343 193 150 350 27 .11  4890 . 2.29  ! 0 . 1 5  
4.5K7-15 4-29-76 343 193 150 350 26.99 - .  2 .32  . ' 0 .14  
3K8-8 8-27-76 463 193 270 . 350 27.55 4910 2 .52  0 . 1 3  
3K8-11 8-27-76 463 193 270 350 27 .66  4960 ,  2 .51  0 .14  
3K0-14 8-27-76 463 193 ' 270 350 27 .39  - 2.52  0 .14  
4.5K8-8 8-27-76 463 193 270 '350 . 27.4'6 6190 2.78 0 . 1 1  
4.5K8-11 8-27-76 463 193 270 350 27.37 6300 3.14 . 0 . 1 1  
4.5K8-14 8-27-76 463 193 270 350 27.61 - 2.78  0 . 1 1  

. 3K6-24 -4 -1 -77 .  67 9 27 6 403 350 27 .65  4650 2 .37  0 .13  
3K6-30 4-1-17 ' 679 27 6 403 350 27.65 4430 2 .17  0 .15  
3K6-27 4-1-77 679 276 403 350 27.65 - 2 .20  0 . 1 2  I w 4.5K6-18 .- 4-1-17 679 276 4 03 350 27.12 5450 2 .43  0 .12  

E 
0 

679 27 6 403 350 5160 
I r 4.5K6-26 4-1-17 27.10 2 .46  0. I 2  - C3 

1 4.5K6-27 4-1-17 679 276 403 350 27.07 2 .3.7 0 .16  I 
. 3K7-19 9-30-77 861 .27 6 585 350 27.31 ' 4390 . 2.33  0 .16  h, 

3K7-25 9-30-77 861 27 6 505 350 27 .10  4320 2.32 0 . 1 5  00 
3K7-10 9-30-77 861  276 505 ' 350 26.97 - 2.16  0 .14  
4.5K7-24 9-30-77 861 27 6 585 350 28.01 5100 2 .32  0 .14  
4.5K7-25 . 9-30-77 861 27 6 585 350 28.12 5500 2.34 0 .14  

' spec imene I n  f o g  room a t  1008 r e l a t i v e  ihumldity and 73P 

' ~ ~ e c l m e n e  t e e t e d  a t  250, 350,  and 450P .heated I n  oven a t  75P/dey to t e e t  temperature 

' ~ e e i g n a t e e  t h a t  epeclmen was ueed f o r  e p l i t t l n g  t e n e l l e  teet a f t e r  e l a e t l o  c o n e t a n t e  were determined 



TADLE 6 (conad) - COMPRESSIVE STRENGTll AND ELASTIC PROPERTIES (STATIC METIIOD) 
AT ROOM AND ELEVATED TEHPEMTURES 

Specimen .Date of Teet, Age st Tent, . Time in Time in Temperature Weight Compreaeive Hodulua oL Poleson's 
Number #lo.-day-yr. Dnya Pog Room, Oven at Teat, ,, at Teat, Strength, .Elaeticity, Ratlo 

Oayel 0aye1 P lb' 1 million pal 

"~pocin~ena in Cog room at lOOt rekatlve humidlty and 73P 

'~~ecln~ena teatod at 250, 350, and 4SOP heated In oven at 75P/day to teat temperature 

'~oelgr~atee that apeclmen wae ueed for splitting tenalle teat after elaatlo conatante were determined 



TABLE 6 (coned)  - COMPRESSIVE STRENGTII AND ELASTIC PROPERTIES (STATIC METIIOD) 
AT ROW AND ELEVATED TEMPERATURES 

Bpeoimen Da te  o f  T e s t ,  Age a t  T e a t ,  Time i n  Time i n  Tempera ture  Welgtrt Compreaeive Hodulue o E  Fo ie son ' e  
Number Ho.-day-yr. Dbye Pog R o y ,  Oven a t  T e a t ,  a t  T e a t ,  B t r e n  t h ,  4 . B l a e t i c i t y ,  R a t i o  

Day8  aye' P l b  P* m i l l i o n  p e i  

' specimene I n  f o g  room a t  L O O 8  r e l a t l v e  humid i ty  and 73P . . 

' speclmene t e e t e d  at 250, 350, a n d : 4 5 0 ~  h e a t e d  i n  oven a t  7SP/day to  t e a t  t e m p e r a t u r e  

' ~ e e l g n a t e e  t h a t  epeoimen was ueed lor e p l l t t i n g  t e n s i l e  t e a t  a f t e r  e l a e t l o  c o n a t a n t e  were determined 



TABLB 6 (coned)  - COMPRESSIVB STREN(3TII AND ELASTIC PROPERTIES (STATIC HITIIOD) 
A? ROON AND ELEVATED TENPERATUnEB 

Specimen . Date  of T e e t ,  Age a t  T e e t ,  Time i n  Tlme i n  ~ e m ~ e r s t u r e  Weiglrt Compreseive Hodulue o f  P o l e s o i ~ ' e  
Number Ho.-day-yr. Daye Pog Room, Oven a t  Test; a t  T e s t ,  S t rength ,  . B l a s t l c i t y ,  R a t l o  

0ayeB  ~ a y s '  P l b  1 m i l l i o n  p e l  

3K3-23 9-30-76 4 97 197 300 450 28 .04  SlsO 2 .14  0 . 1 2  
3K3-17 9-30-76 497 . 197 300 450 28..11 - 2.62  0 .10  

' 4.5R3-19 9-30-76 497 197 300 450 27.36 . 4620 1 . 7 5  0 .17  
4.5K3-23 9-30-76 497 197 300 4 50 27 .40  4940 1.67 0 . 1 6  
4.5K3-17 9-30-76 497 197 300 450 27.39 - 1.74 0 .09  
3K3-10 3-31-7 7 679 ' 270 409 450 28.20 4720 1 . 9 1  0 . 1 5  
3K3-12 3-31-75 679.  270 409 4 5 0 .  28.17 4590 1.84 0 .18  
3K3-27 3-31-77 679 270 409 450 27 .91  - 1 . 9 0  . 0.14  
4.5K3-27 3-31-77 679 270 ' . 409 450 27.25 4850 1 -70  0 . 1 6  
4.5K3-21 3-31-77 679 170 409 450 ' 28.29 4 950 1 .77  0 .15  
4.5K3-22 3-31-77 679 270 4 09 4 50 2T.32 . - 1 .96  0 .15  
3K4-16 9-29-77 8 61 270 591' 450 27 .20  3540 1 .28  0 .16  
3K4-19 9-29-77 861 . 270 591 450 2.7.32 . 3630 . 1 . 2 9  0 . 1 8  
3K4-7 9-29-71 861 270 591 450 2 7 . 4 4  - 1 . 5 1  0 . 2 0  
4. 5K4-15 9-29-77 861 270 591 450 . 27.50 4240 1 .50  0 .12  
4.5K4-21 9-29-77 861 270 591 450 27.37 4580 1 .54  0 .09  

1 4.5K4-19 9-29-71 861 270 591 450 27.36 , . - 1 .46  0 .13  
E 
0 

I 
3K5-4 , 9-1-78 1198 283 915 4 50  27 .60  - 1 .55  0 .14  0 
3K5-9 9-1-78 1198 283 915 450 3850 1 .52  0 . 1 2  I 
3K5-27 9-1-78 1198 283 91 5 4 50 3605 1 . 4 2  0 . 1 5  h, 

4.5K5-2 9-1-78 1198 ,: 283 915 4 50 27.39 - 1 .55  0 . 1 1  00 

4.5K5-7 9-1-78 1198 ' '.' . . 283 915' 450 4100 .1.40 0 . 1 1  
4 . 5 ~ 5 - 2 8  9-1-78 1198 . . ,  283 915 450 4165 1 .46  0 . 1 0  

. . 
' ~ ~ e c l ' m e n e  i n  fog room a t  l O O I  r e i a t i v a  huinldlty and 7 3 ~  

. ' ~ ~ e c l m e n e  t e s t e d  a t  250 ,  350, and 45OP heated i n  oven a t  75p/day to'teet temperature ' 

' ~ e e i g n a t e s  t h a t  epeclmen wae ueed for e p l i t t i n g  t e n e l l e  t e a t  a f t e r  e l a s t i c  c o n e t a n t e  were determined 
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FIG. 5 MODULUS OF ELASTICITY OF MOIST-CURED CYLINDERS 





400 800 

TlME IN OVEN, l%YS 

FIG. 7 MODULUS OF ELASTICITY OF CYLINDERS AT 350 F 



TIME. IN. WEN, .DAYS 

FIG. 8 . '.. MODULUS OF ELASTICITY OF CYLINDERS AT 450 F 



A l l .  of t h e .  s o n i c  modulus v a l u e s  were de termined from t e s t s  

o f  the  same c y l i n d e r s  f o r  edch mix. Consequent ly ,  in-batch and 

batch- to-batch v a r i a t i o n s  of t h e  test  specimens d i d  n o t  a f f e c t  

t h e  s o n i c  modulus-age r e l a t i o n s h i p s  o f  t h e  t w o  c o n c r e t e  mixes. 

S t a t i c  modulus o f  e l a s t i c i t y  of t h e  moist-cured c o n c r e t e s  

a l s o  g e n e r a l l y  i n c r e a s e d .  wi th  age. Higher v a l u e s  o f  s t a t i c  

modulus were o b t a i n e d  f o r  . . the 4.5K mix . a t  room tempera ture .  The 

i n c r e a s e  . in modulus of e l a s t i c i t y  d i d  n o t  d i f f e r  a p p r e c i a b l y  f o r  

e i t h e r  mix. S t a t i c  va lues  a t .  a l l  ages  were lower . t h a n  corres- 

ponding v a l u e s  o b t a i n e d  by t h e  s o n i c  method. . . 

Modulus o f  e l a s t i c i t y  v a l u e s  o b t a i n e d  .from tests o f . c y l i n -  

ders heated a t  250F, 350P, and 450F . f o r  p e r i o d s .  r ang ing  from 

3 to 926 days a r e  g i v e n  i n  T a b l e s  6  and shown i n  F igs .  6, 7, 

and 8. G e n e r a l l y ,  t h e  modulus of  e l a s t i c i t y . f o r  both  c o n c r e t e  

mixes dec reased  a s  t h e  h e a t i n g  time i n c r e a s e d .  A t  a l l  tempera- 

t u r e s ,  t h e  r a t e  of  d e c r e a s e  i n  modulus was g r e a t e s t  between 3  

and about  150 days. Lower v a l u e s  of t h e  modulus o f  e l a s t i c i t y  

w e r e . g e n e r a l l y  o b t a i n e d  f o r  t h e . 3 K  mix than  f o r  t h e  4 - 5 8  mix a t  

a l l  t h r e e  t empera tu res .  However, t h e  d a t a  .are n o t  as c l e a r l y  

de f  iried a t .  4 5 0 ~ .  

Temperature had a  ve ry  s i g n i f i c a n t  e f f e c t  on t h e  elast ic  

modulus of t h e  c o n c r e t e s . ,  A t  250F, v a l u e s  of t h e  elastic mod- 

u l u s  dropped from an average  i n i t i a l  v a l u e  of  4.3 m i l l i o n  p s i  t o  

abou t  3.8 m i l l i o n  p s i .  A f t e r  926 days ,  t h e  average  modulus f o r  

both mixes w a s  abou t  3 m i l l i o n  p s i .  A t  350F, t h e  i n i t i a l  mod- 

u l u s  va lue  o f  4.3 m i l l i o n  p s i  was reduced to 3.5 m i l l i o n  p s i ,  



a f t e r  t h r e e  days  of h e a t i n g .  A f t e r  926 days  of h e a t i n g ,  t h e  

modulus v a l u e s  were abou t  2.5 m i l l i o n  p s i .  The d e c r e a s e  i n  mod- 

u l u s  a t  450F a f t e r  o n l y  t h r e e  days  of h e a t i n g  was ve ry  s i g n i f -  

ican . t .  A f t e r  t h r e e  days of  h e a t i n g ,  t h e  modulus- of . e l a s t i c i t y  

was about  2:s , m i l l i o n  p s i  .as compared wi th  an.  o r i g i n a l  v a l u e  of  

4.3 m i l l i o n  p s i .  A t  t h e  end of abou t  922 days. o f . h e a t i n g , ,  mod- . 
u l u s  v a l u e s  f o r  t h e  3 K  and 4.5K mixes were abou t  1.5 m i l l i o n  p s i .  

P o i s s o n ' s  R a t i o  

In fo rmat ion  on P o i s s o n ' s  r a t i o  o b t a i n e d  by t h e  s o n i c  and 

s t a t i c  ,methods a t  73F f o r  both  mixes over  a  p e r i o d  o f  ,1204 days 

is shown i n  F i g s .  9. and 10 and Tab les  5  and 6. 

. P o i s s o n ' s  r a t i o  ' determined by t h e  s o n i c  method remained 

r e l a t i v e l y  c o n s t a n t  f o r  both mi-xes. With t h e  e x c e p t i o n  of  t h e  

d a t a  o b t a i n e d  a t  240 days ,  P o i s s o n ' s  r a t i o  f o r  . t h e  3K mix 

v a r i e d  from 0.21 to  0.25, For t h e  4.5K mix, v a l u e s  of P o i s s o n ' s  

r a t i o  de termined s o n i c a l l y  ranged from 0  -20 t o  0.27. G e n e r a l l y ,  

h igher  v a l u e s  were o b t a i n e d  f o r  t h e  4.5K mix. 

F i g u r e  10 shows t h e  i n f o r m a t i o n  .on P o i s s o n ' s -  r a t i o  a t  73F 

determined by. t h e  s t a t i c  method. P o i s s o n ' s  r a t i o  a p p e a r s  t o  

i n c r e a s e  somewhat wi th  age. G e n e r a l l y ,  h i g h e r  v a l u e s  were 

o b t a i n e d  . f o r  t h e  4.5K mix t h a n .  f o r .  t h e  3K mi.%. 

.- A t  a l l  tes t  d a t e s ,  t h e  s t a t i c  ~ o i s s o n ' s  r a t i o  is . s m a l l e r  

than . the  r a t i o  determined by t h e  s o n i c  method. For t h e  3K mix, 

s t a t i c  v a l u e s  ranged from 0.15 to  0.17. The range  of  v a l u e s  f o r  

t h e  4.5K mix was 0.16 t o  0.19. 
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FIG. 9 POISSON'S RATIO OF MOIST-CURED CYLINDERS - SONIC METHOD 





F i g u r e s  11, 12,  and 13 and Tab le  6 show d a t a  f o r  P o i s s o n ' s  

r a t i o  determined by t h e  s t a t i c  method a t  t empera tu res  of  250,' . 

350, and 4fOF, r e s p e c t i v e l y .  P o i s s o n ' s  r a t i o  d a t a  were very  

e r r a t i c ,  The l a r g e s t  f l u c t u a t i o n  i n  t h e  d a t a  occur red '  a t  450F. 

There a r e  numerous cross-overs  i n  t h e  P o i s s o n ' s  r a t io  c u r v e s  f o r  

t h e  3K and 4.5K mixes at  a l l  t h r e e  t empera tu res .  However, not -  

w i t h s t a n d i n g  t h e s e  . . v a r i a t i o n s ,  . t h e  h igh  t e m p e r a t u r e  v a l u e s  f o r  

~ o i s ' s o n ' s  r a t i o  v a r i e d  between 0.10 and 0-14.  I n  g e n e r a l ,  age 

and t empera tu re  d i d  n o t  have a  .large e f f e c t  on t h e  v a l u e s  of .  

P o i s s o n ' s  rat io . o b t a i n e d  a t  t h e  v a r i o u s  test d a t e s .  

S p l i t t i n g  T e n s i l e  S t r e n g t h ,  

S p l i t t i n g  t e n s i l e  s t r e n g t h  i n f o r m a t i o n  of moist-cured . ' 

c y l i n d e r s  ..of. both  mixes,  over  a p e r i o d  of  1204 days ,  is shown 

i n  Fig .  .14 and Tab le  7 . .  For bo th .  mixes, t h e  s p l i t t i n g  - t e n s i l e  

s t r e n g t h  i n c r e a s e d  r a p i d l y  up t o  abou t  190 days  of age. Beyond 

t h a t  p o i n t ,  s t r e n g t h  dec reased  to a b o u t  350 days ,  and e i t h e r  

l e v e l e d  o f f  o r  i n c r e a s e d  from t h a t  p o i n t  on. The r a p i d  i n c r e a s e  

fo l lowed by a  d e c r e a s e  d u r i n g  t h e  f i r s t  400. days o f .  m o i s t u r e  

c u r e  a t  room tempera tu re  is n o t  ' e a s i l y  exp la ined .  . G e n e r a l l y ,  it 

would be expected  t h a t  t h e  s p l i t t i n g  t e n s i l e  s t r e n g t h  would 

i n c r e a s e  w i t h  age d u r i n g  t h e  mois t -cur ing  p e r i o d .  I t  is p o s s i -  

, b l e  t h a t  . t h e  in-batch and batch-to-batch v a r i a t i o n s  of  t h e  test  ..... 

c y l i n d e r s  a f f e c t e d  t h e  t e s t .  r e s u l t s .  ~ o t w i t h s t a n d i n g  t h e  

i r r e g u l a r i t i e s  i n  t h e  d a t a ,  t h e  1204 day s t r e n g t h  values a r e  

h igher  by over  100 p s i  than  t h e  v a l u e s  o b t a i n e d  a t  30 days .  
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RG. 1 1 POISSON'S RATIO OF CYLINDERS AT 250 F 
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FIG. 12 POISSON'S RATIO OF CYLINDERS AT 350 F ' 
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TABLE 7 -,SPLITTING TENSILE STRENOTI! AT ROOM AND ELEVATED TEMPERATURES 

Specimen Da te  o f  Tea t ,  Age a t  Tea t ,  Time i n  Time i n  Temperature Weight S p l i t t i n g  T e n e i l e  
Number no.-day-yr. Daye Fog Room, Oven a t  Ten t ,  a t  T e e t ,  B t r eng th ,  

 aye' Daye P l b  p e i  

'Specimene i n  fog room a t  . loot  r e l a t i v e  humidi ty  and 73P 

'Specimene t e e t e d  a t . 2 5 0 ,  350, and 450P hea ted  i n  oven a t  75P/day to teet t empera tu re  



TABLE7 fcon 'd )  - SPLITTING TENSILE STRENGTII AT ROOM AND ELEVATED TEMPEMTURES 

Specimen Date  o f  T e a t ,  Age a t  T e a t ,  Time in Tlme I n  Tempera ture  Welght S p J i t t i n g  T e n s i l e  
Number no.-day-yr. Daye f o g  Room, Oven a t  T e a t ,  a t  T e e t ,  S t r e n g t h ,  

 aye' Days F l b  p e l  

'8peclmena i n  f o g  room a t  l O O I  r e l a t i v e  humidi ty  and 73P 

' ~ ~ e c l m e n a  t e e t e d  a t  250, 350, and '  4 5 0 ~ '  hea t ed  i n  oven a y  75P/day to t e a t .  t empera tu re  



TABLB7 (con'd) - BPLITTINC TENSILE STRENGTll AT ROOM AND ELEVATED TEHPERATUREB 

1 Specimen Date  o f  T e s t ,  Age a t  T e e t ,  Tlme i n  Time i n  Temperature Weight G p l i t t i n g  T e n e i l e  
Number no.-day-yr. - Days Pog Room, Oven , a t  T e s t ,  a t  T e e t ,  S t rength ,  L  aye' ; Days F l b  pa 1 

4.5K3-11 12-5-7 5 197 193 4 350 27.55 498 
4.5K3-15 12-5-75 197 193 4 350 27 .65  576 
3K4-U 12-11-75 203 193 1 0  350 27.75 4 50 
3R4-14 12-11-75 203 193 10 350 27 .71  392 
4.5KC-10 12-11-75 203 193 10 350 27.74 515 
4.5KU-14 12-11-75 203 193 10  350 27 .80  511 
3K5-8 12-31-75 223 193 30 350 27.94 478 
3K5-12 12-31-75 223 193 3 0 350 27.94 496 
4.51(5-10 12-31-75 223 193 30 350 27 .65  470 
4 .  5 ~ 5 - 1 4  12-31-75 223 193 30 350 27.43 499 
3R6-6 2-L9-76 2 73 193 80  350 27.54 390 
3K6-8 2-19-76 2 73 193 80 350 27 .61  389 
4; 5K6-7 2-19-76 2 7'3 193 8 0 350 27.06 427 
4.5I6-12 2-19-76 2 73 193 8 0 350 ' 27.24 4 00 
3R7-9 4-29-76 343 193 150 350 27 .11  375 
3K7-14 4-29-76 343 193 150 350 26.93 381 
4.5K3-12 4-29-76 343 193 150 350 27.17 393 

I 
4.5K7-15 4-29-76 343 193 150 350 26 .99  412 
3K8-6 8-27-76 4 63 193 270 350 27.66 409 
3R8-14 8-27-76 4 63 193 270 350 27.39 395 

I 4.5EB-14 8-27-76 4 63 193 270 350 27.61 424 
4.  SEE-15 8-17-76 4 63 193 270 350 27.54 435 
3K6-16 4-1-77 679 276 403 350 27.75 435 
3K6-27 4-1-77 679 276 403 350 27.65 393 
4.586-24 4-1-77 679 276 403 350 27 .35  433 
4.5K6-27 4-1-77 67 9 27 6 403 350 27.07 380 
3K7-10 9-30-77 868 276 585 350 26.97 343 
3K7-24 9-30-77 861 276 58 5 3 50 27.42 380 
4 .  SKI-5 9-30-77 861 276 585 350 27.17 4 59 

' ~ ~ e c i m e n e  I n  f o g  room a t  l O O I  r e l a t i v e  humidity and 73P 

' ~ ~ e c i m ~ ~ e  t e e t e d  at  250,  350,  and 45OP heated I n  oven ay 75F/day to t e e t  temperature 



TABLE 7 (aon'd) - SPLITTING TENSILE STRBNCTll AT nOOH AND ELEVATED TEMPERATURES 

Specimen Date of Teat ,  Age a t  Teat ,  Time i n  Tlme i n  Temperature Height  S p l l t t l n g  T e n s i l e  
Number No.-day-yr. oaye  ~ o g  Room, oven a t  T e s t ,  a t  T e e t ,  S t rength ,  

naye' Daye II l b  PBI 

4.5K7-17 9-30-77 861 276 585 350 27 .01  4 4 1 
3KI-6 9-5-78 1202 276 926 350 27.19 424 
3K7-27 9-5-70 1202 276 926 350 4 24 
4.5X7-2 9-5-78 1202 276 926 350 27 .31  394 
4.5X7-27 9-5-78 1202 276 926 350 378 
3K4-17 12-11-75 203 197 6 450 27 .52  393 
3K4-18 12-11-75 203 197 6 450 27.64 392 
4.5K4-19 12-11-75 203 197 6 4 50 27.69 469 
4.5KQ-23 12-11-75 203 197 6 4 50 27.56 477 
3115-13 12-15-75 207 197 1 0  450 28.14 425 

I 3K5-17 12-15-75 PO7 197 10  450 27.86 387 
4.5K5-23 12-15-75 207 197 10 4 50 27.37 424 

: 4.5K5-27 12-15-75 307 197 10 450 27 .53  463 
1 3K6-10 12-23-75 2 l 5  197 18 4 50 27.92 392 

3K6-19 12-23-75 i 15 197 18 450 27.47 399 
4.5X6-19 12-23-75 115 197 18 4 50 27.29 440 
4.5X6-20 12-23-75 115 197 18 450 27 .15  4 07 

1 3K7-20 1-7-76 130 197 33 450 26.80 387 
ur 3K7-22 1-7-76 130 197 3 3 4 50 27 .03  4 07 
h, 4.5K7-19 1-7-76 130 197 33 450 26.92 436 
1 4.5X7-23 1-7-76 130 197 33 450 26 .73  425 

3KB-13 2-3-76 1 57 197 6 0 450 27.44 39 6 
3K8-24 2-3-76 157 197 6 0 450 27.37 355 
4.5K8-18 2-3-76 157' 197 6 0 450 27.64 426 
4 . 5 ~ 8 - 2 3  2-3-76 a 57 197 6 0 450 27.30 416 
3K9-11 3-15-76 1 97 197 100 450 27 .53  3 93 
3K9-12 3-15-76 197 197 100 450 27.62 396 
4.5K9-14 3-15-76 a 97 197 100 450 27.28 396 
4.5X9-24 3-15-76 297 197 100 450 27.54 409 

' ~ p e c l m e n s  I n  f o g  room a t  l O O N  r e l a t l v e  humldlty and 73P 

' ~ ~ c l m e n e  t e a t e d  a t  250, 350, and 450P heated i n  oven ay 75F/day to t e a t  temperature 



TADLE 7 (con'd) - SPLITTING TENSILE STRENGTll AT ROOM AND ELEVATED TEMPERATURE8 

Spec imen Da te  oe T e e t ,  Age a t  T e e t ,  Tlme i n  Tlme i n  Temperature Welght S p l l t t i n q  T e n s i l e  
Number #lo.-day-yr. Daye Fog Room, Oven a t  T e a t ,  a t  T e e t ,  S t r e n g t h ,  

~ a ~ e '  Daye F l b  1 

18peclmene i n  f o g  room a t  1008 r e l a t k v e  humldi ty  and 73F 

' ~ ~ ~ c l m e n e  t e e t e d  a t  250, 350, and 45& h e a t e d  in oven a y  75F/day to t e a t  t e m p e r a t u r e  



RHO-C-28 

F i g u r e s  15, 16,. and 17 show t h e  e f . f e c t  of  h e a t  soaking t h e  

specimens a t  t empera tu res  of 250F, 350F, and 450F f o r  over  

900 days. Although t h e r e  were some c r o s s o v e r s  i n  t h e  d a t a ,  

g e n e r a l l y  t h e  t e n s i l e  s p l i t t i n g  s t r e n g t h  o f  t h e  mixes dec reased  

wi th  i n c r e a s e d  time a t  e l e v a t e d  t empera tu res .  G e n e r a l l y ,  t h e  

s p l i t t i n g  t e n s i l e  s t r e n g t h  dec reased  wi th  t empera tu re .  The 

g r e a t e s t  d e c r e a s e  was o b t a i n e d  a t  t h e  450F l e v e l .  For t h e  3K 

mix, t h e  s p l i t t i n g  t e n s i l e  s t r e n g t h  was 295 p s i  a f t e r  920 d a y s  

i n  t h e  .oven. Th i s  . compares wi th  an. i n i t i a l  v a l u e  p r i o r  . t o  heat -  

ing  of a b o u t  460 p s i  .' S p l i t t i n g  t e n s i l e  s t r e n g t h  of  t h e  4.5K 

mix dropped. f rom an i n i t i a l  va lue  of  540 p s i  t o  a f i n a l  . v a l u e  

of 352 p s i .  

Compressive S t r e n g t h  

Compressive s t r e n g t h s  of  the,  t w o  c o n c r e t e  mixes d e t e r -  

mined a t  73F on moist-cure c y l i n d e r s  a r e ,  shown i n  F i g .  18 and 

g iven  i n  Tab le  6 . .  G e n e r a l l y ,  compressive s t r e n g t h .  i n c r e a s e d  

wi th  age .. The g r e a t e s t  i n c r e a s e  was between 30 ,and 200 days .  

Beyond t h i s  p o i n t ,  t h e  i n c r e a s e  was much smaller. T h i s  type '  of 

s t r e n g t h  i n c r e a s e  is normal f o r  th 'ese c o n c r e t e  mixes. F i g u r e  19 

shows a r e p r e s e n t a t i v e  age-s t reng th  r e l a t i o n s h i p  f o r  moist-cured 

c o n c r e t e  expressed  as p e r c e n t a g e s  of  t h a t  o b t a i n e d  a t  28 days .  

T h i s  cu rve  r e p r e s e n t s  r e s u l t s  of  many t e s t s  o b t a i n e d  over  a 

p e r i o d  of  y e a r s  a t  t h e  P o r t l a n d  Cement A s s o c i a t i o n .  I t  can be 

seen  t h a t  t h e  most r a p i d  i n c r e a s e  i n  s t r e n g t h  o c c u r s  d u r i n g  t h e  

f i r s t  180 days  of  t h e  pe r iod .  Beyond t h a t  p o i n t ,  s t r e n g t h  

i n c r e a s e s  a t  a much slower r a t e .  
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FIG. I6 SPtllTiNG TENSILE ~ ~ G T H  OF CYUNOERS AT 350 F 
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f lG. 17 SPLITTING TENSILE STRENGTH OF CYUNDERS AT 450 F 
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FIG. 18 . COMPRESSIVE STRENGTH OF MOIST-CURED CYLINDERS 
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AGE OF CONCRETE ( log scale) 

FIG. 19 AGE-STREWTH RELATIONSHIPS FOR MOIST -CURED CONCRETE 



Figures  20, 21, and 22 show compressive s t r e n g t h  test  d a t a  

f o r  t h e  3K and 4.5K mixes heated  a t  250, 250, and 450F f o r  

abou t  920 days.  These d a t a  a r e  a l s o  g iven i n  Tab le  6. For t h e  

most p a r t ,  t h e  compressive s t r e n g t h  d a t a  is very  e r r a t i c .  For 

t h e  3 K  mix, s t r e n g t h  dec reased  w i t h  i n c r e a s i n g  age a t  a l l  t h r e e  

t empera tu res  wi th  t h e  e x c e p t i o n  of t h e  d a t a  a t  450F between 100 

and 400 days  of exposure t o  h e a t .  G e n e r a l l y ,  t h e  compressive 

s t r e n g t h  of  t h e  4-58 c o n c r e t e  dec reased  w i t h  i n c r e a s i n g  time a t  

e l e v a t e d  t empera tu res .  Th i s  t r e n d  is most pronounced a t  t h e  

450F tempera ture .  

S t r e n g t h  dec reased  a l s o  w i t h  i n c r e a s i n g  t empera tu re .  The 

d e c r e a s e  was most pronounced a t  450F. The lowes t  s t r e n g t h  

v a l u e s  o b t a i n e d  were t h o s e  a f t e r  abou t  920 days  a t  450F. I t  is 

i n t e r e s t i n g  t o  n o t e  t h a t  even a f t e r  over  900 .days  exp,osure a t  a 

t empera tu re  of' 450F, t h e  compressive s t r e n g t h s  of  both  mixes 

b a r e l y  'decreased below ' t h e  s p e c i f i c a t i o n  l e v e l s  of 3000 and 

4500 p s i .  

Reasons f o r  t h e  f l u c t u a t i o n s  i n  some o f  t h e  t es t  d a t a ,  

p a r  titularly t h e  compressive s t r e n g t h  d a t a ,  a r e  n o t  c l e a r l y  

d e f i n e d .  Some va t  i a t i o n s  i n  tes t  r e s u l t s  are probab ly  due to  

t e s t i n g  a t  e l e v a t e d  t empera tu res .  Usua l ly ,  test  r e s u l t s  

o b t a i n e d  a t  e l e v a t e d  t empera tu res  show more s c a t t e r  than  t h o s e  

ob ' tained a t  room tempera ture .  

The g r e a t e s t  d i f f i c u l t y  i n  a n a l y z i n g  t h e  d a t a  p robab ly  

r e s u l t s  from batch-to-batch and in-batch v a r i a t i o n s  i n  t h e  
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FIG. 2 0  COMPRESSIVE STRENGTH OF CYLINDERS AT 250 F 
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FIG. 21 . ' COMPRESSIVE STRENGTH OF CYLINDERS AT 350 F 
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FIG. 22 COMPRESSIVE STRENGTH OF CYLINDERS AT 450 F 
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o r i g i n a l  s t r e n g t h  of  t h e  specimens r T e s t s  were made ,on two 

c y l i n d e r s  of each of t h e  b a t c h e s  of t h e  3K and 4.5K mixes a f . t e r  

879 days  of  mois t -cur ing  t o  de te rmine  t h e  room tempera tu re  

s t r e n g t h s .  

For t h e  3 K  mix, s t r e n g t h s  v a r i e d  from abou t  4200 t o  6200 

p s i ;  f o r  t h e  4.5K mix, v a r i a t i o n s  i n  s t r e n g t h  were. from a b o u t  

5100 p s i  to around ,7200 p s i .  In-batch v a r i a t i o n s  ranged from 

abou t  200 p s i  to 1300 p s i .  Undoubtedly, t h e s e  v a r i a t i , o n s  i n  

s t r e n g t h '  a f f e c t e d  .. t h e  test r e s u l t s .  I t  is p o s s i b l e  t h a t  t h e s e  

v a r i a t i o n s  i n  s t r e n g t h  - a r e  masking t h e  i n d i c a t e d  downward t r e n d  

of compress ive .  s t r e n g t h  wi th  i n c r e a s i n g  t i m e .  of ,exposure t o  

e l e v a t e d  t empera tu res .  For  example, i f  t h e  3-day , s t r e n g t h s  were 

determined on c y l i n d e r s  having compressive s t r e n g t h  a t  t h e  lower 

range ,of i n i t i a l  s t r e n g t h s ,  arid t h e  900-day s t r e n g t h s  were 

determined on c y l i n d e r s  having i n i t i a l l y  .high compressive 

s t r e n g t h s ,  t h e  . e f f e c t  of exposure  t i m e  and t empera tu re  on . t h e  

compressive s t r e n g t h  would be. d i f f i c u l t  ' to  e v a l u a t e .  

P e t r o g r a p h i c  a n d . F r a c t o g r a p h i c  Analyses  .- . . . .. 

D e t a i l e d  in fo rmat ion  .concerning. t h e  p e t r o g r a p h i c  and f r a c t o -  

g r a p h i c  w o r k i s  g i v e n  i n  Appendix 2, A s u m x y  of  t h e  major 

f i n d i n g s  of . t h e s e  a n a l y s e s  fo l lows .  . . 

P e t r o g r a p h i c  .Ana lys i s .  .. . . .. .. 

Samples of  28 c y l i n d e r s  of  l abora to ry -p repared  c o n c r e t e ,  

s t o r e d  a t  v a r i o u s  t empera tu res  f.or d i f f e r e n t  l e n g t h s  o f  t i m e ,  

were examined w i t h  a  p o l a r i z e d  ' l i g h t  microscope and stereomicro- 



scope  t o  de termine  t h e  m i c r o s t r u c t u r a l  - e f f e c t s  o n .  t h e  p a s t e  and 

t h e  pas te -aggrega te  bond. 'An a t t e m p t  was made t o  d i s c e r n  t h e  

p r o g r e s s i v e  changes i n  m i . c r o c r y s t a l l i n e  t e x t u r e  of  t h e  p a s t e  a s  

f u n c t i o n s  of d u r a t i o n  and tempera. ture of  s t o r a g e .  The. d u r a t i o n  

of s t o r a g e  ranged f r o m . 3  t o .  270 days. ,. Temperatures were 250F, 

350F, and 450F. , .  

From t h e  t e s t ,  i t  was concluded t h a t  ca lc ium .hydroxide  b i re- ,  

f r i n 9 e n c i . e ~  ahowed no c l e a r l y  d e f i n e d  c o r r e l a t i o n  w i t h  tempera- 

t u r e  of s t o r a g e .  A 't' tes t  f o r  s i g n i f i c a n t  d i f f e r e n c e  between. 

t h e  250F and 350F d a t a  when, compared w i t h  t h e  450F d a t a  g i v e s  

a va lue  o f  1.28. . This  s u g g e s t s  t h e  p o s s i b i l i t y  t h a t  a real  d i f -  

f e r e n c e  e x i s t s ,  but  impl ies  t h e  n e c e s s i t y  . f o r  a d d i t i o n a l  d a t a .  

I n  terms o f .  s t o r a g e  t i m e ,  samples s t o r e d  - a t  270 . d a y s .  r e v e a l e d  

r e l a t i v e l y  h igh b i r e f  r i n g e n c i e s  ., A " t" test f o r  s i g n i f i c a n t  

d i f f e r e n c e  i n  t h e  b i r e f r i n g e n c i e s  of t h e  1 t o  100-day samples 

a s  compared w i t h  ,150 to 270-day samples .  r e s u l t s  i n  a v a l u e  of  

1.37. T h i s .  a g a i n  s u g g e s t s  a d e f i n e d  r e l a t i o n s h i p  and need f o r  

a d d i t i o n a l  d a t a .  

Both 't' tests show c o r r e l a t i o n s  a t  a 90% p r o b a b i l i t y  l e v e l ,  

b u t .  b e t t e r  r e l a t i o n s h i p s  are r e q u i t e d .  

The . f r a c t u r e d  s u r f a c e s  of  the. p e t r o g r a p h i c  samples were 

broken wi th  a hammer and r e v e a l e d  an obv ious  weakening of  t h e  

pas te -aggrega te  bond. I t  appeared t h a t  a s i g n i f i c a n t  r e d u c t i o n  

of  t h e  s t r e n g t h  of  t h e  pas te-a&gregate  bond occur red  a f t e r  

c o o l i n g  and r e t u r n i n g  to toom tempera tu re  c o n d i t i o n s .  



. - 
F r a c t o g r a p h i c  A n a l y s i s  

F r a c t u r e d  s u r f  a c e s .  of 202 c y l i n d e r s .  broken by compression 

and by s p l i t t i n g  t e n s i l e  methods were examined-. The c y l i n d e r s  

r e p r e s e n t e d  c o n c r e t e  . s , tored  a t  : v a r i o u s  . l eng ths .  of t i m e  a t  tern- 

pe ra tu r : e s  o f  73, 250, 350, ,450B.. 

Data ob ta ined  from t h i s  examinat ion  s u g g e s t s  t h e  p o s s i b i l i t y  

of major e f f e c t s  o f  both  t empera tu re  and time on t h e  t y p e  o f  

f r a c t u r e  produced i n  compression and s p l i t t i n g  t e n s i l e  tests. 

However, t h e  f r a c t o g r a p h i c  examinat ion  was conducted a f t e r  t h e  

c y l i n d e r s  . had c o o l e d .  t o  . room tempera tu re .  Cooling p robab ly  

produced a p o o r l y  understood r e l a x a t i o n  e f f e c t  on t h e  p a s t e -  

a g g r e g a t e  bond. - This  may have .weakened t h e  conc- re te  . R e s u l t s  

are. i n c o n c l u s i v e .  a t .  t h i s  time. 

SUMMARY 

The fo l lowing  o b s e r v a t i o n s ,  a r e  based on r e s u l t s  o f  t e s t s  .on 

6-in. d iameter  x 12-in. long  c y l i n d e r s  of  3K and 4.5R Hanford 

c o n c r e t e  mixes. 

T e s t s  were made to  de te rmine  nodulus  of e l a s t i c i t y  and 

P o i s s o n l s  r a t i o .  These c o n s t a n t s  were determined a t  r o o m  tern- 

p e r a t u r e  us ing  s o n i c  (dynamic) and s t a t i c  test methods. Ele- 

va ted  t empera tu re  tests were made u s i n g  t h e  s t a t i c  method. 
. .  . 

Compressive - ' 's trength and s p l i t t i n g  t e n s i l e  s t r e n t h  were a l s o  

determined by t h e  s t a t i c  t e s t  method a t  room and e l e v a t e d  

t empera tu res .  P e t r o g r a p h i c  and f r a c t o g r a p h i c  a n a l y s e s  were 

made on c y l i n d e r s  t h a t  were t e s t e d  a t  room' and e l e v a t e d  



t empera tu res .  These a n a l y s e s  were made a f t e r  t h e  c o n c r e t e  had 

cooled  t o  room tempera ture .  

1. The modulus of e l a s t i c i t y  o f  moist-cured s p e c i -  

mens i n c r e a s e d  wi th  age. Higher v a l u e s  . were , .obta ined.  f o r  

t h e  4.5K mix. A l s o ,  h igher  v a l u e s  .were o b t a i n e d  b y .  t h e  

s o n i c  method. 

2. The .modulus. 'of e l a s t i c i t y  o f  each c o n c r e t e  mix 

decreased wi th  i n c r e a s i n g  exposure  t ime t o  e l e v a t e d  t e m -  

p e r a t u r e s .  The 1a rges . t  d e c r e a s e  occur red  d u r i n g  t h e  f i r s t  

30 days of  exposure. , .  

3. The modulus ..of e l a s t i c i t y  d e c r e a s e d  w i t h  

i n c r e a s i n g  tempera ture .  A t  250F, a f t e r  over  900 days of  

exposure ,  modulus. va. lues- .  averaged o n l y  a b o u t  50% o f  t h e  

i n i t i a l  va lues .  A t  350F, f i n a l  - average  -modulus v a l u e s  were 

45% o f  t h e  i n i t i a l  v a l u e s .  A f t e r  over  900 days  exposure  a t  

450F, modulus v a l u e s  f o r  t h e  two c o n c r e t e  mixes were o n l y  

30% o f  t h e  i n i t i a l  va lues .  

4. With t h e  e x c e p t i o n  of  t h e  d a t a  a t  240 days ,  v a l u e s  

o f  P o i s s o n ' s  r a t i o  o b t a i n e d  f o r  bo th  c o n c r e t e s  by t h e  s o n i c  

method remained r e l a t i v e l y  c o n s t a n t  over  t h e  1204 day moist-  

c u r e  exposure  p e r i o d  a t  73F. Values o b t a i n e d  were s l i g h t l y  

h igher  for t h e  4.5K mix than  f o r  t h e  3 K  mix. 

5. P o i s s o n ' s  r a t i o  o b t a i n e d  by t h e  s t a t i c  method on 

r o o m  t empera tu re  specimens mois t-cured f o r  1204 days  

i n c r e a s e d  s l i g h t l y  wi th  i n c r e a s i n g  age. Higher v a l u e s  were 

o b t a i n e d  f o r  t h e  4.5K mix than  f o r  t h e  3K mix. Values 



ranged from abou t  0.15 t o  0.19. Values o b t a i n e d  by t h e  

s t a t i c  method were s m a l l e r  than  t 6 o s e  o b t a i n e d  by t h e  s o n i c  

method, 

6 ,  E leva ted  t empera tu re  P o i s s o n ' s  r a t i o  d a t a  were 

very e r r a t i c  wi th  numerous c r o s s o v e r s  i n  t h e  c u r v e s  f o r  t h e  

3 K  and 4.5K mixes. High t empera tu re  v a l u e s  f o r  P o i s s o n ' s  

r a t i o  v a r i e d  between 0.10 and .0.14. I n  g e n e r a l ,  .age and 

t empera tu re  d i d ,  n o t  have a l a r g e .  e f f e c t  on t h e  , v a l u e s  

o b t a i n e d  f o r  P o i s s o n ' s  r a t i o .  

7. F o r . b o t h  mixes, s p l i t t i n g . ' t e n s i l e  s t r e n g t h . a t  

room. tempera tu re  . i n c r e a s e d  . r a p i d l y  up t o  ,200 days and . then  

dec reased  to abou t  350 days.  Beyond t h i s  p o i n t ,  s t r e n g t h s  

e i t h e r  l e v e l e d  o f f  or - i n c r e a s e d .  

8 ,  Although t h e r e  .was some f l u c t u a t i o n  i n  t h e  d a t a  

a t  t h e  t h r e e  e l e v a t e d .  t e s t  t e m p e r a t u r e s i  g e n e r a l l y  t h e  

t e n s i l e  s p l i t t i n g  s t r e n g t h ' o f  both  mixes dec reased  w i t h  

i n c r e a s i n g  age and h i g h e r  tempera ture .  The l a r g e s t  

' d e c r e a s e  i n  s p l i t t i n g  t e n s i l e  s t r e n g t h  was o b t a i n e d  a t  t h e  

450F t empera tu re ,  a f t e r  over  900 days of  exposure .  I_ 

9. c-- . -  ~, -&-. w p r e s s i v e  s t r e n g t h  obtained f r  am both  con-. 

c r e t e s  moist-cured a t  73F f o r  1204  days  i n c r e a s e d  w i t h  

i ~ ~ c r e a s i n g  age.  The most rapid s f t e n g t t i  i n c r e a s e  o c c u r r e d  

dur ing  t h e  f i r s t  200 days. 

10. Gampressive s t r e n g t h .  test  d a t a  f o r  t h e  - two con- 

c r e t e s  heated  a t  250F, 350F, and 450F were very  e r r a t i c .  

For m o s t . c a s e s ,  s t r e n g t h  dec reased  w i t h  i n c r e a s i n g  t i m e  o f  



exposure  .and a l s o  dec reased  wi th  i n c r e a s i n g  t empera tu res .  

The lowest v a l u e s  o b t a i n e d  were a t  450F a f t e r  over  ,900 days  

exposure .  It  is s i g n i g i c a n t  t o  n o t e . t h a t  a f t e r  t h i s .  

ex tended pe r iod  of  exposure  . to  t h e s e  e l e v a t e d  t e m p e r a t u r e s ,  

c o m p r e s s i v e : ~ s t r e n g t h s  o f  both  mixes were b a r e l y  below t h e  

s p e c i f i e d  minimum l e v e l s  of  3000 and 4500 p s i .  , 

11. Samples of both  c o n c r e t e s  s t o r e d  from 3 t o .  270 

days  a t  250, 350, 450.F were examined to.  de te rmine  t h e . m i c r o -  

s t r u c t u r a l  e f f e c t s  of t empera tu re  and d u r a t i o n  of exposure  

on t h e  p a s t e  and pas te -aggrega te  bond. From t h e s e  s t u d i e s  

it was concluded t h a t  calcium hydroxide  b i r e f r i n g e n c i e s  

showed no c l e a r l y  d e f i n e d  c o r r e l a t i o n  w i t h  t empera tu re  o f  

s t o r a g e  o r  wi th  l e n g t h  of  s t o r a g e .  

12. Data were o b t a i n e d  from t h e  f r a c t o g r a p h i c  

examinat ion  of  over  200 c y l i n d e r s  broken i n  compression o r  

by t h e  s p l i t  t e n s i l e  method. These r e s u l t s  s u g g e s t  t h e  

p o s s i b i l i t y  of major e f f e c t s  of  both  t empera tu re  and t i m e  

of  s t o r a g e  a t  t h e s e  t empera tu res  on t h e  t y p e  of  f r a c t u r e  

produced. These tests were performed on c y l i n d e r s  exposed 

f o r  various l e n g t h s  o f  time to  t empera tu res  of 73F, 250F, 

350F, and 450F. S i n c e  t h e  f r a c t o g r a p h i c  examinat ion  was 

. conducted a f t e r  t h e  c y l i n d e r s  had coa led  to  room 

tempera tu re ,  it a p p e a r s  t h a t  a p o o r l y  understood r e l a x a t i o n  

e c f e c t  on t h e  pas te -aggrega te  bond due to  c o o l i n g  may have 

weakened t h e  concre te .  Thus, it .was d i f f i c u l t  to  i n t e r p r e t  

t h e  r e s u l t s  of  t h e  f r a c t o g r a p h i c  examinat ion .  
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A P P E N D I X  1 - - - - - - - -  - 
PETROGRAPHIC AND FRACTOGRAPHIC ANALYSES 



PETROGRAPHIC ANALYSIS OF BEATED TEST SPECIMENS 

Samples of 28 cylinders of lab-prepared concrete, 

stored at various temperatures for different lengths of 

time, have been studied with a polarized-light microscope 

and stereomicroscope to determine the microstructural effects 

on the paste and the' paste-aggregate bond; An attempt was 

made to discern the progressive changes in microcrystalline 

texture.of the pastes as functions of duration and,tempera- 

ture of storage. Duration. of . .  storage ranged from 3. to 270 

days ' (after a l93day initial cure at 73F and 100% RH) . Tem- . . 

peratures. were 250, 350 and 450F. . . 

METHODS 

Cylinders representing specified time and tempera- 

ture combinations were withdrawn from storage ovens and, 

after a few hours of cooling in the lab atmosphere, a 

2.5 cm-thick slice was cut transversly on a water-cooled 

saw. A small block cut from the interior of the slice 

with an oil-cooled saw, was lapped dried at 50°c, and 

mounted standard petrographic glass slides with epoxy. 

Thin sections were ground to approximately 10-20 microns thick- 

ness and protected with. cover glass loose-mounted in epoxy. 

The thin sections were labeled and most were'numerically 

coded so that they could be described without prior bias 

as to duration of storage and temperature. 

Optical properties of any solid material are 

functions of chemical composition and conditions of for- 

mation (temperature and pressure). After genesis, some phases 



are thermodynamically sensitive to changes .in these con- 

ditions, with consequent changes in some .optical properties. 

Calcium hydroxide, one of the principal hydration products 

of portland cement, normally occurs in crystal sizes large 

enough for optical examination in polarized light and 

determination of birefringence. 

Birefringence is the numerical difference between 

the maximum.and minimum indices of refraction of an anisotro- 

pic crystalline solid and can be related to the crystal 

thickness (thin-section thickness) in the following equation: 

where 

X = wavelength of transmitted light in millimicrons (540)' . . 
' 

9 = degrees of analyzer. rotation on-.the microscope 

B = birefringence of the crystalline.solid 

t = thickness . . 

Assuming a'quartz birefringence of..009, thickness . . 

of the concrete thin section was determined by.averaging 

several measurements of 8 on 6 to 8 grains of quartz. Using 

.this calculated value.of thickness; the average birefringence 

of calcium hydroxide in the same W i n  section was determined . . 

by examination of 8 to 10 crystals in the portland cement 

paste of the concrete. Birefringence data are given in 

Table 1. 

Data groups in terms of temperature and duration 

of storage are presented in Table.2. 



DESCRIPTION OF THE CONCRETE 

Coarse aggregates in the concrete are principally 

basalt, dolerite, and gabbro, with lesser amounts of 

quartz,:plagioclose, and biotite gueiss.. Fine aggregates 

are fragments of the above-mentioned rocks.; and in addition, 

metasandstones of various. types, metaquartzite, .quartz 

diorite, and argillite. No reaction products of potentially 

reactive aggregates .were. noted. . . 

The paste , which is formed by:' the . combination 

of water and cement contains, in addition'to hydration 

products, unhydrated portland. cement grains (UPC1. s ) -  and 

air voids. Hydration products.are primarily. calcium sili- 

cate hydrates. and calcium hydroxide, the latter having 

crystals large enough in normal concrete for determination 

optical properties. 

Calcium hydroxide occurs .in pastes as 1) . aggre- 

gate fringes, . 2) 'concentrations in ..the paste, 3) finely 

dispersed.anidst other-hydration products, and 4). air-. 

.void fillings. Only the first two occurrences are con- 

sidered in this report.. Calcium hydroxide, in.pure form, 

is assumed to have the properties listed in Taylor (1964) 

p. 352: 

Hexazonal system 

Refractive indices of 1.573 and 1.545 

Birefringence 0.028 

It is clear that the birefringence determined 

for calcium.hydroxide .in the present report does not equal 



that stated by Taylor, even. for the "control" specimen 

(thin secti.on No. 2) . 
The products of hydration. are aggregated in 

paste to form a microcrystalline mosaic-an intimate inter- 

growth of princ.ipally calcium silicate hydrate and calcium 

hydroxide - 'the amounts ' of ,which .are . determined. largely 
by the quantities. of cement and water. Individual crystals 

comprising the microscrystalline mosaic are normally in 

the.range of 0.1-10.0 microns, with a submicron average. 

The average size is beyond resolution i.n a polarized-light 

microscope, thus all of the calcium hydroxide birefringence ' . 

measurements in the present study were made on relatively 

large, probably impure crystals or groups of crystals. . 
It is thought that the nodal. crystal sizes of 

calcium silicate hydrate and calcium hydroxide would show 

progressive changes with temperature and duration .of 

storage. Howeveri because of the small crystal. size and 

optically indefinite crystal boundaries, measurements could 

not be reliably made. Perhaps., examination of a polished 

and etched surface with a scanning electron microscope (SEMI 

would show progressive changes in crystal size. .The SEM 

allows only observation of. size and morphology (form) to the 

exclusion of other optical properties, thus the method 

has some limitations. 

During sample preparation for thin sectioning, 

slight differences.in tenacity of paste-aggregate bond were 

.'~aylor, H.F.W.,. Chemistry of.Cements,.~cadernic press, New 
York, 1976 . . 
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noted. Thus, using the categories given below on hand speci- 

mens (slices 2.5-3.0 in. thick) broken with a small hammer, 

the relative differences of paste-aggregate tenacity were 

' determined. 

Rank. ' - 
1.0 all coarse aggregates.sheared . . 

2.0 most sheared, a few not broken 

3.0 approximately equal proportions of sheared 

and non-broken aggregates 

4.0 most aggregates not sheared (pullouts common), 

but a .few aggregates broken 

5.0 . All coarse .aggregates remain. unbroken 

(pullouts abundant) 

Of 40 samples examined.(Table. 3), tenacity of 

the paste-aggregate bond averages 4.6.. (s.td. dev. = 0.52), 

thus in almost all.of the.samples pullouts and unbroken 

aggregates characterize the hammer-fractured'surface. . Samples 

giving relatively low values .are: 

4. 53/35b0/4 days- 3.0 

3 K  C o n e e l -  - 3.2 .(no heat treatment)' 

31C/450°/6 days - 3.5 . . .  

Thus, it appears that significant reduction of the 

strength of the paste-aggregate bond occurs after cooling and 

returning to room temperature conditions. 

Air contents, estimated on broken surfaces of 40 

cylinder samples have an average of 2.8% (std. dev.= 0.86%). 



Comparatively high tenacity values generally correlate with 

relatively high air contents. 

CONCLUSIONS 

Calcium hydroxide birefringences show no clearly 

defined correlation with temperature of storage, judging 

from the averages given in Table 2. A "tn test for a signi- 

ficant difference between the 250 + 350F vs. 450F data gives 

a value of 1.28 which suggests the possibility that a real 

difference exists, but implies the necessity for additional 

data. In terms of storage times, samples stored for 270 

days revealed relatively high birefringence. A "tn test for 

significant difference in the birefringences of the 1-100 

days vs. 150-270 day samples results in a value of 1.37 

which, again, suggests a poorly defined relationship and the 

need for additional data. Both "tn tests show correlation at 

90% probability level, but better relationships areusually 

required. 

Examination of.the fracture surfaces.of samples 

broken with a hammer revea1:an obvious weakening of the . ,  

paste aggregate bond. Apparently, desiccation of'the concrete 

during storage for appreciable lengthsof time at moderately 
. . 

,,high temperatures dehydrates the cement hydration products, 

resulting i n  submicroscopic contraction of the paste, and 

consequently weakening its bond with aggregateafter cooling. 

' An additional factor contributing to rupture of the bond may 

be related to relaxation of thermally induc.ed~stresses arising 



from dif ferent ia l  expansion of various aggregate minerals. 

a t  the  paste 'contact. .. 



TABLE 1 

THIN SECTION LIST .AND BIREFRINGENCE OF CALCIUM HYDROXIDE 

Code No. Concrete Temperature:: Time. : :, Average 
F Days. Birefringence 

1 4.5K 450 100 .0125 

2 3K Control -0202 
Specimen 

3 3~ 450 100 .0108 

4 4.5K 450 6 -0208 

5 3K 450 6 -0159 

6 3K 350 4 .0120 



TABLE 2 

BIREFRINGENCE VS. TEMPERATURE AND DURATION OF STORAGE 

. . . .  . .  
1-10 days 

-0208 

.0159 

00120 

-0197 

0173. 

0091 

-0178 

-0117 

-0186 

n = 9  

a .0040 - 
x = -0159 . 

60-100 days 150-170 days 

.0113 

-0142 

.0179 

.0203 

-0187 

-0087 

n = 6  

cr = -0046 - 
x = -0152 

270 days 



TABLE 3 

Specimen No. 

4.5K 350/4d 
3K Control 
3K 450/6d 
4.5K 350/80d 
4.5K 250/3d. 
3K 350/.4d 
4.5K 450/6d 
3K 250/150d 
4.5K 250/6 ' 

3K 450/18d 
4.5 450/18d 
3K 350/10d 
4.5K 450110d 
4.. 5K. 450/100d 
3K 450/101d 
4.5K250/15Od 
4.5K 350/150d 
3K 450/33d 
3K 450/ - 
4.5K 450/60d 
4.5K -350/30d 
3K 250/6d 
,3K'250/80d 
4.5K 350/10d 
3K 350/30d 
4.5K 250/30d. 
3R 25 0/30d 
3K 350/15,0d 
4.5K 450/170d 
3K 450/60d 
4.5K 250/80d 
3K 350/80d . 

4*5K450/33d., 
3K 450/10d 
4.5K 250/270d 
4.5K 350/270d 
3K 251)/270d 
3K 350/270d 
4.5K 450/270d 
3K 450/270d 

AIR CONTENT AND TENACITY 

Estimated 
Air Content-% Fracture Surface 

- 5 (bubbles around aggregates) 
5 

4.75 (bubble clusters). 
4.75 (bubbles. around aggregates). 

4.75 

5 
4.5 (lapped) 
4.5 (lapped) 
5 
5 
5 

5 (bubbles around-aggregates) 
5 



FRACTOGRAPHIC ANALYSIS OF BROKEN TEST SPECIMENS 

Fracture surfaces on 202 concrete cylinders broken 

by compressive or split tensile-methods have been examined. 

The cylinders represent concrete stored for various lengths 

of time at temperatures of 70, 250, 350, and 450F. Each 

fracture surface was categorized with the following numerical 

scale: 

1. Aggregates sheared, very few pullouts 

2. Most aggregates broken, . some. not 

3. Sheared and unbroken aggregates about equal 

4. Some aggregates broken, pullouts abundant 

5. Very few aggregates broken, pullouts very 

abundant. See photos. ,, 

Observational data are given in Table I. 

Relationship of Fracture Surface to Temperature 

Comparison 09 types of fracture surfaces produced 

in compression and split tensile tests, using a t-test on 

average values, indicate significant differences between 

compressive test surfaces at 7OF and thocc at 450P (95% level). 

Insignificant differences, determined in the same 

way, are indicated for surfaces produced by split tensile 

.test (70F and 450F). 

Inspection of the data in Table I suggests obvious 

differences in compressive vs. split tensile surfaces. 

The typical surface produced in compressive shows a relatively 



l a r g e  number of pu l lou t s  and few broken aggregates (Ave = 

4 . 6 0 )  . In  c o n t r a s t ,  t h e  sur face  produced by t h e  s p l i t -  

t e n s i l e  test revea l s  comparatively f e w e r  pu l lou t s  and more 

broken aggregates (Ave = 3.63.) -. Average standard deviat ions.  

f o r  compressive and t e n s i l e  test d a t a  a r e  0.17 and 0.05, 

respect ive ly ,  , indicat ing r e l a t i v e  uniformity i n  t h e  t e n s i l e  

tes t .  data.  

Relationship of Frac ture  Surface t o  Duration o f .  

Storage ' . ' 

Date presented i n  Table 1 were grouped i n t o  two 

s torage  ca tegor ies :  4 t o  101 days of s torage  and 150 t o  

679 days of s torage.  Fracture sur faces  produced by com- 

pression tests are no t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  95% 

probab i l i ty  l e v e l ,  using a t-test, f o r  concrete  i n  both 

s torage  ca tegor ies .  

Average compression t e s t . v a l u e s  a re .4 .58  and 

4 .63  f o r  t h e  4 t o . 1 0 1  day and 150 t o  679 day .ca tegor ies ,  

respect ive ly .  

Fracture.  sur faces  formed i n . . t h e  s p l i t  t e n s i l e  

t e s t  a r e  s i g n i f i c a n t l y  d i f f e r e n t   at t h e  95%. l e v e l ,  using 
- .  

t he  same ca tegor ies  and statist ical  t e s t .  Average va lues  

a r e  3.57 and 3:76 f o r  t h e  4 t o  101 day and 150 t o . 6 7 9  day . . 

categor ies ,  respect ive ly .  

CONCLUSIONS 

These d a t a  suggest the p o s s i b i l i t y  of major 

e f f e c t s  of both temperature and time on. t h e  t y p e  of f r a c t u r e  



Bc 

produced in compression and split tensile tests. However, 

all the tests were conducted after the cylinder had cooled 

to room temperature, thus, possibly producing a poorly 

understood "relaxationn effect in the paste-aggregate bond, 

and weakening the concrete. Partial elimination of cement 

water of hydration and subsequent paste recrystallization 

may accountfor. strength decrease with time and temperature. 

Recrystallization normally invo1ves:an increase: in crystal 

size but this was not observed by thin-section microscopy. 

Use of a scanning electron microscope may yield conclusive 

data. 



Photo 1 - Compression Test Cylinder 458 4-28, 
stored at 70F for 30 days, with a 
fracture surface rating of 4.6. 
Note numerous sockets (pullouts) 
and relatively few broken aggre- 
gates 

Photo 2 - Split Tensile Test Cylinder 45K 4-29, 
stored at 7OF For 30 days, w i t h  a 
fracture surface rating of 3.5 Two 
centimeter scale, 



Photo 3 - Compression T e s t  Cylinder 45K 3-21, 
stored a t  450F for 487 days, ranking 
4 . 7  on the relative scale and showing 
mostly pullouts and very few broken 
aggregates. Two centimeter scale.  

Photo 4 - Spli t  Tensile T e s t  Cylinder 45K 3-22, 
stored a t  450F for 487 days, which 
ranks 3 .7  on the fracture surface 
scale and shows abundant pullouts. 



Pho to 5 - Compression Test Cylinder, 4.5XS-9,  
moist cured for 679 days, with a 
fracture surface ranking of 3.6. 
Note relatively numerous broken 
aggregates. 

Photo 6 - Split Tcsnstle-Test Cylinder, 4.5K 
8-29, moist-cured for 679 days. 
Fracture surface has relatively 
few pullouts and masly broken aggre- 
gates, with a ranking of 3.5 on the 
relative scale. 

4 * 
4< 
t.; 
tE 



TABLE I 

FRACTURE SURFACES ON TESTED CYLINDERS 

C y l i n d e r  N o .  

45K 4-29 

4% 4-26 

3K 4-28 

3K 1-4 

3K 4-2.6 

3K 4-30 

45K 6-28 
45K 4'-.29 

45K 1-11 

45K 2-15 

3K 6-28 .' 

3K 7-7. 

45K 9-1 

3K 9-1 

S p l i ' t  T e n s i l e  

3.5 

3.5 
- 
- 

3.5 
- ' 

- .  



TABLE 1 (.CONTINUED) 

FRACTURE 'SURFACES ON TESTED CYLINDERS 

C y l i n d e r  N o .  Temp/Days Compress ion S p l i t  T e n s i l e  

3K 5-3 250/150 4 . 8  - 
3K 5-7 250/150 o 4 . 0  

45X 5-5 . . 250/150 4 . 7  - 



TABLE 1 (CONTINOED) 

FRACTURE SURFACES ON TESTED CYLINDERS 

Cylinder No. Temp/Days Compression Split Tensile 



TABLE 1 (CONTINUED) 

FRACTURE SURFACES ON TESTED CYLINDERS 

Cylinder N o .  Temp/Days  C o m p r e s s i o n  S p l i t  T e n s i l e .  



TABLE 1 (CONTINUED) 

FRACTURE:SURFACES ON TESTED CYLINDERS 

Cylinder No. . Temp/Days Compression Split Tensile 

45K 6-20. . 450/18 - 3 0 7  
3K 6-19 450/18 o 3.6 
3K 6-23 . '  450/18 4 ..7 o 

3K 6-10 450/18. . . -  4.0 



TABLE .1 (CONTINUED) 

. FRACTURE. SURFACES ON: TESTED CYLINDERS 

Cylinder No. 

3K 8-24 

45K 8-23 

45K 8-30 

45K 8-18 

45K 8-17 

45K 9-14 

45K 9-24 

3K 9-11 

3K 9-12 

3K 5-20 

3K 5-13 

3K 5-17 

45K 5-16 

45K 5-27 

45K 5-23 

45K 5-20 

45K 3-23 

45K 3-19 

Compression Split Tensile 



TABLE 1 (CONTINUED,) 

FRACTURE SURFACES ON TESTED CYLINDERS ' . ' 

Cylinder No. 

3K 9-14 

4.5K 8-29 

3K 8-28 

45K 5-9 

3K 5-28 

45K 3-21 

45K .3-27 

3K 3-12 

3K 3-10 

45K 3-22 

3K 3-26 

45K 3-2 

3K 3-27 

45K 8-26 

3K 9-29 

3K 9-17 

4% 8-16 
45K 6-27 

3K 6-27 

4 5 K  .6-24 

3K 6-26 

Compression 

4.7 
0 

Split Tensile. 
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. . . . .  &'HCCT. NO. CR1480 A W I  . ---- 
L THE PORTLAP1D CEMENT AS:SOC I AT I ON ---- 
I PLD ORCHFtRD RORD - :ZKDKIE 2 ILL'INOI:2' . , . 

TABLE 5 - BHTCH INBREDPEP4TS HNIl FHYS ICAL  FROFERT I E S  OF CONCRETE 
. . 

. . 

. -  PlIX NO 3K 3 DATE 23 MAY 75 . T I ME ' 0'33 O - 
-. 

C . . 

r MHTER I ALS . . 
. . . . . . . . .  CEMENT . .LONE STAR P . C  co TI'PEII 

. . .  
. . 

F I N E  AGGREGATE . . ' 1'-S . '. . . 
. . . . .  

. . 
. . 2-NOPIE 

I . . . . 
COkESE HCCEEGATE.. 1-R 

. . 
2-NONE 

. BATCH I NGRED I ENTS . 

CEMENT. . . . . . . . . . .  LBz/CU 5'0 438.  . EG:s./ClJ Y D  . 5..30 
F I N E  RG5REGATE . . 1 ', . : 1217.. 

2 . .  0.00 
HDMIXTURE. . . .  . ' I . .  . 0 - 2 0  

e . .  . .  . Q.~:IO 
277 . SJATEF!. . . . . . . . . . .  .. . . BHLs/I:lJ 'i'D 3.3 .Z:S 

TOTAL WEIGHT . . .  LBS/CIJ YD 4096.21  

. - 
PHYSICAL PROFERT'IES OF PLASTIC CONCRETE 

SLUMP I N  INCHES . '. . 3.0  
RIR CONTENTsPERCENT . ., 3.8 
UNIT WEIGHT.pLBS/CU FT . 151.7 

BHTCH ANHLYS I S  
UATEF! CEMENT RFITIO . ' . . . . . . . . .  0.59 EY UT 
PEPCENT OF F I N E  TO TOT% AGGREGATE ' 36.6 E'i' IdT 

. <IOIDS CEMENT RkT IO  9 EY GES YOL . 2.14 PEES? 

ADDIT.1 ONAL DkTA 
SPECTMEN S I Z E  6x12 INCH CYLINDERS CAST 27 I N  SIJMM 
CURE MOIST 12URE 73F 1 OORH 90' DAYS 
MIXER-6' CUEIC FDDT T I L T I N G  DRUM . . 
M I X  CYCLE-5 MINUTES HLL I N  



. . . . . .  
r . . . . 
b . . . . .  ACCT . P40 . CR 14:3 0 AU.1 . . 

. . .  ---- THE PORTLAPID IZEMEPIT R:ISOI~ I A'T'IOPI ---- 
L . .  . OLD OPCHAPI! Rl lAD.-  SKOKIE, 1LLIN l l I :S  . . .  

TABLE 6 - BFiTIZH INGREDIENT2 .FIND F H Y n C H L  PROFERTIE:: nF- COpICRETE . 

. . 
* MIX ti0 3K 4 . DATE' 22 MAY 75 , TIME 1 0 3 0  . . . 

. . .  L . . 

'r MHTER I H L : ~  . . . . . . .  
- .  

CEMENT LONE :STFIR' P .  I= ~ f l  .T'CPE . . .  F I N E  ASGREGATE ,. . 1'-S - . .  . . 2-NONE. . . .  . . .  
! 

. ' COARSE AGGREGATE . 1-R : 

2-NONE ' 

. . . . . .  ADMIXTURE. 1-DAPEX AEA 
2-EIOPIE 

BATCH INGREDIENTS 
CEMENT . . . . . . . . . .  LBS./CU YD. 4913. 
F I N E  AGGREGATE . . .  1 ' . .  . 1198.' 

2 . .  . 0 . .  . 
- .  . COHESE AGGREGATE . '1 . . 2 0&:3 . 

2 . .  0.00 
. A D M I X T I J R E . .  1 . .  . . . . 0.2'3 

2 . .  , .  0.00 
WkTER. . . . . . . . . . . . .  247. 

TOTAL WEIGHT . . . . . .  LBS/CU YD 4005.46. 

PHYSICAL PROPERTIES OF PLASTIC CONCRETE 
SLUMP IN IrIcHES . '. . 3 2 5  . . . I 

AIR  CONTEtiTsPERCENT . . 4.9 
IJPIIT UEIGHT ,L.BS/CU FT  . 1 4 8  .:3 . . 

BATCH AUALYS IS 
. .  WATER CEMENT 'RATIO . . . . . . . . . . . .  6 .JO I.dT .3.6? I~ALS/EG 

PERCENT OF ,FINE TO TOTAL AGGREGRTE 3 ' .  1.1.lT 37.13 fiES $'OL 
VOIDS CENErfT RATIO? BY ABS VOL 2.08 PRESS . 2.19 UNIT  !AT 

. . 

FDDITIONAL DATA 
SPECINEN S IZE 6x12 INCH. CYLINDERS CAST 30  I 'N :SUPIM 
CURE. MOIST CURE 73F 1 0 ORH 90 DH7S 
MIXER-6 CUBIC FOOT T I L T I N G  DRUM 

. MI'X CYCLE-5 MINIJTES A L L  IN' 



. . .  . . . --- THE PORTLHND CEMENT ti93OC I AT ION ---- 
OLD ORCHHRD SURD - SKOKIE* ILL&NOI:S . . 

. . 

TRBLE I - BHTCH INSPEDIENTS AND PHYSICAL PROPERTIES O F  CONCRETE ' .  

MIX '  NU. 3k: 15 DATE '22 MAY 75. . TIME 11'110 

. . - MATER I RLS . . . . . . '  . . . .  
. . .  CEMENT . . . . . . . .  LONE' STAR P - C ' C O  TYPE I 1  . . . . .  . . , . . F INE  HGGREGATE . . 1-S . . 

. . .  2-rrOnE . . 
. . .  . . 

' . '  
CDARSE AGGREGATE . ' 1-R 

. 2-NONE 
ADMI:<TlJRE. . . .  1-DRREX. AEA . 

2-NOME 
. . . . 

CEMENT . . . . . . . . . . . .  LBSjCU YD 484.  ESS/CU Y D .S .. 26 
FINE ACGREGATE 1  '. . 1202.. 

". 2 . .  . 
CO~RSE RGGREGATE . 1 . .  ... 2. o.0o 
ADMIXTURE. . . ' .  1 . . .  . .  0.34' 

2 . 0  0.00 
!.IATER... . . . . . . . . .  21515. GAL;S/l:U 3 0  '.'iz 

. . . . . . . . . . . .  TOTAL IdEIGHT LBSHCU YD 4037.08 

PHYSICAL PROPERTIES OF rLAST IC  CONCRETE . . . .  

. - SLUMP I N  INCHES . ' ,  3.0 . . . 
:. . A IR CONTENTiPERCENT . . 4.5 .. . 

U N I T  WEIGHTrLBS/CU FT . 149.S. 

. . BRTCH ANfiLYS 1.S 
WHTEP. CEflENT RATIO O ' . S ~ ' B Y  UT . . . . . . . . . . .  5 -54 GALS/B6 

: PERCENT -OF F IHE TO TOTHL AGSREGHTE . 36 -5  . BY UT 36 .9 . ABS '40L 
VOIDS CEMENT RATIO 9 ' B Y  FIBS VOL. 2 i 0 9  PEES? 2.'12 1JNIT MT 

1 .... . . ... . . .  . . 

,6DD 1 ~ l b t f H ~  DATR 
SPECIMEN S I Z E  6x12 INCH CYL~INIIERS C A S T . 3 O . I N  SUMM. , . . 
CUF!.E MOIST CUP€ i3F  iOORH 9 0  DWI"f 
MI XER-6 'CUB I c FOUT TILT I HI; DRIJM 
N I X  CYCLE-S HINIJTES ALL. I N  . . 

. . 
. . / 



C 
. 

. . ACCT. NO. CE14:30 B U I  . 
. . .  ---- 

L TilE POF'TLAND I~ERENT BS'SOC I AT'I  OPi ---- 
B OLD OI?l::HAWD ROAD - SKOk::IE, I L L I N O I S  . . .  . . . . 

TRELE b - BATCH INGPEDIENTS AND PHYSICAL PROPERTIES OF CONCRETE 

- MIX NO 31 6 - DATE 22 MAY, 75 TIME .1 121:1 

L . . 

r NATERIfiLS . . 
. . . . 

. . . . . . . . . . .  - . . . . . .  
CEMENT .LONE STAR P C CO TYPE 1.1 . . 

. . .  . . .. - FI.NE HGGEEGATE.. 1'-S . . '  
2-NONE 

COkRSE fiGGREGATE . 1-P 
2-i'4OtIE . ' 

. ADMIXTUBE. . . . .  1-DAREX kEk, . . 

2-NONE 
. . .  ;3 

BATCH INGPEDIENTS. . 
CEMENT .. ". . . . . .  LBSfCU YD 489. BG:S/Cu 'I 'D . 5..f 1 
F INE AGGREGRTE . . . .  1 '... 1179.' 

2 . .  
COkRSE AGGREGATE . 1 . . 

TOTAL WEIGHT . . . . . . .  LESlCU >'D 4091.33 
. . 

. . 
PHYSICFlL PROPERTIES 'OF .PLASTI,C. CONCRETE 

SLUMP I N  IIiL'HES . ' .  . 3.50 . . .  . . AIR COPiTENTyPERCENT 5 . 0 .  
.. lJN I T  IrlE ICHT LE5/CU FT . 148'. 1 

BHTCH ANALYSIZ 
MkTER' CEMENT RATIO . . . . . . . . . .  Q .53 BY. !JT . 5 .*39 CALSyB5 
PERCENT OF FIPIE TO TOTAL. RGGRECATE 36.2. BY MT 3i..& FIBS '4OL 
VOIDS CEMENT PATIO, BY ABS VOL 2.18 PRESS 2.84. UNIT WT 

. . 
PDDITIONAL OkTA 

SPEI',&'~~EN SIZE 6x12.  INCH CYLINDERS I:AST 3111 I N  ;SUMM 
. CURE MOIST CUBE 73F 1OORH 9 0  DAYS 
. MIXER-6 CUBIC FUUT TILTING DRIJM 
N I X  CYCLE-5 MI.NUTES. ALL I N  ' 



. . 
. . 

bQ'?CT. ria. CRI.J:3O AIeJI . . . 
. . ---- THE PORTLkPiD CEMENT AZPOC I AT ION ---- 

L: OLD ORCHARD ROAD - SKOKIE, ILLJNOIS . .  : .  

. . 

, 
TABLE 9 - BHTCH INGPEDIEriTt AND PHYSICAL PROPEPTIES OF CONCRETE . 

k I X  P i 0  3 K  7 DATE 23'MA'y' 75 TIME 1185 6 . . 
. . 

L . . - .  
GMHTERIALS . . . . . . . . 

CEMENT . . '. . . . . LUP~E STAR P . C  120 TYPE 1'1 . . 
- .  . . . . . . FI'NE AGGRECRTE . . 1'-S . . 

., . 
2-NOFtE ' . , . . . . 

. . ' ' .  COARSE H13tREGATE . 1-R . . ' 

2-NONE 
. . 

. . .  . . 

RDMIXTURE. . . . . 1-DAPEX HER 
2-NOPiE 

EATCH I NGPED I ENTS 
CEMENT . . . . . . . . . . L B ~ . / ~ u  y~ . .484.  . 

F INE AGGREGATE . . 1 . . 1169: 
2 . . 0. .  

COHRSE AGGREGATE . 1 . . 2 047. 
2 . .  0.00: 

HDMIXTIJRE. . . . . 1 , . . 0.35 ' .  

. . .  2 
9 .  0 . 0 0  

UHTER. . . . . . . . . -. 2 6  1,. 

TOTRL WEIGHT . . . . . . LES.'CU YD 3962  .S3 

. . 
. . 

PHYSICAL PRUPERTIES OF. PLASTIC C(3PiCEETE. . ' 

SLUMP I N  tPiCHES . '.. . 3.0 
AIR CONTENTgPERCENT . . .  . 6.3 . . 

UNIT WEIGHTYLBS/CU FT . 146.7 . . 

BfiTCH ANALYS I S  
UkTER CEMEPiT. PATIO . . . . . . . . . . b .53 BY !?IT 6 .  119 GALS/BI; 

. PERCENT OF F INE TO TO.TAL. AGI~REGHTE 3 6  -3  EY WT 36.6 ABS VUL 
..' VOIDS CEMENT RATIO9 BY AES VOL 2.34 PRESS . 2.35 UNIT WT 

. . 

. . 

,ADDITICNfiL.DATA 
SFECrMEr4 S IZE B X 1 2  INCH CYLINDERS CHST 29 1.N &UMM 

' .  CURE MOIST CURE '73F 1 OORH 9 0  DAYS 
MIXER-6 I2JEIC FUOT TILTINSDRUM . .  

M'IX CYCLE-5 MINUTES. ALL - I N  



R ~ C T .  1.40. CR1  J:30 ' kldI .. . . ---- THE 'FOR TLAPiD CEMEPfT HSSOC I AT'I ON ---- 
' OLD"O2CHHPD FORD - Sk'Ob:IEa ILLINOI:Z .. 

TABLE 10 - BATCH, INSREDZEIITS RND PHYSICAL. PEUPERTIES OF CUNf RETE 

MIX Pi0 3P< S DHTE 23 MAY 75 , . TIME ,091 I].  

HHTER I ALS . . .  
. CEMENT . . . . . . . . . . .  'LOP1E . STHR P C co TYPE I I . . .  

. . .  F INE RSISREGRTE . . 1'-S 
. . 2-NONE .. '  . . . .  ' .  

. . . , .  

COARSE RGSREGATE . 1-R . . .  
. . 

. 2-PONE . . 

ADMIXTURE . . . . . . .  1 -DRREX HER . 

2-i.f@NE 

BRTCH I NGRED IENTS ' ' . . . . . . . . . . . .  CEMENT. LBSICU YD. 491. Ei:S/CI-l YD 5..22 
FINE RGGEEGATE . . 1 . . 1183: 

. - . . .  2 . .  0.. ' 
. . 

C D ~ R S E  A6GREGATE . 1 . . 2072. 
0.110 2 . .  

. ADMIXTURE. . , .  . .  1 ..... 0 -34 
2 0 . .  . 0.00 

IJRTEE.' . . . . . . . . . . . .  ' 267.  I;~L:;/CU 'YD 3 2  -13 

TUTRL' b!EI.GHT . . .  LES./CU YD 4 r)lS.0:3 

PHYSICRL PROPERTIES OF PLASTIC CONCRETE . . .  

SLURP I N  INCHES . 3--25 - - - - -  
AIR CONTENT ,PERCENT . . 4 .9 
UNIT.WEIGHT~LBSICU FT .' 148.7 . . 

BATCH AriHL'r'S X'S 
. lJHTEf? IZEMENT RHTI 0 . . .  : . . . .  lj .S4 EY UT 

PERCENT OF FINE TO TUTAL BGGREGHTE 315.3 B'i' IJJT . 
VOIDS CEMENT RHTIO 9 BY APS VOL 

" . 2 -21 PRESS 
. . .  

. . 
, ,. . ..... . . 

RDDITIONAL DHTA 
SPECrNEN SIZE 8x12 INCH CYLINDERS CRST 3 0  I N  SUMM 

. CURE ' HOIST CURE 73F tOORH 90 DAYS 
MIXER-6 CUBIC FOOT TILTING DRUM 
MIX CYCLE-5 MINUTES RLL I N  



~ I ~ C T .  NO. CF:1480 Al,lI. , 
. Cd 

. . . . . . .  ---- THE. PDRTLAND I~EMEP!T FI:SSOI: I FIT I on ----: 
. . . . . . 

OLD ORI:HAF,D READ - zKnk:rE. ' ILLINOIS . . . . 
' " .  . . . . ,  

. . 

TABLE f (  - BATCH INGRED IENTS RriD PHVb I CHL FROPERT I ES OF ' COP{C~~ETE 

MIX Pin r 3 ~  3 DHTE 23 PIFI'? 75 TIME t j9?:~i l  

. . 

. . .  MATERIHLS . , . CEMENT . . . . . .  .LONE STFIR P C CU TYPE 1.1 . . . .  .. . .  
. . FIPIE HGGREGATE. . .  1-:S ' .  . . 

. . . .  . . . . 
+NONE. . ' . . . . . . 

COHRSE AGGREGATE . .I-R . . . . . . 
- '  . E-NONE . . 

. .  . . . . . .  HDMIXTURE 1 -DHREX. H'EH 
;3-rrun~ . . 

BATCH INGREDIENTS 
CEMEMT :. LBSLCIJ YD 489. . .  . . . .  . . . .  BI~:S/CIJ YD 5 - 2 1  
FINE HSGRECFiTE . . 1 . ; 1 1 73 . 

2.'. a. 0 : . . 

. CORRSE aGCPEGRTE . 1 . . ' .  2058. . . . . 
2 . .  . .  0 . 00 

. . . .  RDRIXTIJRE 1 . . . . .  0.36 
. . . .  0 . 0 0  2 . .  . . 

WATER. . . . . . . . . . . . .  263 .. GALS/CIJ 'liD ,:3 1 .ijg 
. . . . 

PHYSICRL PROPERTIES O F  PLRSTIC COrlCRETE . ' 

SLUMP I N  INCHES . .  3.0.0.. . 
AIR COMTEP~T .PERCENT . . .  5.. o 
IJPfIT WEIGHT.L.BS/CU FT . -  . 193.1 

UATER 'CEMENT RATIU . . . .  . . . .  0 . 3  I T  . 6.13'7 GALS/BG 
PERCENT OF FIPIE TO. TOTAL HGGRECHTE '31;; 3 B'v' UT '36.6 ' kB.5 '.,JOL 
VOlDS CEMENT RATIO 9 BY ABS VUL 

, . . 
2.20 PRESS, 2.24 UNIT UT. 

ADDITIOMHL. DHTA 
.SPEC,IMEN SIZE 6x12 INCH CYLINDERS CAST '29 IN SUMN 
CURE ' . MOIST CURE 73F 1 OORH 9 0  DRYS 
flfXER-6 CUBIC FOUT TILTING DRUM . . 

N IX  CYCLE-5 MINIJTES ALL .IN 
. . .  



C . - 
. . .~Ho-C-28 . 

. . 

b 
'ACCT . 1-40. CE 143  0 AM1 

h 

. . ---- THE, PORTLAND' CEMENT ASSCI:; I AT IOPI ----- . . . .  
. . .  OLD OFCHARD ROA? - SKOk:: 1.E 2 . ILL I N 0  I S . . 

: . , . . . . . . .  . . : .  

. M IX  NO 4.5 K 3 

MHTERIRLS 
. . - . . . . .  * ' CEMEMT 

F I N E  AGSREGATE . . . 

. COARSE HGGEEGATE 
! .  

DATE 22 MAY 75 TIME 1:>15 

. . LONE STAR P C CO TYPE 1.1 . 1-:5. . . 

2-NnNE . . . . . .  . . ., 1-I? . . . . . . .  . . . . 

?-NONE- . 1-DAEEX HER 
 NONE 

BATCH INSPEDIENTS . 

PG:z/Cl-l .j'D 6 .94 CEMENT . . . . . . . . . . .  LB%/CU, YD 652. 
' F I N E  ASGREGRTE . . 1 . . 1215. . 2.. .0 . . . . . ;.. COARSE ACSRESRTE 1 1:364. . . . 

2 
. . . . 0. l jo .  

. .  HDNIXTUEE. . . . . .  1 . . .  0 .59 
.;1 . . 

WPTER. . . . . . . . . . . .  
TOTAL UE I GHT . .  LB:S./CU 'T'D 4 O 1 0.96 

PHYSICAL PROPERTIE:% OF PLRSTIC '!>ONI~RETE . 
.SLUMP I N  INCHES. . . . .  3.00 . .  

A IR  CONTENT zPERCENT '. . 5 . 0 '  
UNIT WEIGHTzLBS,/CU F T .  . 14t3.5 . 

BHTCH RNHLYSIS. 
. . . . . . . . . . . . . .  %IATEE CEMENT' RRTIO O.42,B.i MT 4 -813 GAL:S/BG 

PERCENT OF  F I N E  TO TOTAL AGCPEGRTE 39.4 EY WT 39.8 ABS VOL 
VOIDS CEMENT RATIO z BY AES VOL . 1.72 PRESS 1.72 UPIIT IAT 

. . .  , . 

HDDITIONAL DRTA 
SPECIMEP~ SIZE 5 ~ i 2  INCH CLLINDERS CAST 28 IN. SUMN 
CIJRE . . MOIST CURE 73F .l OORH 90 DAYS 
MIXER-6 CUBIC F,UCIT T I L T I N G  IbRum, 

: . N I X  'CYCLE-5 MINlJTES HLL' I N '  . ' 

. . 



'ACCT . Pi0 . I ~ E  l4:3 ~:i R1.d I * 
C 

. . ---- THE PORTLA~.~.D CEMEAT ~:S:SOI: I AT 10~1 ----. . . 
. . .  OLD OR~~HAED ROkD - SKOE I E  . I L L I N O ' I S  . . . . . . 

0 ' 

L 2 ,  

. . . . 
. . THBLE n - '  BATCH INGF,EDIEPiT:5 AND PHYSIC.AL FFOFERTIES OF CONCPETE . . .  

. . MIX NO 4.5K 4 

MATERIALS 
. . .  CEMENT . . . . .  

F I N E  AGGREGHTE , . 
- .  

CURRSE AGGREGATE 
. 

ADMIXTURE. . . . .  

BATCH 1NI;EED IENTS . . . . .  CEMENT ; 
1 F I N E  AGGREGATE. . 

COHRSE AGI~EEGATE 

. . ADMIXTURE. . . .  
MATEP. . . . . .  

. . . . LONE STAG P C CO . 1-S ' , . 
. . . . .  9.-NOPiE , . . 1-R , . . . . .  

2- t idt i~ . . . . 1-DAPEX . ,AEA . 

2-NOtiE 

TOTAL lAE1 CHT . .  LEZ/I:U 'r'D ,4012 .:33 

PHYSICAL PROPERTIES OF.PLASTIC CONCRETE 
:SLNlP I N  INCHES . . .  3 i 0 0  . .  . . 

A I R  CONTENT. rPERCEN7 . . 4 . 6 '  . 
: ': , 

. , UNIT  WEIGHTpLES/CU F T  . ' 148.6 . . . 

BATCH- ANALYS I S  
IllATER CEMENT RATIO .. . . . . . . . . . . .  11.44 BY. IIIT 
PEPCENT OF FIPiE TO.TOTAL AGGPEGATE ' 39 .:3 EY !?1T 

. G'OIDS CEMENT EAT I 0  z P'i',. kBS VOL 1.75 P R E ~ S  

. J . 0 11 CAL:S,'EI: 
. 39 .'7 . APs {JnL 

1.74 UNIT lrlT 

. . . . 

RDDITIONAL .DATA 
SPECIMEN SIZE ~ 1 2  INCH CYLINDERS CA:ZT 30 IN SUNN 
CURE . MOIPT CIJRE 73F  .1 QORH 913 DRYS 
MIXER-6 CUBIC FOOT T I L T I N G  DRUM 
MIX'  CYCLE-5 MIPiUTES ALL I N -  . . 



' i t 6 1 2 ~ .  NO. ~ ~ 1 4 : s ~  AIdI 
C 
L . ---- . . 

.THE FOFITLAFID 1::EMENT . H:S::OI: I A T  I Or4 ----. . . 
. . OLD OZ~:HFIPI! FI'OHI! -' SKU)(: I E F , 1 LL 1PiO. I  :S . ' . ' 

L: . . .  
' . . . I .  

. . 

TABLE { h  BATCH IN l i lEDIENTS AND PHYSICAL CFOPEPTIES O F  CONCRETE ' , 
' . . . . 

. . . . 
.. MIX ria 4 . 5 ~  5. DHTE 2s MAY 79 TIME. 141:10 

. . . . . . 

MkTER I.AL% - CEMENT . . . . . . . . .  LONE STAR P c co T Y P E  II F= ' . . 
. . .  . . .  . . . . . . F I N E  AGGREGATE . ' .. 1-12 . . 

- .  3-PiONE . . . . . . . 

GOHRSE AGGREGATE . 1-R . . .  . . .  
I . ;I-NONE . . ,  

ADNIXTCIRE. . .  1-DHREX AEA . . . . 
. . 

' 2-NONE 
. . 

. . 

BFtTCH INSEED IENTS 
CEMENT. . . . . . LESJCU 'fD . . .  F I N E  FtSGRECfiTE . . .  1 

' 2 . .  . 
COARSE AGGREGATE . .l . . 

2 . . .  
ADMIXTURE. . . . . .  1 . . .  

2 .' . , , 

WATER. . . . . . . . . :  
TOTAL WEIGHT . .  LE:S./CU YD 

PHYSICAL. PkOPERTIES.OF PLASTIC CONCRETE 
SLUMP I N  INCHES,.  . .  4.00 
H IR  CCNTENT9PERCENT . , 4.5' 
UNIT 'UEIGHT ?LBS/CU, F T  . 14.a .5' 

, . 
BATCH RNGLYS I S  

WATER CEMENT RATTO . . . . . . . . . .  
. PERCENT- OF F I N E  .TO TOTAL AGGREGATE 

VOIDS CEMENT RATIO, 'BY ABS '4OL 

. 0 -47 BY ;)IT ' 5 -36 GfiLS/RG 
. . 33 .1  BY blT 39.4 APS '3OL 

1 .:?5 PRESS 1 .7:3 i l N N I  IrlT 
. . ~. 

HDDITIONAL~DATA . . 
SPECIMEf'i 3 I'ZE 6 x 1 2  INCH C'I'LI NDERS CAST 28 1F.i SIJMM 
C,URE . MU 1S.T CUPE 7:3F . lo  QRH 90 DA'i'Z 
MIXER-6 CUBIC FOOT T I L T I N G  DRUM ' . 

MIX CYCLE-5 MINI-ITES ALL f N'  
. . 

. . 



C ' . . - . RHO-C-28 . . . . . . 
. . 

ACCT. NO . CE'148 0 AI!lI 
+ .  . . 
C ---- . . . .  THE, PORTLAPID CEMEPIT' A:SSOtZ I A T  I OH ---- 

. . .  OLE ORCHARD ROAD - Z:).:'OI;:: I E ? . I LL  I Ntl I :S 
t . . I .  

. , 

. . 

TABLE IC- BATCH INGREDIEtiTS HND PHYSICAL PPOPEFTIE~ O F  CONCRETE . . 

. . 
. . . . 

, DATE. 22 MAY 75 . MI}:: NO. 4-.5K 6 TINE. 14.:31] 

. . 

. MATERIALS . . . . . . . . . . .  ? '  CEMENT LOPIE STAR P c: CO TYPE 
. . F I N E  ASGREGATE . . 1-'5 . ' . . . 

2-PIOP~E . . 

CUHRSE AGGREGATE . 1-R . . .  
. . 

. 2-NONE . . . . . . .  ADMIXTIJRE 1-DAEEX AEA 
2-r-IONE 

BATCH INGPED IENTS 
. . . . . . . . . . . .  CEMEPIT LB:Z/CU YD 6.412. 

F I N E  AGGRECfiTE '. . 1 . . 11'30. 

2 . .  0.00 
ADM I XTIJRE . .  1. . .  0.67 

2 .  : 0.00 
. WATER. . . . . . . . . . .  ' 0 . 

TOTAL ME IGHT . . . . . . .  LES.,CU 'I'D 39.12 -2 1 
. . 

PHYSICRL PROPERTIES OF PLASTIC CONCRETE 
SLUMP I N .  INCHES . . .  4 .SO. 
a I R  CONTENT rPERCErtT . . 5.4 
UNIT  WEIGHT,LGS/Cil FT  . 146.0 

BHTCH. ANHLYSIS . . . . . . . . . . .  b.lATER CEMEPiT RATIO 0.43 EY !?IT 4..?:3 GALSed'BG 
PEECENT OF F I N E  TB TUTAL HSCEEGATE ' 39. J Bc( WT 39.7 ABS VOL 

' VOIDS- CEMENT. 'RAT I 0  :. . B'i' ABS VOL 1.73 PRESS 1 .88 UNIT  UT 

. . 

ADDITIOMAL'DATA 
3PECIMEN S I Z E  6 X 12 INOH CYLINDERS CAST 3 0  I N  ::UMV 
El-IRE . MOIST CUP€ 7:3F .10 ORH 9 0. .DAY:S 

. , NI:+:ER-6 CIJEIC FOOT TILTIPIG DRI-lM ' . . 

N I X  CYCLE-5 MINUTES ALL I N ,  



',ACCT . NO . IZR 14:s 1 j .  1. 
C 
L ---- THE FOPTLAPID . I::EMEN T A::.SOC: I A T  I Or1 ----. . . . .  

. . 

. . . . OLD DEIZHARD F:OAD - :SKOt:: 1 E ,... .ILL 1 I :: 
L 

C . . : .  

TABLE 16 - BATCH I NSRED I EMT.S HN.D PHY ICAL PFOPEET IES OF I.OP{I:RETE : 
. . 

MIX NO 4.5E 7 DATE 22 MAY .75 T INE 1445  

- 
L . . .  NATER I HLS. 

. - . . . . . . . .  z?= ' 

CENENT LONE S T H ~  P L' co TYPE 1.1 
. . . . . . .  F I N E  ASGRESATE . . 1-S ' ' . . . 

. . 
- .  . . 8-PiOPiE ' .. .. - . . 

. . 
. . .  COARSE HSGREGATE . 1-R . . . . 

. . . . 
2-NONE 

ADMIXTlJRE . . . .  ,. 1-DHEEX AEA . . . . 
2-NOPIE . . 

BHTCH INSREDIENTS 
CEMENT . . . . . .  . . . .  LE:s.d°CIJ '.in . .  . . .  F I N E  ASSGESi?TE 1 . 2.. 
COHRSE AGGREGATE . I . . 

2 . 
ADMIXTURE. . . . .  1 . . .  ... .2 
1.dATER. . . . . . . . .  . - 

TOTHL UEIISHT .. . ' .  LBSACU YD 

PHYSICAL PROPERTIES OF PLASTIC CONCRETE 
SLUMP I N  INCHES . . .  4.50,  . . .  A I R '  CONTENT ~PERCEN.TENT 5.7 
UNIT WEIGHT'rLE:S/CU FT  . 14i..S 

BATCH ANHLYSIS 
1dHTE.R CEMENT RATIO . .  . . 0.45 87 WT '5.16. I:ALS/BG 

.> ..... PERCENT OF FINE TO TUTHL RGSREGATE a. . .L  B'i+ Ir!T .3'?.6 AP:S S)OL 
..... 

' '+DID3 CEMENT RATIO s BY ABS VOL 1.38 PRESS 1 .:37 UNIT  MT 
. . 

RDDITIO~HL'. m . r H  
SPECIMEN S I Z E  6 x 1 2  INCH CYLINDEPS CkST 29 I N  SUMM 

. . CIJRE . . MO I.ST ClJEE 73F ..I0 0RH ? 0 Dl'c'r'S 
M IXER-6 CUB I C FOUT T I  L T I NB DRI-IM 
N I X  CYCLE-5 PIINUTES' ALL I N  



. . . . .  
PCt'T. NO . I:'R 1.1:s 0 A1.J I . . . . - ---- THE FOFTLiiPiL! I::EPIENT F~:S<:OI: 1 fiT I ---- . . 

. . . . .  ZLII ORCHARD ROAII - ::c::oK I E ? . ILL I 1.101 :: 
. . 

. . . . 
. . 

- .  

TABLE - BATCH I NGFED1EriT:Z At4D PHYZ'IC~~L PROPERT I€:: OF C:ONIZRETE , . . . 

. . 
P 1 I %  PI0 4.5K. 8 DATE .ZZ Plfi'v', 7.5 T I N E  1 5 1 5  

WATER I FILS . . . . . . . . .  - .  CEMENT LOHE %TRF ,P 'C .  CO TYPE I 1  .. . 
. . . . . . . . F I N E  AGGZEGATE . . 1-15 ' . . . . 

. . . . .  2-NONE , . . . 
. . I:OHRSE AI;I:REGATE . ' 1.-R . . .  

2-NONE . .  
ADNISTURE. . . . .  1-DAPEX AEA . . 

2 - r i o r 1 ~  

CENEFIT . . . . . . . . . . .  LE:S./l:U 'i'D 1552. EG:S.#'CIJ '.(IS &.'3:3 
F I N E  AGGREGATE . . 1 . . 1207.  

1 2 . .  . COARSE HGSRESiiTE 1 .  . .  
2 . .  

ADN I XTIJRE . . '  1 . . .  

. i . .  TOTAL Ir.lEISHT .' LZS/CU YD 4 0 1 0.96 ' ' 

PHYSICAL PROPERTIES OF PLHSTIC CONCRETE . . 

e . . . SLUMP I N  I-NCHES . s . 0  
k I R  CONTENT ?PERCENT . . 4.6 
UNIT  UEICHTFLBSY'CU. FT . 148.5 

BATCH ANALYSIS 
WATER CENEPIT. RATIO . ' . . .  0 .4S B'i'.. !,IT 5 . 0 3  I:~~LS./EG 
PEPCENT OF F I PiE TO TUTFiL , AGGREGRTE ' 3.3 - 4  ' B Y  U T '  3.7 B P S .  'dUL 
VOIDS -CEMENT RATIO Y ..BY ABS V0L 1.73 PRESS 1 .75 UHIT  'IJJT - . 

ADD IT IurWk DATA I 8 

SFECIMEp{ S I Z E  6x12 I t iCH CYLINDERS CA:ST 31) I N  :SVMM ' 

ClJEE . MOIST ClJEE 73F .101lRH 9 0  D A o + ~  " .. 

MIXER-6 ' C U B I C  FOOT T I L T I N G .  DRUM 
MIX CYCLE-5 MIMUTES ALL Iti . 

. . 



. . RHO-C-28 
- .  $ , < . -  
.. , 

.# 
. . : &CT. ria. C,'E 14:3 0 WAI' . ,  . . . .  ---- THE ' POE'TLRND I::EMENT R's:~oI:: IAT 10r4 ---- . 

. . . OLD OPCHARP POAD - ..sC::Ox 1 E I L L  I ria I:? 
. . 

TABLE .I!! - BHTCH I NSFEDIENT:: AND  PHI.:^ I CHL PROPEETI E::: OF.. CO~~.I:RETE . . . . 

. . M I% Pin 4.5K 9 DATE Z 3  MAY' 75.  ' . TIFlE 0951:l 
. . 

MATER I ALS . . - . . '  
. . .  CEMENT . . . . . . .  LOME .$T.AF: .P C 1:0 TYPE I I . . . . . . .  

F IPiE kG1:RErSATE . . 1,-S . . . . . . 

2-NONE' . , 

COARSE RGSREGATE . 1-R 

BATCH INGREDIENTS. . 
CEMENT . . . . . . . . .  LES ,..cu '<? 
F I N E  ASGREGFiTE . .  1 . .  

2 . .  
COARSE AG6EEGATE. 1 . . 

2 . .  . . . .  . .  ADMIXTURE. - 1 
2 . . 

WATER. . . . . . . . . . . . .  
TOTAL l.dE115HT . .  LES,'CU. YD :393:3. 11:s 

BHYSICRL PROPERTIES OF PLASTIC CDMCRETE 
:SLUMP I N  INCHES . . . .  3 ..50 
AIR  CONTENT9PERCENT . . c .J .2 
UNIT  UEISHT ?LES/OU FT . ,' 147.3 

. . 

BATCH ANALVS I S  . . 

UBTER OEMEPiT RATIO . . . . . . . . . . .  8.36 R'i' IJJT 4 .15  I;BLS/EI: 
r) PERCENT OF FIFiE TO TOTAL .A15CREGATE . B'.{ l.@iT 4.0.3 AB:: '$oL ' 

, . VOIDP CEMENT RATIO F B'T' kBS VOL 1 .55 PRE:SS . 1 .63 IJN.IT IJJT 

- .  
H D D I T I B ~ ~ R L  n f i t H  

SPEC I.MEN s I ZE ix I 2 I r4cH CSJL INDERS. CA:ST 29 . I P( ::IJMM 
. . t:ul?E MOIST CURE 73F 100RH 90 DA'r'S 

MIXER-6 CUEIC.FOOT T I L T I N G  DRUM 
W i X  CYCLE-5 MINUTES ALL I N  



. . , - . . . . . . .. - - , . . . - . - . 

- .f . .  . , RHO-(2-28 
.: - . . 

.. . 
Port land Cement Associat ion 
Construct ion Technology Labora tor ies  

P r o j e c t  CR-1480 - Concrete T e s t  Cylinder Fabr ica t ion  
Battelle P a c i f i c .  Northwest Labora tor ies  

TABLE 1 9  - CONCRETE M I X  INFORMATION. 

. . 
Mix . Water Port land Water, . A i r :  sand . - Aggregate Darex 
Xo . Cement . . Cement 

Rat io 
3K Concrete Mixture 

3 K3 0.55 498 277 .3.8 . . 1 2 1 7  
3K4 0.50 490 

,2102' 0.. 2 0 
247' . 4.9 

3K5 0.51 
1198 2068 

494 
0.29 

255 . 4.5 1202 
3K6. 0.53 489 

'2083 
260 

0.34 

3x7 
5.0. 

0.53 484 
1179 2071 ' 

261 
0.39 

.6.3' 
3K8 .0.54 

1169 
491 

2047 
267 

0.38 
4 ..9 1183 

3K9 0.53 489. 263 
2072'. . . 0.34 

.5.0 ' 

Ave. 0.53 
1179 . 

4.9 1 
2068. 

261 
0.36 

4.9 
Target 0.54 498 1190 

2073 
271 

0.33 
. . .  5.0 1213 2096 0.20 

4.5K Concrete ' ~ i x t u r e  
. . 

4.5K3 0.-42 652 278 5.0 1215 1864 0.59 
4.5K4 ' 0.44 , 652' 289 , 4.6 1209 1860 0.63 
4.5K5. .0.47 651  : 309 4.5 ' 1192 ' .  1855 0.'63 
4.5R6 0.43 640 . 280 5.4 ' 1190 1830 0.67 
4.5K7 0.45 643 294, 5.7 1186 1832 0.67 
4.5K8 ' 0.45 ' 652 294 4.6 . 1207 . 1856 0.68 
4.5K9 . '0.36 .' 650 239 . 5.2  1240 1862 0.68 
Ave. , 0.43 64 9 283 5.0 1206 1851 

658 
0.65 

Parget 0.43 286 5.0 1240 . - 1880 0.30, 



Port land Cement Associat ion 
Construction Technology Laborator ies  . .. 

p r o j e c t  CR-14 8 0 - Concrete T e s t  Cylinder Fabr ica t ion  
Battelle P a c i f i c  Northwest Labora tor ies  

TABLE '20 - MATERIAL CONSUMPTION 

S Mix Lone S t a r .  . R '6x12 in. C a s t  
N o .  . Cement . Aggregate  . ' ~ ~ ~ r e ~ a t e  Spec Oreer 

3K Concrete Mixtures 

1 .  64.6 . 164.94 .. 15 1 
2 

271.70' 
64.6 164.94 

3 
271.70 

110.6 
17 2 

270.04 
4 

472.0. 27 
110.6, ' 

5 
271.50 , 462.7 30 6 

5 110.6 ' .  .271.00 467.3 ' .  30 7 
6 110.6 271.00 467.3 
7 110.6 

30 8 .  
271.00 467.3 29 - .  15 

8 .  . . 110.6 2.71. 00 467.3 ' . 

9 
. 30 

110.6 
; 16 - 

271.00. 467.3 29 17 

SUB TOTAL 
TODATE 903.4 

. . 
24,97..42 . 3814.6 237 . .  - 

.4.5K Concrete Mixures 

1 85.30 168.61 . 243.70. 16 
2 

3. 
85.30 . 168.61 243.70 16 4 

3 146.2 . 275.6 417.8 
4 146.2 

28 9 
. ' 275.6. 417.8, 

5 
30. 

146.2 
10 

275.6 , 417.8 
6 .  146.2 

28 11 
275.6 417.8 

7 
30 

146.2 
12 

275.6 417.8. 29 . 13. 
8 " 146.2. : 275.6 417.8 
9 

30 
. 146.2 

14 
275.6 . 417.8 . 29 . .  18 

SUB TOTAL ' ' 

TO DATE 1194.0 2266 .'42 3412.00 236 - 
, 

... 
. - - - . . . . . . . . . - . . . . . 

TOTAL 
TO DATE 2097.4 4763.84 7226.60 473 18 

AWI 5/27/75 
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