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The influence of  loading age and temperature 

on the long term creep behaviour of  concrete 

in a sealed, moisture stable, state 

R. D. BROWNE A N D  R. BLUNDELL ~1~ 

R~SUM~ 

Les r6sultats d'essais de fluage 5. long terme sur diff6rents b&ons 
charg6s apr6s avoir 6t6 recouverts d'un anti-6vaporant, entre 7 
et 400 jours, et entre 20 et 95~ montrent que la d6formation 
est directement proport ionnel le au temps si temps et d6formation 
sont en coordonn6es Iogarithmiques. La modification de la vitesse 
du fluage d'apr6s cette repr6sentation de la d6formation a 6t6 
6tudi6e en fonction de la temp6rature, selon une relation d 'Arrh6- 
nius modifl6e, et il est apparu qu'il existe une corr61ation suffi- 
sante pour le b6ton sous anti-6vaporant, dans un 6tat d'humidit6 
constante, et dans certaines conditions d'essai. On montre que 
les pr6dictions ~ long terme sur le fluage du b6ton, d'apr6s les 
donn6es th6oriques relatives ~ un mat6riau complexe ~ plusieurs 
phases, ne peuvent & re  qu'erron6es ~ ce stade de l'6tude. 

SUMMARY 

Results of long term creep measurements on a number of con- 
cretes in a sealed state loaded at ages for 7 days to 400 days at 
temperatures ranging from 20 o to 95 o C, show that deformation 
increases directly with time when both deformation and time are 
plotted logarithmically. The change in creep rate from this 
deformation presentation was then related to temperature using 
a modified Arrhenius expression and indicated that a reasonable 
correlation existed for sealed, moisture stable, concrete for cer- 
tain test conditions. Prediction of concrete deformation from 
rnultiphase composite material theory is shown to give erroneous 
long term creep predictions at this stage of its development. 

To p r o v i d e  data  for the d e s i g n  of p r e s t r e s s e d  
conc re t e  p r e s s u r e  vesse]s  for nuc l ea r  p o w e r  stat ions 
sub jec t  to sus ta ined  load  and  t e m p e r a t u r e  for a 
d e s i g n  life of 30 years ,  ex tens ive  c r e e p  tests h a v e  
b e e n  m a d e  on s e a l e d  concre te ,  to s imula te  mass  
conc re t e  condi t ions  in the s t ructure .  

Test  Se r ies  I was on a conc re t e  ( a / c  = 4.4; w / c  
= 0.42) m a d e  with a l imes tone  coa r se  a g g r e g a t e ,  
the s p e c i m e n s  b e i n g  cast into their  p o l y p r o p y l e n e  
sea l ing  jacke ts  and  then s t o r e d  at 200 C p r i o r  to 
b e i n g  h e a t e d  to the test t e m p e r a t u r e  shor t ly  b e f o r e  
load ing  to a s t ress  (a) of 2116 p.s.i. Load  was a p p l i e d  

(1) Mater ia ls  Research Labora to ry ,  T a y l o r  W o o d r o w  
C o n s t r u c t i o n  Ltd. Southal l ,  M idd lesex ,  G.B. 

at 7, 28, 60, 180 and  400 days  after  cast ing at t e m p e -  
r a tu res  of 20 ~ 40 ~ 65 o and  93.50 C. Genera l ly ,  the 
resul t s  o b t a i n e d  w e r e  for the a v e r a g e  b e h a v i o u r  
of 3 s p e c i m e n s  p e r  test  condit ion.  FuJ1 deta i l s  of 
the  tests a r e  g i v e n  in [1]. 

Initial resul ts  i nd i ca t ed  that c r e e p  could  b e  r e g a r d -  
e d  as l inea r  with r e s p e c t  to logar i thmic  t ime from 
load ing  [i] bu t  as the t ime u n d e r  load  b e c a m e  g rea t -  
er ,  a defini te  u p w a r d  s t e a d y  t r e n d  on this t ime sca le  
was appa ren t .  F i g u r e  1 i l lustrates  one  set  of resul ts  
w h e n  load  was a p p l i e d  at 60 days .  Plotting the resul t s  
on a l o g / l o g  bas is  s h o w e d  that for the s e a l e d  condi -  
tion, the e x p e r i m e n t a l  c u r v e s  w e r e  l inear ,  e v e n  
at 6 y e a r s  after  loading,  a l though from the d e s i g n  
v iewpoint ,  s emi - log  p re sen t a t i on  was ne c e s sa ry .  
F i g u r e  2 shows  that the l o g / l o g  re la t ionship  a p p l i e d  
a p p r o x i m a t e l y  for each  test a g e  and  t e m p e r a t u r e .  
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FIG. 2. - -  Test  Series  ][. L i m e s t o n e  Concrete .  
E A ~ 11.0  • 10 6 p.s.i .  
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FIG.  4.  - -  Tes t  Ser ies  I I .  D o l e r i t e  C o n c r e t e .  E A = 1 6 0  x 106 p .s . i .  
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FIG. 6. - -  G. L. England [3]. Gravel Concrete. 
Age at loading 10 days. 

Thus, the l o a d / d e f o r m a t i o n  charac ter i s t ics  cou ld  
b e  e x p r e s s e d  by :  

tog  ~ = 

i.e. r 

where ~ : 

t : 

a = 

log  a + n log  (t) 

a ( t )"  (1) 

specif ic  strain, m i c r o s t r a i n / l b / i n  2 

t ime u n d e r  load, days  

a factor d e c r e a s i n g  with age  at l oad ing  
(K) and  inc reas ing  with t e m p e r a t u r e  (0) 

n = a factor also d e c r e a s i n g  with a g e  at 
l oad ing  (K) and va ry ing  with t e m p e r a -  
ture  (0). 

Control  u n l o a d e d  s p e c i m e n s  ind ica t ed  that a v e r y  
smal l  expans ion  or  contract ion ( •  100 micros t ra in)  
cou ld  occur  with t ime at t empera tu re ,  but  in v i ew 
of its low m a g n i t u d e - - i n  re la t ion to c r e e p  strain, 
was not s u b t r a c t e d  from the deformat ion  data. 
Sea l ing  j acke t s  t e n d e d  to leak  at e l e v a t e d  t e m p e r a -  
ture  but  d i d  not a p p e a r  to affect the c r e e p  cu rve  
shape .  

To s imulate  e v e n  m o r e  c lose ly  construct ion condi -  
tions, Se r i e s  It and  Ser ies  IIt concre tes ,  m a d e  with 
di f ferent  quar tz  do le r i t e  coa r se  a g g r e g a t e s ,  w e r e  
subject ,  p r i o r  to 20 o C s torage ,  to a heat  of hyd ra t ion  
t e m p e r a t u r e  cyc le  ob ta ined  from the t empe i ' a t u r e  
r e g i m e  of l a r g e  conc re t e  p o u r s  du r ing  the (inst) 
14 days  f rom casting.  F igu re  3 shows the a p p l i e d  
t e m p e r a t u r e  r eg ime .  

F i gu re s  4 and  5 for these  two conc re t e s  s h o w e d  
that the l o g / l o g  re la t ionship again  a p p l i e d  as it 
d i d  also for da ta  p r e s e n t e d  b y  Eng land  (fig. 6), 
Hannant (fig. 7), Nevi l le  (fig. 8) and  Mar6chaI  
(fig. 9). 

Temp. ~ 

140 

126 

i14 

94 

77 

53 

20 

Slope(n) Intersept 
('Y' h• 

0.142 0.560 

0.084 0.620 

o.ioo o.61o 

0.069 0.520 

O.110 0.480 

0.I00 0.4OO 

o. 086 o. 250 

At an e a r l y  s t age  of the p red i c t i on  of the long 
te rm de fo rma t ion  b e h a v i o u r  of both  Ser ies  II and  
Ser ies  III c o n c r e t e s  for d e s i g n  use,  an a t tempt  was 
m a d e  to p r e d i c t  the de format ion  behav iou r  us ing 
a mul t iphase  t h e o r y  for conc re t e  found to a p p r o x i -  
mate ly  a p p l y  for a r a n g e  of inclusion mater ia l s  
with E va lues  f rom 0.04 to 30 x 106 p . s i .  

C r e e p  was c o n s i d e r e d  b y  taking the " effective " 
E value  as, 

E - -  
e - c  

w h e r e  ~ = a p p l i e d  s t ress  

e = elastic deformat ion  

c = c r e e p  at the time cons ide red .  

F igu re  10 i l lustrates  the p red ic t ions  m a d e  from 
deformat ion  da ta  ob t a ined  for the Ser ies  II conc re t e  
and  indica tes  that a l though the initial elastic defor -  
mation was  r e a s o n a b l y  p r e d i c t e d ,  co r r ec t i ng  for 
the change  in E a va lues  long te rm c r e e p  was signi-  
ficantly in e r ro r ,  pa r t i cu la r ly  at e l e v a t e d  t e m p e r a -  
ture.  Co r r e c t i on  was  m a d e  for  c ha nge s  in vo lume-  
tric p r o p o r t i o n  of the consti tuent  mater ials .  

At p resen t ,  p r e d i c t i o n  is b a s e d  on l imited c r e e p  
data from s p e c i m e n s  l o a d e d  at 14, 40, and  100 days ,  
the 40 days  resul ts  a r e  shown in f igures  4 and  5. 
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1 1 -  1 
U. COUNTO'S EQUATION (i) E~ E~ q- [i -- VVA~ E~ + EA 

Recently,  an examina t ion  has  b e e n  m a d e  of the 
var ia t ion  of the c r e e p  flow rate, as r e p r e s e n t e d  b y  (n), 
the s lope  of the l o g / l o g  plots,  aga ins t  t e m p e r a t u r e .  
It was  a s s u m e d  that a mod i f i ed  Ar rhen ius  act ivat ion 
e n e r g y  equa t ion  cou ld  b e  a p p l i e d  to the ra te  of 
de format ion  

i.e. n : 

where n = 

a 

E =  

R =  

0 =  

�9 .'loa n = 

with time, 

a. ~. e x p  (-E/Re) (2) 

the c r e e p  ra te  p e r  unit a p p l i e d  s t r e s s '  
o b t a i n e d  for the I o g / l o g  plot  

a constant  

s t r e ss  

act ivat ion e n e r g y  

gas  constant  

abso lu t e  t e m p e r a t u r e ,  0 Kelvin 

log  a + log .~r- -E/R0 (3) 

If this e x p r e s s i o n  was valid,  then log  n would  b e  
d i rec t ly  r e l a t e d  to 1/0. F i g u r e s  11 and  12 show 
the n va lues  o b t a i n e d  f rom the l o g / l o g  plots,  p lo t t ed  
on this basis .  It can  b e  s e e n  that for the Ser ies  II 
and  III 40 d a y  resul ts ,  which  w e r e  for hyd ra t ion  
hea t  c y c l e d  conc re t e ,  a d e c r e a s e  was d i s c e rnab l e ,  
w h e r e a s  for the Se r i e s  I concre te ,  k e p t  at 20 ~ C from 
casting, a min imum va lue  ex i s t ed  at 40 o C. A g e  
g e n e r a l l y  r e d u c e d  the n va lue  as wou ld  b e  e x p e c t e d  
due  to the  effect ive r educ t i on  in s t ress  l eve l  (z) 
a s soc i a t ed  with s t r e n g t h  d e v e l o p m e n t  with time. 
Hannant ' s  resul ts  for w a t e r  sa tura ted,  s t o r e d  conc re t e  
but  k e p t  in a s e a l e d  state f rom heat ing,  s h o w e d  a 
s imilar  d e c r e a s e  with 1 /0  inc rease .  Se r ies  I, II 
and  III conc re t e s  h a d  s imi lar  n va lues  of abou t  1.0, 
ind ica t ing  that for mass  concre te ,  qui te  a s imple  
c r e e p  t e m p e r a t u r e  re la t ion  m a y  a p p l y  e x c e p t  at 
e a r ly  a g e s  when  the effect ive s t ress  l eve l  wou ld  
b e  high. Here ,  a min imum a p p e a r e d  to occur  at 
650 C. 
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England,  Nevi l le  and  Mar6cha l ' s  n values  s h o w e d  
somewha t  different  m o d e s  of behav iour ,  which 
cou]d b e  accoun ted  for b y  a re la t ive ly  low s t ress  
level ,  a different  state p r i o r  to load ing  (kept  at 
t e m p e r a t u r e  shor t ly  after casting),  and  to p o s s i b l y  
d r y i n g  occu r r i ng  d u r i n g  the c r e e p  p rocess ,  r e s p e c -  
t ively. F rom Mar6cha] ' s  results ,  it could  b e  that 
the activation e n e r g y  E, is not c h a n g e d  significantly,  
but  an ex t ra  t e rm  should  b e  a d d e d  to Eq (3) to 
account  for the ver t ical  d i s p l a c e m e n t  a s soc ia t ed  
with the d r y i n g  p roces s .  

The a b o v e  hypothes i s ,  that the c r e e p  ra te  may  b e  
d i rec t ly  a s soc i a t ed  with the activation e n e r g y  of 
the conc re t e  sys tem,  is b e i n g  fur ther  inves t iga ted  
to take into account  the effect of the s t ress  state, that 
is, the s t r e s s / s t r e n g t h  ratio exis t ing at the t ime of 
load  appl ica t ion ,  s ince  initial resu l t s  indica te  the 
sensi t ivi ty of the c r e e p  ra te  to this factor. Ultima- 
tely, it is b e l i e v e d  that for conc re t e  in a sea led ,  
equ i l ib r ium state, its de format ion  b e h a v i o u r  may  
b e  d e r i v e d  from a k n o w l e d g e  of its s t reng th  variat-  
ion with age ,  the s t ress  l eve l  and  the t e m p e r a t u r e  
conce rned .  
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