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A REVIEW OF CONCRETE PROPERTIES'FOR PRESTRESSED 
CONCRETE 'PRESSURE 'VESSELS 

R. K. Nanstad 

ABSTRACT 

For yea r s ,  many r e sea rch  programs have been conducted on 
t h e  p r o p e r t i e s  of concre te  f o r , p r e s t r e s s e d  conc re t e  r e a c t o r  
v e s s e l s  (PCRVs). The d e s i r e  f o r  i nc reas ing  power output  
a long w i t h  s a f e t y  requirements  has  r e s u l t e d  i n  cons ide ra t ion  
of t h e  p r e s t r e s s e d  concre te  p r e s s u r e  v e s s e l  (PCPV) f o r  most 
c u r r e n t  nuc lea r  r e a c t o r  systems, a s  w e l l  a s  f o r  t h e  very- 
high-temperature r e a c t o r  f o r  process  hea t  and a s  primary 
p re s su re  v e s s e l s  f o r  coa l  conversion systems. 

Resu l t s  a r e  presented of a l i t e r a t u r e  review t o  a s c e r t a i n  
cu r r en t  knowledge regard ing  p l a i n  concre te  p r o p e r t i e s  under 
condi t ions  imposed by a mass c o n c r e t e ' s t r u c t u r e  such as a 
PCRV.   he e f f e c t s  of h igh  temperature on such p r o p e r t i e s  a s  
s t r e n g t h ,  e l a s t i c i t y ,  and creep  a r e  d iscussed ,  a s  w e l l  as 
changes i n  thermal p r o p e r t i e s ,  m u l t i a x i a l  behavior ,  and t h e  
mechanisms thought t o  be r e spons ib l e  f o r  t h e  observed behavior .  
I n  a d d i t i o n ,  t h e  e f f e c t s  of r a d i a t i o n  and mois ture  migra t ion  . 

a r e  discussed. 
It i s  concluded t h a t  t e s t i n g  r e s u l t s  found i n  t h e  t e c h n i c a l  

l i t e r a t u r e  show much disagreement as t o  t h e  e f f e c t s  of temperature 
on concre te  p rope r t i e s .  The v a r i a t i o n s  i n  conc re t e  mix tu re s ,  
curing and t e s t i n g  procedures ,  age a t  loading ,  and mois ture  
cond i t i ons  dur ing  exposure and t e s t i n g  a r e  some of t h e  reasons 
f o r  such disagreement.  Tes t  r e s u l t s  must be l i m i t e d ,  i n  most 
cases ,  t o  t he  m a t e r i a l s  and cond i t i ons  of a g iven  t e s t  r a t h e r  
than  appl ied  t o  such a gene ra l  c l a s s  of m a t e r i a l s  such a s  
concre te .  I t  i s  a l s o  concluded ' . t h a t  sus t a ined  exposure of 
nur.iua1 concretes t o  cu r r en t  PCRV ope ra t ing  cond i t i ons  w i l l  no t  
r e s u l t  i n  any s i g n i f i c a n t  l o s s  of p r o p e r t i e s .  However, l a c k  
of knowledge regard ing  e f f e c t s  of temperatures  exceeding 
100°C (212'F), mois ture  migra t ion ,  and m u l t i a x i a l  behavior  
prec ludes  a s tatement  advocat ing ope ra t ion  beyond c u r r e n t  
design limits. 

The r e p o r t  i nc ludes  recommendations f o r  f u t u r e  r e sea rch  
on conc re t e  for PCPVs. 

1. INTRODUCTION 

The use  of p r e s t r e s s e d  conc re t e  as t h e  primary pressure- re ta in ing  
s t r u c t u r e  f o r  nuc lea r  power r e a c t o r s  was f f r s t  in t roduced  i n  1954 a t  
Saclay,  France. ' Since t h a t  t ime,  p r e s t r e s s e d  conc re t e  r e a c t o r  v e s s e l s  
(PCRVS) have become a b a s i c  componerlll of gas-cooled r e a c t o r s  cons t ruc ted  



i n  France,  England, Germany, and t h e  United S t a t e s ,  and more a r e  being 
designed and planned. The d e s i r e  f o r  r e a c t o r s  having increased  power 
o u t p u t  a long w i t h  a d d i t i o n a l  s a f e t y  requirements  has  r e s u l t e d  i n  t h e  
development of PCRVs f o r  pressurized-water  r e a c t o r s  and boi l ing-water  
r e a c t o r s .  PCRVs a r e  a l s o  being planned f o r  t h e  very-high-temperature 
r e a c t o r s  f o r  p roces s  h e a t  and a s  t h e  primary p re s su re  v e s s e l  f o r  c o a l  
conversion systems. Expanding i n t e r e s t  i n  t h e  concept of p r e s t r e s s e d  
conc re t e  p r e s s u r e  v e s s e l s  (PCPVs) ope ra t ing  under such cond i t i ons  as 
h igh  p r e s s u r e s ,  h igh  tempera tures ,  and h o s t i l e  environments has  neces- 
s i t a t e d  d e t a i l e d  i n v e s t i g a t i o n s  of conc re t e  behavior  under s p e c i f i c  
o p e r a t i n g  cond i t i ons .  

Many r e sea rch  programs have been conducted, and much v a l u a b l e  
knowledge has been gained about  PCPV s t r u c t u r a l  behavior  i n  gene ra l  
and conc re t e  p r o p e r t i e s  i n  p a r t i c u l a r .  Much of the accumulated d a t a  
f o r  a p a r t i c u l a r  p rope r ty ,  however, p rec ludes  reasonable  c o r r e l a t i o n s  

' , a n d  conclus ions  w i t h  r ega rd  t o  behavior  of concre te .  The reason  f o r  
t h i s  i s  t h e  widespread u s e  of  a v a r i e t y  of conc re t e  mixtures  and a r i i l . r r i a l $ ,  
In nddi t iv l l ,  accurare s f m c t u r a l  r e p r e s e n t a t i o n  i n  mechanical t e s t i n g  
i s  a problem, s i n c e  l a b o r a t o r y  s imu la t ion  of mass concre te  cu r ing  
c o n d i t i o n s  and moi s tu re  mig ra t ion  i s  n o t  a s imple p ropos i t i on  when 
us ing  reasonably sma l l  t e s t  specimens. A l l i e d  wi th  t h e s e  problems a r e  
d i f f i c u l t i e s  w i t h  exper imenta l  techniques such a s  t e s t i n g  of smal l  
s e a l e d  conc re t e  specimens a t  temperatures  of 100°C (212OF) o r  g r e a t e r , .  
m u l t i a x i a l  t e s t i n g ,  and measurement of long-term behavior .  

Oak Ridge Na t iona l  Laboratory is conduct ing a program of PCRV 
r e s e a r c h  and development. A s  p a r t  of t h e  program, t h i s  i n v e s t i g a t i o n  ..'" 
is co provide  an  assessment of t h e  s t a t e  of t h e  a r t  is regards  r e l e v a n t  . - conc re t e  p r o p e r t i e s  and t e s t  proccdures  and i d e n t i f y  Those a r e a s  
r e q u i r i n g  , f u r t h e r  i n v e s t i g a t i o n .  Thus, t h i s  r e p o r t  w i l l  f i r s t  b r i e f l y  
d i s c u s s  t h e  gene ra l  concept of t h e  PCPV and t h e  PCRV environment and 
t h e n  provide  a d e t a i l e d  d i s c u s s i o n  of t h e  r e l e v a n t  m a t e r i a l  p r o p e r t i e s  
oL p l a f n  conc re t e  w i t h i n  t h a t  contex t .  

A gel l r ra l  d e s c r i p t i o n  of t h e  PCRV i s  given  i n  s e c t .  2. It i s  
sugges ted  t h a t  t hose  f a m i l i a r  w i t h  t h e  use  of t h e  PCRV i n  t h e  high- 
tempera ture  gas-cooled r e a c t o r  (HTGR) and/or  i n  t h e  gas-cooled f a s t  
r e a c t o r  systems2 proceed d i r e c t l y  t o  Sec t .  3 .  

2 ,  PCPV CONCEPT 

2.1 PCPV Desc r ip t ion  

The PCPV is designed t o  s e r v e  a s  t h e  primary p re s su re  containment 
s t r u c t u r e .  Although t h e  concept of a PCPV is  n o t  l i m i t e d ' t o  nuc lea r  
a p p l i c a t i o n s ,  t h i s  r e p o r t  w i l l  emphasize cons ide ra t ion  f o r  nuc lea r  power 
systems and, i n  p a r t i c u l a r ,  t h e  HTGR. However, most of t h e  d i scuss fon  
is e q u a l l y  r e l e v a n t  t o  many o t h e r  conc re t e  s t r u c t u r a l  a p p l i c a t i o n s .  

PCRVs used f o r  HTGRs can  be  e i t h e r  t h e  r e l a t i v e l y  s imple s i n g l e -  
c a v i t y  t ype ,  used f o r  t h e  F o r t  S t .  Vrain Nuclear Generat ing S t a t i o n ,  o r  



t he  newer and more complex multicavity type, used f o r  t he  Br i t i sh  
Hartlepool and Heisham reactors  and pro osed f o r  the  l a rge r  Delmarva 
Power and Light Company Summit Station.  'i 

A cutaway view of the HTGR designed by General Atomic (GA) Company 
is shown i n  Fig. 1. This design is based on the  so-called "integral  
concept," whereby the  e n t i r e  primary c i r c u i t ,  consist ing OF reactor  
core, primary coolant system, and portions of the  secondary coolant 
system, is contained within a s ing le  concrete vessel .  The reactor  
core is located within a la rge  central cavity surrounded by smaller 
cyl indr ical  cav i t i e s  which contain t h e  primary cooling system, auxi l iary 
cooling loops, and pressure r e l i e f  w e l l s .  The steam generators and 
helium c i rcu la tors  are located i n  t he  primary cooling system cavi t ies .  
These cav i t i e s  are connected, at  t he  top and bottom, t o  the  cen t r a l  
core  cavity by r ad i a l  ducts and a r e  sealed at  the  upper end by concrete 
plugs t h a t  support t h e  helium circulators .  3 

REFUELING 
PENETRATION 
HOUSl NG 
CONTROL ROO 
MECHANISM 
Cl RW LATOR 

VERTl CAL 
PRESTRESS 
TENDONS 

STEAM 
GENERATOR 

PCRV SUPPORT ' 
STRUCTURE 

Fig. 1. HTGR with Multicavity PCRV. Source: P i h n i n g  Gkde for 
HTGR Safety and Safety-ReZated Research and Deve Zopment, ORNL-4968 
(May 1974). 



A continuous welded steel l i n e r ,  attached t o  t he  walls of each 
cavity,  acts a s  t he  b a r r i e r  against  leakage of the  primary coolant. I n  
turn,  the  concrete vessel  supports t he  l i n e r  and serves a s  the  s t ruc tu ra l  
res i s tance  t o  i n t e rna l  coolant pressure. Figure 2 shows a typical  design 
f o r  t h e  thermal b a r r i e r  and l i n e r  cooling tube system. These tubes are 
welded t o  t he  l i n e r  and, i n  conjunction with the  insulat ion,  serve t o  
maintain a specif ied temperature [about 6S°C (150°F) 1 a t  the  l iner-  
concrete i n t e r f ace  during normal operation. 3 

As shown i n  Fig. 1, there  a re  many penetrations through the vessel  
head f o r  nozzles, control  rods, f u e l  elements, piping, refueling stand- 
pipes,  e tc .  These penetrations a r e  sealed t o  prevent l o s s  of coolant. 

The PCRV is constructed of relatively-high-strength concrete and 
is ac tua l ly  a spaced steel s t ruc ture ,  s ince  i t s  s t rength is derived from 
a multi tude of l i n e a r  steel elements made up of- reinforcing bars and 
prest ress ing tendons. PCRVs f o r  the  l a rge  BTCR systems a r e  massive, 
thick-walled, r i gh t  c i r cu l a r  cylinders having f l a t  heads. The vessel  
i s  prest ressed with i n t e r i o r  longitudinal unbonded tendons and external 
circumferential  s t rand windings, both of which a r e  capable of being 
monitored and adjusted i f  necessary. Some of the  design parameters f o r  
typ ica l  gas-cooled reac tors  and PCRVs a r e  given i n  Table 1. It must be 
emphasized tha t  there  are PCRV designs i n  addit ion t o  the  v e r t i c a l  
cylinder multicavity type described above. For example, the  Marcoule 
6 2  and 6-3 reactors  employ single-cavity horizontal  o r  "lying" cylinders, 
while Wylfa 1 and 2 vessels  a r e  of spher ical  design. However, the  
fundamental design philosophy and basic  material  considerations a r e  s imilar .  

ORNL DWC 73 tCGZ3.R 

Fig. 2. PCRV Liner and Class A Thermal Barrier.  Source: P ~ d n g  
Guide for HTGR Safety and Safety-Related Research and Development, 
ORNL-4968 (May 1974). 



Table 1. Data for Gas-Cooled Nuclear Power Stations 

Reactor  Type Giaphite-COz MAGNOX AGR HTR 

Country P;ance UK USA PRG USA -- 
Unit  Power w ( ~ )  40 480 487 547 300 $90 600 1250 330 300 1160 

Geometry o f  Vessel  LC VC SP VC 

Working Pressu re  l b f i n .  
kplcm2 

O u t l e t  Tempereture "P 
OC 

Permiss ib le  Concrete  OF 
Temperature 'C 

Diameter of Vessel  
I n s i d e  f t  

m 
Outs ide  f t  

m 

Height  (Length) of  Vesse l  
I n s i d e  f t  67.0 68.7 119.0 125.5 50.9 58.0 60.0 75.0 50.0 

m 20.5 21.0 36.3 38.25 18.3 17.7 10 .3  23.0 15.3 
Outs ide  f t 110.5 105.0 161.0 104.0 98.4 96.0 106.0 83.5 91a 

m 33.65 32.0 49.1 3 1 . 7  30.0 29.3 32.0 25.5 27.7 

Breaking LoadlWorking Load 4.00 3.00 2.50 2.50 3.00 2.65 2.50 2.50 

Concrete  Mass 

Reinforcement 

Cables  

tons  2955 985 787 280 2400 
t 3000 loon 800 284 2440 

tons  738 2225 '2540 2256 
t 750 2260 2580 2292 

Nnte: LC - l y i n g  c y l i n d e r .  VC - v e r t i c a l  c y c l l ~ d r r ,  and SP - s p c r i c a l .  

a ~ a t a  from PZmming Guide f o r  HTCR Safety and Safety-Related Research and Development, ORNL-4968 (Hay 1974),  added by a u t h o r .  

Source: V. Piirs te ,  .G. Hohnerlein,  and H. G. S c h a f s t a l l ,  "P res t r e s sed  Concrete  Reactor  Vesse l s  f o r  Nuclear  Pover P l a n t s  
Compare0 Co Thick-Walled ntnl MulLlldycr E t e c l  Vcooolo," Second Tnr. Cnnf. on Pressu re  Vesse l  Technology. P a r t  1, San Antonio, 
October  1973. 



2.2 Design Philosophy 

I n  a t r a d i t i o n a l  s t e e l  pressure  v e s s e l  the  mate r i a l  is  a continuous 
medium, and, depending on opera t ional  requirements, a t h i c k  wa l l  must be 
used t o  r e s i s t  t h e  i n t e r n a l  pressure  and temperature. To design l a r g e r  
systems, one must inc rease  t h e  v e s s e l  thickness (undesirable because of 
temperature g rad ien t s  and fabr ica t ion)  o r  increase  the  mate r i a l  s t r eng th  
t o  cope wi th  t h e  l a r g e r  s t r e s s e s  (usually a t  t h e  expense of toughness 
and increased s e n s i t i v i t y  of higher-strength steels t o  de fec t s ) .  I n  
add i t ion ,  s a f e t y  considera t ions  have l e d  v e s s e l  designers t o  t h e  redun- 
dancy of t h e  PCRV. ~Grs te  e t  a1.4 c i t e  t h e  following examples of f a c t o r s  
involved i n  t h e  choice of a PCRV f o r  primary containment: 
1. Radiat ion is  absorbed by the  concrete;  the  vesse l  serves as a 

b i o l o g i c a l  s h i e l d .  
2 ,  Leak-ti-ghtness io occurcd by t h e  s k e l  Ilner. 
3.  Heat i s  r e s t r a i n e d  by t h e  i n t e r n a l  insu la t ion  and the  cooling 

system. 
Although not  mentioned by ~Grs te  e t  a l . ,  t h e  PCRV i s  f i e l d  erec ted  and is  
usua l ly  constructed wi th  mate r i a l s  from t h e  l o c a l  clrca; they continue 
wi th  o the r  PCRV c h a r a c t e r i s t i c s  : 
4. r eac t ion  t o  a b u r s t  i s  such t h a t ,  a f t e r  decrease of pressure ,  f i s s u r e s  

vanish  and a catastrophy by r e l e a s e  of r a d i o a c t i v i t y  is  prevented; 
5 .  redundancy of the  tendons makes b u r s t  by b r i t t l e  f r a c t u r e  impossible; 
6. c o n t r o l  of t h e  tendons allows f o r  t h e  p o s s i b i l i t y  of r es t ress ing  o r  

replacing them a s  needed. 
The concept of loading is  t h a t ,  under normal opera t ion,  t h e  t e n s i l e  
stresses created  by t h e  i n t e r n a l  pressure  do not overcome the  compressive 
s t r e s s  crea ted  by the  v e r t i c a l  and c i r c u m f e r e n t i d  presLressing, except 
l o c a l l y ,  where s t r e s s  concentrat ions e x i s t .  The pres t ressed concrete 
c a r r i e s  t h e  normal pressure  loads.  Because of i ts  v i scoe las t i c -p las t i c  
behavior, t h e  concre te  is  a b l e  t o  t r a n s f e r  load from highly s t r essed  
regions t o  regions of low s t r e s s .  Thus, l o c a l  defects  i n  the  roncre te  
a r e  i n s i g n i f i c a n t .  Under opera t ing condit ions the  PCRV responds, because 
of t h e  p r e s t r e s s ,  l i k e  an i s o t r o p i c  mater ia l .  5 

The genera l  load-s t ra in  behavior of a PCRV is shown i n  Fig. 3. I n  
t h e  f i r s t  regime the  v e s s e l  behaves e l a s t i c a l l y  and t h e  concrete is  being 
unloaded a s  t h e  i n t e r n a l  pressure  increases .  In the second regime t h e  
v e s s e l  behavior i s  s t i l l  e l a s t i c ,  but  t h e  s t r e s s  i n  the  concrete becomes 
t e n s i l e  and cracks begin t o  appear. Tn t h e  t h i r d  rcgime the cuncrete i s  
f u l l y  cracked and t h e  s t e e l  begins t o  deform p l a s t i c a l l y  up t o  t h e  u l t i -  
mate load. It is  on the  behavioral  h a s i s  described t h a t  ca tas t rophic  
f a i l u r e  of a PCRV is considered inc red ib le ,  providing the  head i c  
o u f f i c i e n t l y  uverdesigned. 

Costes e t  a l . '  emphasize t h e  des i rab le  s a f e t y  c h a r a c t e r i s t i c s  of 
PCRVs t h a t  can permit ample warning before  rupture .  These c h a r a c t e r i s t i c s  
a r e  provided by t h e  s t r e n g t h  and p l a s t i c i t y  of t h e  bonded and unbonded 
steel i n  t h e  s t r u c t u r e ,  along with t h e  r i g i d i t y  of the  concrete and tlle 
leak-t ightness of t h e  l i n e r .  A l a r g e  densi ty  of re inforc ing s t e e l  i n  
t h e  concre te  w i l l  he lp  t o  con t ro l  s i z e  and d i s t r i b u t i o n  of cracks. The 
l a r g e  "crack opening displacement" of p res t ressed  concrete means t h a t  a 
crack w i l l  be  we l l  extended and, thus,  v i s i b l e  o r  de tec tab le  before vesse l  
rup tu re  can occur. 
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Fig. 3. Predic ted  S t r a i n  Behavior of a PCRV. Source: C .  P. Tan, 
Prestressed Concrete i n  Nuclear Pressure Vessels. A Critical Review 
of  Cmrent Literature, ORNL-4227 ( ~ a y  1968) . 

It i s .ve . ry  d i f f i c u l t  t o  develop a c l e a r  understanding of diagonal-  
' t ens ion  and shea r  f a i l u r e s  i n  a redundant s t r u c t u r e  such a s  a PCRV, 
s i n c e  t h e  concre te  is  f r equen t ly  i n  a complex s t a t e  of m u l t i a x i a l  s t r e s s .  
However, i t  i s  p o s s i b l e  t o  formula te  a conse rva t ive  des ign  based on 
c u r r e n t  knowledge of shea r  i n  beams and s l a b s .  Since a PCRV cannot be  
r a t i o n a l l y  designed because of l a c k  of knowledge of  conc re t e  f a i l u r e  
under m u l t i a x i a l  s t a t e s  of s t r e s s  and shea r  mechanisms, f u r t h e r  s tudy  
is  needed. Other p r o p e r t i e s  of conc re t e ,  both s h o r t  term and long term, 
a r e  a l s o  important  i n  design.  F igure  3 r e p r e s e n t s  time-independent 
behavior .  During t h e  des ign  l i f e  of a PCRV (30 t o  40 y e a r s ) ,  i r r e v e r s i b l e  
deformation (p r imar i ly  from c reep  and shrinkage)  occurs .  Although 
thermal l oads  do i n  themselves produce s i g n i f i c a n t  d e f o q a t i o n s  of t h e  
h ighly  redundant PCRV, creep  and shr inkage  r a t e s  are a l t e r e d  by tempera- 
t u r e ,  and long-term behavior  i s  a f f ec t ed . '  An understanding of t h e  
compressive s t r e n g t h  of coi lcrete  wi th  ag ing ,  long-time cu r ing ,  and 
va r ious  thermal condi t ions  i s  important ,  because t h e  conc re t e  must 
remain p r e s t r e s s e d  i n  conipression f o r  t h e  e f f e c t i v e  l i f e  of t h e  v e s s e l .  
p h y s i c a l  p r o p e r t i e s  such a s  thermal  expansion, thermal  conduc t iv i ty ,  
and d i f f u s i v i t y ,  a s  w e l l  as t h e  mechanical p r o p e r t i e s ,  need t o  b e  eval- 
ua ted  w i t h  r e spec t  t o  t h e i r  s e p a r a t e  o r  combined e f f e c t s  on t h e  s t r u c t u r a l  
i n t e g r i t y  of t h e  ves se l .  S p e c i f i c  cond i t i ons  such as temperature,  r a d i a t i o n ,  
moisture,  state of s t r e s s ,  and age can a f f e c t  va r ious  p r o p e r t i e s  and must 



b e  eva lua t ed  f o r  t h e i r  impact on sho r t -  and long-term behavior .  The 
inc reased  understanding of conc re t e  p r o p e r t i e s  and v e s s e l  behavior  can 
l e a d  d i r e c t l y  t o  i nc reased  v e s s e l  e f f i c i e n c y ,  s a f e t y ,  and r e l i a b i l i t y .  

3. CONCRETE PROPERTIES 

3.1 General 

Concrete  is  a g e n e r a l  term f o r  a c l a s s  of ceramic m a t e r i a l s  which 
va ry  wide ly  i n  t h e i r  p r o p e r t i e s  and t h e i r  a p p l i c a t i o n s .  The American 
Concrete  I n s t i t u t e  d e f i n e s  conc re t e  as "a composite m a t e r i a l  L l~a t  c o n s i s t s  
essentially of a b inding  medium w i t h i n  which a r e  embedded porti .c. les o r  
f ragments  of  aggrega te ;  i n  p o r t l a n d  cement sonc rc t c ,  t h o  b i d e r  is a 
mixfure  of p o r t l a n d  cement and ~ a t e r . " ~  By varyfng t h e  c o n s t i t u e n t s  and 
t h e i r  r e l a t i v e  p r o p o r t i o n s  i n  t h e  mixture ,  one can o b t a i n  concre tes  of 
wide ly  d i f f e r i n g  p r o p e r t i e s .  There a r e  f i v e  types of po r t l and  cement 
and o t h e r  k inds  of  cement a s  w e l l .  Aggregates such as n a t u r a l  sand ,  
manufactured sand,  crushed s t o n e ,  g r a v e l ,  crushed g r a v e l ,  s l a g  m a t e r i a l s ,  
e t c . ,  w i l l  vary  cons ide rab ly  i n  t h e i r  p r o p e r t i e s .  I n  a d d i t i o n ,  of course ,  
t h e  s i z e  and distri 'lRution of aggrega tes  may b e  v a r i e d  a s  d e s i r e d  f o r  
c e r t a i n  e f f e c t s .  The water  conten t  has  a g r e a t  e f f e c t  on conc re t e  
p r o p e r t i e s ,  and, even from a chemical s t andpo in t ,  v a r i a t i o n s  of w a t e r .  
chemis t ry  between d i f f e r e n t  geographica l  l o c a t i o n s  can r e s u l t  i n  d i f f e r e n t  
p r o p e r t i e s .  

I n  t h e  f a c e  of t h i s  wide range of s p e c i f i c  conc re t e  v a r i a b l e s ,  we 
w i l l  a t t empt  t o  d i r e c t  d i s c u s s i o n  toward the r e l a t i ve ly - .h igh - s t r eng th  
s ~ r u c t u r a l - g r a d e  conc re t e s .  For t h e  purposes-of  t h i s  r e p o r t ,  t h a t  means 
c o n c r e t e  made by recognized s t anda rd  p r a c t i c e  and w i t h  t h e  types  of 
m a t e r i a l s  used i n  PCRV c o n s t r u c t i o n  t o  da t e .  

It i s  w e l l  known, and o f t e n  sLated,  6 , 1 0  9" t h a t  t h e  g r e a t  v a r i a b i l i t y  
i n  p r o p e r t i e s  of conc re t e s  used i n  l a b o r a t o r y  i n v e s t i g a t i o n s  and f i e l d  
c o n s t r u c t i o n  prec ludes  p r e c i s e  comparisons of experimental  d a t a .  Thus, 
~ r o w n e "  i n d i c a t e d  t h a t  p r e c i s e  d a t a  of many p r o p e r t i e s  a r e  r equ i r ed  f o r  
a s p e c i f i c  v e s s e l  des ign  and t h a t ,  because of cons ide rab le  v a r i a t f o n  i n  
materials and mixture  p ropor t ions ,  t e s t s  must be  performed on t h e  conc re t e  
m h t u r e  designed f n r  each v e s c c l .  The fo l luwing  s e c t i o n  w i l l  d e s c r i b e  
t h e  conc re t e  used thus  f a r  i n  PCRV des ign  and r .nns t ruc t i sn .  

3 . 2  PCRV Concretes 

Reference 6 provides  d a t a  concerning t h e  conc re t e  mixtures  used f o r  
c o n s t r u c t i o n  of t h e  Oldbury, G2, G3, and EDF3 v e s s e l s .  The fo l lowing  
r e p r e s e n t  t y p i c a l  c h a r a c t e r i s  t i c s  of PCRV conc re t e  : 
1. cement, a i r  e n t r a i n i n g  t y p e  2;  
2. sand,  graded t o  meet ASTM s p e c i f i c a t i o n s ;  
3. aggrega te ,  g r a v e l ,  o r  l imes tone  crushed and graded t o  m e e t  ASTM 

s p e c i f i c a t i o n s  w i t h  s i z e  about  2.54 cm ( 1  i n . )  o r  l e s s ;  



4. amount of cement, about 6  t o  6  112 sacks  p e r  cubic  yard ;  
5. water-to-cement r a t i o ,  0.4 t o  0.5; 
6. compressive s t r e n g t h ,  34.47 t o  41.37 MPa (5000 , to  6000 p s i )  a t  

28 ' days ; and 
7. slump, 5.08 t o  10.16 cm (2 t o  4  i n . ) .  
The des ign  d a t a  f o r  t h e  conc re t e s  used i n  General Atomic model 2  a r e  
g iven  i n  Table 2  a s  s p e c i f i c  examples. 

Sec t ion  111, Divis ion  2, of t h e  ASME B o i l e r  and P r e s s u r e  Vessel  Code 
(Standard Code f o r  Concrete Reactor  Vesse ls  and Containments) l 2  provides 
some requirements f o r  t h e  m a t e r i a l s  and mixture des ign  of conc re t e  f o r  
PCRVs. For example, type I1 por t l and  cement and aggrega tes  must conform 
t o  ASTM C-33. I n  a d d i t i o n ,  t h e  maximum s i z e  of course  aggrega te  s h a l l  
no t  be l a r g e r  than  115 of t h e  narrowest  dimension of t h e  f i n i s h e d  w a l l  
o r  s l a b  nor  l a r g e r  than  314 of t h e  minimum c l e a r  spac ing  between re in-  
fo rc ing  s t e e l  andbor embedments, The water. used f o r  mixing s h a l l  have 
l e s s  than  2000 ppm t o t a l  s o l i d s  conten t  and s h a l l  no t  con ta in  more than  
250 ppm of c h l o r i d e s  a s  C1-. Admixtures a r e  allowed i n  accordance wi th  
the  cons t ruc t ion  s p e c i f i c a t i o n  of a  p a r t i c u l a r  PCRV. Measurement of 
c e r t a i n  p r o p e r t i e s  is  requ i r ed  p r i o r  t o  cons t ruc t ion .  These a r e :  slump, 
compressive s t r e n g t h ,  f l e x u a l  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 ,  s t a t i c  
modulus of e l a s t i c i t y ,  Po i s son ' s  r a t i o ,  c o e f f i c i e n t  of thermal  conduc t iv i ty ,  
c o e f f i c i e n t  of thermal  expansion, c reep  of conc re t e  i n  compression, 
shr inkage  c o e f f i c i e n t  ( l eng th  change o r  cement-mortar and c o n c r e t e ) ,  
dens i ty ,  and aggrega tes  f o r  r a d i a t i o n  s h i e l d i n g  concre te .  

With regard  t o  a p p l i c a b l e  environmental o r  des ign  cond i t i ons ,  o r  
s p e c i f i c s  of t h e  age and temperature a t  which t h e  p r o p e r t i e s  s h a l l  be  
obta ined ,  t h e  cons t ruc t ion  s p e c i f i c a t i o n  must s p e c i f y  them as w e l l  a s  
any o t h e r  p r o p e r t i e s  t o  be  measured. I n  a d d i t i o n ,  i f ' a  p a r t i c u l a r  
proper ty  l i s t e d  above is  n o t  of i n t e r e s t ,  t h e  cons t ruc t ion  s p e c i f i c a t i o n  
w i l l  so  s t a t e .  Applicable  t e s t i n g  s p e c i f i c a t i o n s  are g iven  f o r  each 
l i s t e d  proper ty .  More d e t a i l s  are g iven  i n  t h e  ASME Code concerning 
bases  f o r  s e l e c t i o n  of concre te  mix propor t ions .  The cons t ruc t ion  
s p e c i f i c a t i o n  i s  a  des ign  document which s p e c i f i e s  t h e  a c t u a l  v e s s e l  
des ign  parameters ,  and t h e  conc re t e  mix p ropor t ions  a r e  s e l e c t e d  on t h e  
b a s i s  of meeting t h e  proper ty  requirements .  

With regard  t o  desirah1.e conc re t e  p r o p e r t i e s ,  ~ r o w n e "  l is ts  t h e  
proper ty  and j u s t i f i c a t i o n  f o r  each i n  Table 3.   an^ l is ts  e s s e n t i a l l y  
t h e  same p r o p e r t i e s  w i t h  t h e  a d d i t i o n s  o f :  h igh  s p e c i f i c  h e a t ,  low h e a t  
of hydra t ion ,  and s a t i s f a c t o r y  hydrogen content  m a t e r i a l l y  unaf fec ted  
by t h e  ope ra t ing  temperature.  The main concerns,  according t o  Tan, a r e  
t he  e f f e c t s  of i r r a d i a t i o n  and, p a r t i c u l a r l y ,  temperature above t h e  
normal ambient on those  p r o p e r t i e s .  ,Many Tnves t iga tors  have reached 
s i m i l a r  cu r~c lus ions  . 

A s  s t a t e d  i n  t h e  In t roduc t ion ,  t h i s  r e p o r t  i s  concerned w i t h  t h e  
p r o p e r t i e s  of p l a i n  concre te .  Reference to  r e in fo rced  o r  p r e s t r e s s e d  
conc re t e  w i l l  only occur  when r equ i r ed  t o  t i e  t h e  d i scuss ion  t o  t h e  
,primary a p p l i c a t i o n  of i n t e r e s t .  The PCRV i s  designed t o  wi ths tand  t h e  
h igh  r e a c t o r  ope ra t ing  p re s su re ,  con ta in  t h e  r e a c t o r  coo lan t ,  and s e r v e  
a s  a b i o l o g i c a l  s h i e l d  a g a i n s t  r a d i a t i o n .  Thus, i t  is  a mass concre te  
s t r u c t u r e .  A s  such,  i t  is  d e s i r a b l e  t o  r e l a t e  t h e  p r o p e r t i e s  of t h e  



Table 2.  Mix Design Data f o r  Conventional Concrete 
Lsed f o r  General Atomic Nodel 2 

Mix ~esi~nation~ 

C Aggregate, 1blyd3 3077 3025 2906 2975 5348 5428 3189 3145 3089 

Cement ,d s a c k s ~ ~ d ~  6.38 6.95 8.21 7.35 7.69 7.E9 5.44 6.12 6.69 

Water, lbfyd3 334 338 339 344 333 333 319 319 318 

Water-to-Cement Ratio. 0.555 0.517 0.443 0.498 0.459 0.459 0.623 0.550 0.505 

Aggregate-to-Cement Ratio 5.12 4.6& 3.78 4.30 4.08 4. a 6.22 5.47 4.92 

Unit Weignt, lb/ft3 146.1 146.3 148.4 147.0 147.9 149.3 150.0 150.1 

1 112 1 5,'8 1 318 1 112 1 114 1 314 1 518 1 314 P Slump, in. 1 117 0 
e 

Compressive Strength, psi' 

At 28 days 4963 5528 7067 5998 6106 641 3 4298 5207 6260 
At 60 days 6006 6780 8360 6751 7215 
At 90 days 5670 6380 

Modulus of Elasticity 4.11 X lo6 
at 28 days, psi 

a~refix 314 is 3f9 in. masimum-size aggregate; prefix 1 112 is 1 112 in. maximum-size aggregate. 

b~ixe6 at job site with j 3b mixer. 
C Andesite from Lpns,, Colorado. 

dType 2 portland rement £:om Denver, Colorado. 
e 
Average of three specimens. 

Source: E. G. Endebrock, Prestressed Concrete Reactor VesseZs: re vie^ of Desigx and Failure Cri teria,  
LA-5902-MS, Los Alamos Scientific Laboratory (Hay 1375). Work done by Testing Engineers, Inc., San Diego, Calif. 
SIKA Plastinent water-reducing agent used in all mi:.tes (2 oz. per sack of zement). 



Table 3.  P re fe r r ed  Concrete P r o p e r t i e s  

Preferred property I Reasons . 

High compressive strength 
at normal and elevated 
temperature 

To reduce vessel thickness and in- 
crease allowable stresses. Other 
strength properties are to some 
extent related to compressive 
strength. 

Good mix workability To ensure good compaction in plac- 
ing, particularly in areas where 
high concentrations of reinforce- 
ment and prestress ducting exist. 

High density 

Low elastic and creep de- 
formation under load 

To provide good neutron and 
gamma ray absorption properties. 

To reduce movements and the re- 
distribution of stresses under vary- 
ing load and temperature cycles. 
To reduce prestress losses. 

Low drying shrinkage 

Low thermal expansion 

High thermal conductivity To minimize the cooling system re- 
quired to keep the vessel concrete 
at a permissible temperature. 

To reduce movements arld tern- 
perature stresses. 

To reduce mvvements and tem- 
perature stresses. 

Resistant to  thermal 
shock 

Immunity to  radiation 
damage 

To  prevent damage to structure 
under rapid heat application, i.e. 
adjacent to steam openings. 

To minimize the possible deteriora- 
tion of concrete in high irradiated 
areas. 

Source: R. D. Browne, "P rope r t i e s  of Concrete  i n  Reactor  ~ e s s e l s , "  
group C ,  paper  13,  Conference on P r e s t r e s s e d  Concrete P re s su re  Vesse l s ,  
Westminster, S.W.I., March 1967. 



p l a i n  conc re t e  t o  t h o s e  i n  mass concre te .  The term "mass concrete"  
r e f e r s  t o  conc re t e  a s  used i n  massive s t r u c t u r e s  and is. def ined  a s :13  
11 Any l a r g e  volume of cast-in-place conc re t e  w i th  dimensions l a r g e  
enough t o  r e q u i r e  t h a t  measures be  taken  t o  cope w i t h  t h e  genera t ion  
of h e a t  and a t t e n d a n t  volume change t o  minimize cracking."  For PCRVs, 
t h i cknesses  o f  a few f e e t  t o  more than  30 f t  a r e  of concern. I n  a d d i t i o n ,  
t h e  migra t ion  of f r e e  mo i s tu re  i n  a massive s e c t i o n  w i l l  no t  n e c e s s a r i l y  
be  r ep re sen ted  by a sma l l  l abo ra to ry  specimen. Thus, a primary concern 
i n  PCRV conc re t e  i n v e s t i g a t i o n s  i s  t h e  modeling of mass conc re t e  i n  t h e  
l a b o r a t o r y .  Th i s  has  g e n e r a l l y  been accomplished by s e a l i n g  t h e  spec i -  
mens a g a i n s t  l o s s  of f r e e  moisture.  The mois ture  migra t ion  problem 
and i t s  e f f e c t s  on mechanical  p r o p e r t i e s  w i l l  b e  d iscussed  later. 

3.3 E f f e c t s  of Temperature 

A s  p rev ious ly  mentioned, temperature i s  an  important  environmental 
parameter  i n  a PCRV. PCRV des igns  t o  d a t e  have provided f o r  e l a b o r a t e  
c o o l i ~ ~ g  systems and i n s u l a t i o n  b a r r i e r s  t o  main ta in  t h e  conc re t e  a t  a 
r e l a t i v e l y  low temperature.  An example of t h i s  systelu i s  shown i n  Fig. 1 
f o r  t h e  GA-designed HTGR. Technical  d i scuss ion  of t h i s  cool ing  system 
is n o t  in tended;  r a t h e r ,  t h e  po in t  t o  be  emphasized i s  t h a t  t h e  procedures 
r equ i r ed  f o r  cool ing  t h e  conc re t e  a r e  e l a b o r a t e  a n d . t h e r e f o r e ,  from 
f a b r i c a t i o n  and o p e r a t i o n a l  viewpoints ,  expensive. Designs of PCRVs 
r e l a t i v e  t o  a l lowable  conc re t e  temperatures  a r e  n e c e s s a r i l y  conserva t ive  
because of a l a c k  of knowledge of conc re t e  behavior  ac  e l eva t ed  tempera- 
t u r e s .  An understanding of h i g h - t e m p ~ r a t u r e  behavior  i s  a l s o  r equ i r ed  
K O  a s s u r e  s a f e t y  i n  t h e  event  of a c c i d e n t a l  over-temperature and/or  
over-pressure cond i t i ons  . 

Table 4 g i v e s  t h e  ASME code temperaturc limits f o r  va r ious  l n c a t i o n ~  
i n  t h e  PCRV f o r  t h e  appropr iaee  cond i t i ons  (normal ope ra t ion ,  e t c . )  . 1 2  

A s  s een ,  t h e  temperature should no t  exceed 65°C (150°F) a t  t h e  l i n e r -  
conc re t e  i n t e r f a c e  and i n  t h e  bu lk  concre te .  Between cool ing  tubes  (near  
t h e  l i n e r ) ,  93OC (200°F) i s  g iven  a s  t h e  maximum a l lowable .  For compari- 
son ,  Table 1 provides  t h e  design temperaturc lim5Ls I u r  some e x i s t i n g  
PCKVs. Thus, PCRV des igns  t o  d a t e  show a wide range  of a l lowable  conc re t e  
tempera ture  from 45°C (113OF) f o r  Wylfa t o  80°C (176OF) f o r  S t .  Laurent .  
The a l lowable  temperature drops ac ros s  t h e  w a l l  range Irom 15'~ (59°F) i n  
Wylfa t o  50°C (122OF) f o r  t h e  French v e ~ s e l . ~  I n  any case ,  t h e  maximum 
a l lowab le  temperatures  a r e  very  low compared w i t h  t h e  r e a c t o r  coo lan t  
tempera tures ,  and e f f e c t i v e  thermal  b a r r i e r s  a r e  reqi l i red,  asgccinlly 
f o r  t h ~  IITGR. 

.3.3.1 Compressive S t r eng th  

Although t h e  conc re t e  of a PCRV i s  i n  i t s  least s t r e s s e d  cond i t i on  
dur ing  normal ope ra t ion ,  concern f o r  compressive s t r e n g t h  is v a l i d ,  
because t h e  conc re t e  i s  under a compressive s t r e s s  dur ing  nonoperat ing 
c o n d i t i o n s  owing t o  t h e  a x i a l  and c i r c u m f e r e n t i a l  p r e s t r e s s i n g  fo rces .  



Table 4 .  Condit ion Categories  and Temperature Limits  
f o r  Concrete and P r e s t r e s s i n g  System 

Load Category Area 
Temperature 

Limits, F 

Construction Bulk concrete 130 

Normal 

Abnormal and Severe Environmental 

Failure 

Liner 
Effective at liner-concrete interface 
Between cooling tubes 

Bulk concrete 
Bulk concrete with nuclear heating 
Local hot spots 
Distribution asymmetry 
At prestressing tendons 
Liner interface transients (twice daily) range 

Liner 
Effective at liner-concrete interface 
Between cooling tubes . 

Bulk concrete 
Local hot spots 
Distribution asymmetry 
At prestressing tendons 
Liner interface transients range 

Liner 
Effective at liner-concrete interface 
Between cooling tubes 

Bulk concrete 
Local hot spots 
Distribution asymmetry 
At prestressing tendons 
Liner interface transients range 

Bulk concrete 
Unpressurized condition 
Pressurized condition 

(1) Higher temperatures may be permitted as long as effects on material behavior for example relaxation, are accounted 
for in design. 

Source: "Concrete Reactor Vessels  and Containments," ASME Boi l e r  and P res su re  Vessel  Code, 
Sec t ion  111, Divis ion  2 (1975:. 



Also,  t h e  concern. f o r  e levated-temperature behavior  stems from t h e  f a c t  
t h a t  t h e  conc re t e  w i l l  b e  h o t  a f t e r  r e a c t o r  shutdown' and, because of no 
i n t e r n a l  p r e s s u r e ,  w i l l  b e  sub jec t ed  t o  t h e  maximum compressive s t r e s s e s  
a t  t h e  e l e v a t e d  tempera ture  o r  p o s s i b l e  t e n s i l e  s t r e s s e s  i n  t h e  event  of 
p o s t o p e r a t i o n a l  cool-down of t h e  PCRV. 

, I n  d i s c u s s i n g  s t r e n g t h  t e s t i n g  of conc re t e ,  ~ o u ~ i l l ' ~  p o i n t s  ou t  
t h a t  on ly  s u f f i c i e n t l y  s t i f f  machines can provide t r u e  r e p r e s e n t a t i o n  
of conc re t e  behavior  and t h a t  c a r e  must be  taken i n  using t h e  peak s t r e s s  
a s  a v a l u e  of s t r e n g t h .  F igure  4 shows t y p i c a l  s t r e s s - s t r a i n  curves f o r  
c o n c r e t e  i n  u n i a x i a l  compression t e s t e d  a t  va r ious  s t r a i n  r a t e s .  There 
i s  a danger i n  assuming t h a t  t h e  peak s t r e s s  is  t h e  s t r e s s  a t  f a i l u r e , "  
and t h a t  behavior ,  under decreas ing  s t r a i n  r a t e s  w i t h  consequent ia l  
r e d i s t r i b u t i o n  o f  s t r e s s ,  is  neglec ted .  F igure  4 shows t h a t  t h e  peak 
stress d i d  no t  change apprec iab ly  bu t  t h a t  behavior  changed d rama t i ca l ly .  

I n  exmi-n ing  conc re t e  test r e s u l t s ,  or:le must always keep i n  mind 
t h a t  d i f f e r e n c e s  i n  conc re t e  can be q u i t e  s u b s t a n t i a l  and t h a t  exper i -  
mental  t echniques  f o r  e v a l u a t i n g  e leva ted- tempera t i~re  proper tie^ a r c  
n o t  s t anda rd ized  and a r e  d i f f i c u l t  t o  perform. Thus, wide v a r i a t i o n  
i n  d a t a  should b e  expected,  and confli-c.t ing r e s u l t s  can be  found i n  t h e  
l i t e r a t u r e .  

STRESS ( Psi ) 

I I STRAIN 
0.W 6.004 0.006 

Fig.  4. S t r e s s -S t r a in  Curves f o r  Concrete i n  Compression. Source: 
J. W. Dougi l l ,  " S t r u c t u r a l  P r o p e r t i e s  of Concrete: A ~ev iew," '  l e c t u r e  X 
of l e c t u r e  no te s  from t h e  program; Prestressed Concrete NucZear Reactor 
St.racc&tulo~, March 19 6 0 .  



  an^ s t a t e s  t h a t  t h e  s t r e n g t h  of concre te ,  l i k e  i t s  modulus of 
e l a s t i c i t y ,  i s  be l i eved  t o  be  ve ry  l i t t l e  a f f e c t e d  over  t h e  temperature 
range used i n  t h e  c u r r e n t  PCRV des igns .  However, he  p r e s e n t s  t h e  d a t a  
of Hannant,15 which show t h a t ,  a t  100°C ( 2 1 2 " ~ ) ~  unsealed and s e a l e d  
concre te  ( l imestone aggregate)  s u f f e r e d  a 30% l o s s  of compressive 
s t r e n g t h  (compared w i t h  t h e  r e f e rence  28-day s t r e n g t h ) .  Fu r the r  tests 
a t  150°C (302°F) revea led  a s t r e n g t h  g a i n  f o r  t h e  dry (unsealed)  concre te ,  
bu t  t h e  s e a l e d  concre te  s t r e n g t h  decreased f u r t h e r  f o r  a t o t a l  l o s s  of 
40%. Resu l t s  from Saemann and washa's16 t e s t s  on an unsealed g r a v e l  
concre te  showed a r e l a t i v e  s t r e n g t h  of 88% a t  75°C (167°F) and 80% at  
100°C (212°F). Fu r the r  i n c r e a s e s  i n  temperature r e s u l t e d  i n  a r e l a t i v e  
s t r e n g t h  of about 105% a t  200°C (392°F). The au tho r s  o f f e r e d  no expla- 
n a t i o n  f o r  t h e  r e s u l t s .  

~ a v i s ,  l7 i n  a review paper ,  d i scussed  t h e  high-temperature s t r e n g t h  
of concre te  and emphasized t h e  importance of age a t  t e s t i n g .  As  he 
s t a t e d ,  t h e  p r o p e r t i e s  a f t e r  28 days of moist s t o r a g e  a t  room temperature 
a r e  considered s t anda rd ;  however, i t  is known t h a t  conc re t e  w i l l  cont inue  
t o  ga in  s t r e n g t h  wi th  age i f  mois ture  i s  a v a i l a b l e  f o r  continued hydra t ion .  
I n  t h i s  regard ,  he. r e f e rences  tests by withey18 i n  which 50-year-old 
specimens had s t r e n g t h s  of 35.8 and 44.8 MPa (5200 and 6500 p s i )  compared 
wi th  t h e i r  28-day r e fe rence  s t r e n g t h  of 13.8 MPa (2000 p s i ) ,  s t r e n g t h s  
of 260 and 325% of re ference .  Davis a l s o  p re sen t s  p rev ious ly  unpublished 
d a t a  i n  which specimens were moist-cured f o r  28 days,  a i r -d r i ed  u n t i l  
90 days o l d ,  hea ted  f o r  2 weeks a t  temperature,  and t e s t e d  a t  room temper- 
a t u r e .  Based on a 90-day r e fe rence  s t r e n g t h ,  28-day mois t  conc re t e  had 
only 78% of r e f e rence  s t r e n g t h  a t  20°C (68°F).  Davis s t a t e s  t h a t  spec i -  
mens which a r e  more o r  l e s s  s a t u r a t e d  wi th  water  a t  t h e  t ime of t e s t  have 
lower compressive s t r e n g t h  than  dry specimens. This  is  an  i n t e r e s t i n g  
p o i n t  which was made without  t h e  b e n e f i t  of much d a t a  on conc re t e  spec i -  
mens s e a l e d  a g a i n s t  mois ture  l o s s .  Davis a t r r i b u t e s  t h a t  e f f e c t  t o  t h e  
presence of pore w a t e r  during t e s t i n g  and says  t h a t  i s  why some r e sea rche r s  
(such a s  Hannant, Saemann and Washa) noted a 10 t o  40% s t r e n g t h  l o s s  from 
66 t o  14g°C (150 t o  300°F) and l e s s  compressj.ve l o s s  a t  h igher  temperatures .  
With regard  t o  t e s t i n g  a t  t h e  exposure temperature (ho t  t e s t i n g )  o r  e leva ted-  
temperature exposure followed by t e s t i n g  a t  room temperature ( co ld  t e s t i n g ) ,  
Davis concluded chat, g e n e r a l l y ,  g r e a t e r  s t r e n g t h  l o s s e s  are incu r red  
w i t h  co ld- tes ted  specimens. The e f f e c t  of thermal  cyc l ing  was considered 
by Davis, and he  s t a t e s  t h a t  t h e  l o s s  i n  s t r e n g t h  f o r  conc re t e  sub jec t ed  
t o  wide f l u c t u a t i o n s  i n  temperature has been observed t o  be  two o r  t h r e e  
t imes as g r e a t  a s  f o r  cons tan t  exposure t o  h igh  temperature,  depending 
on t h e  s e v e r i t y  of thermal cyc l ing .  He d i d  n o t  r e f e rence  any s p e c i f i c  
i n v e s t i g a t i o n s .  H e  p resented  some previous ly  unpublished Hanford d a t a ,  
however, which shows s t r e n g t h  drops t o  73% f o r  20 thermal  cyc l e s  of 
38 t o  200°C (100 t o  392°F). For a c y c l i c  pa t te rm of  38 t o  3 5 0 ' ~  (100 t o  
6 6 2 " ~ ) ~  t h e  s t r e n g t h  w a s  60% a f t c r  1 cyc le  and 65% a f t e r  20 c y c l e s  (90-day 
r e fe rence ) .  Thus, h i s  d a t a  do n o t  s u b s t a n t i a t e  t h e  conclusion regard ing  
cyc l ing .  Davis concludes by s t a t i n g  t h a t ,  f o r  cons tan t  exposure t o  
66 t o  93°C (150 t o  200°F), t h e  l o s s  i n  s t r e n g t h ,  i f  any, i s  q u i t e  smal l ;  
and f o r  temperatures  as h igh  as 260 o r  316°C (500 o r  600°F), t h e  d e t e r i -  
o r a t i o n  i n  s t r u c t u r a l  p r o p e r t i e s  is  o r d i n a r i l y  t o l e r a b l e .  



Campbell-Allen, Low, and ~ o ~ e r ' ~  presented  d a t a  on unsealed concre te  
exposed t o  h i g h  tempera tures  and cold-tested.  They a l s o  performed thermal 
cyc l ing  tests (one t o  t e n  cyc l e s ) .  They found t h a t  up t o  250°C (482°F) 
t h e  l o s s  of compressive s t r e n g t h  a f t e r  one cyc le  i s  sma l l  (< lo% l o s s ) .  
However, f o r  t e n  c y c l e s  exposure t o  200°C (392"F),  t h e  s t r e n g t h  went t o  
74% of  r e f e r e n c e ,  wh i l e  f i v e  and t e n  cyc l e s  a t  300°C (572°F) r e s u l t e d  i n  
64 and 60% r e s p e c t i v e l y .  One t e s t  was performed on 90-day-cured conc re t e ,  
and one exposure t o  300°C (572OF) r e s u l t e d  i n  a s t r e n g t h  of 86% of r e f e rence .  
The a u t h o r s  s t a t e  t h a t  l eng thy  cur ing  pe r iods  above 28 days do n o t  improve 
t h e  h e a t  r e s i s t a n c e  of conc re t e  t e s t e d  i n  compression. Thei r  conclusion 
was based on one tempera ture ,  one c y c l i c  r a t e ,  and only two r e l a t i v e l y  
s h o r t  cu r ing  t imes ( e s p e c i a l l y  compared w i t h  t h e  mass concre te  i n  a PCRV). 
I n  a d d i t i o n ,  t h e  90-day concrete. w a s  20% ot ronger  Lhan a t  28 days. They 
made an i n t e r e s t i n g  obse rva t ion  of f a i l u r e  behavior  during t e s t i n g .  The 
r e f e r e n c e  specimens f a i l e d  wi th  a loud explos ion ,  i n d i c a t i n g  h igh  d i s s i -  
p a t i o n  of energy, whereas t h e  hea ted  c y l i n d e r s  f a i l e d  gen t ly .  They 
a t t r i b u t e  t h a t  t o  t h e  d i f f e r e n c e s  i n  e l a s t i c  moduli and s t r e n g t h s .  

Campbell-Allen and ~ e s a i ~ '  performed t e s t s  on many d i f f e r e n t  
conc re t e s  w i th  v a r i a t i o n s  i n  aggrega te  and cement. Some specimens were 
sub jec t ed  t o  thermal  cyc l ing ,  and a l l  t e s t s  were performed a t  room temper- 
a t u r e  on unsealed specimens. The specimens wi th  l imes tone  aggrega te  
showed s i g n i f i c a n t  d e t e r i o r a t i o n  wi th  inc reas ing  temperature,  a s  shown 
i n  F ig .  5. The most marked e f f e c t  a t  65°C (14g°F) is  t h e  r educ t ion  i n  
compressive s t r e n g t h  of t h e  a l l - l imes tone  conc re t e  (with cement 2) t o  
less than  75% of r e f e rence .  Sus ta ined  exposure a t  65°C (149°F) f o r  
t h e  s a m e  conc re t e  d i d  n o t  s u b s t a n t i a l l y  a f f e c t  t h e  s t r e n g t h .  A s  seen  
i n  Fig.  5, t h e  f i r s t  c y c l e  a t  200 o r  300°C (392 ur 572°F) causes most 
of t h e  r e s u l t a n t  damage t o  s t r e n g t h ,  and cont inued cyc l ing  causes f u r t h e r  
d e t e r f o r a t i o n .  Cement 2 d i f f e r e d  from cement 3 (both po r t l and  cements) 
p r i m a r i l y  i n  i t s  lower con ten t  of t r i c a l c i u m  aluminate .  I n  a d d i t i o n ,  
t h e  conc re t e  i nco rpora t ing  t h e  f i r e c l a y  b r i c k  showed t h e  b e s t  mechanical 
p r o p e r t i e s ,  wh i l e  t h e  l imes tone  conc re t e  d e t e r i o r a t e d  t h e  most. The samc 
obse rva t ion  was made i n  t h i s  reporr: a s  i n  a prev ious  one lg  wi th  regard  
t o  observed f a i l u r e  behavior .  That is ,  t h e  unheated specimens f a i l e d  
suddenly w i t h  a loud r e p o r t ,  wh i l e  a f t e r  hea t ing ,  f a i l u r e s  were g radua l  
and w i t h  l i t t l e  no i se .  I n  a d d i t i o n ,  t e c t s  of aggrega te  compressive 
s t r e n g t h  a f t e r  20 c y c l e s  t o  300°C (572°F) r e s u l t e d  i n  no reduct inn  f o r  
t h e  f i r e c l a y  hrirk and a 10% reduct ion  f o r  l imes tone .  

Kawahara and ~ a r a ~ u c h i ~  ' p e r f ~ r m e d  t e s t s  s n  g r a v e l  iuucrere I n  which 
they  i l ~ v e s r i g a t e d  t h e  e f f e c t  of unsealed and s e a l e d  cur ing  a t  20°C (68OF) 
and 80°C (176°F). B a s i c a l l y ,  they found t h a t  t h e  compressive s t r e n g t h  
of conc re t e  i s  s u b s t a n t i a l l y  reduced i f  young concre te  i s  subjected LU 
8n°C (176°F) hea tk lg .  Three months of mois t  cur ing  a t  20°C (68°F) 
fol lowed by 80°C (176°F) h e a t i n g  r e s u l t e d  i n  only a 7% s t r e n g t h  l o s s .  
However, f o r  specimens sub jec t ed  t o  80°C (176°F) hea t ing  one day a f t e r  
c a s t i n g  f o r  1 3  weeks, t h e  s t r e n g t h  a t  80°C (176°F) was only 38% of 
r e f e r e n c e  s t r e n g t h  [based on 20°C ( 6 8 " ~ )  cu r ing ] .  Thus t h c  au tho r s  
emphasize t h e  importance of a lengthy  t ime f o r  hydra t ion  t o  t ake  p l ace  
a t  lower temperatures  . 
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Fig. 5. E f f e c t s  of Temperature Cycles on Limestone Concretes.  Source: 
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The e f f e c t  of s u s t a i n e d  s t r e s s  during hea t ing  of conc re t e  was 
i n v e s t i g a t e d  by ~ b r a m s ~ ~  on g rave l  and expanded s h a l e  concre tes .  Hot 
t e s t s  were performed on s t r e s s e d  and uns t r e s sed  specimens, wh i l e  some 
uns t r e s sed  specimens were hea ted  and then  co ld- tes ted  f o r  r e s i d u a l  
compressive s t r e n g t h .  Resu l t s  f o r  t h e  s i l i c e o u s  aggrega te  conc re t e  a r e  
shown i n  Fig. 6 .  Reference s t r e n g t h s  f o r  t h e i r  t e s t s  were determined 
on companion specimens t e s t e d  a t  21°C (70°F) w i t h i n  two days of t h e  
hea ted  specimen tests i n  t h e  same group. Tes t ing  was begtin. when t h e  
c e n t e r  of t h e  c y l i n d e r  recorded a 75% r e l a t i v e  humidity (performed w i t h  
c o n t r o l  specimens f o r  each group).  A s  shown i n  Fig.  6 ,  the ' spec imens  
hea ted  i n  t h e  u n s t r e s s e d  cond i t i on  and co ld- tes ted  showed t h e  g r e a t e s t  
r e d u c t i o n  i n  compressive s t r e n g t h .  For exposure t o  200°C (392"F), t h e  
s t r e n g t h  decreased t o  8-52, whi-l..e exposures t o  370°C (698°F) and 700QC 
( 1 2 9 2 ' ~ )  r e s u l t e d  i n  r e s i d u a l  s t r e n g t h s  of 65 and 10% r e s p e c t i v e l y .  Tn 
comparison, t h e  u n s t r e s s ~ d  specimen which was hot - - tes ted  d i d  lloL sub- 
s t a n t i a l l y  decrease  i n  s t r e n g t h  u n t i l  400°C (752°F) had been reached. 
The s t r e s s e d  specimens showed a s t r e n g t h  i n c r e a s e  of a few percent  up 
t o  400°C (752°F) and a t  650°C (1202°F) s t i l l  r e t a i n e d  50% s t r e n g t h .  
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Fig.  6. S i l i c e o u s  Aggregate Concrete Compressive S t r e n g t h  vs  
Temperature and S t r e s s .  Source: M. S. Abrams, "Compressive S t r eng th  of 
Concrete  a'L Temperatures t o  1600°F," ACI  SP-25, Temperature and Concrete 
(1970). 



Thus, s t r e s s i n g  t h e  conc re t e  even t o  0.25 fcO (fc' o r i g i n a l  s t r eng th )  
had a b e n e f i c i a l  e f f e c t  over  t h e  e n t i r e  temperature range. Abrams 
s t a t e s  t h a t  ~ a l h o t r a ~ ~  a t t r i b u t e d  t h e  sma l l e r  s t r e n g t h  l o s s  under t h e  
s t r e s s e d  condi t ion  t o  a r e t a r d a t i o n  of c rack  formation.  F igures  7 ,  8, 
and 9 d e p i c t  t h e  e f f e c t  of aggrega te  type  on t h e  s t r e n g t h  under the-  
var ious  condi t ions  shown. There i s  no t  a g r e a t  d i f f e r e n c e  between t h e  
va r ious  concre tes  u n t i l  a temperature of  about 500°C (932OF) is  reached,  
a t  which p o i n t  t h e  s i l i c e o u s  g r a v e l  conc re t e  l o s e s  s t r e n g t h  most r a p i d l y  
wi th  i n c r e a s i n g  temperature.  Concerning t h e  e f f e c t  of s t r e s s i n g  dur ing  
hea t ing ,  t h e  s t r e s s  l e v e l  (whether 0.25, 0.40, o r  0.55 fcO) had l i t t l e  
e f f e c t  on . the  compressive s t r e n g t h  of conc re t e  at any g iven  test tempera- 
t u r e .  These r e s u l t s  .were a l s o  independent of (1) o r i g i n a l  s t r e n g t h  of 
t h e  concre te ,  (2 )  aggrega te  type ,  and (3) test temperature.  Also,  o r i g i n a l  
s t r e n g t h  had l i t t l e  t o  do wi th  subsequent s t r e n g t h  behavior  f o r  a l l  types  
of t e s t s .  Thus, Abrams r e s u l t s  showed t h a t  specimens s t r e s s e d  during 
hea t ing  r e t a i n e d  h ighe r  s t r e n g t h s  t han  t h e  uns t r e s sed  and t h a t  uns t r e s sed  
specimens showed g r e a t e r  s t r e n g t h  l o s s  i n  co ld  t e s t i n g  than  i n  h o t  t e s t i n g .  
The l a t t e r  p o i n t  agrees  w i th  t h e  obse rva t ions  of Davis. 1 7  

Fig .  7. Residual  Compressive S t r e n g t h  v s  Temperature f o r  Various 
Concrete Mixtures.  Source: M. S .  Abrams, "Compressive S t r eng th  of 
Concrete .at Temperatures t o  1 6 0 0 ° ~ ,  " ACI  SP-25, Temperature and Concrete ' 
(1970) . 
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Fig. 8. Compressive Strength vs Temperature for Various Concrete 
Mixtures. Source: M. S. Abrams, "Compressive Strength of Concrete at 
Temperatures to 1600°F," ACI SP-25, Temperature and Concrete (1970). 
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Fig. 9. Compressive Strength vs Temperature for Various Concretes 
Heated Under Stress. Source: M. S. Abrams, "~ompressive Strength of 
Concrete at Temperatures to 1600°F," ACI SP-25, Tempemture and Concrete 
(1970) . 



~ a s s e r ~ ~  concluded t h a t  up t o  1 0 0 " ~  ( 2 1 2 " ~ )  t h e  compressive s t r e n  t h  
of mass conc re t e  is  not  in f luenced  a f t e r  e a r l y  age.  Ravina and Shalon 5 5 

concluded t h a t  t h e  e f f e c t  of temperature a t  c a s t i n g  and e a r l y  cu r ing ,  
w i t h i n  t h e  range of  1 5  t o  4 5 " ~  (59 t o  1 1 3 " ~ ) ,  on compressive s t r e n g t h  
of concre te  made w i t h  por t land  cement ( types  I and V) v a r i e s  cons iderably  
and appears  t o  depend on t h e  s p e c i f i c  cement composition and, poss ib ly ,  
a l s o  on i t s  f ineness .  They f e e l  t h a t  sys t ema t i c  s t u d i e s  of po r t l and  
cement conc re t e  w i t h  vary ing  composition w i l l  h e l p  t o  e x p l a i n  t h e  
mechanism of temperature e f f e c t  on s t r e n g t h .  

Browne and B l ~ n d e l l , ~ ~  i n  t h e i r  review paper  on conc re t e  proper ty  
r e sea rch ,  s t a t e d  t h a t  r e s u l t s  of Hannant , '  arki ins on,^' and Campbell-Allen 
and ~ e s a i ~ '  i n d i c a t e  t h a t  when l imes tone  crushed rock  m a t e r i a l s  a r e  used 
w i t h  o rd ina ry  po r t l and  cement, t h e  r e s u l t a n t  s t r e n g t h  of conc re t e  hea ted  
t o  90°C (194°F) can b e  reduced t o  60%. They conclude t h a t  l imes tone  
should be avoided as a PCRV conc re t e  aggrega te  because of t h e  thermal  
i ncompa t ib i l i t y  between t h e  coa r se  aggrega te  and t h e  cement p a s t e .  Thus, 
they would l i m i t  aggrega te  s e l e c t i o n . f o r  p re s su re  v e s s e l s  t o  medium- 
s i l i c a - c o n t e n t  crushed rock ( b a s a l t s ,  d o l e r i t e s ,  h o r n f e l s ,  e t c . )  o r  t o  
f l i n t  g rave l s .  The e a r l y  temperature cyc l e  i s  mentioned by Browne and 
Blundel l  a s  an  important f a c t o r  t h a t  w i l l  i n f l u e n c e  t h e  compressive s t r e n g t h  
of m a s s  concre te .  That is ,  t h e  . rapid rate of h e a t  evo lu t ion  produced 
dur ing  t h e  i n i t i a l  s t a g e s  of cement hydra t ion  a f f e c t s  t h e  compressive 
s t r e n g t h  of c o n c r e t e . '  F igure  10 shows r e s u l t s  of e a r l y  age h e a t  cyc l ing  
( t o  s imu la t e  h e a t  evo lu t ion  of i n  situ mass concre te )  on l imes tone  
concretes2 '  and a s i l i c e o u s  concre te .26  Both types  were sub jec t ed  t o  
e a r l y  h e a t  cyc l e s  of about 3 5 " ~  (95"F),  and t h e  l imes tone  conc re t e  w i th  
type  I cement was sub jec t ed  t o  a 53°C (.127OF) cyc le .  The au tho r s  s t a t e  
t h a t  t h e  l imestone concre te  is most adverse ly  a f f e c t e d  by t h e  e a r l y  age 
h e a t  cyc l e  and t h a t  t h e  s i l i c e o u s  concre tes  a r e  a f f e c t e d  t o  a f a r  l e s s e r  
ex t en t .  This  i s  t r u e  a s  regards  t h e  abso lu t e  magnitude of t h e  e f f e c t .  
However, i t  appears  from t h e  d a t a  shown t h a t ,  f o r  t h e  35°C h e a t i n g ,  t h e  
l imes tone  conc re t e  ( t ype  IV) d id  n o t  exper ience  a s t r e n g t h  r educ t ion  a t  
28 days compared w i t h  the  s tandard  cured specimen. Also, a t  220 days, 
t h e  hea ted  l imestone concre te ,  a l though 15% less s t rong  than  t h e  s t anda rd  
cured,  increased  i n  s t r e n g t h  t o  140% of r e f e rence .  The s i l i c e o u s  conc re t e ,  
on t h e  o t h e r  hand, only increased  t o  120% of r e f e r e n c e  a f t e r  300 days. 
It i~ t r u e  t h a t  t h e  l imestone conc re t e  subjec ted  to' a 53°C ( 1 2 7 " ~ )  e a r l y  
h e a t  c y c l e  experienced a s t r e n g t h  r educ t ion  t o  only  70% of r e f e rence .  
That i s  s i g n i f i c a n t . ,  bu t  no comparable d a t a  a r e  shown f o r  t h e  s i l i c e o u s  
conc re t e  wi th  which t o  base  a comparison f o r  t h a t  higher- temperature 
hea t  cyc le .  .It is  presumed t h a t  Browne's and Lapinas'  s t u d i e s  were 
conducted on unsealed specimens. 

The r e s u l t s  of Kawahara and ~ a r a ~ u c h i ,  ' discussed  previous ly ,  on 
e a r l y  age hardening a t  8 0 " ~  (176°F) showed t h a t  a g r a v e l  conc re t e  had' 
only 38% of t h e  compressive s t r e n g t h  of a s t anda rd  cured-specimen.  Yet 
t he  s t r e n g t h  r a t i o  of concre te  cured i n  s ea l ed  cond i t i on  a t  80°C (176OF) 
t o  conc re t e  cured i n  s e a l e d  cond i t i on  a t  20°C (68°F) was 185% a t  1 week, 
120% a t  4 weeks, and 105% a t  1 3  weeks. 

 h he p rev ious ly  d iscussed  obse rva t ion  by ~ a v i s '  ' t h a t  conc re t e  
s a t u r a t e d  by mois ture  e x h i b i t s  less s t r e n g t h  a t  e l eva t ed  temperature 
than  d ry  specimens is  of fundamental conce'rn t o  d i scuss ion  of conc re t e  
s t r e n g t h  i n  a mass conc re t e  s i t u a t i o n .  Lankard e t  a1. 3 0  i n v e s t i g a t e d  



Fig.  10. E f f e c t  of Hydrat ion on Concrete S t r eng th .  Source: 
R. D. Browne and R. B lunde l l ,  "Relevance of Concrete Proper ty  Research 
t o  P r e s s u r e  Vesse l  Design," ACI SP-34, Concrete for Nuclear Reactors, 
pp. 69-102 (1972). 

conc re t e  p r o p e r t i e s  w i t h  t h a t  s i t u a t i o n  i n  mind. The i r  s tudy  was 
d i r e c t e d  a t  determining t h e  e f f e c t s  of mo i s tu re  con ten t  on s t r u c t u r a l  
p r o p e r t i e s  of c o n c r e t e  a t  temperatures  up t o  260°C (500°F).  Concretes 
w i t h  g r a v e l  o r  l imes tone  aggrega tes  and type  I1 cement were s t u d i e d  
w i t h  waterlcement r a t i o s  of 0.40 and 0.42 r e s p e c t i v e l y .  C y l i n d r i c a l  
specimens 10.2 cm (4  i n . )  i n  diameter  and 20.3 cm (8 i n . )  long  were 
cured i n  100% humidi ty f o r  28 t o  200 days. The au tho r s  performed h o t  
and co ld  t e s t i n g  on unsealed concre te  hea ted  a t  atmospheric p r e s s u r e  
as w e l l  a s  ho t  and cold t e s t i n g  on conc re t e  hea t ed  a t  s a t u r a t e d  steam 
pressure ( r e f e r r e d  t o  a s  s e a l e d  conc re t e ,  a l though no a c t u a l  s e a l i n g  of 
t h e  specimens w i t h  an  impermeable covering woe uocd) i n  an au toc l ave  
device .  In  a l l  c a s e s ,  h e a t i n g  t o  t h e  d e s i r e d  temperature was c a r r i e d  
o u t  s lowly  t o  minimize tempera ture  g r a d i e n t s .  

The s e a l e d  specimens t h a t  were t e s t e d  h o t  were hea ted  under water  
i n  t h e  p re s su re  dev ice  shown i n  F ig .  11. The device  used p re s su re  s e a l s  
and a bel lows assembly which allowed a p p l i c a t i o n  of a compressive load  
t o  t h e  specimens w h i l e  main ta in ing  an equ i l i b r ium p res su re  around them. 
I n  a d d i t i o n ,  t h e  e n t i r e  assembly was p laced  i n  a furnace  f o r  hea t ing .  



Fig.  11. Pres su re  Can Tes t  Assembly. Source: D. R. Lankard e t  
1 I E f f e c t s  of Moisture Content on t h e  S t r u c t u r a 1 . P r o p e r t i e s  of Po r t l and  
Cement Concrete .Exposed t o  ~ e m ~ e r a t u r e s  up t o  500°F," A C I  SP-25, Tempe 
t m e  md Concrete (1970). 
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The tempera tures  and corresponding t imes a t  temperature f o r  t h e  un- 
s e a l e d  specimens were 2 6 0 " ~  (500°F) (75 days) ,  190°C ( 3 7 4 ' ~ )  (82 days) ,  
121°C (249°F) (91  days ) ,  and 80°C ( 1 7 6 ' ~ )  (98-109 days) .  .F igu res  12 . and  1 3  
show t h e i r  d a t a  f o r  unsealed hot- and cold-tested conc re t e  specimens, 
us ing  l imes tone  and g r a v e l  aggrega tes  r e s p e c t i v e l y .  Both l imes tone  and 
g r a v e l  conc re t e s  f i r s t  showed i n c r e a s e s  i n  compressive s t r e n g t h  compared 
w i t h  t h e  r e f e r e n c e  s t r e n g t h  ( a s  cured 28-day s t r e n g t h  on s a t u r a t e d  sur face-  
d ry  specimens),  whether  they  were t e s t e d  h o t  o r  co ld .  A t  190°C (374°F) 
t h e  co ld- tes ted  l imes tone  conc re t e  decreased t o  about 90% of r e f e rence ,  
w i t h  t h e  ho t - t e s t ed  l imes tone  specimens n o t  decreas ing  t o  t h a t  l e v e l  
u n t i l  260°C (500°F). Only t h e  co ld- tes ted  s e r i e s  of t h e  g r a v e l  concre tes  
r e s u l t e d  i n  a s t r e n g t h  dec rease ,  and t h a t  d id  n o t  occur u n t i l  260°C 
(500°F),  w i t h . t h e  s t r e n g t h  being.:90% of reference..  The primary obser- 
, v a L l o n  made by rhe au fhor s  was t h a t  t h e  e f f e c t  of t e s t  temperature on 
t h e  compressive s t r e n g t h  of bo th  unsealed conc re t e s  hea ted  f o r  long t imes 
up t o  260QC (500°F') was minimal. One problem w i t h  r ep re sen t ing  t h e  
r e s u l t s  a s  t he  e f f e c t  of e levated-temperature exposure on s t r e n g t h  is 
t h a t  t h e  r e f e r e n c e  s t r e n g t h  was based only  on t h e  ~ s - ~ l i r e d ,  s a t u r a t e d ,  
sur face-dry ,  28-day s t r e n g t h .  It would be  of i n t e r e s t  t o  u se  a r e f e rence  
s t r e n g t h  based on specimens t h a t  had been a i r -d r i ed  a t  room temperature. 
f o r  t h e  v a r i o u s  l e n g t h s  of time corresponding t o  t h e  hea t - t r ea t ed  spec i -  
mens. That i s  no r  t o  s a y  t h a t  us ing  t h e  28-day s t r e n g t h  was inappropr i a t e ,  
s i n c e  most conc re t e  mix tu re  s p e c i f i c i a t i o n s  f o r  PCRVs and o t h e r  s t r u c t u r e s  
r e q u i r e  t h e  a t t a inmen t  of a c e r t a i n  s p e c i f i e d  s t r e n g t h  a t  28 days. However, 
beyond 28 days, f u r t h e r  cement hydra t ion  would r e s u l t  i n  a con t inua l  
s t r e n g t h  g a i n ,  and t h e  a c t u a l  e f f e c t  o f  e l eva t ed  temperature a s  a s i n g l e  
parameter  could b e  eva lua ted  more d i r e c t l y .  
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Fig.  12. Compressive S t r eng th  v s  Temperature f o r  Limestone Concrete,  
Unsealed. Source: D. R. Lankard e t  a l . ,  "E f fec t s  of Moisture Content on 
t h e  S t r u c t u r a l  P r o p e r t i e s  of Po r t l and  Cement Concrete Exposed t o  Temperatures 
up t o  5 0 0 ° ~ , "  A C I  SP-25, Temperature and Concrete (1970). 
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Fig.  13. Compressive S t r eng th  v s  Temperature f o r  Gravel  Concrete ,  
Unsealed. Source:, D. R. Lankard e t  a l . ,  "E f fec t s  of Moisture Content 
on t h e  S t r u c t u r a l  P r o p e r t i e s  of Po r t l and  Cement Concrete  Exposed t o  
Temperatures up t o  500°F," ACI  SP-25, Temperature and Concrete (1970). 

I n  t h e  c a s e  of s e a l e d  concre te ,  t h e  t e s t  temperatures  and cor re-  
sponding fog-room cur ing  times w e r e  8 0 " ~  (176°F) .(I50 days.) , 121°C ( 2 4 9 " ~ )  
(157 days) ,  190°C (374°F) (180 days) ,  and 260°C (500°F) (260 days) .  I n  
t h i s  ca se  t h e  r e f e rence  s t r e n g t h  was taken  on conc re t e  fog-room-cured 
f o r  115 days a t  room temperature.  The holding t ime a t  t e s t i n g  tempera- 
t u r e  was 20 t o  28 h r .  The r e s u l t s  of h o t  t e s t i n g  under s a t u r a t e d  steam 
p res su re  condi t ions  a r e  shown i n  Fig.  14 f o r  t h e  g r a v e l  concre te .  The 
compressive s t r e n g t h  a t  121°C (249°F) w a s  reduced t o  about 77% of r e f e rence ,  
wh i l e  f u r t h e r  reduct ions  t o  70 and 48% took p l ace  a t  190 and 2 6 0 " ~  (374 

- 
and 500nF), respece ive ly .  -1he r e s u l t s  of co ld  t e s t i n g  of specimens 
fo l lowing  hea t ing  under s a t u r a t e d  steam p res su re  i n  a convent iona l  auto- 
c l ave  a r e  depic ted  i n  Fig.  15.  Tes t s  were conducted only  a t  121  and 260°C 
(249 and 500°F) f o r  t h i s  s e r i e s .  A l l  specimens were fog-room-cured from 
95 t o  1 2 1  days p r i o r  t o  t e s t i n g .  A s  i nd i ca t ed  i n  t h e  f i g u r e ,  some 
specimens rece ived  va r ious  cyc l e s  of a i r  and au toc l ave  exposures.  For 
t h e  g r a v e l  concre te ,  no s t r e n g t h  r educ t ion  took p l a c e  a t  121°C (24g°F), 
and, i n  f a c t ,  s t r e n g t h  i n c r e a s e s  occurred f o r  two of t h e  cond i t i ons  shown. 
A t  260°C (500°F) t h e  specimen hea ted  f o r  one c y c l e  w a s  reduced t o  60% of 
r e f e rence  s t r e n g t h ,  whi le  t h e  specimen t h a t  w a s  autoclave-heat-cycled t h r e e  
t imes was reduced t o  only 80% of r e f e rence .  The l imes tone  conc re t e  showed 
reduct ions  t o  87 and 93% a t  121°C (24g°F) f o r  one and t h r e e  au toc l ave  c y c l e s  
r e s p e c t i v e l y .  A t  260°C (500°F) t h e  specimens were independent of  cyc l e s ,  
and both  one- and three-cycled specimens were reduced t o  45% of r e f e rence .  
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Fig.  14.  Compressive S t r eng th  v s  Temperature f o r  Gravel Concrete,  
Sea led .  Source: D. K. Lankard e t  a l . ,  "Effec ts  of Moisture Content on 
t h e  S t r u c t u r a l  P r o p e r t i e s  of Po r t l and  Cement Concrete Exposed t o  Tempera- 
t u r e s  up t o .  500°F," A C I  SP-25, Temperature and Concrete (1970) . 
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Fig.  15.  Compressive S t r eng th  v s  Temperature f o r  Gravel and Lime- 
s t o n e  Concrete,  Autoclaved. Source: D. R. Lankard e t  a l . ,  "Ef fec t s  of 
Mois ture  Content on t h e  S t r u c t u r a l  P r o p e r t i e s  of Po r t l and  Cement Concrete 
Exposed t o  Temperatures up t o  500°F," ACI  SP-25, Temperature and Concrete 
(1970).  



For t h e  limestone concrete reheated i n  air a f t e r  one autoclave cycle, 
the  s t rength went t o  120% a t  121°C (24g°F) and 70% a t  260°C (500°F). 
Thus the  limestone aggregate concrete showed t h e  grea tes t  reduction i n  
res idual  s t rength following exposure t o  elevated temperatures i n  the  
autoclave environment, 

The authors concluded tha t  concrete which r e t a in s  its f r e e  water 
exhibi ts  g rea t ly  reduced compressive s t rength at elevated temperatures 
comparedqwith concrete which is allowed t o  dry. They s t a t e  t h a t  laboratory 
s tud ies  using unsealed specimens cannot be used t o  predict  t h e  behavior 
of sealed specimens. I n  addition, they recommend tha t  s i l i ceous  aggregates 
be u t i l i z e d  f o r  s t ruc tu ra l  concrete applications i n  which t h e  f r e e  moisture 
w i l l  be retained on heating. It is d i f f i c u l t  t o  make a comparison between 
the  hot s t rength and res idual  (cold) s t rength i n  t h i s  study, because the 
specimens tha t  w e r e  autoclaved t o  high temperature and then cooled and 
tes ted  contained less f r e e  water than the  specimens hot-tested i n  the  
pressure can (Fig. 11). 

Another major study of i n t e r e s t  is t ha t  performed by Bertero and 
polivka3 ' at the University of California. They performed experiments 
s imilar  t o  those of Lankard et al., i n  t ha t  they tes ted  sealed and unsealed 
specimens a t  elevated temperatures and conducted cold tests f o r  res idual  
strength. They used 15.2- by 45.7-CHI (6- by l&in.)  concrete cylinders 
cured f o r  90 days a t  room temperature in the sealed condition. The concrete 
mixture consisted of type I1 portland cement and limestone sand aggregate 
( f i ne  and qoarse) with a w/c  r a t i o  of 0.425 and a 28-day compressive 
s t rength of about 44.8 MPa (6500 ps i ) .  Ehnbedment gages w e r e  ca s t  i n to  
the spechens  f o r  measurements of s t r a i n s  and temperatures. Detai ls  of 
t h e i r  techniques and i n s t m e n t a t i o n  a r e  provided i n  a separate  paper. 3 2 

The basic fac tors  which they considered were :  sustained temperature of 
14g°C (300°F), cycling t o  14g°C, influence of free-moisture content, and 
differences between hot  and cold tes t ing.  ,Hgure 16 shows the design of 
t h e i r  seal ing system, consist ing of a 0.038-cm-thick (0.015-in.) copper 
jacket silver-soldered t o  copper end p la tes  and provided with moisture 
seals at the  lead wire penetrations. Figure 17  shows a schematic of the  
instrumentation system used f o r  both sealed and unsealed specimens. The 
compressive strengths a r e  compared with reference specimens, which w e r e  
sealed and cured f o r  90 days a t  21°C (70°F), having an average compressive 
s t rength of 44.2 MPa (6420 ps i ) .  Only one specimen.was used f o r  each 
type oe test. Specimens tes ted  dry had t h e i r  containers punctured p r io r  
t o  tes t ing  t o  allow f o r  moisture escape. 

The r e s u l t s  of a l l  the  t e s t i ng  are shown i n  Table 5 f o r  c o m p r ~ s i v e  
strength (and other properties t o  be discussed l a t e r ) .  Figure 18 shows 
the  r e s u l t s  f o r  sealed and unsealed (dry) specimens held at 14g°C (300°F) 
f o r  various lengths of time and tes ted hot. A s  shown, the  dry specimens 
l o s t  about 10% of t h e i r  s t rength i n i t i a l l y  but,  a f t e r  s w e n  days, had 
regained s t rength back t o  t h a t  of t he  control  specimen. The sealed speci- 
mens, on the other hand, continuously l o s t  s t rength with increasing time 
at temperatures u n t i l ,  at 25 days, only 29% of reference s t rength remained. 
With regard t o  the e f f ec t  of thermal cycling on the compressive s t rength 
[21-15*2l0C (70-30*70°F)], the  dry specimens were not affected s ign i f i -  
cantly. I n  f ac t ,  f i v e  thermal cycles resul ted i n  s l i g h t  increases i n  
s t rength f o r  the  dry specimens, Figure 19 depicts  the  e f f ec t  of the  number 
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Fig. 16. Test Specimen and Sealing Assembly, Source: V. V. Rertero 
and M. 'Polivka, "Influence of Thermal lhposure on Mechanical Character- 
ist ics  of Concrete," ACI SP-34, Concrete for NlucZear Reactors, pp. 50F31 
(1972) . 



Fig. 17. Instrumentation used During Compression Tests. Source: 
V. V. Bertero and M. Polivka, "Influence of Thermal Exposure on Mechanical 
Characteristics of concrete," ACI SP-34, Concrete for NucZear Reactors, 
pp. 505-31 (1972). 



Table 5. Effect of Type of Thermal Treatment on Mechanical 
Characteristics of Concrete 

"Thy" - Speclmen m i n e d  eealed up t o  age 90 &yo, tbsn pelmitted t o  low moletun 
d m  thcral txpanur aad teat*. 

(2) %b percanta~a capnrmive .trcasth vmlw(1 darn rehi to tba O-M~VC rtraagth 
o f  fbc control which is taken .o 100 pxwnt. 

Source: V. V. Bertero and M. Polivka, "Influence of Thermal 
Exposure on Mechanical Characteristics of Concrete," ACI SP-34, Concrete 
for IVucZear Reactors, pp. 50531 (1972). 
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Fig. 18. Compressive Strength vs Time at Temperature, Sealed and 
Unsealed. Source: V. V. Bertero and M. Polivka, "Influence of Thermal 
Exposure on Mechanical Characteristics of Concrete." ACI SP-34, Concrete 
for Nuclear Reactors, pp. 50531 (1972) . 
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Fig. 19. Compressive Strength vs Number of Thermal Cycles, Sealed. 
Source: V. V. Bertero and M. Polivka, "Influence of Thermal Exposure on 
Mechanical Characteristics of Concrete, ACI SP-34, Concrete for Nuclear 
Reactors, pp . 50-S-33. (1972) . 



of thermal  c y c l e s  on t h e  compressive s t r e n g t h  f o r  s e a l e d  specimens t e s t e d  
a t  21°C (70°F) and 14g°C (300°F). The specimens t e s t e d  a t  149°C (300°F) 
gave s l i g h t l y  lower s t r e n g t h  than  t h e  ones co ld- tes ted  f o r  r e s i d u a l  s t r e n g t h ,  
b u t  bo th  h o t  and co ld  t e s t i n g  showed con t inua l  decreases  i n  s t r e n g t h  a s  
t h e  number of h e a t i n g  c y c l e s  increased .  

It is  d i f f i c u l t  i n  t h i s  s tudy  t o  s e p a r a t e  t h e  e f f e c t  of thermal  cyc l ing  
from t h a t  of s imple  exposure t o  e l eva t ed  temperature.  The specimens 
con ta in ing  f r e e  mo i s tu re  were s i g n i f i c a n t l y  a f f e c t e d  by hea t ing  t ime a t  
149°C (300°F),  whereas specimens allowed t o  dry  d i d  no t  experience a l o s s  
o f  compressive s t r e n g t h  e i t h e r  during continuous exposure a t  149°C (300°F) 
f o r  seven  days o r  dur ing  f i v e  thermal cyc l e s  t o  149°C (300°F). 

Be r t e ro  and Pol ivka  a l s o  r epo r t ed  a d i f f e r e n c e  i n  t h e  type  of f a i l u r e  
between s e a l e d  and unsealed specimens. The mode of f a i l u r e  f o r  t h e  d ry  
s p e c w e n s  was sudden and b r i t t l e ,  wh i l e  t h e  s e a l e d  specimens f a i l e d  i n  a 
more d u c t i l e  miinner. The s t u d i e s  of bo th  refs. 19 and 20 r epor t ed  loud,  
sudden f a i l u r e s  f o r  unheated specimens and g e n t l e  f a i l u r e s  f o r  specimens 
exposed t o  e l e v a t e d  temperatures .  It i s  not  understood why Ber t e ro  and 
P o l i v k a ' s  dry  specimens exposed t o  e l eva t ed  temperature f a i l e d  i n  a b r i t t l e ,  
loud  manner, w h i l e  t h e  o t h e r  i n v e s t i g a t o r s  r epo r t ed  slow, g e n t l e  f a i l u r e s  
f o r  d ry ,  hea ted  conc re t e .  The primary conclus ion  of this work is ,  a s  was 
t h e  c a s e  f o r  Lankard e t  a l . ,  t h a t  t h e  main parameter f o r  observed d e t e r i -  
o r a t i o n  of  c o n c r e t e  s t r e n g t h  a t  e l eva t ed  temperature appears  t o  be  t h e  
con t inu ing  presence  of mois ture .  

Nasser  and ~ o h t i a ~ ~  performed tests on s e a l e d  conc re t e  specimens a l s o .  
The i r  t e s t s  were designed t o  i n v e s t i g a t e  t h e  e f f e c t s  of e l eva t ed  tempera- 
t u r e  on m a s s  conc re t e  f o r  r e l a t i v e l y  long per iods  of t ime. They t e s t e d  
7.62 x 23.5 cm ( 3  x 9 114 i n . )  c y l i n d e r s  made wi th  type  I11 high-early- 
s t r e n g t h  cement. The aggrega tes  were composed of dolomite  and hornblend. 
A h igh  water lcement  r a t i o  of 0.6 was used, and specimens were s e a l e d  
a g a i n s t  l o s s  of mo i s tu re  immediately a f t e r  c a s t i n g .  Specimens no t  
sub jec t ed  t o  tempera tures  above 21°C (70°F) were sea l ed  i n  polypropylene 
j a c k e t s .  3 4  For h ighe r  temperatures  0.16-cm t h i c k  (1116-in.) , 8.25-cm-diam 
(3.25-in.) welded s t e e l  p i p e s  were used f o r  s e a l i n g  con ta ine r s .  Spccimens 
w e r e  hea t ed  e i t h e r  a t  1 day a f t e r  c a s t i n g  ( conc re t e  A) o r  14 days a f t e r  
c a s t i n g  ( conc re t e  B). Times of exposure were e i t h e r  1, 3,  7 ,  14 ,  28, 56, 
91, o r  180 days. 

Foflowing h e a t  exposure, specimens were cooled t o  room temperature 
and removed from t h e  c o n t a i n e r .  T e s t i n g  was then  performed st room 
tempera ture .  The a u t h o r s  do no t  s t a t e  t h e  amount of time t h a t  passed 
Irom removal of t h e  specimen t o  t e s t i n g ,  except t h a t  removal and t e s t i n g  
occurred  i n  t h e  same day. Presumably, t h e  specimens were no t  allowed t o  
a i r -d ry  except  f o r  t h e  s h o r t  t ime i t  took t o  weigh and test them i n  com- 
p re s s ion .  Tho r c f c r c n c c  .s t rength ia ra~lr casu wnt: baoed on ehe s t r e n g t h  
of s e a l e d  conc re t e  cured a t  21°C (70°F) f o r  t h e  same l eng th  of t ime a s  
w a s  t h e  p a r t i c u l a r  heat-exposed specimen. Table 6 provides  t h e  r e s u l t s  
of Nasser and L o h t i a ' s  co ld  t e s t i n g  f o r  t h e  r e l a t i v e  compressive s t r e n g t h  
a t  v a r i o u s  ages  and temperatures .  F igu re  20 is  a g r a p h i c a l  r e p r e s e n t a t i o n  
of  t h e  d a t a  i n  terms of a b s o l u t e  s t r e n g t h .  

P l o t t i n g  t h e  d a t a  f o r  conc re t e  B accord ing  t o  t h e  r a t i o  of percentage 
of t h e  p a r t i c u l a r  r e f e r e n c e  s t r e n g t h  r e s u l t s  i n  t h e  graph shown i n  Fig.  21. 
The d a t a  shows, g e n e r a l l y ,  t h a t  exposure a t  h igh  temperatures  caused 



T a b l e  6. R a t i o  of Compressive S t r e n g t h  a t  Various  Temperatures and Ages t o  
t h e  One a t  21.'4OC (70°F) f o r  Both Concre tes  A and B~ 

Rat io  of Compressive Strength  a t  Ind ica ted  
Compressive 

Type Age Strength ,  p s i  Temperature t o  t h a t  a t  21.4"C (70°F) 
0 f 

Concrete 
(days) (kgf/cm2) a t  1.7"C 71°C 121°C 149°C 177°C 205 " C 232°C 

21*40C (700F) (35°F) (160°F) (250°F) (300°F) (350%) (400°F) (450°F) 

A 5 4200 (290) 0.68 1.17 1.00 1.15 1.20 1.10 1.07 
(1-day) 14 5300 (372) 0.83 0.97 1 .01 0.93 0.95 0.79 0.75 w W 

9 1  5810 (408) 1.06 0.'97 0.85 0.77 0.69 0.62 0.58 
180 6080 (427) 1.12 0.97 0.78 0.68 0.59 0.56 0.50 

B 4 5400 (380) 0.95 0.95 1.07 0.95 0.38 0.80 
(l$-day) 14 5500 (386) 1 .01 1.05 1.02 0.97 0 ..79 0.75 

9 1 5850 (412) 1.05 1.07 0.87 0.73 0.63 0.59 
180 6100 (428) 1.05 1.05 0.80 0.64 0.56 0.53 

a Sealec  specimens. 

Source: K. W. Nasser and R. P.  L.ohtia,  ass Concrete P r o p e r t i e s  a t  High Temperatures," J. Am. Concr. 
Inst. 68: 180-86 (March 1971). 
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Fig .  20. R e s i d u a l  Compressive S t r e n g t h  vs Temperature  and Age, 
S e a l e d .  Source:  K. W. Nasser and R. P. L o h t i a ,  "Mass Concre te  P r o p e r t i e s  
a t  High T ' m p e r a t u r e s , "  J. Am. Concr. Inst. 68: 180-86 (March 1971) .  
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Fig. 21. R e s i d u a l  Compressive S t r e n g t h  vs Temperature  and Age, 
S e a l e d .  Source:  K.  W. Nasser and R. P .  L o h t i a ,  "Mass C o n c r e t e  P r o p e r t i e s  
a t  High Temperatures  ,I1  J. Am. Concr. Inst .  68: 180-86 (March 1971) . 



d e t e r i o r a t i o n  of t h e  conc re t e  r e s i d u a l  s t r e n g t h .  For conc re t e  B (exposed 
t o  h e a t  14 days a f t e r  ca s t ing )  t h e  r e s i d u a l  compressive s t r e n g t h  w a s  
gene ra l ly  h ighe r  a t  120°C (248°F) and began t o  show decreased s t r e n g t h  
a t  1 5 0 " ~  ( 3 0 2 ' ~ )  (0.80 r e f e r e n c e  s t r e n g t h  f o r  180 days) .  With h igher  
temperatures  t h e  e f f e c t  became more pronounced, and t h e  g r e a t e s t  l o s s  
was f o r  180-day conc re t e  a t  230°C (446"F), t h e  r e s i d u a l  s t r e n g t h  being 
only 53% of t h a t  cured f o r  180 days a t  20°C (68°F). F igures  20 and 21 
show t h a t '  temperature exposure up t o  125°C (257°F) on 14-day-old conc re t e  
d id  not  have much e f f e c t  r e g a r d l e s s  of t h e  time of exposure. Beyond 
125°C ( 2 5 7 " ~ ) ,  however, t h e  r e s i d u a l  s t r e n g t h  was reduced [except  f o r  t h e  
four-day exposures f o r  which s i g n i f i c a n t  r educ t ion  d i d  not  occur  u n t i l .  
a f t e r  175°C (347°F) 1. 

I n  t h i s  r e p o r t ,  con t r a ry  t o  most of t h e  o t h e r s  examined, t h e  r e f e r e n c e  
s t r e n g t h  f o r  a p a r t i c u l a r  specimen is  based on. conc re t e  of equal  age 
cured a t  20°C (68OF). It is  f e l t  t h a t  t h i s  approach i s  more v a l i d  from 
t h e  s t andpo in t  of eva lua t ing  t h e  a c t u a l  e f f e c t  of temperature exposure. 
However, a s i g n i f i c a n t  drawback is t h a t  a l l  of t h e  conc re t e  B specimens 
exposed t o  v a r i o u s  temperatures  were exposed a t  t h e  age of 14  days a f t e r  
c a s t i n g .  No exposure t e s t s  were performed on  specimens cured a t  room 
temperature ( o r  a s imulated cur ing  temperature f o r  mass concre te )  f o r  
long pe r iods  of time (90 o r  180 days) .  Although t h e  au tho r s  used a high- 
ear ly-s t rength  cement and a t  14 days t h e  s t r e n g t h  was 87% of t h a t  a t  
180 days,  'it i s  f e l t  t h a t  t h e  cont inuing  hydra t ion  and s t r e n g t h  g a i n  
during t h a t  t ime may be s i g n f i c a n t  as r ega rds  temperature . e f f e c t s  f o r  
PCRV a p p l i c a t i o n s .  A s  s t a t e d  previous ly ,  t h e  conc re t e  i n  a PCRV would 
n o t  be exposed t o  e l eva t ed  temperatures  (except from h e a t  of hydra t ion)  
a s  a r e s u l t  of r e a c t o r  ope ra t ion  f o r  a t  l e a s t  a yea r  and probably longer .  
Because some of t h e  specimens were sub jec t ed  t o  h igh  temperatures  a t  a 
r e l a t i v e l y  e a r l y  age,  mois.ture r equ i r ed  f o r  hydra t ion  may have been d r i v e n  
o f f .  The au tho r s  s t a t e  t h a t  mois ture  was f r e e  t o  expel  ou t  of t h e  conc re t e  
i n t o  t h e  void r eg ion  w i t h i n  t h e  s t e e l  p ipe  dur ing  hea t ing .  The l o s s  of 
mois ture  w a s  found t o  i n c r e a s e  w i t h  temperature b u t  d id  no t  va ry  much 
wi th  du ra t ion  of cur ing .  However, they a l s o  s t a t e  t h a t  conc re t e  A (cured 
one day) l o s t  only a l i t t l e  more moi s tu re  t han  d i d  concre te  B (14-day- 
cu red ) ,  and . t he re fo re  t h e  e f f e c t  of r e l a t i v e l y  e a r l y  age  h e a t  exposure 
t o  t h e i r  conc re t e  may n o t  b e  s i g n i f i c a n t .  With regard  t o  f a i l u r e ,  t h e  
aii thnrs nhserved t h a t  specimens cured a t  20 and 70°C (68 and 158°F) were 
b r i t t l e  and sudden, whereas a t  121°C (249°F) and beyond, a tendency of 
gradual  y i e l d i n g  s t a r t e d  t o  appear ,  and a s m e l l  of wet condensed steam 
became conspicuous. From 150 t o  232°C (302 t o  450°F), t h e  mode of f a i l u r e  
changed t o  one which w a s  d u l l  and slow, w i th  g r e a t e r  s t r a i n  t o  f a i l u r e  
and a w h i t i s h  appearance of t h e  f r a c t u r e  su r f ace .  Nasser and Loht ia  
concluded t h a t  s t r e n g t h  ( r e s i d u a l )  of mass conc re t e  d e t e r i o r a t e s  a t  
sus t a ined  temperatures  above 100°C (212°F) and t h a t  r e s i d u a l  s t r e n g t h  
cont inues  t o  decrease  wi th  inc reas ing  temperature and t ime of exposure. 

The r e s u l t s  presented  a s  t o  e f f e c t s  of e l eva t ed  temperatures  on 
compressive s t r e n g t h  of conc re t e  a r e  what i s  considered a reasonable  
sampling of r e p r e s e n t a t i v e  s t u d i e s  us ing  va r ious  conc re t e  mixtures  and 
t e s t i n g  methods. Reference s t r e n g t h s  were, i n  some cases ,  based on 28-day, 
room-temperature, as-cured s t r e n g t h ,  wh i l e  o t h e r  r e p o r t s  used t h e  s t r e n g t h  
of specimens cured from t h e  same l e n g t h  of t ime a s  f o r  t h e  heat-exposed 



specimens (as long as 180 days) .  I n  a d d i t i o n ,  specimens were t e s t e d  i n  
s e a l e d  and unsea led  c o n d i t i o n s ,  t e s t e d  a t  temperature o r  cooled,  and 
t e s t e d  a t  room tempera ture .  Other specimens were exposed t o  thermal 
c y c l i n g  f o r  va ry ing  numbers of  cyc l e s  and rates. 

It i s  t h e r e f o r e  no t  s u r p r i s i n g  t h a t  a p l o t  of t h e  re ferenced  d a t a  
would appear  a s  shown i n  F ig .  22. It can be  seen  t h a t  t h e  d a t a  p o i n t s  
r e p r e s e n t i n g  unsea led  specimens (open symbols) f a l l  toward t h e  top  of 

' r a n g e ,  w h i l e  t hose  f o r  s e a l e d  concre te  (c losed  symbols) f a l l  toward t h e  
lower p o r t i o n .  This  i s  expected from previous ly  d iscussed  r ' e su l t s  and 
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ampl i f i e s  t h e  concern expressed f o r  reduced compressive s t r e n g t h s  of mass 
conc re t e  having s u b s t a n t i a l  amounts of r e t a i n e d  mois ture .  Be r t e ro  and 
~ 0 1 i v k . a ~ '  r epo r t ed  l o s s e s  up t o  71% a t  14g°C (300°F), wh i l e  Lankard e t  a l .  3 0 

r epo r t ed  only  a 30% l o s s  of  s t r e n g t h  a t  200°C (392OF). One major d i f f e r -  
ence i n  t h e i r  r e s u l t s  of s e a l e d  specimen t e s t s  is  t h e  t ime of exposure 
t o  t h e  e l eva t ed  temperature.  Lankard's specimens were he ld  a t  temperature 
f o r  only 20 t o  28 h r  p r i o r  t o  t e s t i n g ,  whi le  Ber te ro  and Pol ivka  va r i ed  
exposure t ime from 4 h r  t o  25 days. The l o s s  of 71% f o r  t h e  l a t t e r  t e s t s  
were obta ined  f o r  t h e  25-day exposure, whi1.e t h e  4-hr exposure r e s u l t e d  
i n  only a 30% l o s s ,  comparable t o  Lankard's 28-hr r e s u l t s .  Add i t i ona l ly ,  
Lankard used a s i l i c e o u s  g r a v e l  f o r  t h a t  t e s t ,  wh i l e  Be r t e ro ' s  was accom- 
p l i shed  w i t h  an  a l l - l imes tone  aggrega te .  For t h e  unsealed specimens, 
which were allowed t o  l o s e  f r e e  mois ture ,  t h e  g r e a t e s t  s t r e n g t h  l o s s  a t  
200°C (392OF) was 30% a s  r epo r t ed  by Campbell-Allen and Desai.  2 0  That 
d a t a  was a l s o  f o r  a concre te  w i t h  an  a l l - l imes tone  aggrega te .  Even a t  
300°C (572OF) t h e  g r e a t e s t  repor ted ,  l o s s  f o r  unsealed conc re t e  was 4 0 % . ~ '  

Thus, up t o  300°C (572OF), d e l e t e r i o u s  e f f e c t s  of e levated-temperature 
exposure on t h e  compressive s t r e n g t h  of conc re t e  a r e  considered t o  be  
s i g n i f i c a n t  only f o r  t h e  s e a l e d  cond i t i on ,  t h a t  i s ,  f o r  t h e  cond i t i on  of 
s u b t a n t i a l  amounts of r e t a i n e d  f r e e  moisture.  Discuss ion  of t h e  mechanisms 
r e spons ib l e  f o r  s i g n f i c a n t  l o s s  of compressive s t r e n g t h  w i l l  b e  presented  
a f t e r  t h e  s e c t i o n s  summarizing experimental  d a t a  f o r  o t h e r  conc re t e  prop- 
e r t i e s .  Thus f a r ,  only u n i a x i a l  compressive s t r e n g t h  has  been considered.  
S ince  t h e  PCRV conc re t e  i s  g e n e r a l l y  under a m u l t i a x i a l  s t a t e  of s t r e s s ,  
conc re t e  m u l t i a x i a l  s t r e n g t h  w i l l  be  d iscussed  i n  a l a t e r  s e c t i o n .  

3.3.2 E l a s t i c  P r o p e r t i e s  

F igure  23 shows a t y p i c a l  diagram f o r  t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  
of concre te .  A s  shown i n  t h e  f i g u r e ,  t h e r e  a r e  v a r i o u s  accepted  methods 
of measuring t h e  e l a s t i c  modulus f o r  conc re t e  when t h e r e  i s  no s t r a i g h t  
p o r t i o n  t o  t h e  curve. The i n i t i a l  t angent  modulus i s  of l i t t l e  p r a c t i c a l  
importance, and t h e  tangent  modulus a t  any p o i n t  a p p l i e s  only t o  very  
s m a l l  l oad  changes about t h e  p o i n t  of tangency. Because of t h e  c reep  
c h a r a c t e r i s t i c s  of conc re t e ,  even a t  room temperature,  t h e  dependence of 
ins tan taneous  s t r a i n  on t h e  speed of loading makes t h e  demarcation between 
e l a s t i c  and creep  s t r a i n s  d i f f i c u l t .  Thus, t h e  s ecan t  modulus s a t i s f i e s  
t h e  a r b i t r a r y  d i s t i n c t i o n  t h a t  deformation during loading  i s  considered 
e l a s t i c ,  and any subsequent s t r a i n  i n c r e a s e  i s  regarded as creep .  3 5  1n  
a d d i t i o n ,  t h e  chord modulus i s  used by some i n v e s t i g a t o r s  presumably t o  
e l i m i n a t e  t h e  small concave-up p o r t i o n  of t h e  curve,  sometimes encountered 
a t  t h e  beginning of compressive loading ,  r e s u l t i n g  from shr inkage  c racks .  
Some re sea rche r s  u s e  t h e  secan t  modulus ( a t  v a r i o u s  s t r e s s  l e v e l s ;  i . e . ,  
20, 30, and 50% of u l t i m a t e  l o a d ) ,  wh i l e  o t h e r s  have used t h e  chord modulus 
o r  tangent  moduli. I n  a d d i t i o n  t o  t h e  s t a t i c  moduli d i scussed  t h u s  f a r ,  
one can measure t h e  dynamic modulus of e l a s t i c i t y  by measurement of n a t u r a l  
f requencies  o r  by measurements of u l t r a s o n i c ' p u l s e  v e l o c i t y  ( r e f .  35, 
p. 318) . 
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Fig .  23. Methods f o r  Determinat ion of Concrete  Modulus of E l a s t i c i t y .  

Po i s son ' s  r a t i o ,  v ,  i s  t h e  r a t i o  between t h e  l a t e r a l  s t r a i n  and an  
a p p l i e d  a x i a l  s t r a i n .  For o rd ina ry  and l i gh twe igh t  conc re t e ,  Poisson ' s  
r a t i o  v a r i e s  i n  t h e  range 0.11 t o  0.21 (gene ra l ly  0.15 t o  0.20) when 
determined from s t r a i n  measurements, whereas dynamic measurements y i e l d  
h ighe r  v a l u e s ,  around 0.24. Po i s son ' s  r a t i o  can a l s o  b e  c a l c u l a t e d  
from measurements of t h e  modulus of e l a s t i c i t y ,  E ,  and the modulus of 
r i g i d i t y ,  G (determined from t o r s i o n a l  measurements). Values of p obta ined  
by t h i s  method are i n t e r m e d i a t e  between t h e  d i r e c t  method and t h e  dynamic 
method. 3 5 

Thus, p r e c i s e  c o r r e l a t i o n s  o t  v a r i o u s  i n v e s t i g a t i o n s  a r e  p roh ib i t ed  
by t h e  l a c k  of s t anda rd  techniques  of measurement. I n  t h e  face nf t h i s  
a d v e r s i t y ,  however, i t  is  be l ieved  t h a t  most of t h e  methods of measurement 
w i l l  respond s i m i l a r l y  when subjec ted  t o  a g iven  cond i t i on  such a s  e l eva t ed  
tempera ture .  Many of t h e  i n v e s t i g a t o r s  r e f e r r e d  t o  i n  t h e  previous  s e c t i o n  
on compressive s t r e n g t h  w i l l  b e  re ferenced  aga in  f o r  r e s u l t s  of modulus 
t e s t i n g .  Therefore ,  a d e t a i l e d  d i scuss inn  of t ~ c h n i q u e s  and prvcedures  
w i l l  no t  b e  r epo r t ed .  

Saemann and Washa's16 r e s u l t s  w i t h  a ca l ca reous  g r a v e l  conc re t e  
showed almost n e g l i b i b l e  e f f e c t s  of tempera ture  on t h e  modulus of e l a s -  
t i c i t y  f o r  ho t - t e s t ed ,  unsealed specimens, s i m i l a r  t o  t h e i r  r e s u l t s  f o r  
compressive s t r e n g t h .  The g r e a t e s t  e f f e c t  was a t  250°C (482OF), where 
t h e  conc re t e  achieved 80% of i t s  r e f e r e n c e  modulus; a t  1 5 0 ' ~  (302"F), 
96% of t h e  r e f e r e n c e  was a t t a i n e d .  Saemann and Washa used t h e  s e c a n t  
modulus a t  one-third u l t i m a t e  load  a s  t h e i r  technique.  



~ h i l l e o ~ ~  performed t e s t s  f o r  t h e  e l a s t i c  modulus a t  temperatures  
up t o  8 1 6 ' ~  ( 1 5 0 0 ' ~ ) .  Specimens were small, 3.81 x 5.08 x 15.24 cm 
( 1  1 / 2  x 2 x 6 i n . ) ,  unsealed,  and hot - tes ted  f o r  t h e  dynamic modulus of 
e l a s t i c i t y  by determining t h e  resonant  f r equenc ie s  i n  f l e x u r a l  v i b r a t i o n  
i n s i d e  t h e  furnace .  Water-to-cement r a t i o s  of 0.4,  0.6,  and 0.8 were 
inves t iga t ed .  A s  temperatures  i nc reased ,  t h e  modulus of  e l a s t i c i t y  
underwent d r a s t i c  r educ t ions  i n  a l l  t e s t  specimens. Data obta ined  on 
specimens'moist-cured f o r  90 days a r e  shown i n  F ig .  24. The modulus 
decreased i n  every case ,  b u t  t h e  decrease  was s l i g h t l y  g r e a t e r  w i t h  
increased  water/cement r a t i o s .  A t  even higher '  temperatures  t han  shown 
on t h e  graph, t h e  modulus was reduced t o  a s  low a s  31% of r e f e r e n c e  a t  
760°C (1400°F) f o r  t h e  0.4 w/c conc re t e  and 21% f o r  t h e  0.8 w/c concre te .  
For each waterlcement r a t i o  considered,  t h e  moist-cured specimens (90 days) 
underwent g r e a t e r  r educ t ions  i n  modulus a t  a g iven  temperature than  d i d  
t h e  a i r -dr ied  specimens. The 90-day modulus v a l u e s  f o r  moist-cured spec i -  
mens of 0.4 and 0.6 w/c r a t i o s  Vere about  20% h ighe r  than  t h e  va lues  f o r  
28 days. P h i l l e o  a l s o  r epo r t ed  t h a t  t h e r e  was a gene ra l  tendency f o r  
Poisson ' s  r a t i o  t o  decrease  a s  t h e  temperature r o s e ,  a l though t h e  r e s u l t s  
were e r r a t i c .  He s t a t e d  t h a t  a 1% e r r o r  i n  resonant  frequency determi- 
n a t i o n  may produce as much a s  a 20% e r r o r  i n  Poisson ' s  r a t i o .  
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Fig .  24. Dynamic Modulus v s  Temperature and ~ a t e r / C e m e n t  Ra t io ,  
Unsealed. Source: R. P h i l l e o ,  "Some Phys i ca l  P r o p e r t i e s  of Concrete  a t  
High Temperatures," J. Am. Concr. Inst. 29 (10) : 857-64 ( ~ p r i l  1958).  



~ a v i s "  s t a t e d  i n  h i s  review t h a t  hea t ing  has  a pronounced e f f e c t  
upon t h e  modulus of e l a s t i c i t y  of concre te .  For t h e  unsealed specimens 
of 0 .53 w/c r a t i o ,  Davis showed t h a t  t h e  s t a t i c  modulus decreased t o  64% 
of t h e  90-day v a l u e  a t  140°C (284OF) and 33% a t  350°C (662OF). I n t e r -  
e s t i n g l y ,  t h e  dynamic modulus decreased only  t o  92% a t  140°C (284OF), 
t hen  dropped s h a r p l y  t o  50% a t  200°C (392OF) and 28% a t  350°C (662OF). 
Davis a l s o  r epo r t ed  t h a t  t h e  e f f e c t  of 20 thermal  c y c l e s  from 20 t o  200°C 
(68 t o  392OF) was no more damaging than  one c y c l e  f o r  t h e  s t a t i c  modulus, 
b u t  t h e  dynamic modulus decreased from 50% of r e f e r e n c e  f o r  one c y c l e  t o  
32% f o r  20 c y c l e s .  S i m i l a r  r e s u l t s  took p l a c e  f o r  20 t o  350°C (68 t o  662OF) 
cyc l ing .  

~ r u z ~ ~  d id  a comprehensive s tudy  of temperature e f f e c t s  on e l a s t i c  
p r o p e r t i e s .  However, a l l  specimens were unsea led ,  moist-cured f o r  t h r e e  
days ,  t hen  s t o r e d  i n  a i r  a t  50% humidi ty f o r  25 days. Resu l t s  a r e  presented  
f o r  t h e  modulus of e l a s t i c i t y  and shea r  mudulus d e t e m i n c d  by uoing an 
o p t i c a l  u e ~ l ~ u d .  Pofsson ' s  r a t i o s  were calcul.ated from the moduli. Cylin- 
d r i c a l  specimens 3.49.cm ( 1  318 i n . )  i n  diameter  and 61 cm (24 i n . )  long 
were loaded as c a n t i l e v e r e d  heams a f t o r  being s l i g h t l y  pseloaded t o  min i -  
mize c reep  e f f e c t s  on deformation measurements. The e l a s t i c  c o n s t a n t s  
were determined i n  t h e  r ange  of about one-third u l t i m a t e  load  a t  normal 
temperature.  Normal-weight concre tes  w i th  type  I por t l and  cement and 
t h r e e  d i f f e r e n t  agg rega te  types  a s  w e l l  a s  a l i gh twe igh t  conc re t e  were 
t e s t e d .  F igu re  25 shows t h e  r e s u l t s  ob ta ined  from 20 t o  650°C (68 t o  
1202OF) f o r  t h e  modulus of e l a s t i c i t y  and s h e a r  modulus. C l e a r l y ,  bo th  
moduli  dec rease  s u b s t a n t i a l l y  w i t h  i n c r e a s e s  i n  temperature.  The e l a s t i c  
modulus of  l imes tone  c o n c r e t e  decreased only t o  93% a t  150°C (302OF), 
whereas t h e  o t h e r  two moduli  decreased t o  about  75% a t  t h a t  temperature.  
A t  3 1 5 ' ~  (59g°F) t h e  va lues  f o r  a l l  t h r e e  types  were s i m i l a r ,  ranging 
from 64 t o  68% of t h e  r e f e r e n c e  va lue  a t  room temperature.  The s i l i c e o u s  
c o n c r e t e  underwent s e v e r e  r educ t ion  through 650°C (1202OF), where t h e  
moduli  w e r e  on ly  about  20% of r e f e rence .  The n thes  conc re t e s  werc rcduccd 
t o  3 5 4 0 %  a t  650°C 1202OF). Up t o  a h o i ~ t  300°1: (57Z°F) t h e  r c o u l t o  of 6 c r u z d 7  and p h i l l e o 3  f o r  Elg in  sand and g r a v e l  conc re t e  w e r e  v e r y  similar. 
This  i n d i c a t e s  t h a t  t h e  r educ t ion  of t h e  modulus of e l a s t i c i t y  may b e  
cons idered  t o  b e  independent of t h e  method of de te rmina t ion  ( o p t i c a l  method 
f o r  Cruz and dynamic method f o r  P h i l l e o ) ,  a t  l e a s t  f o r  t h e  conc re t e  mixture  
and temperature range  considered.  However, g e n e r a l i z a t i o n  would c e r t a i n l y  
no t  b e  j u s t i f i e d  on the  h a s i s  nf t h a t  one comparioon. With vre~rcl t o  
Po i s son ' s  r a t i o ,  t h e  h igh-s t rength  conc re t e  gave lower va lues  a t  room 
tempera ture  than  d i d  t h e  lower-strength conc re t e .  A s  r epo r t ed  by P h i l l e o ,  
e levated-temperature r e s u l t s  were e r r a t i c ,  and no c l e a r  t r ends  could be  
ohserved . 

Kawahara and ~ a r a ~ u c h i . ~ '  r epo r t ed  t h a t ,  up t o  80'1; (176°F), t l ~  ~ X F e c t  
of e l e v a t e d  temperature on t h e  s t a t i c  e l a s t i c  modulus of conc re t e  is  g r e a t l y  
a f f e c t e d  by t h e  presence  of mo i s tu re  i n  t h e  concre te .  However, t h e  r epo r t ed  
d i f f e r e n c e  was on ly  12%. They a l s o  r epo r t ed  t h a t  t h e  Poisson  r a t i o  of 
c o n c r e t e  cured a t  80°C (176OF) tends  t o  be  somewhat smaller (0.14 v s  0.17) 
t han  t h a t  of conc re t e  cured a t  20°C (68OF). However, they  a l s o  r epo r t ed  
s u b s t a n t i a l  s c a t t e r  i n  r e s u l t s ,  even a t  t h e s e  r e l a t i v e l y  low temperatures ,  
by us ing  a wi re  r e s i s t a n c e  s t r a i n  gage. 



ORNL -DWG 7 6  -6515  

---- SILICEOUS SAND 8 GRAVEL 

---ELGI N SAND a LIMESTONE 
- ELGlN SAND 8 GRAVEL 

0 1 I + I I 
20 150 300  450 650 

TEMPERATURE ('C) 

u 
20 150 300 4 5 0  6 5 0  

TEMPERATURE (OC) 

Fig.  25. E l a s t i c  and Shear Moduli v s  Temperature f o r  Various 
Concretes,  Unsealed. Source: C. R. Cruz, " E l a s t i c  P r o p e r t i e s  of Concrete 
a t  High Temperatures ," Portland Cem. Assoc., Res. Deu. Lab. Dev. Dep. 
Bull. D 8: 37-47 (January 1966).  

I n v e s t i g a t i o n s  by Campbell-Allen, Low, and ~ o ~ e r '  and by Campbell- 
Al len  and ~ e s a i ~ '  a l s o  showed marked d e t e r i o r a t i o n  of t h e  e l a s t i c  modulus 
a t  temperatures  up t o  300°C (572°F) and emphasized t h e  de t r imen ta l  e f f e c t s  
of thermal  cyc l ing .  Ten c y c l e s  t o  200°C (392°F) reduced t h e  modulus t o  
41% of  r e f e r e n c e  f o r  a dolomite  c o n c r e t e , l g  w h i l e  l imes tone  conc re t e  was 
reduced t o  45% a f t e r  10 cyc le s  and 38% a f t e r  20 cyc le s .  For 20 cyc le s  
a t  300°C (572"F), bo th  types  of conc re t e  were reduced t o  only  25% of t h e  
r e f e rence  modulus. Both r e p o r t s  considered unsealed specimens exposed t o  
temperatures  and co ld- tes ted .  F igure  25 shows t h e  r e s u l t s  of Campbell- 
A l l en  and Desai  f o r  l imes tone  concre tes .  The l a t t e r  au tho r s  a l s o  s t a t e d  
t h a t  Poisson ' s  r a t i o  tended t o  i n c r e a s e  a t  h ighe r  tempera tures ,  a s  r epo r t ed  
by Cruz, 3 7  b u t  they  s a i d  noth ing  about e r r a t i c  v a r i a t i o n  a s  observed by 
Cruz. 

S u l l i v a n  and ~ o u c h e r  ' s 3 8  t e s t s  on beams, us ing  t h e  i n i t i a l  t angent  
modulus, showed s i m i l a r  d e t e r i o r a t i o n  i n  t h e  e l a s t i c  modulus. Also, they 
concluded t h a t  permanent damage took p l ace  on hea t ing ,  because t h e  h o t  
t e s t i n g  and co ld  t e s t i n g  r e s u l t e d  i n  s i m i l a r  r educ t ions  of t h e  modulus. 



The s tudy  by Lankard e t  a 1  ., descr ibed  e a r l i e r  f o r  compressive 
s t r e n g t h ,  showed t h a t  t h e  modulus of e l a s t i c i t y  of g r a v e l  and l imes tone  
c o n c r e t e s  decreased under  a l l  cond i t i ons  of hea t ing  and t e s t i n g  (unsealed 
o r  s e a l e d ,  hot-  o r  co ld - t e s t ed ) .  They measured t h e  chord e l a s t i c  modulus 
between 20 and 80% of  u l t i m a t e  s t r e s s .  I n  t h e  unsealed cond i t i on ,  bo th  
g r a v e l  and l imes tone  conc re t e s  decreased only  t o  about  80% of r e f e rence  
moduli  up t o  2 6 0 ' ~  (500°F). Under s a t u r a t e d  steam p res su re  ( s ea l ed  con- 
d i t i o n ,  F ig .  l l ) ,  however, F igs .  26 and 27 show t h e  decrease  i n  modulus 
and t h e  l o a d  d e f l e c t i o n  behavior  w i th  temperature r e s p e c t i v e l y .  F igu re  28 
shows t h e  r e s u l t s  of au toc l ave  t e s t i n g .  I n  t h e  s e a l e d  cond i t i on ,  and 
when h o t  t e s t e d ,  t h e  modulus experienced a d r a s t i c  decrease  t o  40% of 
r e f e r e n c e  a t  80°C (176OF), a s l i g h t  i n c r e a s e  a t  121°C (24g°F), then  a  
d e c r e a s e  t o  about 30% at  260°C (500°F). This e f f e c t  is apparent a l s o  from 
F ig .  27. The r e s u l t s  of au toc lav ing  c o n t r a s t  sha rp ly  w i t h  t h e  pressure-  
can results. A t  1 3 1 ° C  (349'F) f n r  nnp  r y c l ~ ,  the g r a v e l  concrete showed 
no modulus r e d u c t i o n  a s  compared wi th  t h e  l o s s  t o  l e s s  t han  50% r e f e rence  
when t e s t e d  hot  under  sa tura ted-s team p res su re  (F ig .  26).  I n  f a c t ,  t h r e e  
c y c l e s  i n  t h e  au toc l ave  a t  121°C (249'F) r e s u l t e d  i n  a  modulus i n c r e a s e  
t o  about  120% f o r  t h e  g r a v e l  concre te ,  much t h e  same a s  f o r  t h e  compressive 
s t r e n g t h  (F ig .  1 5 ) .  Lankard e t  a l .  a t t r i b u t e  t h i s  e f f e c t  t o  a time- 
tempera ture  i n t e r a c t i o n  because of t h e  presence of a v a i l a b l e  s i l i c a .  
The i r  d i s c u s s i o n  of causes  f o r  proper ty  d e t e r i o r a t i o n  under va r ious  con- 
d i t i o n s  w i l l  b e  presented  i n  more d e t a i l  l a t e r .  

Be r t e ro  and po l ivka3  used t h e  tangent  method a t  45% of t h e  u l t i m a t e  
l oad  t o  compute t h e  t angen t  modulus of e l a s t i c i t y  a s  w e l l  a s  Po i s son ' s  
r a t i o .  The e f f e c t s  of e l eva t ed  temperature on those  p r o p e r t i e s  a r e  g iven  
i n  Table  5. The e f f e c t  of t ime a t  temperature i s  g iven  i n  F ig .  29, which 
shows t h a t  t h e  modulus of  e l a s t i c i t y  f o r  sealed specimens decreased 
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Fig.  26. Modulus of E l a s t i c i t y  v s  Temperature f o r  Gravel Concrete ,  
Sea led .  Source: D.  R. Lankard e t  a l . ,  "E f fec t s  of Moisture Content on 
t h e  S t r u c t u r a l  P r o p e r t i e s  of Por t land  Cement Concrete  Exposed t o  Tempera- 
t u r e s  up t o  500°F," ACI  SP-25, Temperature and Concrete (1970) . 
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Fig.  27. Load Def lec t ion  Behavior v s  Temperature f o r  Gravel 
Concrete,  Sealed.  Source: D. R. Lankard e t  a l . ,  "Effec ts  of Moisture 
Content on t h e  S t r u c t u r a l  P r o p e r t i e s  of Po r t l and  Cement Concrete Exposed 
t o  Temperatures up t o  500°C," MI  SP-25, Temperature and Concrete (1970). 

Autoclave Temperotun.F 

Fig. 28. E f f e c t  of Tes t  Condit ions on t h e  Modulus of E l a s t i c i t y  
of Autoclaved Gravel  and Limestone Concrete.  Source: D. R. Lankard 
e t  al . ,  "Ef fec t s  of Moisture Content on t h e  S t r u c t u r a l  P r o p e r t i e s  of 
Po r t l and  Cement Concrete Exposed t o  Temperatures up t o  500°F," A C I  SP-25, 
Temperature and Concrete (1970) . 
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Pig. 29. Modulus of  E l a s t i c i t y  vs Timc a t  Tciiiperature, Sealed and 
Unsealed. Source: V. V. Ber te ro  and M. Po l ivka ,  " Inf luence  of Thermal 
Exposure on  Mechanical C h a r a c t e r i s t i c s  of Concrete," ACT SP-34, Concrete 
for NucZear Reactors, pp. 505-31 (1972).  

s u b s t a n t i a l l y  as exposure t ime inc reased ,  a s  d id  t h e  compressive s t r e n g t h  
(F ig .  1 8 ) .  For.  s e a l e d  specimens which had been cycled t o  149°C (300°F) 
f o r  3 ,  5 ,  and 14  c y c l e s ,  E was reduced t o  88, 82, and 63% of r e f e rence ,  
r e s p e c t i v e l y ,  when h o t - t e s t e d  a t  1 4 9 " ~  (300°F). I n  a d d i t i o n ,  they 
r epor t ed  t h a t  t h e  i n i t i a l  t angent  modulus was g e n e r a l l y  sma l l e r  than  t h e  
t angen t  modulus corresponding t o . h i g h e r  s t r e s s e s  when cyc l ing  w a s  
involved .  They a t t r i b u t e  t h i s  obse rva t ion  t o  an i n c r e a s e  i n  t he  amount 
of microcracking w i t h  h ighe r  numbers of  thermal  cyc l e s .  From t h e  va lues  
g iven  i n  Table 5 ,  Po i s son ' s  r a t i o  appeared t o  decrease  when t e s t i n g  a t  
149°C (300°F). Specimens which were co ld- tes ted  gave va lues  of Poisson ' s  
r a t i o  e s s e n t i a l l y  unchanged from t h e  r e f e r e n c e  t e s t .  Poisson ' s  r a t i o  
v a r i e d  i n  t h e  range  0.13 t o  0.25 f o r  a l l  t e s t s .  

Nasser and ~ o h t i a ~ ~  r epor t ed  t h a t  t h e  modulus of e l a s t i c i t y  of s ea l ed  
specimens decreased s e v e r e l y  a t  exposure temperatures  above 120°C (248°F) 
(specimens were co ld- tes ted) .  The same e f f e c t  was r epo r t ed  f o r  compressive 
s t r e n g t h  i n  t h a t  s tudy  (Fig.  21).  F igure  30 shows t h e  r e s u l t s  of t h e i r  
work where t h e  r e f e r e n c e  v a l u e  of E is  f o r  a s ea l ed  specimen cured a t  2 0 ' ~  
(68°F) f o r  t h e  same l e n g t h  of time a s  f o r  i ts  corresponding group of 
hea ted  specimens. A s  t h e  f i g u r e  shows, t h e  decrease  i n  t h e  modulus 
becomes s u b s t a n t i a l  a t  1 5 0 ' ~  ( 3 0 2 ' ~ )  and above, u n t i l ,  f o r  180 days 
exposure a t  232°C (450°F),  t h e  modulus i s  only  32% of r e f e rence .  The 
a u t h o r s  emphasize t h a t  t h e  s t r e n g t h  and e l a s t i c i t y  r e s u l t s  show c o n s i s t e n t  
response  of s e a l e d  conc re t e  t o  t h e  t e s t  v a r i a b l e s .  

Marecha13' measured Poisson ' s  r a t i o  a t  e l eva t ed  temperatures  and 
r epor t ed  a decrease  t o  83% of r e f e r e n c e  a t  150°C (302'F) and a decrease  
t o  40% a t  300°C (572°F). He observed t h a t  cool ing  t o  room temperature 
r e s u l t e d  i n  l i t t l e  d i f f e r e n c e  whether t h e  evaporable  water  i s  r e t a i n e d  
o r  removed. Reported va lues  ranged from 0.10 t o  0.28. He measured only  
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Fig.  30. Residual  Modulus of E l a s t i c i t y  v s  Temperature, Sealed.  
Source: K. W. Nasser and R. P. Loht ia ,  '%ass Concrete P r o p e r t i e s  a t  High 
Temperatures," J. Am. Concr. Inst.  68: 1 8 0 4 6  (March 1971) .  

t h e  t r a n s v e r s e  s t r a i n s  and concluded t h a t  t h e  decrease  was brought about 
by t h e  i n c r e a s e  i n  temperature and r e s u l t i n g  water  desorp t ion .  

The e f f e c t  of temperature on Poisson ' s  r a t i o  is  n o t  c l e a r  from t h e  
smal l  amount of d a t a  a v a i l a b l e .  The range of va lues  r epo r t ed  extended 
from.0.11 t o  0.25. Some s t u d i e s  r epo r t ed  gene ra l  i n c r e a s e s  i n  Poisson ' s  
r a t i o  w i t h  inc reas ing  temperature f o r  unsealed specimens 1 9 9 2 0 , 3 7  and 
gene ra l  decreases  f o r  s ea l ed  specimens. ' * However, e r r a t i c  behavior  
i n  t h e  measurement of Poisson ' s  r a t i o  was common, and no d e f i . n i t e  con- 
c lu s ions  can b e  made. 

With regard  t o  t h e  modulus of e l a s t i c i t y ,  t h e  e f f e c t s  of temperature 
appear t o  b e  similar t o  t hose  f o r  compressive s t r e n g t h .  A s  s t a t e d  pre- .  
v ious ly ,  r e p r e s e n t a t i v e  d a t a  f o r  unsealed and s e a l e d  conc re t e  i nc lude  
measurements on a wide range of conc re t e  mixtures  w i th  a mul t i t ude  of 
experimental  techniques and methods of c a l c u l a t i o n .  F igure  31 provides 
a p l o t  of a l l  t h e  e l a s t i c  modulus d a t a  d iscussed  previous ly .  Genera l ly ,  
t h e  modulus decreases  wi th  inc reas ing  temperature f o r  a l l  types  of t e s t i n g .  
I n  a d d i t i o n ,  f u r t h e r  decreases  a r e  observed t o  occur  w i t h  an  i n c r e a s e  i n  
t h e  number of thermal  cyc l e s  and  i n  t h e  hold ing  t ime a t  t h e  exposure . 

temperature.  The specimens sea l ed  f o r  mois ture  r e t e n t i o n  were more 
s e n s i t i v e  t o  t hose  f a c t o r s .  The decrease  i n  modulus f o r  s ea l ed  specimens 
appears  t o  become a c u t e  a t  150°C (302OF) and above. The open t r i a n g l e s  
a t  200 and 350°C (392 and 662OF) showing t h e  lowest  va lues  of E (32 and 
15% respec t ive ly )  are from ~ a v i s '  ' and r ep resen t  dynamic measurements on 
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Fig .  31. Compilation of Data on Modulus of E l a s t i c i t y  v s  Temperature. 
Source g iven  f o r  each curve .  

specimens sub jec t ed  t o  20 thermal  cyc l e s .  There appears '  t o  be. a c o n f l i c t  
of r e s u l t s  shown by t h e  s e a l e d ,  h o t  t e s t s  (c losed  c i r c l e s ) .  A t  75 and 
125°C (167 and 257"F), f o r  a one-day exposure, Lankard e t  a1.30 repor t ed  
v a l u e s  of  42 and 50% r e s p e c t i v e l y .  A t  149°C (300°F). Ber te rn  and ~ n l i v k a ~ l  
ob ta ined  va lues  of  102, 86, 51, and 49% f o r  exposure t imes of 4 h r ,  
7 days,  14  days,  and 25 days r e s p e c t i v e l y .  From t h e  d e s c r i p t i o n s  of 
s e a l i n g  chambers provided i n  each r e f e r e n c e ,  i t  would seem t h a t  t h e  
pressure-can device  of Lankard e t  a l . ,  which a l lows  f o r  hea t ing  of t h e  
specimen under wa te r ,  would r e s u l t , i n  g r e a t e r  r e t e n t i o n  of  f r e e  moisture, 
e s p e c i a l l y  below 100°C (212°F).  The copper j a c k e t  of Ber te ro  and Pol ivka  
allowed f o r  an a i r  gap around t h e  specimen, and f r e e  mo i s tu re  could migra te  
out  of t h e  conc re t e  t o  f i l l  t h e  gap between t h e  j a c k e t  and specimen on 
hea t ing .  Thus, f o r  t h e  two d a t a  poin ts .ment ioned ,  t h e  one a t  149°C (300°F) 



f o r  4  h r ,  t e s t e d  by Ber t e ro  and Pol ivka ,  may have begun t o  dry  o u t  near  
t h e  s u r f a c e  and provide t h e  i n i t i a l  s t i f f n e s s  necessary  t o  show no change 
i n  modulus measured a t  0.45 5'. The modulus, f o r  t h a t  specimen, d id  
decrease  beyond about 0.5 fe , and t h e  r e s u l t a n t  s t r e n g t h  was only 70% 
of re ference .  Also, Ber te ro  and Pol ivka  u t i l i z e d  embedment s t r a i n  gages,  
whereas Lankard e t  a l .  measured s t r a i n  according t o  t e s t i n g  machine 
p l a t e n  t r a v e l .  A l l  of t h e s e  observa t ions  could account f o r  much of t h e  
d i f f e r e n c e  i n  r e s u l t s .  

3.3.3 Tens i l e  S t r eng th  

Although s t r u c t u r e s  a r e  gene ra l ly  n o t  designed t o  wi ths tand  d i r e c t  
t e n s i l e  s t r e s s e s ,  one must be  aware of t h e  a b i l i t y  of t h e  conc re t e  i n  t h e  
s t r u c t u r e  t o  r e s i s t  cracking.  This  is  e s p e c i a l l y  t r u e  i n  a  r e in fo rced  
s t r u c t u r e .  The t e n s i l e  s t r e n g t h  of concre te  i s  g e n e r a l l y  very low [4.89 MPa 
(<lo00 p s i ) ] ,  and i f  behavior  of r e in fo rced  conc re t e  i s  t o  b e  understood, 
t h e  t e n s i l e . s t r e n g t h  under va r ious  cond i t i ons  should be  known. I f  a 
conc re t e  of 4.13 MPa (600 p s i )  t e n s i l e  s t r e n g t h  i s  sub jec t ed  t o  h igh  
temperature,  and s t r e n g t h  is  reduced by 50% t o  2..07 MPa (300 p s i )  , t h e  
des igner  should b e  made aware of t h a t  f a c t .  

The t e n s i l e  s t r e n g t h  of  conc re t e  i s  c l o s e l y  r e l a t e d  t o  t h e  compressive 
s t r eng th .  A s  t h e  compressive S t r eng th  inc reases  ; t h e  t e n s i l e  s t r e n g t h  
a l s o  inc reases ,  b u t  a t  a  decreas ing  r a t e .  There a r e  many empi r i ca l  
r e l a t i o n s h i p s  suggested f o r  t h e  conc re t e  s t r e n g t h s ,  b u t  none have been 
found t o  be a p p l i c a b l e  i n  t h e  gene ra l  sense .  A common r u l e  of thumb, 
which i s  used f o r  concre tes  w i th  compressive s t r e n g t h s  of t h e  range 
gene ra l ly  considered app l i cab le  f o r  PCRV a p p l i c a t i o n s ,  27.6 t o  55.2 MPa 
(4000 t o  8000 p s i ) ,  is  t h a t  t h e  t e n s i l e  s t r e n g t h  i s  about 10% of t h e  . 

compressive s t r e n g t h .  The s tandard  t e s t  f o r  measurement of t e n s i l e  
s t r e n g t h  is  t h e  beam f l e x u r e  t e s t ,  i n  which t h e  modulus of r u p t u r e  i s  
measured w i t h  a  two-point loading.  3 5  The modulus of r u p t u r e  overes t imates  
t he  t e n s i l e  s t r e n g t h ,  reasons f o r  which a r e  d iscussed  by Nev i l l e .  3 5 

Another commonly used t e s t  is  t h e  s p l i t t i n g  t e s t ,  i n  which a concrere  
cy l inde r  i s  compressed i n  t h e  r a d i a l  d i r e c t i o n  r a t h e r  than  i n  t h e  longi-  
t u d i n a l  ( a s  i n  compression t e s t i n g ) .  It i s  be l i eved  t h a t  s p l i t t i n g  
s t r e n g t h  is  g e n e r a l l y  about 5 t o  1 2 X h i g h e r  t han  diirecr t e n s i l e  strength. 3 5 

However, a s  mentioned previous ly ,  t h e  e f f e c t s  of temperature on t h e  t e n s i l e  
s t r e n g t h  probably do no t  vary  much wi th  t h e  method used. 

Saemann and washa16 used 5.08 x 5.08 x 40.6 cm ( 2  x 2 x 16 i n . )  beams 
i n  three-point  loading  t o  determine t h e  modulus of r u p t u r e ,  while s t anda rd  
mor ta r  b r i q u e t s  were used t o  determine t h e  t e n s i l e  s t r e n g t h  of mor ta r  
specimens a t  va r ious  temperatures .  The t e n s i l e  s t r e n g t h  a t  65°C (149°F) 
decreased t o  about  57% of t h e  room-temperature va lue ,  increased  back t o  
t h e  r e f e rence  va lue  a t  121°C (24g°F), and showed l i t t l e  change up t o  
232°C (450°F). The modulus of r u p t u r e  changed i n  a  s i m i l a r  manner. 

~ a v i s ' s ' ~  r e s u l t s  on unsealed,  co ld- tes ted  15.24 x 15.24 x 61. cm 
(6 x 6 x 24 i n . )  beams showed t h a t  t h e  modulus of r u p t u r e  d i d  n o t  change 
s u b s t a n t i a l l y  t o  temperatures  of 200°C (392°F). A t  350°C (662"F), however, 
t h e  va lue  was only 33% of r e f e rence ,  a l though 20 the rma l . eyc l e s  t o  200°C 
(392°F) decreased ' t he  modulus of r u p t u r e  t o  56% of r e f e rence .  



Campbell-Allen, Low, and ~ o ~ e r ' ~  used t h e  s p l i t t i n g  t e s t  t o  determine 
t e n s i l e  s t r e n g t h  on unsea led ,  co ld- tes ted  specimens. I n  a l l  c a ses  t h e  
t e n s i l e  s t r e n g t h  of h e a t  c y l i n d e r s  decreased from t h e  r e f e rence  v a l u e  i n  
much t h e  same manner and t o  t h e  same degree a s  d i d  t h e  compressive s t r e n g t h .  
The same e f f e c t  r e s u l t e d  from cycl ing .  Ten thermal  cyc l e s  t o  200°C (392°F) 
reduced t h e  t e n s i l e  s t r e n g t h  t o  86%, wh i l e  t e n  cyc l e s  t o  300°C (572°F) 
reduced i t  t o  47% of  t h e  r e f e r e n c e  s t r e n g t h .  The au tho r s  observed a number 
of microcracks on t h e  s u r f a c e s  of t h e  c y l i n d e r s  a f t e r  f o u r  cyc l e s  of 
exposure a t  300°C (572°F) and concluded t h a t  they  must m a t e r i a l l y  a f f e c t  
t h e  t e n s i l e  s t r e n g t h .  I n  most cases  t h e  t e n s i l e  s t r e n g t h  was about  8% 
of t h e  compressive s t r e n g t h  f o r  bo th  unheated and hea ted  specimens. 

Campbell-Allen and ~ e s a i ~ '  a l s o  used t h e  s p l i t - c y l i n d e r  t e s t  and 
r epor t ed  l o s s e s  up t o  50% f o r  l imes tone  conc re t e  exposed t o  t e n  thermal  
c y c l e s  aL 200°C (392°F).  They r epor t ed  t h a t  f a i l u r e s  i n  t ens ion  behaved 
much l i k e  f a i l u r e s  i n  compression, i n  t h a t  unheatcd specimens f a i l e d  
suddenly and loud ly ,  wh i l e  hea t ing  produced gradual f a i l ~ ~ r ~ ~  wi th  l i t t l e  
no i se .  Low-temperature hea t ing  around 65°C (149°F) produced only a 25% 
r e d u c t i o n  i n  t e n s i l e  s t r e n g t h  a f t e r  t e n  thermal cyc l e s .  

S u l l i v a n  and ~ o u c h e r ' s  "tests f o r  f l e x u r a l  s t r e n g t h  of beams revea led  
t h a t ,  up t o  200°C (392"F), t h e  d e t e r i o r a t i o n  was g radua l  and smal l .  Beyond 
300°C (572°F) t h e  s t r e n g t h  drop w a s  sha rp ,  and a t  400°C (752°F) t h e  r e s i d u a l  
s t r e n g t h  v a r i e d  from 25 t o  0% of t h e  o r i g i n a l .  Hot and co ld  t e s t i n g  gave 
s i m i l a r  r e s u l t s .  Also, con t r a ry  t o  r e s u l t s  of o t h e r s ,  ' ' ' 2 0  t h e  number 
of  thermal  cyc l e s  d i d  not  s i g n i f i c a n t l y  a f f e c t  t h e  s t r e n g t h  drop. 

A l l  o f  t h e  i n v e s t i g a t i o n s  d iscussed  thus  f a r  used only  unsealed 
specimens. Lankard e t  a1. 30 conducted t h e  only s tudy  reviewed which 
cons idered  t h e  t e n s i l e  s t r e n g t h  of  s e a l e d  specimens t o  s imu la t e  mass 
c o n c r e t e  p r o p e r t i e s .  They performed f l e x u r a l  s t r e n g t h  t e s t s  on 7.62 x 6.35 
x 25.4 cm (3  x 2 112 x 10  i n . )  beams which were prepared ,  cured,  and heat-  
t r e a t e d  as d iscussed  p rev ious ly  f o r  compressive s t r e n g t h  s t u d i e s .  A l l  
s e a l e d  t e s t s  were performed a t  room temperature a f t e r  exposure i n  an  auto- 
c l a v e  device .  F igu res  37 and 33 show t h e  r e c u l t o  obta ined  f o r  g r a v e l  
l imes tone  conc re t e s  i n  t h e  unsea led ,  h n t ,  and co ld  t e s t  condi t ion0  and 
i n  t h e  s e a l e d ,  co ld  t e s t  cond i t i on .  The g r e a t e s t  decrease  f o r  t h e  unsealed 
specimens was f o r  t h e  co ld- tes ted  g r a v e l  conc re t e  exposed t o  260°C (500°F),  
f o r  which t h e  f l e x u r a l  s t r e n g t h  w a s  75% of t h e  r e f e rence  value.  I n  t h e  
c a s e  of s ea l ed  ( a u t o c l a v e ) ,  co ld- tes ted  specimens, 80 and 121°C (176 and 
249°F) exposures r e s u l t e d  i n  decreases  t n  7040% of  r e f e rence ,  wh i l e  
exposure a t  190°C (374°F) r e s u l t e d  i n  decreases  t o  40-50% of r e f e rence .  
It is n u t  c l c a r ,  and t h e  au tho r s  do not  o f f e r  an  explana t ion ,  why t h e  
s e a l e d  specimens exposed a t  260°C (500°F) showed less d e t e r i o r a t i o n  i n  
f l e x u r a l  s t r e n g t h  than  they d i d  a t  190°C (374°F). 

There i s  a Limited m o u n t  n f  d e f a  a v a i l a b l e  011 Lenci lc  o t r cng rh  a t  
e l eva t ed  tempera tures ,  e s p e c i a l l y  f o r  t h e  c a s e  where f r e e  mo i s tu re  was 
r e t a i n e d .  However, i t  can  b e  g e n e r a l l y  s t a t e d  t h a t  t h e  t e n s i l e  s t r e n g t h  
( f l e x u r a l  s t r e n g t h  o r  modulus of rup tu re )  w i l l  be  a f f e c t e d  i n  approximately 
t h e  same manner a s  t h e  compressive s t r e n g t h .  Th i s  a p p l i e s  i n  t h e  case  of 
unsealed o r  s e a l e d  s ecimens. Some s t u d i e s  r e s u l t e d  i n  g r e a t e r  l o s s  of 
t e n s i l e  s t r e n g t h ,  ' 9" whi l e  o t h e r s  found a g r e a t e r  l o s s  i n  compressive 
s t r e n g t h .  The primary p o i n t  i s  t h a t  t h e  t e n s i l e  s t r e n g t h  can  b e  lowered 
s u b s t a n t i a l l y  by exposure t o  e l eva t ed  tempera tures ,  e s p e c i a l l y  when mois ture  
i s  r e t a i n e d .  
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Fig.  32. E f f e c t  of Tes t  Condit ions on F l e x u r a l  S t r eng th  of Gravel 
and Limestone Concrete,  Unsealed. Source: D. R. Lankard e t  a l . ,  "E f fec t s  
of Moisture Content on t h e  S t r u c t u r a l  P r o p e r t i e s  of Po r t l and  Cement Concrete  
Exposed t o  Temperatures up t o  500°F," A C I  SP-25, Temperature and Concrete 
(1970). 
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Fig .  33. Flexura l  S t r eng th  of Autoclaved Gravel and Limestone 
Concrete. Source: D. R. Lankard e t  a l . ,  "Ef fec t s  of Moisture Content on 
t h e  S t r u c t u r a l  P r o p e r t i e s  of Po r t l and  Cement Concrete Exposed t o  Tempera- 
t u r e s  up t o  500°F," A C I  SP-25, Temperature and Concrete (1970). 

3.3.4 Shrinkage and Creep 

The shr inkage  of concre te  i s  due p r imar i ly  t o  l o s s  of mo i s tu re  and 
is  c a l l e d  drying shrinkage.  I n  t he  i n t e r i o r  of a l a r g e  conc re t e  mass, 
where mois ture  movement i s  r e s t r i c t e d ,  cont inued hydra t ion  r e s u l t s  i n  
autogenous shrinkage.  The magnitude of t h i s  movement, measured as a 
l i n e a r  s t r a i n ,  i s  between about 40 x a t  one month and 100 x 
a f t e r  f i v e  yea r s .  Drying shr inkage  normally inc ludes  t h e  smal l  autog- 
enous changes, except  i n  some cases  f o r  very  l a r g e  mass conc re t e  
s i t u a t i o n s .  3 5  For concre te ,  t h e  aggrega te  r e s t r a i n s  shr inkage  of  t h e  
cement pas t e .  Thus t h e  degree of shr inkage  i n  a p a r t i c u l a r  conc re t e  
depends very  much on t h e  type  and amount of aggrega te  used.   he shr inkage  
r a t e  decreases  r a p i d l y  wi th  time; according t o  N e ~ i l l e : ~ ~  14 t o  34% of 



t h e  20-year shr inkage  occu r s  i n  two weeks, 40 t o  80% of t h e  20-year 
sh r inkage  occurs  i n  t h r e e  months, and 66 t o  85% of t h e  20-year shr inkage  
occu r s  i n  one yea r .  Shrinkage is important  because of i ts  e f f e c t  on 
movement of t h e  s t r u c t u r e  and tendency t o  induce cracking.  

The g radua l  i n c r e a s e  i n  s t r a i n  w i t h  t ime f o r  a s t r e s s e d  s t r u c t u r e  
i s  due t o  c reep .  Creep can  b e  de f ined  a s  t h e  i n c r e a s e  i n  s t r a i n  under 
a s u s t a i n e d  s t r e s s ,  Creep i s  of g r e a t  importance i n  s t r u c t u r a l  ana lyses ,  
because t h e  s t r a i n  can  i n c r e a s e  s i g n i f i c a n t l y  from t h a t  immediately a f t e r  
loading .  It i s  u s u a l l y  assumed t h a t  c reep  and shr inkage  a r e  a d d i t i v e .  
However, as Nev i l l e3 '  p o i n t s  ou t ,  shr inkage  and creep  a r e  not  independent 
phenomena t o  which s u p e r p o s i t i o n  can b e  app l i ed .  I n  f a c t ,  shr inkage  
i n c r e a s e s  t h e  magnitude of creep.  Most a v a i l a b l e  d a t a  on c reep  of conc re t e  
were recorded on t h e  b a s i s  of a d d i t i v e  p r o p e r t i e s .  I n  t h e  c a s e  of mass 
c o n c r e t e  s t r u c t u r e s ,  however, i t  may be necessary  t o  make a d i s t i n c t i o n  
between b a s i c  c r eep  ( cond i t i ons  of mois ture  movement) and dry ing  creep  
( c o n d i t i o n s  of d ry ing ) .  Thus, as w i t h  o t h e r  p r o p e r t i e s ,  i n v e s t i g a t i o n s  
of s e a l e d  specimens a r e  necessary  t o  r ep re sen t  t h e  mass conc re t e  s i t u a t i o n .  
F igu re  34 provides  a g r a p h i c a l  exp lana t ion  of t h e  above e f f e c t s .  
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Fig .  34. Time-Dependent Deformations i n  Concrete  Subjected t o  a 
Sus ta ined  Load. Source: A. M. N e v i l l e ,  Properties of Concrete, 2nd ed . ,  
Ha l s t ed ,  New York, 1973. 



It i s  a l s o  necessary t o  understand t h e  s t r u c t u r a l  response on 
unloading,  and Fig. 35 shows what i s  meant by ins tan taneous  recovery and 
creep recovery of t h e  deformation, showing t h a t  c reep  i s  no t  a f u l l y  
r e v e r s i b l e  phenqmenon. A s  one might expec t ,  c reep  i s  in f luence  by many 
f a c t o r s  such a s  s t r e s s ,  age  a t  l oad ing ,  s i z e  of specimen, waterlcement 
r a t i o ,  aggrega te  type ,  conc re t e  s t r e n g t h ,  temperature,  t ime, s t a t e  of 
s t r e s s ,  e t c .  Creep in f luences  t h e  s t a b i l i t y  of a s t r u c t u r e  by i n c r e a s i n g  
deformation. The u l t i m a t e  s t r e n g t h  may o r  may no t  b e  a f f e c t e d ,  b u t  t h e  
s t r u c t u r a l  performance under load  i s  a f f e c t e d  when deformation exceeds 
t h a t  f o r  which i t  i s  designed. I n  a d d i t i o n ,  c reep  causes a l o s s  of pre- 
s t r e s s  f o r  p r e s t r e s s e d  s t r u c t u r e s  and thereby  can a f f e c t  t h e  s t r u c t u r a l  
i n t e g r i t y .  On t h e  b e n e f i t  s i d e ,  c reep  i n  conc re t e  r e l i e v e s  stress con- 
c e n t r a t i o n s  and, t hus ,  c o n t r i b u t e s  t o  s t r u c t u r a l  i n t e g r i t y  a s  w e l l .  

Time since Application of Load-days 

Fig.  35. Descr ip t ion  of Creep and Creep Recovery Phenomena. Mortar 
specimen s t o r e d  i n  a i r ;  RH, 95%; stress, 14.8 M N / ~ ~ ;  unloaded. Source: 
A. M. Nev i l l e ,  Properties of Concrete, 2nd ed . ,  Hals ted ,  New York, 1973. 

Some of t h e  e f f e c t s  of va r ious  parameters  on c reep  a r e  shown i n  
Figs.  3639. It can be  seen  t h a t  c reep  i n c r e a s e s  w i th  inc reas ing  time 
and s t r e s s ,  b u t  decreases  w i th  inc reas ing  r e l a t i v e  humidi ty,  age a t  loading ,  
and matur i ty .  I n  a d d i t i o n ,  Fig.  39 dramatizes  t h e  e f f e c t  of aggrega te  
on creep.  

Creep of conc re t e  is a complex s u b j e c t  and has  been i n v e s t i g a t e d  and 
d iscussed  f o r  many years .  Volumes of d a t a  a r e  a v a i l a b l e  on t h e  e f f e c t s  
of va r ious  cond i t i ons  on creep.  The problem of c reep  a t  h ighe r  than  
ambient temperatures  has been s t u d i e d  only  f a i r l y  r e c e n t l y  [ e s p e c i a l l y  
f o r  temperatures  above 100°C (212OF)], y e t  a l a r g e  number of i n v e s t i -  
ga t ions  have been repnrted and many more a r e  under way, A s  w i t h  most of 
t h e  o t h e r  conc re t e  p r o p e r t i e s ,  because of t h e  n a t u r e  of a PCRV as a mass 
concrete s t r u c t u r e ,  i t  i s  d e s i r a b l e  t o  s tudy  t h e  c reep  behavior  of s e a l e d  
specimens, which more nea r ly  r ep re sen t  t h e  moi s tu re  cond i t i ons  i n  t h e  
bulk of PCRV concre te .  
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Fig. 36. Creep of Concrete Stored at Different Relative Humidities. 
Cured in fog for 28 days. Source: A. PI. Neville, Properbies o f  Concrete, 
2nd ed., Halsted, New York, 1973. 
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Fig. 37. Time Deformation (Creep Plus Shrinkage) of Concrete Stored 
in Air. Source: A. M. Neville, P~oper t i e s  of  Concrete, 2nd ed., Halsted, 
New York, 1973. 
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Fig. 38. Creep of Aluminous Concrete v s  Age a t  Loading. Source: 
A. M. Nev i l l e ,  Properties of Concrete, 2nd ed . ,  Hals ted ,  New York, 1973. 
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Fig. 39. Creep of Concretes w i t h  D i f f e r e n t  Aggregates. Loaded a t  
age of 28 days; s t o r e d  i n  a i r  a t  21°C; RH, 50%. Source: A. M. Nev i l l e ,  
Properties of Concrete, 2nd ed. ,  Hals ted ,  New York, 1973. 



A comprehensive review of t h e  e f f e c t s  of temperature on c reep  of 
c o n c r e t e  was r e p o r t e d  by ~ e y m a ~ e r ~ ~  i n  1970. He b r i e f l y  d iscussed  t h e  
r e s u l t s  of v a r i o u s  i n v e s t i g a t i o n s  and normalized t h e i r  d a t a  i n  terms of 
s p e c i f i c  creep (c reep  s t r a i n  per  u n i t  s t r e s s )  and s p e c i f i c  c reep  r a t e  
( t h e  average  s l o p e  of c reep  curve i n  a semilog p r e s e n t a t i o n  w i t h i n  t h e  
s p e c i f i e d  time p e r i o d ) .  Geynayer's review w i l l  b e  summarized along wi th  
a n  extended d i s c u s s i o n  of some of t h e  i n v e s t i g a t i o n s  t h a t  he  r epo r t ed  and 
t h a t  have been reviewed by t h i s  au tho r .  I n  a d d i t i o n ,  some r e s u l t s  of 
o t h e r  s t u d i e s  w i l l  b e  inc luded  a s  w e l l  a s  t h e  r e s u l t s  of more r e c e n t  
s t u d i e s  . 

The graphs of d a t a  assembled by Geymayer a r e  reproduced i n  F igs .  40- 
42. One of t h e  major obse rva t ions  t h a t  has  rece ived  much a t t e n t i o n  i s  
t h e  "creep  maximum" e f f e c t  observed by Nasser and N e ~ i l l e . ~ ~  They 
observed t h a t  t h e  s p e c i f i c  creep and e s p e c i a l l y  t h e  s p e c i f i c  c reep  r a t e  
reached a maximum a t  about  70°C (158°F) f o r  specimens loaded under water. 
A t  h i g h e r  tempera tures ,  up t o  9 6 " ~  (205'F), t h e  c reep  r a t e  decreased.  
I n  p l o t t i n g  t h e  s p e c i f i c  c r eep  r a t e s ,  Geymayer shows, i n  Fig.  42, t h a t  
s t u d i e s  by o t h e r  i n v e s t i g a t o r s  a l s o  r e s u l t e d  i n  s i m i l a r  obse rva t ions .  
Mafechal ( s e e  ref.  10 ot r e t .  42) observed a creep  r a t e  maximum (and 
corresponding maximum f o r  t o t a l  c r e e p ) ,  b u t  i t  occurred a t  about 50°C 
(122°F).  Marechal 's  t e s t s  were conducted on unsealed specimens. I n  
a d d i t i o n ,  t h e  c r eep  r a t e  reached a minimum a t  j u s t  over  100°C (212OF) 
and inc reased  g r e a t l y  w i t h  temperatures  t o  400°C (752°F). The s p e c i f i c  
c r eep  a t  250°C (482OF) was about  t h e  same a s  a t  t h e  50°C (122°F) "maximum." 
Predry ing  of specimens f o r  30 days a t  105°C (221°F) b e f o r e  load a p p l i c a t i o n  
reduced creep  a t  t empera tures  below 105°C (221°F) d r a s t i c a l l y  and el imi-  
na t ed  t h e  creep maximum ( s e e  Fig. 42 ) .42  The t e s t s  of Nasser and Nev i l l e  
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Fig.  40. Compilation of Temperature E f f e c t s  on Concrete Creep, 
11 Sea led  o r  Water S tored .  Source: H. G .  Geymayer, E f f e c t  of Temperature 

on Creep of Concrete: A L i t e r a t u r e  Review," A C I  SP-34, Concrete for 
Nuclear Reactors, pp. 5 6 H 0  (1972). 
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Fig .  41. Compilation of Temperature E f f e c t s  on Concrete  Creep, 
Unsealed. Source: H. G .  Geymayer, "Effec t  of Temperature on Creep of 
Concrete: A L i t e r a t u r e  Review," A C I  SP-34,, Concrete for NucZear Reactors, 
pp. 565-90 (1972). 
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Fig.  42. Compilation of Temperature E f f e c t s  on Concrete  Creep Rate.  
I I Source: .H. G. Geymayer, E f f e c t  of Temperature on Creep of Concrete.: A 

L i t e r a t u r e  Review," ACI SP-34, Concrete for NucZear Reactors, pp . 565--90 
(1972). 



were conducted a t  s t r e s s l s t r e n g t h  r a t i o s  of 35 and 70%. Fur the r  t e s t s  
by ~ a s s e r ~ ~  a t  s t r e s s l s t r e n g t h  r a t i o s  of 10 ,  20, and 45% showed t h e  same 
c reep  maximum a t  70°C (158°F).  ~ a s s e r ~ ~  and ~ e ~ m a ~ e r ~ ~  bo th  r e fe rence  
t h e  work of  Hickey ( r e f .  1 5  of r e f .  42) on unsealed specimens, which 
showed a maximum c reep  rate around 50 t o  80°C (122 t o  176OF). Seve ra l  
o t h e r  i n v e s t i g a t i o n s  of e levated-temperature c r e e p . d i d  no t  r e v e a l  a 
maximum f o r  t o t a l  c r eep  a t  comparably low temperatures ,  b u t  most did 
i n d i c a t e  a maximum f o r  t h e  c reep  rate between 50 and 100°C (122 and 
212°F) ( i f  computed f o r  some per iod  between 1 and 100 days of l oad ing ) .  
Nasser  and N e v i l l e  observed t h a t  t h e r e  is  a l i n e a r  r e l a t i o n  between creep  
and s t r e s s l s t r e n g t h  r a t i o  a t  e l eva t ed  temperatures  [up t o  96OC (205"F)], 
j u s t  as a t  room tempera ture .  They a l s o  observed t h a t  c reep  recovery is  
independent  bo th  of tempera ture  and of t h e  s t r e s s  magnitude dur ing  c reep .  
Th i rd ,  t h e  paLtern o f ' b e h a v i o r ,  i nc lud ing  t h e  shape of t h e  creep-time 
curve ,  does not change a t  ~ l ~ ~ r n t c d  tQmparaturco. Thc rnschal~islu pus lu l a l ed  
f o r  t h e i r  v b s e w a t i o n s  i s  based on K e s l e r ' s  ( ref .  2 of ref. 16) concept 
of b a s i c  c reep  and t h e  e f f e c t s  of adsorbed water .  They subscr ibed  t o  
t h e  seepage theory  of c reep .  

~ e y m a ~ e r ~ ~  s t a t e d  t h a t  r e s u l t s  by DaSi lv ie ra  and ~ l d r e n t i n o " ~  
cha l l enge  t h e  hypo thes i s  t h a t  creep recovery is  independent o f  temperature.  
An examination of  t h e i r  r e p o r t  does show they concluded t h a t  t h e  g r e a t e r  
t h e  temperature,  t h e  g r e a t e r  t h e  c reep  recovery s t r a i n s .  However, i n  
t h e  t e x t  of t h e i r  r e p o r t  ( s e e  pp. 175-76 of r e f .  43) they  s t a t e  t h a t  t h e  
strain recovery was highe.r f o r  t h e  heated prisms. They a l s o  say  t h a t  
stra-in recovery rate was h i g h e r  f o r  hea ted  prisms than  f o r  unheated 
pr isms.  It i s  n o t  c l e a r  t h a t  DaSi lv ie ra  and F lo ren t ino  [ sea l ed  t e s t s  
up t o  45OC (113OF)I s e p a r a t e d  a c t u a l  creep recovery from t o t a l  s t r a i n  
recovery ( a s  def i a e d  i n  F ig .  35). Nasser and Nevil le3 '  d i d  s e p a r a t e  i t  
and de f ined  creep  recovery as recovery i n  excess  of t h e  immediate s t r a i n  
change on unloading ( s e e  p.  1571 of r e f .  34).  D.aSi lviera  and F lo ren t ino  
d i d ,  however, r e p o r t  t h a t  t h e  creep Poisson  r a t i o  remains cons t an t  during 
a c reep  t e s t  and i s  equal  t o  the. e l . .as t ic  va lue .  Thcy a l s o  concluded t h a t  
c r e e p  s t r a i n s  a r e  t h e  same i n  a water-soaked conc re t e  and i n  3 s i m i l a r  
mass-cured concre te .  They used 20 x 20 x 60 cm (7.9 x 7.9 x 23.6 i n . )  prisms 
w i t h  g r a n i t e  aggrega te  and waterlcement r a t i o s  of 0.5 and 0.7. Also,  
they  used very  low s t r e s s l s t r e n g t h  r a t i o s  of 0.08 ( f o r  w/c = 0.5)  and 
0.20 ( f o r  w/c = 0.7) . ~ c ~ e n r ~ ' s ' "  express ion  was used t o  f i t  t h e i r  d a t a  
and gave a much b e t t e r  fit t han  t h e  u s u a l  lognr i thmtc  r e p r e s e n t a t i o n .  
S p e c i f i c  c reep  s t r a i n s  i n  a conc re t e  loaded a t  age T a r e  given by 

where t is t h e  t ime a f t e r  l oad ing ,  and A ,  B ,  a, B y  and y a r e  c h a r a c t e r i s t i c  
parameters  t h a t  a r e  determined experimental ly .  4 3 

Browne and B lunde l l  ( r e f .  19 of r e f .  42) performed creep  t e s t s  on 
s e a l e d  specimens up t o  95OC (203OF) f o r  ages up t o  400 days. On a loga- 
r i t h m i c  p l o t  of t ime from load ing ,  i n i t i a l  d a t a  showed t h e  c reep  vs  l og  
t ime p l o t  t o  be l i n e a r ,  b u t  t h e  d a t a  dev ia t ed  upward f o r  t h e  longer  t imes 
under load .  On a l o g / l o g  b a s i s ,  however, t h e  c reep  curves remained l i n e a r  



up t o  six years .  They a l s o  used t h e  log / log  r e l a t i o n s h i p  w i t h  r e s u l t s  
from o t h e r  i n v e s t i g a t i o n s  and obta ined  improved r e s u l t s .  The i r  express ion  
f o r  c reep  curves w a s  

e = ~ ( t ) ~  o r  l og  e = l og  a + n log  ( t )  , ( 2) 

where - e = s p e c i f i c  c reep  s t r a i n ,  - a = a f a c t o r  decreas ing  w i t h  age a t  l oad ing ,  k ,  and inc reas ing  
w i t h  abso lu t e  temperature,  8 ,  

t t ime under l oad  i n  days,  - 
n = a f a c t o r ,  decreas ing  wi th  age  a t  loading ,  k ,  and varying 

w i t h  abso lu t e  temperature,  8. 

Browne and B lunde l l ' s  r e s u l t s  c o n s i s t e n t l y  showed an i n c r e a s e  of t o t a l  
c reep  up t o  95OC (203°F). Geymayer d iscussed  t h e  l i m i t e d  s i g n i f i c a n c e  of 
a creep r a t e  computed f o r  a per iod  of 1 t o  100 days a f t e r  loading  and 
t h e  p o s s i b l e  reasons  f o r  observing maximum creep  r a t e s  dur ing  a p a r t i c u l a r  
time per iod  wi thout  observing a corresponding maximum t o t a l  c reep  va lue  
a t  t h e  end of t h e  t ime per iod .  F igure  43 r e p r e s e n t s  a schematic  creep 
curve  t y p i c a l  of many of t h e  c r eep  curves i n  t h e  l i t e r a t u r e  review of 
Wagner ( r e f .  20 of r e f .  42) and t h e  r e p o r t  of Wallo and Kes l e r  ( r e f .  21 
of r e f .  42). The double i n f l e c t i o n  observed between 3 and 10,000 days 
(-27 yea r s )  is  obvious i n  t h e  f i g u r e  and shows how t h e  c reep  r a t e  calcu- 
l a t e d  between to and t may n o t  n e c e s s a r i l y  r e p r e s e n t  behavior  a t  l a t e r  
t imes i n  t h e  loading  h i s t o r y .  With r e f e r e n c e  aga in  t o  F igs .  40--42, and 
t h e  observa t ions  of c reep  maximums by some i n v e s t i g a t o r s ,  t h e  most pro- 
nounced creep  maxima and those  found a t  t h e  lower temperatures  r ep re sen ted  
specimens which had been heated f o r  about two weeks be fo re  l oad  appl i -  
ca t ion .  Geymayer sugges ts  t h a t  t h e  e f f e c t  of e l eva t ed  temperatures  i s  
t o  magnify and a c c e l e r a t e  t h e  c reep  phenomenon, r e s u l t i n g  i n  a g r e a t e r  
percentage  of t o t a l  c reep  t o  occur  dur ing  t h e  f i r s t  days a f t e r  loading .  
Resu l t s  from unsealed specimens s t r o n g l y  suppor t  t h i s  s imple concept.  
Also, r e s u l t s  of some s e a l e d  o r  submerged specimens suppor t  i t ,  whi l e  
o t h e r s  do no t .  4 2 

I n  a program t o  observe c reep  i n  mass conc re t e  ( s ea l ed  specimens) a t  
h igh  temperatures  [above 100°C (212OF) 1, Nasser and ~ o h t i a "  sub jec t ed  
7.62 x 22.9 cm ( 3  x 9 i n . )  c y l i n d e r s  t o  va r ious  s t r e s s l s t r e n g t h  r a t i o s  
(20, 30, and 50%) f o r  room-temperature s t r e n g t h  va lues  ( r a t i o s  change i f  
s t r e n g t h  a t  e l eva t ed  temperature i s  considered)  and h igh  temperatures ,  
20 t o  232OC (68 t o  450°F), f o r  up t o  s i x  months. They a l s o  measured 
creep  recovery. A t ype  I11 cement w i th  1.91-cm (314-in.) maximum s i z e  
aggrega te  (dolomite  and hornblende) and a waterlcement r a t i o  of 0.60 was 
used i n  a l l  t e s t s .  A l l  tests w e r e  one day o l d  when exposed t o  t h e  t e s t  
temperature and were cured f o r  1 3  days i n  t h e  sea l ed  cond i t i on .  They 
were then  loaded, and s t r a i n s  were measured p e r i o d i c a l l y  up t o  s i x  months. 
A f t e r  unloading,  c reep  recovery was observed f o r  70 days. They co r rec t ed  
t h e  app l i ed  a x i a l  s t r e s s e s  t o  account f o r  s a t u r a t e d  steam p r e s s u r e  due 
t o  mois ture  a t  temperatures  of 121, 149, 177, and 232OC (250, 300, 350, 
and 500°F) [p re s su res  were 0.14, 0.34, 0.83, and 2.89 MPa (20,  50, 120, 
and 420 p s i )  r e spec t ive ly ] .  The appara tus  developed f o r  measuring c reep  
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F ig .  43. Schematic Creep Curve. Source: H.  G. Geymayer, "Effec t  
of Temperature on Creep of Concrete: A L i t e r a t u r e  Review," A C I  SY-34, 
Concrete  for  NucZear R e a c t o r s ,  pp . 565-90 (19 72) . 

i n  s e a l e d  specimens a t  temperatures  t o  232OC (500°F) deserves  d e s c r i p t i o n  
he re .  F igure  44 shows t h e  d e t a i l s  of t h e  machine. Each u n i t  is  made 
of 7.94-cm-dim (3  118-in.) ,  0.79-cm-thick (5116-in.) mi ld - s t ee l  p ipe  
w i t h  1.27-cm-thick (112-in.) mi ld - s t ee l  f l a n g e s  and a mi ld - s t ee l  p i s t o n  
assembly; Brass  diaphragms 0.025 cm (0.010 i n . )  t h i c k  s e a l  t h e  p i s t o n  
assembly and conc re t e  a g a i n s t  o i l  and mois ture  leakage.  Load is  app l i ed  
through t h e  p i s t o n  assembly by o i l  p ressure .  The u n i t  i s  designed f o r  
a p r e s s u r e  of 20.68 MT'a (3000 ~ s i ) .  Displacements a r e  measured by a n  
extensometer  a t t ached  t o  t h e  cover p l a t e  and p i s t o n  assembly. The p i p e  
i s  wound w i t h  h igh - re s i s t ance  w i r e  f o r  hea t ing  t h e  enclosed concre te .  

The r e s u l t s  of some c reep  t e s t s  a r e  presented  i n  F igs .  45 and 46. 
F igu re  45 r e p r e s e n t s  tests a t  177OC (350°F) f o r  va r ious  s t r e s s  l e v e l s .  
Two s t r a i g h t  l i n e s  were f i t  t o  t h e  d a t a  of each s t r e s s  l e v e l ,  one from 
1 t o  21  days ,  and t h e  o t h e r  from 21 t o  180 days. F igure  46 shows t h e  
c reep  curves  obta ined  f o r  a s t r e s s l s t r e n g t h  r a t i o  of 20% a t  va r ious  
tempera tures .  The c reep  increased  w i t h  temperatures  up t o  150°C (302°F) 
( a f t e r  40 days) and then  decreased a t  177 and 232'C (350 and 450°F). 
For s t r e s s l s t r e n g t h  r a t i o s  of 35 and 502, t h e  maximum creep  occurred a t  
177°C (350°F). Ar r o c l o o  o f  34 and 582 rhcy  obocrvcd c h a r  chc  c r c c p  r a r e  
between 1 2 1  and 180 days increased  up t o  71°C (160°F) and t h e r e a f t e r  
decreased wi th  tempera ture  t o  232OC (450°F).  (This  obse rva t ion  agrees  
w i t h  Nasser  and ~ e v i l l e ' s ~ "  "creep maximum," a s  d i scussed  previous ly . )  
The c reep  r a t e  d i d  no t  begin  t o  dec rease  f o r  t h e  20% t e s t  u n t i l  a f t e r  
150°C ( 3 0 2 ' ~ ) .  F igu re  47 shows t h e  180-day creep  d a t a  up t o  232'C 
(450°F) f o r  t h e  t h r e e  s t r e s s  l e v e l s  used. The au tho r s  went through a 
procedure whereby va lues  of a c t u a l  s t r e s s l s t r e n g t h  r a t i o s  corresponding 
t o  a p p l i e d  s t r e s s e s  a t  each temperature were c a l c u l a t e d .  They used t h e  
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Fig .  44. Details of Apparatus for Sealed Creep Tests at High 
Temperatures. Source: R. P.  Lohtia and K. W .  Nasser, "Apparatus for 
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F i g .  45. Creep of Sealed Concrete Under Various Stress Levels at 
177'C. Source: K. W. Nasser and R. P .  Lohtia, "Creep of Mass Concrete at 
High Temperatures ," J. Am. Coner. Imt. 68(4) : 276 (April 1971) . 
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Fig. 46.- Creep of Sealed Concrete a t  Various Temperatures. Source? 
K. W. Nasser and R. P .  Lohtia, "Creep of Mass Concrete at High Tempe&- 
tures," J. Am. Concr. Inst. 68(4): 276 (April 1971). 
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amount of steam p res su re  p re sen t  and t h e  s t r e n g t h  of t h e  specimens as 
determined a t  t h e  completion of t h e  t e s t s .  It i s  no t  c l e a r  how they  
obtained t h e i r  ad jus t ed  r a t i o s .  They showed no c reep  recovery d a t a  b u t  
s t a t e d '  t h a t  creep recovery was independent of temperature and dependent 
on s t r e s s .  The maximum measured recovery s t r a i n  w a s  390 x Nasser 
and Loht ia  r e f e r r e d  t o  t h e  theory of absorbed mois ture  and t h e  v iscous  
na tu re  of t h e  c reep  mechanism. 

With regard  t o  t h e  s tudy  i n  g e n e r a l ,  comments made previous ly  con- 
cern ing  Nasser and Loh t i a ' s  s tudy  of s t r e n g t h  and e l a s t i c i t y  a t  h igh  
temperature33 apply here .  That is ,  t h e i r  specimens were demolded a t  t h e  
age of one day and cured i n  a sea l ed  cond i t i on  a t  t h e  test temperature.  
This  procedure i s  n o t  be l ieved  t o  b e  r e p r e s e n t a t i v e  of t h e  PCRV conc re t e ,  
which would not  b e  exposed t o  h igh  temperatures  u n t i l  months a f t e r  c a s t i n g .  
I n  t h e  PCRV, h e a t  of hydra t ion  w i l l  cause most of t h e  concre te  t o  b e  
exposed t o  e a r l y  age elevated-temperature cur ing ,  b u t  c e r t a i n l y  not  a t  
temperatures  of 100°C (212OF) and above. It would b e  i n t e r e s t i n g  t o  
compare d a t a  obta ined  i n  a  s i m i l a r  manner, b u t  u s ing  more mature concre te .  

Experiments conducted by ~ e n n e d ~ ~  were designed t o  determine t h e  
long-term creep  behavior  of conc re t e  a t  20 and.65OC (68 and 14g°F) i n  t h e  
sea l ed  and unsealed condi t ions .  H e  i n v e s t i g a t e d  t h e  e f f e c t s  of cur ing  
t ime,  cur ing  h i s t o r y ,  and s t a t e  of s t r e s s .  The mixture  cons i s t ed  of 
f i n e  and coa r se  l imestone aggrega te  w i th  type  I1 cement and a .water /cement  
r a t i o  of 0.425. The t e s t s  involved 15.24-cm-diam; 40.64-cm-long (6  x 16 in . )  
cy l inde r s  t e s t e d  under . un iax ia l ,  b i a x i a l ,  and t r i a x i a l  condi t ions .  The 
m u l t i a x i a l  c a s e s  w i l l  be  d iscussed  l a t e r .  A 34.47-MP~ (5000-psi) hydrau l i c  
p re s su re  loading  system was u t i l i z e d ,  and specimens.were s e a l e d  w i t h  epoxy 
coa t ings  and 0.020-cm-thick (0.008-in.) copper j a c k e t s .  V ib ra t ing  wi re  
s t r a i n  gages were embedded i n  t h e  .specimens f o r  s t r a i n  measurements. 

Measurements of shr inkage  s t r a i n s  dur ing  a  90-day cu r ing  per iod  a t  
20°C (68OF) showed almost n e g l i g i b l e  shr inkage  i n  t h e  s e a l e d  specimens, 
wh i l e  t h e  a i r - d r i e d  cy l inde r s  experienced continuous shr inkage  t o  about 
200 mic ros t r a in .  During loading t h e  s e a l e d  specimens showed no shr inkage  
a t  20°C (68'F), b u t  a t  65OC (14g°F), about 40 m i c r o s t r a i n  of expansion 
w a s  recorded. For t h e  c r e e p , t e s t s  a t  20°C (68OF), cu r ing  h i s t o r y  and 
cu r ing  t ime p r i o r  t o  loading  were important .  For a 16.54 MPa (2400-psi) 
u n i a x i a l  s t r e s s ,  s h o r t e r  cur ing  pe r iods  r e s u l t e d  i n  g r e a t e r  c reep  s t r a i n s  
during loading.  For t h e  f i r s t  2  t o  2.5 yea r s  t h e  mass-cured specimens 
showed less creep  s t r a i n  t han  d i d  t h e  a i r - d r i e d ,  b u t  during t h e  next  2.5 
yea r s  t h e  r a t i o  of mass-cured t o  a i r -d r i ed  c reep  approached a  va lue  of 1. 
A t  20°C (68OF) t h e  r a t i o s  of f ive-year  t o  one-year c reep  f o r  180- and 
365-d.ay.mass-cured specimens w e r e  about  1 .5  and 1.8,  r e s p e c t i v e l y ,  wi th  
t h e  abso lu t e  va lues  of s p e c i f i c  c reep  be ing  equal  a t  about 27.6 micro- 
strain/MPa (0.19 m i c r o s t r a i n / p s i ) .  I n t e r e s t i n g l y ,  t h e  f ive-year  r e s u l t s  
a t  20°C (68OF) f o r  180-day c u r i n g  were e s s e n t i a l l y  p red ic t ed  by equat ' ions 
developed i n  an  e a r l i e r  Those equat ions  were based on t e s t s  of 
specimens loaded a t  90 days and kept  under l oad  f o r  o n e C y e a r .  A s  an example, 
t h e  a x i a l  c reep  s t r a i n  f o r  a  mass-cured specimen loaded a t  65OC (14g°F) 
is g iven  by 



where 
- 

Oa = axial stress, p s i ,  
- r = r a d i a l  s t r e s s ,  p s i ,  

t time a f t e r .  l oad ing ,  days ,  and - (cc-aa = c reep  s t r a i n  i n  a x i a l  d i r e c t i o n ,  microuni t s .  

With r ega rd  t o  c r eep  recovery ,  Chuang e t  a l .  found t h a t  a l a r g e r  percentage 
of t h e  c r eep  s t r a i n ,  which occurred dur ing  one yea r  under load ,  was recovered 
from t h e  s e a l e d  c o n c r e t e  t han  from t h e  a i r -d r i ed  conc re t e .  49 Thus t h e  
l a c k  of dependence on temperature f o r  c reep  recovery ag rees  w i t h  t h e  obser- 
v a t i o n s  of o t h e r s .  3 4 , 4 5  

A mathematical  model f o r  i so thermal  c reep  behavior  was developed by 
~ u k a d d a m ' ~  f o r  s e a l e d  c o n c r e t e  specimens loaded a t  s t r e s s l s t r e n g t h  r a t i o s  
of 35 t o  45Z and tempera tures  up t o  about  1 0 0 " ~  (212°F). The model was 
based on t h e  l i n e a r ,  v i s c o e l a s t i c  response of conc re t e  and i ts  behavior  
as a thermorheologica l ly  s imple  m a t e r i a l .  Based on t h e  t ime-sh i f t  p r i n c i p l e ,  
t hen ,  Mukaddam demonstrated,  us ing  d a t a  from va r ious  i n v e s t i g a t o r s ,  t h a t  
t h e  t o t a l  s p e c i f i c  c r eep  of conc re t e  f o r  any temperature i s  cons t an t  when 
cons ide r ing  ages  a t  l oad ing  of 28 t o  400 days and loading  times up t o  
1000 days.  He concluded t h a t  f u r t h e r  work on t h e  e f f e c t s  of temperature 
above 1 0 0 " ~  (212"F), m u l t i a x i a l  s t r e s s  s t a t e s ,  and Poisson ' s  r a t i o  is  
needed, a s  w e l l  a s  a d d i t i o n a l  a n a l y t i c a l  i n v e s t i g a t i o n s .  A summarized 
v e r s i o n  of Mukaddam's work i s  given i n  r e f .  51. 

Creep t e s t s  on t h e  conc re t e  used i n  t h e  Wylfa PCRV were r epo r t ed  by 
Browne. l o  Shrinkage was found t o  b e  ve ry  s m a l l  i n  s e a l e d  concre te  and 
i n d i c a t e d  t h a t  h e a t i n g  could cause some expansion. A l i m i t  curve was 
cons t ruc t ed  f o r  sh r inkage  t o  a 30-year l i f e  based on expected cond i t i ons  
i n  t h e  Wylfa v e s s e l  which showed t h a t  400 m i c r o s t r a i n  w a s  a conse rva t ive  
e s t ima te .  For tempera ture  g r a d i e n t s  and temperatures  above those  now i n  
c u r r e n t  use ,  more p r e c i s e  informat ion  would be r equ i r ed .  I n  t e s t s  up t o  
95°C (203"F), Browne found t h a t  u n i a x i a l  c reep  d i d  i n c r e a s e  s u b s t a n t i a l l y  
w i t h  temperature.  b u t  much s c a t t e r  was obta ined  us ing  15.24-cm-diam, 
30.48-cm-long ( 6  x 1 2  i n . )  c y l i n d e r s  w i t h  3.81-cm (1 112-in.) coa r se  
aggrega te .  Genera l ly ,  t h e  c reep  deformation decreased w i t h  inc reas ing  
age  a t  loading  and decreas ing  waterlcement r a t i o s .  He expressed t h e  c reep  
behavior  us ing  a n  equat ion  t h a t  cons idered  t h e  age a t  load  a p p l i c a t i o n ,  
t h e  t ime a f t e r  l oad ing ,  and t h e  temperature dur ing  loading .  The equat ion  
i n c l u d e s  f a c t o r s  t h a t  must b e  exper imenta l ly  determined f o r  t h e  p a r t i c u l a r  
e b a c r e t e  being u t i l i z e d  i n  a des ign  a p p l i c a t i o n .  Browne r epor t ed  t h a t  h i s  
l i m i t e d  d a t a  above 80°C (176°F) d i d  n o t  a l low an  obse rva t ion  a s  t o  whether 
t h e  Cree r a t e  decreased  a t  t hose  temperatures  a s  suggested by Nasser and 
Nev i l l e .  Y b  

Experiments conducted by ~ r o s s ' ~  on c reep  behavior  showed, aga in ,  
t h a t  c r eep  i n c r e a s e s  v e r y  s u b s t a n t i a l l y  a t  h igh  temperatures .  T e s t s  a t  
d i f f e r e n t  s t r e s s  l e v e l s  showed, upon normalizing r e s u l t s  t o  a s t r e s s  l e v e l  
of 0.2,  t h a t  thermal  c r eep  s t r a i n s  may be  t r e a t e d  as l i n e a r ,  v i s c o e l a s t i c  
s t r a i n s  up t o  about  300°C (572°F) (w i th in  coufidenct! l i m i t s  uf & l o % ) .  
Gross d i d  no t  s t a t e  whether specimens were sea l ed  o r  unsea led ,  a l though 
t h e  age a t  loading  was g iven  a s  6 t o  12  months; s o  i t  is presumed t h a t  
they  were n o t  s e a l e d  a g a i n s t  mois ture  l o s s .  I n  a d d i t i o n ,  t h e  t ime under 
l oad  was only 7 t o  1 5  days. The au tho r  provides va r ious  j u s t i f i c a t i o n s  



f o r  t h i s ,  mainly t h a t  about 75% of f u l l  c reep  response may b e  r e g i s t e r e d  
i n  t h a t  t ime period.  No r e s u l t s  i n  h i s  paper w e r e  found t o  provide adequate  
j u s t i f i c a t i o n  f o r  t h a t  kind of conclus icn .  I n  f a c t ,  w i t h  regard  t o  high- 
temperature c reep  of sea led  specimens, h i s  s ta tement  i s  judged t o  be 
premature. 

Tes t s  by wangS3 r e s u l t e d  i n  conclus ions  t h a t  (1) e levated-temperature 
[up t o  425OC ( 7 9 7 O ~ ) I  creep-time curves of conc re t e  have t h e  same shape a s  
t hose  a t  room temperature,  (2) c reep  rate i s  h ighe r  a t  h igh  temperatures  
and h igh  s t r e s s l s t r e n g t h  r a t i o s ,  (3) low waterlcement r a t i o s  r e s u l t  i n  
less creep,  (4) a non l inea r  r e l a t i o n s h i p  g e n e r a l l y  e x i s t s  between creep 
and s t r e s s l s t r e n g t h  r a t i o ,  and ( 5 )  u l t i m a t e  compressive s t r e n g t h  a t  e l eva t ed  
temperatures  is  much h igher  than  t h a t  p red ic t ed  by o t h e r s .  The t e s t s  
were not  performed us ing  s e a l e d  specimens. The conclus ion  regard ing  t h e  
non l inea r  r e l a t i o n s h i p  between creep  and s t r e s s l s t r e n g t h  r a t i o  w a s  based 
on two r a t i o s  (40 and 60%) and ex t r apo la t ed  t o  zero.  Some of t h e  r e l a t i o n -  
s h i p s  d i d  r e s u l t  i n  l i n e a r i t y ,  wh i l e  some d i d  no t .  The h igh  u l t i m a t e  
s t r e n g t h s  a t  h igh  temperatures  were probably observed because t h e  specimens 
were heated whi le  under load.  The au thor  f e l t  t h a t  t h e  hea t ing  w h i l e  
under load  was more p r a c t i c a l  f o r  a c t u a l  s t r u c t u r e s .  H i s  h igh  va lues  of 
c reep  a r e  considered t o  be a r e s u l t  of t h e  unsealed n a t u r e  of t h e  specimens. 
The r e s u l t s  of Seki  and ~ a w a s u m i ~ ~  s u b s t a n t i a t e  t h a t  observa t ion .  

The i n v e s t i g a t i o n s  of behavior  a t  e l eva t ed  temperatures  produce t h e  
common observa t ion  t h a t  i nc reas ing  temperature r e s u l t s  i n  s u b s t a n t i a l l y  
h ighe r  c reep  s t r a i n s .  I n  gene ra l ,  t h e  s p e c i f i c  c reep  of s e a l e d  specimens 
i s  shown t o  be l e s s  t han  t h a t  f o r  specimens sub jec t ed  t o  some degree  of 
drying.  Also, i t  i s  apparent  t h a t  creep w i l l  b e  s u b s t a n t i a l l y  g r e a t e r  f o r  
young conc re t e  i n  bo th  sea l ed  and unsealed cond i t i ons .  The phenomenon of 
a "creep maximum" has  been observed by many i n v e s t i g a t o r s .  The term is  
somewhat of a misnomer, because t h e  obse rva t ion  is  t h a t  t h e  s p e c i f i c  c reep  
r a t e  reaches  a maximum wi th  inc reas ing  temperature and i s  no t  n e c e s s a r i l y  
accompanied by a corresponding maximum i n  a c t u a l  c reep  s t r a i n .  The observed 
maximum has  been r epor t ed  v a r i o u s l y  from 50 t o  100°C (122 t o  212°F) and 
f o r  one c a s e  of a 20% s t r e s s l s t r e n g t h  r a t i o ,  up t o  150°C (302OF). I n  f a c t ,  
no t  a l l  s t u d i e s  have r epor t ed  t h e  maximum c reep  r a t e  e f f e c t .  Also, i n  
gene ra l ,  most s t u d i e s  have r epor t ed  t h a t  t h e  shape of t h e  curves  f o r  creep 
VE time a t  h igh  t ~ m p e r a t u r e s  i s  s i m i l a r  t o  t hose  a t  room temperature.  
Creep recovery has  been observed t o  b e  l e s s  t han  t h e  a s s o c i a t e d  c reep  
s t r a i n .  The degree of c reep  recovery appears  t o  b e  independent of tempera- 
t u r e  b u t  dependent on s t r e s s .  I n  a d d i t i o n ,  shr inkage  s t r a i n s  of conc re t e  
a r e  repor ted  t o  be ve ry  low f o r  s e a l e d  specimens, and, i n  f a c t ,  high- 
temperature exposure has  been shown t o  r e s u l t  i n  expansion. With regard  
t o  s t r e s s / s t r e n g t h  r a t i o ,  i nc reas ing  r a t i o s  i n c r e a s e  c reep  s u b s t a n t i a l l y .  
Considering t h c  r e p o r t s  on d e t e r i o r a t i o n  of compressive s t r e n g t h  a t  
temperatures  over  100°C (212OF) f o r  s ea l ed  specimens, t h e  stress a t  which 
crccp becomes s t r u c t u r a l l y  s i g n i f i c a n t  i s  s u b s t a n t i a l l y  decreased.  For 
temperatures  below 100°C (212OF), t h e  procedures  of l i m i t  de s ign  appear 
t o  be adequate  f o r  p r e d i c t i o n  of s t r u c t u r a l  behavior .  For s u s t a i n e d  tem- 
p e r a t u r e s  above 100°C (212OF), t h e  v a r i a t i o n s  i n  experimental  techniques,  
conc re t e  mixtures ,  cur ing ,  and loading  h i s t o r i e s  p r o h i b i t  t h e  development 
of a r e l i a b l e  gene ra l  conclusion of long-term behavior .  



3.3.5 'The?%icil 'Proper t ies 

The thermal.  p r o p e r t i e s  of conc re t e  a f f e c t  i t s  performance over a long 
p e r i o d  of time under va ry ing  condi t ions .  The d i s s i p a t i o n  of h e a t  from 
r a d i a t i o n  abso rp t ion  and from t h e  r e a c t o r  coo lan t  i s  important  i n  t h e  
PCRV f o r  t h e  development of  thermal g r a d i e n t s  and r e s u l t a n t  thermal s t r e s s e s .  
The a b i l i t y  of t h e  conc re t e  t o  d i s s i p a t e  h e a t  is  determined by t h e  coef- 
f i c i e n t  o f  thermal  conduc t iv i ty ,  k ,  t h e  normal thermal  d i f f u s i v i t y ,  a,  
and t h e  s p e c i f i c  h e a t ,  c. The t h r e e  parameters  a r e  r e l a t e d  by t h e  term 
a = k l c p ,  where p is t h e  d e n s i t y  of t h e  m a t e r i a l .  S p e c i f i c  h e a t  is  a 
measure of h e a t  r equ i r ed  t o  r a i s e  t h e  temperature of a u n i t  mass by lo, 
w h i l e  t h e  normal thermal  d i f f u s i v i t y  r e l a t e s  t o  t h e  e a s e  wi th  which t h e  
material w i l l  submit t o  a tempera ture  change. The thermal  conduc t iv i ty  
is a f f e c t e d  s i m i l a r l y  by t h e  o t h e r  two parameters.  That is ,  k w i l l  
i n c r e a s e  wi th  i n c r e a s e s  i n  e i t h e r  d i f f u s i v i t y  o r  s p e c i f i c  hea t .  A high 
thermal  conduc t iv i ty  w i l l  r e s u l t  i n  a r a p i d  d i s s i p a t i o n  of h e a t  f l u x  i n t o  
t h e  m a t e r i a l .  That is  d e s i r a b l e  i n  n r d ~ r  to minimize thcrmal  g r a d i e n t s  
through t h e  th i ckness .  A s  shown i n  Table 3, ~ rowne"  s t a t e s  t h a t  t h e  
ccluling requirement  can  be minimized w i t h  h i g h  thermal  conduc t iv i ty .  

The c o e f f i c i e n t  of  thermal  expansion r e p r e s e n t s  t h e  change i n  volume 
of material sub jec t ed  t o  a temperature d i f f e r e n t i a l .  It i s  u s u a l l y  
expressed  as a change i n  l e n g t h  pe r  degree of temperature change f o r  t e s t  
specimens. The thermal  expansion i s  of importance t o  reduce s t r u c t u r a l  
movement and thermal  s t r e s s e s  (Table 3 ) .  Thermal expansion is  a compli- 
c a t e d  phenomenon i n  conc re t e  because of t h e  d i f f e r e n t i a l  expansion of i t s  
components and t h e  r e s u l t i n g  development of i n t e r n a l  s t r e s s e s .  These 
changes are dependent p r i m a r i l y  on t h e  p r o p e r t i e s  of t h e  remerit p a s t e  and 
aggrega te .  The p r o p e r t i e s  of t h e  aggrega te  appear  t o  c o n t r o l  t h e  thermal 
expansion c h a r a c t e r i s t i c s  of t h e  concre te .  5 5  Furthermore, the main f a c t o r  
i n f l u e n c i n g  t h e  thermal  expansion of rock  and, t h e r e f o r e ,  nf r n n c r e t e  is  
t h e  p ropor t ion  of q u a r t z .  Low c o e f f i c i e n t s  of expansion a r e  obta ined  
w i t h  rocks  having l i t t l e  o r  no qua r t z .  I n  a d d i t i o n ,  t h e  c o e f f i c i e n t  
i n c r e a s e s  n o n l i n e a r l y  w i t h  tempera ture ,  and, t h u s ,  a p a r t i c u l a r  c o e f f i c i e n t  
can  only  be  g iven  over  a l i m i t e d  temperature range. Moreover, t he  thermal 
c o e f f i c i e n t  of expansion i n  conc re t e  i s  a f f e c t e d  by t h e  mix p ropor t ions ,  
m o i s t u r e  con ten t ,  age of conc re t e ,  and t h e  c o e f f i c i e n t s  of va r ious  
c o n s t i t i i e n t s .  

Harada e t  a1.40 measured t h e  c o e f f i c i e n t s  of thermal expansion f o r  
v a r i o u s  conc re t e s  i n  t h e  unsealed condi t ion .  Thei r  r e s u l t s  a r e  shown i n  
F i g .  48. The water lcement  r a t i o s  v a r i e d  from 60 t o  70%, depending on t h e  
agg rega te  used. The c o e f f i c i e n t s  f o r  s i l i c a  aggrega te  conc re t e  co inc ide  
w i t h  t h o s e  of tlit! u r l g i n a l  seoaes .  The l imes tone  conc re t e  w a s  s i m i l a r  
and was c l o s e s t  t o  t h e  v a l u e  of t h e  r e i n f o r c i n g  s t e e l .  

T e s t s  by ~ a r e c h a l  i nd ica t ed  t h a t  microcracking af  f ec ted  t h e  
expansion measurements a t  t empera tures  as low as 300°C (572OF), b u t ,  f o r  
most conc re t e s ,  500°C (932OF) was more common. By submi t t ing  specimens 
t o  L r r ~  thermal  c y c l e s  between 20 and 5 0 0 ' ~  (68 and 932OF), they  showed 
t h a t ,  when cooled t o  20°C (68OF), t h e  conc re t e  r e t a i n e d  sho r t en ing  compared 
w i t h  i ts  o r i g i n a l  s t a t e .  I n  a d d i t i o n ,  i t  expanded a l i t t l e  l e s s  a t  t h e  
end of t e n  cyc l e s  t han  dur ing  t h e  f i r s t  cyc l e .  Thus, a t  e l eva t ed  tempera- 
t u r e s  below a c r i t i c a l  t empera ture  f o r  microcracking,  t h e  conc re t e  tends 
t o  evolve  toward a more c o n s i s t e n t  thermal expansion behavior .  
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Fig.  48. Thermal Expansion of Various Concretes a t  Elevated 
Temperatures. Source: T. Harada e t  a l . ,  "St rength ,  E l a s t i c i t y ,  and t h e  
Thermal P r o p e r t i e s  of Concrete Subjected t o  Elevated Temperatures ," 
A C I  SP-34, Concrete for NueZear Reactors, pp. 377--406 (1972) . 

Campbell-Allen and ~ e s a i ~ '  r epo r t ed  c o e f f i c i e n t  va lues  f o r  aggrega tes ,  
mor ta rs ,  and conc re t e  mixtures  used i n  t h e i r  program. From 20 t o  300°C 
(68 t o  572OF), t h e  l imes tone  conc re t e  showed an  i n c r e a s e  i n  thermal  
'expansion c o e f f i c i e n t  from 6.7 to. 10.8 micros train/'^ (3.72 t o  6.0 micro- 

. s t r a i n I 0 F ) ,  a change of 60%. The change f o r  f i r e c l a y  b r i c k  was s l i g h t l y  
g r e a t e r ,  wh i l e  t h a t  of expanded s h a l e  conc re t e  was s l i g h t l y  less. 

p h i l l e o 3  a l s o  measured expansion on unsealed specimens. The coef- 
f i c i e n t  increased  wi th  waterlcement r a t i o  a s  expected. The va lues  above 
427OC (801°F) were, i n  most ca ses ,  two t o  t h r e e  t imes h igher  than  those  
below 260°C (500°F). He r e l a t e s  t h e  r e s u l t s  t o  dehydra t ion  of cement 
p a s t e  and a t t r i b u t e d  t h e  d i f f e r e n c e s  above and below 427OC (801°F) t o  t h e  
f a c t  t h a t  drying shr inkage  of t h e  p a s t e  keeps t h e  c o e f f i c i e n t  low. 

England and ~ o s s ~ ~  sea l ed  specimens w i t h  a r e l a t i v e l y  impervious 
membrane of p o l y e s t e r  r e s i n  and f i b e r g l a s s  reinforcement .  The conc re t e  
had a waterlcement r a t i o  of 0.45 and was 14 days o l d  a t  t e s t i n g .  Af t e r  
h e a t i n g  t o  L40°C (284OF) , they  r epor t ed  c o e f f i c i e n t s  of '10.5 x { O C  

(5.83 x ~ O - ~ I O F )  f o r  t h e  sea l ed  specimens and 12 .1  x ~ O - ~ / O C  (6.72 x TO-~/OF) 
f o r  unsealed specimens. A s  d ry ing  progressed i n  t h e  unsealed case ,  t h e  
c o e f f i c i e n t  va lue  decreased. 

~ rowne"  emphasized t h a t  t h e  c o e f f i c i e n t  of thermal expansion, even 
w i t h i n  a p a r t i c u l a r  rock group, can vary  cons iderably .  H e  gleaned d a t a  
from v a r i o u s ~ s o u r c e s  and showed, a s  suggested by G r i f f i t h s  ( r e f .  45 .o f  
r e f .  l o ) ,  t h a t  i nc reas ing  s i l i c a  content  i n  t h e  aggrega te  r e s u l t e d  i n  an 



i nc reased  c o e f f i c i e n t .  For  example, a l imes tone  aggrega te  w i t h  n e g l i g i b l e  
s i l i c a  may have a c o e f f i c i e n t  50% less than  a n  aggrega te  of h igh  s i l i c a  
con ten t .  Browne p re sen ted  t h r e e  graphs,  reproduced i n  F igs .  49, 50, and 
51, which r e l a t e  t h e  thermal  s t r a i n  and/or  c o e f f i c i e n t  t o  temperature,  
humidi ty,  and age  r e s p e c t i v e l y .  The f i g u r e s  show t h a t  l imes tone  conc re t e  
experienced a permanent expansion set ,  due t o  a thermal cyc l e ,  which 
Browne r e l a t e s  t o  d i f f e r e n c e s  i n  expansion c o e f f i c i e n t s  of aggrega te  and 
cement p a s t e .  The e f f e c t s  of age and r e l a t i v e  humidity on m a s s  conc re t e  
may b e  r e l a t e d  because of a slow decrease  i n  r e l a t i v e  humidity w i t h i n  t h e  
mass ive  s e c t i o n  as hydra t ion  proceeds. Browne's t e s t  r e s u l t s  f o r  s e a l e d  
Wylfa conc re t e  a r e  shown i n  Fig.  52 f o r  va r ious  conc re t e  ages and tempera- 
t u r e s .  The changes w i t h  a g e  vary  only  from 8.7 m i c r ~ s t r a i n / ~ C  (4.83 micro- 
s t r a i n I 0 F )  a t  60 days t o  7.9 m i c r o ~ t r a i n / ~ C  (4.39 micros t ra in /"F)  a t  two 
y e a r s  ( n o t  shown on t h e  g raph) .  Also,  t h e  c o e f f i c i e n t  given is r ep resen t -  
a t i v e  f o r  t h e  e n t i r e  range  of 20 t o  95OC (68 t o  2 0 3 ' ~ ) .  A water-s tored 
specimen had a c o e f f i c i e n t  about  20% l e s s  t han  d id  t h e  sea l ed  specimen of 
t h e  same age.  Browne s t a t e s  t h a t  s e l e c t i o n  of an  aggrega te  w i t h  a low 
thermal  expansion could s i g n i f i c a n t l y  reduce thermal  s t r e s s e s  i n  t h e  
conc re t e .  He does n o t  add res s  any a f f e c t s  i t  might have on t h e  r e i n f o r c i n g  
and p r e s t r e s s i n g ,  such as some l o s s  of p r e s t r e s s ,  of t h e  s t r u c t u r e  because 
of l a r g e  d i f f e r e n c e s  i n  expansion c h a r a c t e r i s t i c s  between conc re t e  and 
s t e e l .  

F ig .  49. Thermal Movement w i t h  Temperature Cycling of Concrete.  
Source: R. D. Browne, "P rope r t i e s  of Concrete i n  Reactor Vesse ls , "  Group C ,  
Paper 13 ,  Conference on P r e s t r e s s e d  Concrete P re s su re  Vesse ls ,  Westminster,  
S.W.I., March 1967. 



Fig. 50. E f f e c t  of Re la t ive  Humidity o n ' ~ h e r m a 1  Expansion of Concrete.  
Source: R. D. Browne, "Proper t ies  of Concrete i n  Reactor  Vesse ls , "  Group C ,  
Paper 13 ,  Conference on P res t r e s sed  Concrete P re s su re  Vesse ls ,  Westminster,  
S.W.I., March 1967. 
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Fig. 51. Thermal Expansion Coef f i c i en t  :vs Age of Concrete,  Sealed. 
Source: R. D. Browne, "P rope r t i e s  of Concrete i n  Reactor  ~esse l s , "  Group C ,  
Paper 13,  Conference on P r e s t r e s s e d  Concrete P re s su re  Vesse ls ,  Westminster,  
S.W.I., March 1967. 
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Fig.  52. Thermal Expansion of Wylfa Concrete.  Source: R. D. Browne, 
11 P r o p e r t i e s  of Concrete  i n  Reactor  Vesse ls , "  Group C ,  Paper 13 ,  Conference 
on P r e s t r e s s e d  Concrete  P r e s s u r e  Vesse ls ,  Westminster,  S.W.I., March 1967. 

Be r t e ro  and P o l i v k a ' s 3  t e s t s  of s ea l ed  conc re t e  shown i n  F ig .  53 
r evea l ed  t h e  same permanent expansive s e t  phenomenon a f t e r  one thermal 
c y c l e  [ t o  14g°C (300°F)] t h a t  Brnwne observed. I n  a d d i t i o n ,  they  repor ted  
t h a t  t h e  permanent expansion increased  with number nf r y r l e s ,  but at a 
dec reas ing  r a t e .  'Yhe expansion s t r a i n  a t  14g6c (300°F) f o r  one c y c l e  
was 1200 m i c r o s t r a i n ,  whereas f o r  14 c y c l e s  i t  was about 1600 m i c r o s t r a i n .  
The permanent expansion a f t e r  cool ing  was about 350 and 700 m i c r o s t r a i n  
a f t e r  1 and 14 thermal  cyc l e s  r e s p e c t i v e l y .  For a s e a l e d  specimen exposed 
t o  14g°C (300°F), t h e  thermal  s t r a i n  increased  from 1100 t o  1520 micro- 
s t r a i n  when held a t  temperature f o r  14 days,  analogous t o  t h e  c reep  phenom- 
enon. The au tho r s  r epo r t ed  a s l i g h t  i n c r e a s e  i n  c o e f f i c i e n t  of thermal 
expansion a t  h igh  temperature.  It i s  b a r e l y  d i s c e r n i b l e  from F ig .  53, 
b u t  from 20 t o  90°C (68 t o  194OF) t h e  average c o e f f i c i e n t  was r epo r t ed  as 
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Fig.  53. Strain-Temperature H i s to ry  of Sealed Concrete.  Source: 
V. V. Ber te ro  and M. Po l ivka ,  " Inf luence  of Thermal Exposure on Mechanical 
C h a r a c t e r i s t i c s  of Concrete," A C I  SP-34, Concrete for NucZear Reactors, 
pp. 505-31 (1972). 

7.74 microstrain/OC (4.3 micros train/"^), and from 20 t o  1 4 9 ' ~  (68 t o  300°F) 
a s  8.46 microstrain/Oc (4.70 m i c r o s t r a i n / O ~ ) .  The d i f f e r e n c e  is  l e s s  t han  
lo%,  and t h e  c o e f f i c i e n t  i s  considered cons tan t  up t o  1 4 9 ' ~  ( 3 0 0 ° ~ ) .  On 
t h e  o t h e r  hand, a hea t ing  r a t e  of 5 . 5 O ~ / h r  ( 9 . g 0 ~ / h r )  r e s u l t e d  i n  a 16% 
i n c r e a s e  over t h e  c o e f f i c i e n t  ob ta ined  w i t h  a r a t e  of l l ° C / h r  ( 1 9 . 8 O ~ I h r ) .  
I n  a d d i t i o n ,  t he  c o e f f i c i e n t  decreased w i t h  number of thermal  cyc l e s .  
During t h e  f i r s t  c y c l e  t h e  v a l u e  was about 8.60 micros t ra in /"C (4.78 micro- 
s t r a i n l 0 F )  ; dur ing  t h e  1 4 t h  c y c l e  i t  was only  6.73 m i c r ~ s t r a i n / ~ C  (3.74 
microstrain/OF),  a decrease  of 22%. Even though t h e  specimens were s e a l e d ,  
water  escaped on hea t ing  and c o l l e c t e d  i n  t he  gap between specimen and 
j a c k e t .  Thus, some dry ing  shr inkage  must have sccu r red  which caused t h e  



measured v a l u e  of thcrmal  expansion t o  be less than  t h a t  due simply t o  
h e a t i n g .  The a u t h o r s  c la im t h a t  t h e  measurement of 730 m i c r o s t r a i n  
permanent expansion a f t e r  14 thermal c y c l e s  must have been due t o  a 
c o n s i d e r a b l e  amount of microcracking.  Specimens allowed t o  dry  a f t e r  
i n i t i a l  hea t ing  showed much l e s s  expansion dur ing  subsequent thermal  
cyc l ing .  Because of t h i s ,  t hey  conclude t h a t  t h e  presence  of f r e e  
m o i s t u r e  i n c r e a s e s  t h e  amount of microcracking.  Also,  t h e  c o e f f i c i e n t  
was about  10% lower f o r  t h e  d r i e d  specimens. 

A s  w i t h  many of  t h e  o t h e r  p r o p e r t i e s  d i scussed ,  t h e  thermal  expansion 
c h a r a c t e r i s t i c s  a r e  dependent on many f a c t o r s .  I n  one c a s e  t h e  unsealed 
c o n d i t i o n  r e s u l t e d  i n  a h ighe r  c o e f f i c i e n t ,  and i n  ano the r ,  a lower 
c o e f f i c i e n t .  I n  f a c t ,  even w i t h  t h e  tremendous v a r i a t i o n  i n  mixtures ,  
test  techniques ,  and c o n c r e t e  cond i t i on ing ,  t h e  c o e f f i c i e n t  of thermal 
expansion does n o t  va ry  a g r e a t  d e a l .  It is a u n i v e r s a l  observa t ion  t h a t  
t h c  c o c f f i c i c n t  i n c r e a s e s  on ly  s l i g h t l y  wit11 t e l ~ p e ~ - d L u i e s  LLJ 250 u r  300nC 
( 4 8 2  o r  5/zb%'). Other  f a c t o r s  such a s  mois ture  con ten t ,  thermal c y c l e s ,  
and h e a t i n g  rate can  a f f e c t  a given conc re t e  t o  a g r e a t e r  degree  than  
t h e  aforementioned tempera ture  range. 

Typ ica l  v a l u e s  of thermal  conduc t iv i ty  f o r  normal conc re t e s  a r e  i n  
t h e  range  of 1 .0  t o  5.2 W m-I K-I (0.9 t o  4.5 k c a l  hr-I m-' OC-I , 2.0 t o  
9.8 Btu hr-' f t - '  OF-'). T e s t s  by Harada ct a1. on unsealed s i l i c a  
c o n c r e t e  showed t h a t  t h e  conduc t iv i ty  decreased w i t h  increased  temperature.  
The magnitude of t h e  d e c r e a s e  can be seen  i n  F ig .  54. Curves F and G 
b o t h  show a dec rease  of about  8% from 20 t o  200°C (68 t o  392OF). Out t o  
750°C (1382OF) t h e  dec reases  a r e  over  50%. The thermal  d i f f u s i v i t y  
measurements showed t h e  same behavior .  

~ a r e c h a l ' s ~ ~  measurements on unsea led  q u a r t z i t e  concre tes  showed a 
d e c r e a s e  w i t h  h i g h e r  tempera ture ,  b u t  t h e  conduc t iv i ty ,  k ,  l eve l ed  o f f  
a f t e r  200°C ( 3 9 2 ' ~ ) .  I n  f a c t ,  from 20 t o  50°C (68 t o  122OF) t h e  k v a l u e  
inc reased  about  7%. Then from 50 t o  200°C (122 t o  392OF) t h e  k v a l u e  
decreased  over  44% f o r  t h e  conc re t e  w i t h  a h igh  c o a r s e l f i n e  aggrega te  
r a t i o ,  and about  30% f o r  t h e  conc re t e  w i t h  a low c o a r s e / f i n e  r a t i o ,  
Harada 's  t e s t s  r e s u l t e d  i n  only  a 10% dec rease  up t o  2 0 0 ' ~  ( 3 9 2 6 ~ ) ,  and 
t h e  k v a l u e  cont inued t o  decrease  even above 700°C (1292OF) . The respec- 
t i v e  r e p o r t s  do n o t  provide  many d e t a i l s  of c u r i n g  h i s t o r y ,  age,  e t c . ,  
t o  a l l ow r igo rous  comparison f o r  a n a l y s i s .  However, ~ r o w n e '  O s t a t e s  t h a t  
l o s s  of water  can change k cons iderably ,  a s  can development of a i c roc rack ing .  
Also,  t h e  q u a r t z i t i c  conc re t e s  g i v e  t h e  h ighes t  va lues  of k ,  and t h e  h ighe r  
t h e  s a t u r a t e d  c o n d u c t i v i t y ,  t h e  g r e a t e r  t h e  decrease  i n  k upon deso rp t ion .  
For  t h e  Wylfa c o n c r e t e  t h e  maximum des ign  va lue  was chosen from conduc- 
t i v i t y  measurements on oven-dried samples t o  r ep re sen t  t h e  s i t u a t i o n  t h a t  
may occur  i n  t h e  h o t  zones of t h e  v e s s e l  a f t e r  prolonged hea t ing  (i.e., 
a d j a c e n t  t o  l i n e r  and p e n e t r a t i o n s ) .  

The informat ion  on thermal  conduc t iv i ty  a t  v a r i o u s  temperatures  i n  
t h e  s e a l e d  and unsealed cond i t i ons  shows t h a t  t h e  k va lue  does decrease  
a s  tempera ture  i n c r e a s e s  and a s  mois ture  i s  l o s t .  The abso lu t e  v a l u e  
of t h e  conduc t iv i ty  and t h e  magnitude of change wi th  temperature can vary  
s u b s t a n t i a l l y  and a r e  dependent on t h e  aggrega te  and t h e  r e l a t i v e  c o n s t i t -  
uent  conten t  of t h e  mixture.  For des ign  of a PCRV, r e l a t i v e  t o  thermal 
c o n d u c t i v i t y ,  t h e  prudent  procedure appears  t o  p r e s c r i b e  measurements i n  
t h e  d ry  s t a t e  a t  t h e  maximum des ign  temperature.  This  w i l l  provide f o r  a 
minimum va lue  a p p l i c a b l e  t o  t h a t  p o r t i o n  of t h e  v e s s e l  r ece iv ing  t h e  i n i t i a l  
h e a t  f l u x .  
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Fig. 54. Heat Conductivi t ies  of Mortars and Concretes a t  Elevated 
Temperatures. Concrete: F, w/c = 0.60; G ,  w/c .= 0.70. Mortar: A, B, 
D,  E. Source: T. Harada e t  a l . ,  "Strength, E l a s t i c i t y ,  and t h e  Thermal 
Proper t ies  of Concrete Subjected t o  Elevated Temperatures," A C I  SP-34, 
Concrete for Nuc2ea.r Reactors, pp. 377-406 (1972). 

3.3.6 Proper t ies  Under Mul t iaxia l  S t r e s s  S t a t e s  

A review of t h e  behavior of concrete under combined s t a t e s  of s t r e s s  
could involve discussion of phenomenological and physica l  theor ies  of 
f a i l u r e ,  a s  w e l l  as t h e  a n a l y t i c a l  methods used t o  p red ic t  behavfor under 
various loading condit ions.  Such a review is. beyond t h e  scope of t h i s  
repor t .  Rather; we intend t o  review a few represen ta t ive  s t u d i e s  of 
concrete'  p roper t i e s  under mul t i ax ia l  s t r e s s  condit ions only, t o  provide 
perspective f o r  t h e  previous s e c t i o n  which d e a l t  with concrete under 
un iax ia l  stress. Thus, it  is  d e s i r a b l e  t o  review s t u d i e s  which have 
inves t igated  t h e  e f f e c t s  of high temperatures on s t reng th ,  creep, e t c . ,  
of mass concrete. Although t h e r e  a r e  many s t u d i e s  o.f .concrete behavior 
under b i a x i a l  and compressive t r i a x i a l  s t r e s s  condit ions,  the  more s p e c i f i c  
cases of mul t i ax ia l  compression and tens ion,  wi th  i n f i n i t e l y  varying r a t i o s  
of stress, a r e  not p l e n t i f u l .  When considering t h e  add i t iona l  e f f e c t s  of 
moisture and temperature,  the  ava i l ab le  d a t a  a r e  even more scarce .  



Simply speaking,  a f t e r  a l l  p r e s t r e s s i n g  i s  app l i ed ,  t h e  b u l k  concre te  
of a PCRV w i l l  always b e  i n  a m u l t i a x i a l  s t a t e  of stress. Most of t h e  
m u l t i a x i a l  s t r e n g t h  s t u d i e s  ,on conc re t e  have been performed on c y l i n d e r s  
where r a d i a l  p r e s s u r e  r e s u l t s  i n  two of t h e  p r i n c i p a l  s t r e s s e s  being equa l ,  
w h i l e  t h e  t h i r d  stress i s  v a r i e d  i n  t h e  a x i a l  d i r e c t i o n .  I n  a d d i t i o n ,  
v e r y  few tests have been conducted wi th  a combination of compressive and 
t e n s i l e  s t r e s s e s .  One of t h e  major t h r u s t s  of c u r r e n t  m u l t i a x i a l  r e sea rch  
i s  d i r e c t e d  a t  t h e  method of l oad  a p p l i c a t i o n .  I n  most s t u d i e s  of compressive 
p r o p e r t i e s ,  s t e e l  p l a t e n s  are used i n  c o n t a c t  w i t h  t h e  spec'imen, wh i l e  it  
i s  loaded t o  f a i l u r e .  It i s  w e l l  recognized t h a t  t h e  a p p l i c a t i o n  of a 
uniform s t r e s s  o r  s t r a i n  depends on t h e  s t i f f n e s s  of t h e  p l a t e n s  and t h a t  
end r e s t r a i n t s ,  t h a t  i s ,  f r i c t i o n  o r  r e s t r a i n t  a t  t h e  p la ten-concre te  
i n t e r f a c e ,  can s i g n i f i c a n t l y  a f f e c t  t h e  r e s u l t s  of t h e  compression test. 
The end r e s t r a i n t s  can  b e  r e s p o n s i b l e  f o r  s u b s t a n t i a l  overes t imat ions  of 
t h e  r e a l  s t r e n g t h  of a specimen. On the o t h e r  hand, i t  i s  a l s o  w e l l  
e s t a b l i s h e d  t h a t  t h e  u l t i m a t e  s t r e n g t h  of conc re t e  i n c r e a s e s  when mul t i -  
a x i a l  c o n d i t i o n s  are imposed. The ques t ions  r e q u i r i n g  answers r e l a t e  t o  
t h e  t r u e  s t r e n g t h  of conc re t e  under any s t r e s s  s t a t e  and t h e  most r e a l i s t i c  
method of measuring i t .  Ques t ions  concerning moi s tu re  and temperature can 
p o s s i b l y  b e  answered, s i n c e  t h e  e f f e c t s  of t h o s e  parameters  a r e  measured 
i n  a r e l a t i v e  manner. It i s  t h e  t r u e  s t r e n g t h  v a l u e  t h a t  is  r equ i r ed  f o r  
more p r e c i s e  and r e a l i s t i c  s t r u c t u r a l  des ign .  

R i c h a r t ,  Brandtzaeg, and ~ r o w n ' ~  r e p o r t e d ,  i n  1928, t h a t  t h e  magni- 
t u d e  of t h e  maximum p r i n c i p a l  s t r e s s  w a s  roughly equal  t o  t h e  unax ia l  
s t r e n g t h  p l u s  4 .1  t imes t h e  l a t e r a l  p re s su re .  The i r  t r i a x i a l  t e s t s  were 
on 10.16-cm-diam (4-in.) ,  20.32-cm-long (8-in.) c y l i n d e r s  t h a t  were t e s t e d  
one day a f t e r  removal from a mois t  room and were somewhat wet when t e s t e d .  
Ax ia l  deformations up t o  7% maximum load were recorded,  rnur.h of which 
they  a t t r i b u t e d  t o  an  i n e l a s t i c  compaction (simply a r educ t ion  i n  volume 
under t h e  h igh  three-dimensional  s t r e s s e s ) .  

Chinn and ~imme-q, '' i n  1965, reviewed th.e wnrk nn triaxi-a1 testin2 
of c o n c r e t e  by many au tho r s .  Tes t s  i n  which t h e  l a t e r a l  p r e s s u r e  was 
s u p p l i e d  by f l u i d  p r e s s u r e  produced c u r v i l i n e a r  r e l a t i o n s  between p r i n c i p a l  
s t r e s s e s ,  01 and 0 3 .  However, t e s t s  i n  which l a t e r a l  p re s su re  was produced 
w i t h  s p i r a l  wrapping o r  by a m e t a l l i c  j a c k e t  showed l i n e a r  r e l a t i o n s h i p s  
between 01 and ~ 1 3 .  Genera l ly  speaking,  t he  express ion  a1 = f,,' + 403 f i t  
t h e  r e s u l t s  f a i r l y  w e l l ,  as mentioned f o r  R icha r t ,  Brandtzaeg, and Brown 
ifc* i s  u n i a x i a l  compressive s t r e n g t h ) .  Chinn and Zimmerman performed 
t e s t s  on a l a r g e  t r i a x i a l  machine, us ing  c y l i n d r i c a l  specimens wi th  
t y p e  I cement, g r a v e l  aggrega te ,  and v a r i o u s  cons t i . tuent  r a t i o s .  A l l  

. specimens were oven-dried a t  100°C (212OF) and a i r - d r i e d  f o r  one t o  t e n  
days. Type I loading  involved a p p l i c a t i o n  of a h y d r o s t a t i c  s t r e s s  cond i t i on  
and then  i n c r e a s i n g  t h e  a x i a l  s t r e s s  t o  f a i l u r e .  Type I V  loading  cons is ted  
i n  ma in t a in ing  t h e  l a t e r a l  s t r e s s  a t  a cons t an t  f r a c t i o n  of t h e  a x i a l  s t r e s s  
and i n c r e a s i n g  bo th  t o  f a i l u r e .  Types I and I V  r e s u l t s  were almost 
i d e n t i c a l ,  i n d i c a t i n g  no e f f e c t  of t h e  pa th  of loading .  The au tho r s  
combined t h e  r e s u l t s  and f i t  equa t ions  t o  t h e  d a t a  as follows.: 

0 < 0 3  < 35 k s i  , 



35 < us G 75 k s i  , 

0 1  = f,' + 10.57003 0 . 6 3 2 9  

where the  maximum discrepancies were calculated fo r  a1 - fc' ra ther  than 
f o r  01 and w e r e  about 13% f o r  both cases. Because of the grea t  amount of 
bulging i n  the  specimens, the  stress dis t r ibu t ion  was  changed considerably, 
and the  v a l i d i t y  of calculating a x i a l  stress as a x i a l  load divided by 
or ig ina l  area  is doubtful. They calculated the  normal stress a t  midheight 
on the bas i s  of the  bulged section,  and the  stress at  which bulging began 
was s o r t  of a y ie ld  stress, which was nearly constant over a wide range 
of ax i a l  s t ra in .  Thus t he  equations given above a r e  conservative. Type I1 
loading involved the  application of a hydrostatic stress followed by 
increases i n  the lateral s t r e s s  u n t i l  fa i lu re .  Results indicated some 
e f f ec t  of the  intermediate pr incipal  stress. Tests showed t h a t  a cylinder 
can withstand 2.105 f,' when s t r e s s  is applied a s  an all-around l a t e r a l  
stress. Chinn and Zimmerman's r e s u l t s  did not allow a s ing le  Mohr envelope 
t o  be applied t o  a l l  stress s t a t e s ,  nor did the octahedral shear stress 
theory f i t  t he  data. Their s tudies  w e r e  r e s t r i c t ed  t o  dried specimens 
a t  room temperature only. 

Goode and g elm^^ t es ted  hollow cylinders 91.4 cm (36 in.) long t o  
reduce the e f f ec t  of end r e s t r a i n t  and measured the  s t rength i n  compression 
and tension at room temperature. They found t h a t  t h e  t e n s i l e  s t rength 
of t he  hollow cylinder i n  pure tors ion was 60 t o  70% of the  spli t-cylinder 
strength,  and t h a t  t he  t ens i l e  s t rength was  not l i nea r ly  r e l a t ed  t o  the 
crushing strength. Their r e su l t s  were generally represented by Mohr's 
theory, w i t h  the  adoption of Leon's parabolic envelope fo r  d i r ec t  cam- 
pressive and shear stresses. The octahedral stress theory was found t o  
be no more accurate. 

~ a r d n e r ~  ' concluded tha t  t he  f a i l u r e  strength,  duc t i l i t y ,  and value 
of the  instantaneous Poisson's r a t i o  a t  f a i l u r e  a l l  increase with increasing 
confining pressure. H e  presented an equation f o r  predicting t r i a x i a l  test 
r e s u l t s  from unconfined cylinder tests, using the  instantaneous Poisson's 
ra t io .  The expression is representative only a t  stresses belaw 80% of 
ultimate. 

Hansson and ~ch immel~f  reviewed mult iaxial  t e s t i ng  up t o  1970 
and s t a t ed  t h a t  tests which guarantee tha t  t he  assumed stress s t a t e  ex i s t s  
i n  the  f a i l u r e  region of the  specimen are: 
1. bfaxial  compression tests with s labs ,  
2. t r i a x i a l  compression tests with so l id  cylinders,  
3. b i a x i d  and t r i a x i a l  tests with cubes. 
They say t h a t  the  b i ax i a l  compression s t a t e  is of most i n t e r e s t  i n  PCRVs 
and t h a t  test techniques must minimize end r e s t r a in t s .  They present a 
f a i l u r e  c r i t e r ion  f o r  design use tha t  is based on r e s u l t s  of other  
investigators.  The authors used the  more conservative results obtained 
by researchers who minimized the  end r e s t r a i n t s  during tes t ing.  They 
a l so  state tha t  limestone concrete shows higher mult iaxial  s t rength than 
does gravel concrete. 



Launay and ~achon" measured t r i ax i a l  strength of 6.98-cm (2 314-in.) 
cubes a t  20, 40, and 60°C (68, 104, 140°F) . Their machine is shown i n  
Fig. 55. The loading platens rest on ball-and--8ocket joints ,  and an 
aluminum pad [fuur aluminum sheets 0.4 mu (0.016 in.) thick, with each 
face lubricated with t a lc ]  is inserted between platens and cube faces to  
minimize fr ict ion.  Figure 56 shows the undimensional ultimate-strength 
surface, where 0 0  represents the uniaxial ultimate strength. No mention 
w a s  made of elevated-temperature tests. 

~remer~' used cubes and tested multiaxial strength for  both cam- 
pressive and t ens i l e  stresses. H e  s t a tes  tha t  t ens i l e  forces a re  applied 
with a r ig id  steel p la te  cemented to the specimen and tha t  the residual 
f r i c t i on  i n  ~ r e s s i o n  was reduced t o  less than 1%. H e  does not give 
the method of load application, but indicates tha t  Launay and ~ a c h o n ~ ~  
used his technology, Figure 57 sham Bremer's mu1tiaxf.d strength ~ela- 
tionships, wTth the  resul ts  of ~ a u n a ~ ~ '  fo r  comparison. H e  concluded 
that concrete is subject to  s t r a i n  fa i lures  rather than stress fa i lures  
and tha t  the mean principal stress is important t o  strength. For design, 
Bremer recommended allowing tens i le  stresses and local  cracks to  occur 
but using slack reinforcement to take up a predetermined mount of tensile 
force to ensure s t ructura l  elastici-. 

Fig. 55. Triaxial  Testing Machine. Source: P. Launay and 3, Gachon, 
"strain and U l t i m a t e  Strength of Concrete Under Triaxial  tress," ACI 
SF-34, Crmcrete for MuoZeazl Reactor8, pp . 26-2 (19723. 



Fig .  56. TriaxLal Strength Envelopes. Source: P .  Launay and 
H .  Gachon, "Strain and Ultimate Strength of Concrete Under Triaxial 
Stress," ACI SP-34, Concmte for llhcc2ea.r Reactors, pp. 269-82 (1972). 

F i g .  57. Ulthate Strength of Concrete Under Multiaxial Loading. 
Source: F o  Bremer, "On a Triaxial Strength Criterion for concrete," 
ACI SF-34, ~ m t e  fob IYucbm Reac tops ,  pp. 283-94 (19721, 



I n  a comment made concerning the  work of Launay and Gachon, ~ a r a s ~ '  
s t a t e d  that mult iaxial  s t rengths  a r e  affected by specimen s i z e  (for 
cubes) and load application.  Based on avai lable  r e su l t s ,  he constructed 
f a i l u r e  envelopes f o r  cubical  specimens, taking s i z e  e f f ec t s  and loading 
conditions i n t o  consideration (he doesn't say how). Figure 58 shows h i s  
curves, and comparison with Fig. 56 of Launay and ~ a c h o n ~ ~  shows t h a t  
t h e i r  data ,  apparently, overestimated the mult iaxial  strength.  The para- 
bo l i c  nature  of the  f a i l u r e  c r i t e r ion  was given a s  

Much of t he  mult iaxial  s t rength research undertaken i n  recent years 
fras centered on the  method of load application,  such a s  the  brush-bearing 
platens  described by ~ i n s e ~ ~  and developed by Kupfer and Hilsdorf (see 
r e f s .  1, 2, and 3 of r e f .  66). Figure 59 shows the  dimensions of the  
steel fi laments and the  spacing on the  platen. The filaments a r e  so 
f l d b l e  that they follow the  l a t e r a l  deformations of t he  concrete 
surfaces  almost without t ransferr ing shear forces. They a r e  clamped 
r i g i d l y  a t  the  base and a r e  9.525 cm (3 3/4 in . )  long. Sufficient buckling 
res i s tance  and s m a l l  bending res is tance a r e  required. In a l a t e r  report ,  6 7 

Linse describes t h e  use of a massive prestressed concrete frame which 
houses t h e  10-cm (3.94-in.) cube specimen and separately controlled 
presses,  which can exe r t  compressive o r  t e n s i l e  force  i n  each of t he  

Fig. 58. U l t i m a t e  Strength of Concrete Under Tr iax ia l  Stress.  Source: 
F. K. Garas, discussion attachment to:  P. Launay and H. Gachon, "Strain 
and Ultimate Strength of Concrete Under Triaxial  Stress," Proceedings of 
t he  F i r s t  Internat ional  Conference on S t ruc tura l  Mechanics i n  Reactor 
Technology, 1976, Vol. 74, pa r t  4, pp. 35-38 (1972). 



Fig. 59. Description of Brush-Bearing Platens. Source: D. Linse, 
"Strength of Concrete Under B i a i a l  Susta&ned ~ o a d , "  ACI  SP-34, Concrete 
for NucZear Reactors, pp. 327-34 (1972). 

three direct ions  f o r  t r i a x i a l  tes t ing.  The r e s u l t s  of b i ax i a l  s t rength 
measurements a r e  shown i n  Fig. 60. For short-time tests, the highest  
increase i n  s t rength (25%) was  a t  a stress r a t i o  of about 2:l. A t  a 
r a t i o  of 1:l the  increase was 15%. For sustained loading, the  r a t i o  of 
2:l resul ted i n  only a few percent increase i n  strength,  while the  1:l 
r a t i o  gave a decrease i n  s t rength t o  about 95% of uniaxial .  Tr iax ia l  
t es t ing  with t he  brush platens showed tha t  the  increased s t rength was 
dependent on the  stress r a t i o  and is  grea te r  f o r  more nearly equal 
stresses. Even a t  6 1 / 6 3  = 0.30, a load up t o  s i x  times the  uniaxial  
s t rength did not break the specimen. 

I n  a review of mult iaxial  test apparatus, ~ c h i c k e r t  emphasizes 
the  need f o r  a device t o  test cubic specimens with three independent 
loading directions.  He  discounts t he  steel platens,  a s  discussed previ- 
ously, a s  w e l l  a s  the  use of lubr icants ,  because of nonuniform stress 
dis t r ibu t ion  due t o  as t rusion of lubr icant  a t  the  specimen edges. He 
s ta ted  t h a t  multi layer inser t ions  of laminated materials have l imi ta t ions  
but have given reasonable resu l t s .  They have t o  be proven at  elevated 
temperatures, however. The brush platens do not guarantee uniform loading 
on bigger specimens, due t o  displacement differences between inner and 
outer teeth.  H i s  design would incorporate a deformable bearing platen 
in which the  platen is divided i n t o  64 pis tons  (loading stamps o r  rods) 
guided through a deformable platen and supported by a hydraulic cell. 
Thus the  bearing platen can follow the deformation of t he  test specimen. 
Comparisons w i l l  be made with r i g i d  platens having laminated aluminum 
and lubricants.  Specimens w i l l  be 20-cm (7.87-in.) cubes. He has also 
experimented with various combinations of rod s i z e  and number i n  the  
platens. 



Fig. 60. Ultimate Strength of Biaxially Waded Speebuene. Source: 
D. Lime, "Strength of Concrete Under B L m i a l  Sustained Load," ACI SP-34, 
C m m t e  fop 1PucZem) RB@-B, pp, 32F34 (1972) . 

Atkinson and ICo6' have developed a m u l t i a x i a l  test c e l l  that  employs 
fluid-pressurized cushions i n  loading cubical specimens, The frame was 
machined from a sol id  steel b i l l e t ,  using e lec t r ica l  discharge machining 
f o r  f i n a l  dimensions. A specially designed sea l  of leather and vinyl is 
suff ic ient ly  f lexible  'to transmit f u l l  f lu id  pressure uniformly t o  the 
cube faces and is strong enough t o  close the gap between specimen and 
frame. Figures 61 and 62 from hdenes7' show deta i l s  of a recently 
designed frame and f lu id  cushion. Itydraulic o i l  f i l l s  the seal and trans- 
m i t s  the load, while deformation measurements are  made with proximitor 
probes. The probes use the laductive principle t o  determine the distance 
between a conductive target  of aluminum f o i l  on the specimen and a co i l  
d e d d e d  i n  the t i p  of the  measuring probe. In  th i s  way, physical con- 
nection t o  the specimen is not required by the transducer. s The frame 
is designed for  about 137.9 MPa (20,000 psi) fo r  the uniaxial loading 
and 68.95 MPa (10,000 psi) f o r  the hydrostatic condition, although a 
stronger frame has more recently been ~ons t ruc ted . '~  Photoelastic studies 
w e r e  conducted t o  measure the development of shear stresses during loading 
and t o  verify the uniformity of loading and minimization of end restraints .  
The-1caChcr pad om1 pmduecd o ahcar- s t r w  oboac 3 t a  4% sf the load 
compared w i t h  1 t o  22 fo r  p las t ic  seals. With steel platens, s t r ess  con- 
c e n t a t i o n  factors of 2 o r  greater were recorded, even w i t h  a teflon- 
grease-teflon f r i c t ion  reducing layer. 

Andenes7@tested mortar specimens ia biaxial  loading, using the 
f luid cushion device. The uniaxial tests showed an ultimate strength of 
40.48 MPa (5875 psi) with the f lu id  cushion and 51.67 MPa (7500 psi) 
with s t e e l  platens, a difference of about 27%. The biaxial  fa i lure  
envelopes a re  shown i n  Fig. 63. The ra t ios  a r e  normalized t o  the strength 
of the mortar, using the f lu id  cushion platen. The s t e e l  platen shows 



Fig. 61. Exploded View of the Fluid Cushion Test Cell. Source: 
E. Andenes, "Response of Mortar to Biaxial Compression," M.S. thesis, 
University of Colorado, 1974. 

Fig. 62. Details of Assembled Fluid Cushion Test Cell With Oil 
Cushions. Source: E. Andenes, "Response of Mortar to Biaxial Compression," 
M.S. thesia, University sf Colorado, 1974. 



Fig. 63. Biaxial  Strength Envelopes f o r  Mortar, Using Fluid Cushion 
and S tee l  Platens. Source: E. Andenes, "~esponse of Mortar t o  Biaxial  
Compression," M.S. thes i s ,  University of Colorado, 1974. 

g rea te r  increases i n  s t rength  than tha t  of t he  f l u i d  cushion because of 
end r e s t r a in t s .  Other f i gu re s  i n  the  Andenes report  show a considerable 
amount of s c a t t e r  f o r  the  f l u i d  cushion tests and l i t t l e  s c a t t e r  f o r  the  
steel platens.  Both t e n s i l e  s p l i t t i n g  and corner-edge f a i l u r e  w e r e  
observed with f l u i d  cushion tes t ing .  Andenes s t a t e s  t h a t  brush-bearing 
platens  do not allow the  specimen t o  deform a t  t he  surface and, there- 
fore ,  w i l l  always r e s u l t  fn a t e n s i l e  s p l i t t f n g  p a r a l l e l  t o  t he  
unloaded faces. H e  says tha t  the f l u i d  cushion allows the  specimen to  
choose its own mode of f a i l u r e ,  depending on loca l  stress concentrations, 
e t c .  Comparisons of various investigators '  r e su l t s  a r e  shown i n  Fig. 64 
( refs .  11, 14, and 15 of r e f .  70). The maximum b iax ia l  stress occurs at  
a stress r a t i o  of about 213 and Ps 1.25 time6 the unicurlal hlulrl cub;21iuu 
strength.  The other  curves on the graph were obtained with brush-bearing 
platens. Also shown is the  Von MSses f a i l u r e  envelope, which provides a 
conservative predict ion of b i ax i a l  strength.  Andenes concludes tha t  
concrete-mortar may be considered as  a nonlinear continuum t o  f a i l u r e  when 
tes ted  under nonconstraint cofldit ims (03.1 cushion). The constra int  rluv 
t o  steel platens had no e f f ec t  on the mater ia l  behavior u n t i l  a f t e r  it 
became a discontinuum, defined as the  onset of extensive in t e rna l  micro- 
cracking. The f a i l u r e s  of f luid-cushion~tested specimens w e r e  b r i t t l e  
but i nd i s t i nc t ,  whereas t he  steel-platen-tested specimens f a i l e d  i n  a 
d u c t i l e  manner. 

The f l u i d  cushion device appears t o  o f f e r  po ten t ia l  f o r  mult iaxial  
t e s t i ng  but requires addi t ional  study r e l a t i v e  t o  f a i l u r e  modes, measuring 
techniques, and s c a t t e r  of r e su l t s .  



Fig .  64. B i a x i a l  F a i l u r e  Envelopes Obtained wi th  E i t h e r  O i l  Cushions 
o r  S t e e l  Brush-Bearing P la t ens .  Source: E. Andenes, " ~ e s p o n s e  of  Mortar 
t o  B i a x i a l  Compression," M.S. Thes i s ,  Un ive r s i t y  of  Colorado, 1974. 

Taylor  and ~ a t e 1 ' ~  t e s t e d  b i a x i a l  and u n i a x i a l  specimens, us ing  fou r  
p l a t e n  designs.  The va r ious  p l a t e n s  and t h e  u n i a x i a l  compressive s t r e n g t h  
t h a t  they  produced on 4.76-cm (1 718-in.) dry cubes were: 
1. s o l i d  s t e e l  p l a t e s ,  23.49 MPa (3.41 k s i )  ; 
2. ' s t e e l  brushes made by i n s e r t i n g  s h o r t  l eng ths  of 0.159-cm (1116-in.) 

w i r e  i n to '  ho les  i n  b r a s s  p l a t e s ,  21.36 MPa (3.10 k s i )  ; 
3. s t e e l  p l a t e s  w i th  0.079-cm (1132-in.) b a l l  bearings.,  16.19 MPa 

(2.35 k s i ) ;  
4. s t e e l  p l a t e s  w i th  0.159-cm (1116-.%XI.) b a l l  bea r ings ,  15.85 MPa 

(2.30 k s i )  . 
The specimens loaded wi th  s o l i d  steel p l a t e  f a i l e d  on p lanes  i n c l i n e d  
45' t o  t h e  loading  a x i s ,  o r  by gene ra l  d i s i n t e g r a t i o n .  Brush- and b a l l -  
loaded specimens gene ra l ly  s p l i t  i n  p lanes  p a r a l l e l  t o  t h e  loading a x i s ,  
i n d i c a t i n g  t r u e  u n i a x i a l  condi t ions .  The b a l l  bea r ings  d i d  produce 
inden ta t ions  i n  t h e  specimen s u r f a c e s  about  one-third t h e  b a l l  diameter .  
Because they  d i d  produce t h e  lowest  s t r e n g t h  measurements, and due t o  
alignment problems wi th  t h e  brushes (specimens a l s o  tended t o  s l i d e  out  
sideways under load ,  i n d i c a t i n g  p o s s i b l e  shear ing  s t r e s s e s ) ,  t h e  b a l l -  
bearing p l a t e n s  were used f o r  b i a x i a l  t e s t i n g .  For a g r a v e l  conc re t e  
10.635 cm (0.25 in . )  maximum aggrega te]  w i th  a waterlcement r a t i o  of 
0.G7, c l ~ e  biax-ial  envelopes a r e  shown i n  Fig.  65 along wfth those  of 
o t h e r  i n v e s t i g a t o r s .  The s a t u r a t e d  conc re t e  r e s u l t e d  i n  g r e a t e r  r e l a t i v e  
i n c r e a s e  i n  s t r e n g t h  under p ropor t iona l  b i a x i a l  condi t ions .  This  w a s  
t r u e  f o r  mixtures  of o t h e r  waterlcement r a t i o s  a l s o ,  a l though t h e  wet 
specimens were weaker than t h e  dry  specimens. The envelopes were l a r g e r  
t han  expected. f o r  t h e  ba l l -bear ing  load ing ,  poss ib ly  because of f r i c t i o n  
induced by increased  p e n e t r a t i o n  i n t o  t h e  concre te  a s  a r e s u l t  of h ighe r  



c2/1; . 
a. Wet Concrete 
b. Dry Concrete 
c.  Tai-With Brushes ( F C )  
d. Jain4With Brushes (LWC) 
e. ~ o s h i ~ i ,  Niwa et a l  (LWC) 
1. Kupfer, et a l  (NWC) 

Fig.  65. Comparison of  B i a x i a l  F a i l u r e  Envelopes of Various 
I n v e s t i g a t i o n s .  Source: M. A .  Taylor  and B. K. P a t e l ,  "The In f luence  
of P a t h  Dependency and -Moisture Condit ions on t h e  B i a x i a l  Compression 
Envelope f o r -  Normal Weight Concrete , I 1  J .  Am. Concr. Inst. 71 (12) : 627 
(December 1974) . 

s t r e s s  l e v e l s  t han  i n  u n i a x i a l  loading .  S ince  t h e  mixture  w i t h  t h e  
h i g h e s t  waterlcement r a t i o  showed t h e  g r e a t e s t  d i f f e r e n c e  between wet 
and d r y  specimens, t h e  a u t h o r s  s t a t e d  t h a t  t h e  h y d r o s t a t i c  load-carrying 
c a p a b i l i t y  of conta ined  f r e e  water  could be  t h e  reason  f o r  g r e a t e r  
s t r e n g t h  i n c r e a s e s  f o r  wet concre te .  However, they  minimize t h a t  
mechanism f o r  v a r i o u s  reasons ,  such a s  t h e  improbabi l i ty  of completely 

, i s o l a t e d  spaces  e x i s t i n g  i n  conc re t e ,  and say  t h a t  b i a x i a l  s t r e s s  r e l ax -  
a t i o n  t e s t s  might h e l p  t o  e x p l a i n  t h e  obsenra t ions .  They a l s o  recommend 
f u r t h e r  s tudy  concerning t h e  ba l l -bear ing  p l a t e n  concept.  Fu r the r  in- 
dep th  comparisons between r e s u l t s  ob ta ined  w i t h  brush-bearing p l a t e n s ,  , 

deformable p l a t e n s ,  f l u i d  cushion, b a l l  bea r ing ,  and r i g i d  s t e e l  p l a t e n s  
should  provide answers t o  t h i s  complex experimental  problem. 

~ u ~ f  er'" r epo r t ed  t h a t  t h e  behavior  of conc re t e  under b i a x i a l  loading 
could  b e  descr ibed  a c c u r a t e l y  by s imple mathematical express ions .  Those 
f o r  s t r e s s  a r e  approximated a s  fo l lows:  

compression-compression reg ion ,  



compression-tension reg ion ,  

tension-tension reg ion ,  

3 
02 = B, = 0 . 6 4 v  = cons t an t  ; 

where 

O l ,  On = p r i n c i p a l  s t r e s s e s ,  

B p  = 
u n i a x i a l  compressive s t r e n g t h ,  

6, = u n i a x i a l  t e n s i l e  s t r e n g t h .  

The behav io ra l  equat ions  .were obta ined  by breaking down t h e  s t r e s s  
and s t r a i n  s t a t e s  i n t o  h y d r o s t a t i c  and d e v i a t o r  components. Using t h e s e  
equat ions  i n  conjunct ion wi th  f in i te -e lement  methods and c o n s t r u c t i o n  of 
a so-cal led r i g i d i t y  ma t r ix  ( i n t e r r e l a t e s  f o r c e  and deformation) provides 
t h e  means f o r  performing non l inea r  ana lyses  of conventiona1,structures. 

With f u r t h e r  re'ference t o  e f f e c t s  of mdis ture ,  ~ k r o ~ d ~ ~  found t h a t  
s a t u r a t e d  concre te  f a i l e d  a t  a  much lower load  than  d i d  dry  conc re t e ,  and 
t h e  shea r  s t r e n g t h  reached a maximum o.f about  f i v e  t imes t h e  uncombined 
compressive s t r e n g t h .  He observed t h a t  s u f f i c i e n t l y  high l a t e r a l  p re s su re  
i n  t e s t  c y l i n d e r s  caused t h e  s a t u r a t e d  ,specimens t o  behave more l i k e  
s a t u r a t e d  p l a s t i c  m a t e r i a l ,  such a s  c lay .  However, t h e  f a i l u r e s  were 
sudden and r a p i d  and c l e a r l y  l i k e  those  of a b r i t t l e  m a t e r i a l .  General ly ,  
conical-shaped f r a c t u r e s  were produced using r i g i d  s t e e l  p l a t e n s .  

1senberg7'  t e s t e d  hollow c y l i n d e r s  i n  t h e  s a t u r a t e d ,  a i r -d r i ed  , and 
oven-dried cond i t i ons  by s u b j e c t i n g  them t o  combined t o r s i o n  and compression. 
For a  r a t i o  of compressive t o  t e n s i l e  stress of 1 o r  g r e a t e r ,  t h e  s a tu -  
r a t e d  specimens were weaker t han  d r i e d  specimens. A t  a  r a t i o  of 3 ,  t h e  
oven-.dried specimens were twice  a s  s t rong  a s  t h e  s a t u r a t e d  ones.  Thus, 
h i s  observa t ions  ag ree  with t hose  of Taylor  and P a t e l .  7 2 

With regard  t o  temperature,  ~ a n n a n t '  ' t e s t e d  s o l i d  and hollow c y l i n d e r s  
i n  t h e  sea l ed  and unsealed cond i t i ons  a f t e r  exposure t o  temperatures  up 
t o  150°C (302OF). He imposed a  t r i a x i a l  stress d i s t r i b u t i o n  by applying 
a  h y d r o s t a t i c  p re s su re  of 3.31 m a  (480 p s i )  dur ing  a x i a l  loading  ( t h e  
unheated compressive s t r e n g t h  w a s  no t  given) .  The mois ture  l o s s  va r i ed  
d i r e c t l y  w i t h  t h e  s t r e n g t h  a f t e r  h e a t  exposure. The sea l ed  specimen com- 
p r e s s i v e  s t r e n g t h s  were reduced t o  about 70 and 60% of t h e  r e f e rence  
s t r e n g t h  a t  100 and 150°C (212 and 302OF) r e spec t ive ly .  

~ rowne"  r e fe rences  work by Newman ( r e f .  14 of r e f .  10) on b i a x i a l  
loading  i n  which he  claimed t h a t ,  be fo re  t h e  u l t i m a t e  s t r e n g t h  of conc re t e  
is reached under short-term loading ,  a c r i t i c a l  stress l e v e l  exists a t  . 
which seve re  permanent damage t akes  placed w i t h i n  t h e  specimen. This  
stress may b e  a s  low a s  50% of t h e  u l t i m a t e  and v a r i e s  w i t h  many f a c t o r s .  
Under s u s t a i n e d  loading ,  a  c r i t i c a l  s t r e s s  a l s o  e x i s t s  above which even tua l  



f a i l u r e  can  occur ,  about  70% of t h e  short- term u l t i m a t e  s t r e n g t h .  F igure  66 
shows t h e  b i a x i a l  envelopes of  Newman. Browne p o i n t s  ou t  t h a t  v e s s e l  des ign  
should  cons ider  t h e  c r i t i c a l  s t r e s s  under sho r t -  and long-term loading 
r a t h e r  t han  t h e  u n i a x i a l  u l t i m a t e  s t r e n g t h .  

alc 4.5 by wt: wlc 0.55 by w t  
Concrete water-stored for 27-29 days prior to testing 

Dimensions 10 in. x 10 in. x 4 in. 

(25.4 cm x 25.4 cm x 10.2 cm) 

kglsq. cm 

Fig. 66. S t r e n g t h  of Concrete  Under B i a x i a l  S t r e s s .  Source: 
R. D. Browne, " P r o p e r t i e s  of Concrete i n  Reactor  Vessels ,"  Group C ,  
Paper  1 3 ,  Conference on P r e s t r e s s e d  Concrete P re s su re  Vesse l s ,  Westminster, 
S.W.I., March 1967. 

3.3.7 Mechanisms Causing Observed Temperature E f f e c t s  

It is  t h e  i n t e n t  of t h i s  s e c t i o n  t o  provide  a b r i e f  summary of t h e  
approach of va r ious  a u t h o r s  t o  t h e  mechanisms which caused v a r i a t i o n  i n  
conc re t e  behavior  w i th  i n c r e a s i n g  temperature.  Because t h e  conc re t e s  
t e s t e d  v a r i e d  widely i n  many ways and because experimental  methods and 
t r ea tmen t  procedures  a l s o  v a r i e d ,  hypotheses have been formulated t o  
e x p l a i n  t h e  observed behavior .  



A u n i v e r s a l  observa t ion ,  of course ,  i s  t h a t  t h e  r e s u l t s  can b e  
r e l a t e d  t o  t h e  amount of f r e e  mois ture  i n  t h e  concre te  during exposure 
and t e s t i n g .  Campbell-Allen and ~ e s a i ~  noted t h e  of ten-s ta ted  hypothes is  
t h a t  t h e  incompa t ib i l i t y  of t h e  l i n e a r  expansion c o e f f i c i e n t s  of va r ious  
concre te  c o n s t i t u e n t s  i s  t h e  primary cause of proper ty  d e t e r i o r a t i o n  a t  
h igh  temperatures .  They performed t e s t s  t o  determine t h e  c o e f f i c i e n t s  
of  t he  mortar  mixes, aggrega tes ,  and concre tes  used i n  t h e i r  s tudy.  The 
r e s u l t s  a r e  g iven  i n  Table 7 and a r e  i n t e r e s t i n g  because they show, f o r  
i n s t ance ,  t h a t  t h e  c o e f f i c i e n t  of thermal expansion f o r  l imes tone  becomes 
compatible w i t h  t h e  mortar  m i x  above.150°C (302OF), wh i l e  i t  was l e s s  t han  
one-half t h e  mortar  mix va lue  a t  20°C ( 6 8 ' ~ ) .  However, t h e  l imes tone  
concre te  showed t h e  most d e t e r i o r a t i o n  i n  p r o p e r t i e s  a t  temperatures  of 
150°C (302°F) and above. The f i r e c l a y  b r i c k  aggrega te  showed t h e  l e a s t  
compa t ib i l i t y  of expansion c o e f f i c i e n t s  wi th  mor ta r  above 150°C (302OF), 
y e t  i t  showed t h e  l e a s t  d e t e r i o r a t i o n  i n  mechanical p r o p e r t i e s .  The 
au thors  showed photos of broken conc re t e  d.ep'icting t h e  d is lodged  l imes tone  
aggregate  and f i rmly  h e l d  f i r e c l a y  b r i c k  aggregate .  They a t t r i b u t e d  t h e  
e x c e l l e n t  bond t o  t h e  in f luence  of s u r f a c e  t e x t u r e  and shape of aggrega te ,  
p l u s  a p o s s i b l e  chemical r e a c t i o n  between cement and f i r e c l a y  b r i c k .  
Expanded shale-clay aggrega te  was a s  s t a b l e  a s  f i r e c l a y  b r i c k  b u t  had a 
smooth t e x t u r e  and rounded shape which caused d is lodging  of t h e  rocks a t  
h igh  tmperature.  T e s t s  on t h e  l imestone aggrega te  revea led  t h a t  l imestone 
may not  b e  e n t i r e l y  s t a b l e  a t  300°C (572OF). The e x c e l l e n t  bond a t  room 
temperature,  caused by a s u r f a c e  chemical r e a c t i o n ,  was v i r t u a l l y  destroyed 
by chemical changes i n  minor c o n s t i t u e n t s  and, p a r t i c u l a r l y ,  i r o n  oxides 
of t h e  l imestone.  The i r  conc re t e  specimens were unsealed,  and, t hus ,  
f r e e  mois ture  was not  a cons idera t ion .  

Table 7.  C o e f f i c i e n t s  of Thermal Expansions 
from 20 t o  300°C 

Source: D.  Campbell-Allen and P .  M. Desai ,   he Inf luence  o f  Aggregate 
un  Lhe B d l a v i u i .  ul: Concrete a t  Elevated Temperatures," NucZ. Eng. DCU. 
6 (1) : 20 (August 1967) . 

Material 

Cement mor tar  mix 1 + 
limestone aggregate 

Cement mor t a r  mix 1 

Cement mor t a r  mix 2 + 
fireclay brick 

Cement mor t a r  mix 2 

Cement mor t a r  mix 3 + 
expanded shale 

Ccmcnt mor t a r  mix 3 

Limestone rock co re  per- 
pendicular to bedding plane 

Fireclay brick 

Mean coefficient of 
thermal expansion 

(mic ros t r a inPC)  

Below 
16u°C 

6.7 +. 0.6 

10.5 + 0.6 
7.9 * 0.6 

10.7 + 1.0 
6.6 + 0.6 

10.7 .+ 1.0 
. 

4.5 r 1.0 

4.0 5 1.0 

Above 
1 6 0 ' ~  

10.8 * 0.7 

12.1 + 0.4 
13.6 * 0.5 

12.0 + 0.6 
10.0 + 0.5 

12.1 1. 0.3 

10.0 + 0.6 
5.7 * 0.6 



Lankard e t  a1. 3 0  a t t r i b u t e  t h e  e f f e c t s  of h c a t  cxposurc on unsealed 
specimens t o  t h e  absence of f r e e  mois ture .  The deso rp t ion  of cement 
p a s t e  r e s u l t s  i n  a c o l l a p s e  of  t h e  g e l  s t r u c t u r e  and c l o s u r e  of gaps 
between primary g e l  p a r t i c l e s .  Reference i s  made t o  work by M i l l s  
( r e f .  16  of r e f .  30) and by P h i l l e o  ( r e f .  1 8  of r e f .  30) ,  who showed 
t h a t  molding p a s t e s  under  p r e s s u r e  f o r c e  g e l  p a r t i c l e s  c l o s e r  t o g e t h e r ,  
r e s u l t i n g  i n  c r e a t i o n  of a d d i t i o n a l  bonds and increased  s t r e n g t h .  Sealed 
conc re t e  c o n t a i n s  superhea ted  water  and/or  water  vapor when heated.  That 
ho t - t e s t ed  specimens were only  s l i g h t l y  weaker than  t h e  co ld- tes ted  specimens 
l e d  them t o  conclude t h a t  t h e  e f f e c t  of  high-pressure steam i n  t h e  f laws 
was minor. They conclude t h a t  r e a c t i o n  i n  t h e  ma t r ix  between hydrated 
calcium s i l i c a t e s  and Ca(OH)2 produces l ime-rich c r y s t a l l i n e  hydra t e s ,  
r e s u l t i n g  i n  a dec rease  i n  t h e  coherency of t h e  ma t r ix .  A b e n e f i c i a l  
e f f e c t  can  a l s o  occu r ,  they  s a y ,  from r e a c t i o n  of t h e  s i l i c a  w i t h  Ca(OH)2 
o r  w i t h  t h e  products  of  t h e  f i r s t  r e a c t i o n .  The i r  obse rva t ion  of g r e a t e r  
p rope r ty  d e t e r i o r a t i o n  f o r  low-si l ica-content  l imes tone  r e l a t i v e  t o  t h e  
h i g h l y  s i l i c e o u s  g r a v e l  suppor t s  t h a t  conclusion.  Because t h e  minerolog- 
i c a l  phase changes a r e  i n c r e a s i n g  func t ions  of temperature and t ime,  
d e t e r i o r a t i o n  i n  p r o p e r t i e s  should decrease  w i t h  both parameters ,  which 
was t h e i r  obse rva t ion .  Thus, Lankard e t  a l .  recommend t h a t  s i l i c e o u s  
aggrega te s  be used whenever f r e e  mois ture  i s  r e t a i n e d  i n  t h e  conc re t e  
dur ing  h e a t i n g .  

Be r t e ro  and po l ivka3 '  a l s o  concluded t h a t  r e t e n t i o n  of mois ture  
and d u r a t i o n  of exposure t o  h igh  temperature r e s u l t e d  i n  s eve re  d e t e r i -  
o r a t i o n  o f  p r o p e r t i e s ,  b u t  t hey  o f f e r e d  no mechanis t ic  exp lana t ion  f o r  
t h e i r  obse rva t ions .  

Nasser and ~ o h t i a ~ ~  d i d  no t  s tudy  t h e  p h y s i c a l ,  chemical,  and 
mine ra log ica l  changes i n  conc re t e  dur ing  t h e i r  t e s t i n g  program. They 
d i d ,  however, u t i l i z e  informat ion  from o t h e r  r e sea rche r s  t o  ana lyze  t h e i r  
r e s u l t s .  They r e f e r e n c e  t h e  obse rva t ions  of Lankard e t  a1. 30 regard ing  
t h e  hydrothermal r e a c t i o n s  t h a t  t ransform t h e  tobermor i te  g e l .  They say ,  
however, t h a t  t h e i r  r e s u l t s ,  and those  of o t h e r s  on cement p a s t e s  ( r e f s .  5 
and 7 of r e f .  3 3 ) ,  show t h a t  t hose  changes start  around 120°C ( 2 4 8 " P ) ,  
though a t  a r e l a t i v e l y  s l u g g i s h  r a t e .  They emphasize t h a t  t h e  r e l a t i v e  
amount of t h e  new weak compounds and t h e  e x t e n t  of  c r y s t a l l i z a t i o n  should 
i n c r e a s e  w i t h  tempera ture  and age of cur ing ,  r e s u l t i n g  i n  aggrava t ion  of 
p rope r ty  d e t e r i o r a t i o n  a s  shown i n  t h e i r  s t u d i e s .  

With r ega rd  t o  i n c r e a s i n g  creep  deformation w i t h  inc reas ing  tempera- 
t u r e ,  Nasser and ~ e v i l l e ~ ~  d i scussed  t h e  work of A l i  and Kes ler  ( r e f .  2 
of  r e f .  3 4 ) ,  i n  which they  considered t r u e  c reep  t o  be a process  of 
molecular  d i f f u s i o n  and s h e a r  flow of t h e  g e l ,  and of adsorbed water  
under load .  High temperature i n c r e a s e s  mob i l i t y  of t hose  processes .  A t  
a c e r t a i n  temperature t h e  adsorbed water  begins  t o  evapora te ,  s o  t h a t  
t h e  rate of creep decreases .  They p o s t u l a t e  a temperature of about 80°C 
(176OF) f o r  t h a t  p roces s  and s t a t e  t h a t  h igher  temperatures  would cause 
t h e  g e l  t o  change t o  a m i c r o c r y s t a l l i n e  form and f u r t h e r  r e s i s t  c reep  
deformation.  Using c reep  recovery obse rva t ions  along wi th  t h e  c reep  
r e s u l t s ,  they  hypothes ize  t h a t  t h e  c reep  mechanism a t  h igh  temperature 
i s  e s s e n t i a l l y  t h e  same a s  a t  room temperature.  The c h a r a c t e r  of t h e  
c r eep  equat ion  i s  p r i m a r i l y  v iscous  and not  e l a s t i c .  



~ r o s s  , however, concluded t h a t  t h e  supe rpos i t i on  p r i n c i p l e  i n  
c reep  ana lyses ,  analyzed by normalizing h i s  creep d a t a  t o  a  0 .2  stress/ 
cold-strength r a t i o ,  does apply and j u s t i f i e s  t h e  t rea tment  of thermal 
c reep  s t r a i n s  as l i n e a r  t he rmov i scoe la s t i c  s t r a i n s  up t o  about 300°C 
(572OF). The au thor  d i scusses  i n  d e t a i l  t h e  development of an equat ion  
f o r  determining t h e  s t r e s s ,  temperature,  and time-dependent s t r a i n s  
occurr ing  i n  v i r g i n  concre te .  The express ion  i s  used i n  conjunct ion  
w i t h  thefmal r e l a x a t i o n  weight ing f a c t o r s  and exper imenta l ly  determined 
temperature-dependent parameters.  Because of  t h e  many v a r i a b l e s  a f f e c t i n g  
creep compliance, re levance  of t h e  r e s u l t s  is claimed only  f o r  t h e  p a r t i c -  
u l a r  mixture used. A f u l l  d i s cuss ion  of Gross 's  methodology f o r  creep 
a n a l y s i s  i s  no t  w i t h i n  t h e  scope of t h i s  r e p o r t ,  b u t  i t  deserves d e t a i l e d  
a t t e n t i o n ,  a l b e i t  developed w i t h  unsealed specimen d a t a ,  f o r  more gene ra l  
a p p l i c a t i o n  t o  thermal  c reep  ana lyses .  

~ e y m a ~ e r , ~ ~  i n  h i s  review, s t a t e d  t h a t  most t e s t  r e s u l t s  seem t o  
l end  support  t o  t he  seepage the.0r-y and c a s t  f u r t h e r  doubt on o t h e r  concepts  
such a s  t h e  c a p i l l a r y  condensation theory ,  p l a s t i c  t h e o r i e s ,  and d i f f e r -  
e n t i a l  shr inkage.  

Seki  and ~ a w a s u m i ' ~  p o s t u l a t e d  t h a t  t h e  decrease  of t h e  v i s c o s i t y  
' 

of leaching  water  due t o  temperature,  and t h e  formation of c r y s t a l s  due 
t o  hydra t ion ,  l e a d  t o  t h e  c reep  i n c r e a s e  a t  e l eva t ed  temperature [up t o  
70°C (158°F) 1 .  

3.4 E f f e c t s  of Radia t ion  

A s  mentioned p rev ious ly ,  t h e  PCRV se rves  n o t  only as t h e  primary 
pressure- re ta in ing  s t r u c t u r e  b u t ,  i n  t h e  c a s e  of a nuc lea r  r e a c t o r ,  i s  
sub jec t ed  t o  nuc lea r  r a d i a t i o n  emanating from t h e  c o r e  and must s e r v e  
a s  a b i o l o g i c a l  s h i e l d .  The primary concern i s  t h e  a t t e n u a t i o n  of gamma 
rays  and neutrons. Neutrinos a r e  of no concern because they  do not  
cause damage t o  t i s s u e  and m a t e r i a l s .  Charged p a r t i c l e s  a r e  h igh ly  
i n t e r a c t i n g ,  and r e l a t i v e l y  smal l  amounts of m a t e r i a l  can provide  a 
s u f f i c i e n t  s h i e l d  ( t hey  may be  important ,  however, wi th  regard  t o  thermal  
e f f e c t s ) .  Concrete has  been t r a d i t i o n a l l y  used as a s h i e l d i n g  m a t e r i a l  
because of i t s  a b i l i t y  t o  a t t e n u a t e  gamma rays  and neut rons  wi th  reasonable  
t h i ckness  requirements ,  has  s u f f i c i e n t  mechanical s t r e n g t h ,  can b e  con- 
s t r u c t e d  a t  reasonable  c o s t ,  and r e q u i r e s  l i t t l e  maintenance. An important  
f a c t o r  is t h a t  conc re t e  is hydrogenous. The slowing down of f a s t  neut rons  
t o  thermal neut rons  i s  b e s t  accomplished w i t h  hydrogen. Oxygen i s  a l s o  
l i g h t  enough t o  possess  h igh  e f f i c i e n c y  i n  t h e  slowing-down process .  
Thus t h e  water  p re sen t  i n  conc re t e  provides  an  e x c e l l e n t  thermal iz ing  
medium t h a t  most o t h e r  m a t e r i a l s  do n o t  have. Once t h e  neut rons  a r e  
thermalized,  they can be absorbed o r  captured by many of t h e  c o n s t i t u e n t s  
i n  t h e  concrete .  Thus i t  i s  apparent  t h a t  t h e  success  of conc re t e  a s  a 
s h i e l d i n g  m a t e r i a l  depends heav i ly  on i t s  water  con ten t ,  and migra t ion  
of mois ture  i n  conc re t e  can  b e  important  from a s h i e l d i n g  s t andpo in t .  
Many s h i e l d i n g  concre tes  a r e  so-cal led heavy conc re t e s ,  because they  a r e  
made w i t h  heavy elements a s  aggrega tes ,  such a s  i r o n  o r e  o r  b a r i t e .  



Opera t ion  of a  r e a c t o r  f o r  30 t o  40 yea r s  w i l l  r e s u l t  i n  exposure of 
t h e  c o n c r e t e  t o  f a s t  and thermal  neut ron  f l u x e s  f o r  t h e  e n t i r e  t ime.  The 
concern,  then ,  i s  t h e  e f f e c t  t h a t  t h i s  exposure w i l l  have on t h e  conc re t e  
p r o p e r t i e s .  Nuclear h e a t i n g  caused by i n t e r a c t i o n  of  gamma rays  and 
neu t rons  must b e  i n v e s t i g a t e d ,  a s  w e l l  a s  any r a d i a t i o n  damage t h a t  occurs  
and t h e  l e v e l  of exposure a t  which s i g n i f i c a n t  damage occurs .  Exposure 
is  u s u a l l y  expressed i n  terms of f l uence ,  which is  t h e  i n t e g r a t e d  neut ron  
dose  ( t h e  neut ron  f l u x ,  neut rons  sec- l ,  m u l t i p l i e d  by time of exposure 
r e s u l t s  i n  neutrons/cm2,  c a l l e d  n u t ) .  The gamma-ray exposure i s  expressed 
i n  rads .  This  r e p o r t  i s  concerned p r i m a r i l y  w i th  o rd ina ry  po r t l and  cement 
conc re t e s  a s  used f o r  c u r r e n t  PCRV des igns .  Discussion of t h e  phys ics  of 
gamma-ray and neut ron  a t t e n u a t i o n  involves  cons ide ra t ion  of f a c t o r s  such 
a s  secondary r a d i a t i o n ,  produced by neut ron  abso rp t ion ,  and energy of t h e  
i n c i d e n t  r a d i a t i o n ;  t h e s e  i tems  w i l l  n o t  b e  d iscussed  except  a s  they  might 
 elate t o  damage t o  t h e  m a t e r i a l  ( d i r e c t  r a d i a t i o n  damage nr i n d i r e c t  
damage due t o  such t h i n g s  a s  thermal e f f e c t s ) .  The c o l l i s i o n  of a  neutron 
w i t h  t h e  nucleus of a n  atom can,  depending on i n c i d e n t  enerEy, e t c . ,  
d e s t r o y  t h e  c r y s t a l  l a t t i c e  equi l ibr ium,  and long-term exposure can l ead  
t o  changes i n  t h e  m a t e r i a l ' s  phys i ca l  and chemical p r o p e r t i e s .  It i s  well  
known t h a t  p r o p e r t i e s  of v a r i o u s  m a t e r i a l s  a r e  a f f e c t e d  t o  vary ing  degrees 
and a t  d i f f e r e n t  l e v e l s  of exposure. 

Informat ion  on p r o p e r t i e s  of i r r a d i a t e d  concre te  is  scanty .  Most of 
t h e  a v a i l a b l e  d a t a  have been measured on specimens removed from concre te  
s h i e l d s  and o t h e r  s t r u c t u r e s .  A s  a  r e s u l t ,  t h e  concre te  was subjec ted  t o  
e l e v a t e d  temperatures  as w e l l  a s  r a d i a t i o n .  Any changes i n  p r o p e r t i e s  
due t o  r a d i a t i o n  a lone  a r e  d i f f i c u l t  t o  a s c e r t a i n ,  because t h e r e  is  gen- 
e r a l l y  nu m a t e r i a l  a v a i l a b l e  f o r  t e s t i n g  which has been subjec ted  t o  t h e  
r a d i a t i o n  wi thout  accompanying t h e  e l eva t ed  temperature.  A s  mentioned 
e a r l i e r ,  t h e  temperature can be e l eva t ed  i n  t h e  concre te  from nuc lea r  
h e a t i n g  a lone .  

 lark,'^ i n  1958, r epo r t ed  t h a t  t h e r e  were ns d a t a  t h a t  uniquely 
measured r a d i a t i o n  damage f o r  exposure t o  i n t e g r a t e d  neut ron  f l u x e s  up 
t o  2 x 10'' n u t  and where temperatures  d id  no t  exceed 120°C (248°F). He 
concluded t h a t  induced h e a t i n g  appeared t o  be  more of a  problem than  d i r e c t  
r a d i a t i o n  damage up t o  t h a t  exposure l e v e l .  However, he re ferenced  work 
a t  Harwell  by P r i c e  e t  a l .  ( r e f .  31 of r e f .  76). The i r  d a t a  showed t h a t  
a  thermal  neut ron  f l u e n c e  up t o  7 x 10'' r e s u l t e d  in a decrease of about 
30% i n  t h e  r u p t u r e  stress of a  po r t l and  cement concre te .  They concluded, 
however, t11aC r a d i a t i o n  damage f o r  r e a c t o r s  b u i l t  t o  t h a t  d a t a  was n o t  as 
s e v e r e  a s  o v e r s t r e s s i n g  due t o  nuc lea r  hea t ing .  

The ORNL Gra h i t e  Reac tor  s h i e l d  w a s  s t u d i e d  and t h e  f ind ings  w e r e  
Y 7  r epo r t ed  i n  1958. A c ros s - sec t iona l  virw n f  the  s h i e l d  is  s l - ~ o w ~ ~  i n  

Fig.  67. The s h i e l d  c o n s i s t s  of a  1.52-m-thick (5- f t )  s e c t i o n  of bary tes -  
h a y d i t e  conc re t e  sandwiched between two 0.305-rn (1-f t )  s e c t i o n s  of o rd ina ry  
p o r t l a n d  cement conc re t e .  Cyl inders  11.75 cm ( 4  518 in . )  i n  diameter  were 
cored ou t  of t he  s h i e l d ,  u s ing  an air-cooled,  diamond-edged d r i l l .  During 
full-power o p e r a t i o n  a t  3.5 MW, t h e  temperature g r a d i e n t  through t h e  s h i e l d  
v a r i e d  from 40°C (104°F) a t  t h e  i n n e r  f a c e  t o  19°C (66OF) a t  t h e  o u t e r  
f a c e .  Measurements were made of t h e  dose r a t e s  f o r  gamma rays  and f a s t  
neu t rons ,  as w e l l  as t h e  thermal  neut ron  f l u x ,  as a f u n c t i o n  of s h i e l d  
th i ckness .  Also, a c t i v i t y  measurements were made from concre te  dus t  removed 
dur ing  each cor ing .  
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Results of water content, density, and compressive s t rength a r e  
given i n  Table 8. The data a r e  not compared with or ig ina l  data  before 
exposure, but ,  ra ther ,  they a r e  compared with data  obtained i n  a s imilar  
study i n  1948 (ref.  1 of r e f .  77). The study i n  1948, however, was of 
l imited usefulness, since water was used t o  cool and clean the d r i l l  b i t ,  
although the  e f fec t  of the  water could not be determined." The report  
observed t h a t  the chemical properties and density of the  concrete had 
not been subs tan t ia l ly  changed s ince the  1948 study. However, t he  com- 
pressive s t rength was  generally lower. Table 8 shows t h a t  the compressive 
s t rength was reduced 50% a t  the  0.15- and 0.30- (112- and 1-ft) marks 
and about 30% a s  f a r  i n to  the  shield  as 0.762 m (2 112 f t ) .  The unusually 
high strength fo r  d r i l l i n g  5 could not  be explained by the authors. 
Figure 68 shows the fast-neutron and gamma-ray dose r a t e s  a s  w e l l  as the 
thermal neutron f lux  through the sh ie ld  thickness. The reactor had been 
i n  operation f o r  12 years a t  the  t i m e  of the study, but the  fluences 
w e r e  not provided. It cannot be assumed tha t  the  reactor  operated at 
f u l l  power continuously during the  12 years, and thus the t o t a l  fluence 
is not known. The compressive strength,  however, did decrease a t  locations 
c loser  t o  the  reactor  core. However, Table 8 shows tha t  the  s t rength 
decreased 20% a t  a depth of 0.914 m (3 f t )  i n t o  the shield.  Figure 68 
shows a thermal f l ux  of about 2 X l o 4  neutrons cm-2 sec-' at t ha t  location.  



Table 8. Water Content, Density, and Compressive Strength of 
Samples of Concrete from the ORNL Graphite Reactor Shield 

- - 
Density Conrpresaive Strength 

&hiel& Water Content ( g l e e )  - (psi 1 
DriiLing Thickness w k ) ~  lplis Tttis 
NO.& (ft) This Study Study 1948' study 1948b 

- 
A 6 9 7  6-73 2.22 2.29 1605 ~ 6 5 ~  
2 5 - 6 9.96 2.26 2.27 2bXc 24& 
3 4 - 5  11.9 2.35 2 . a  
4 

2550 
12.0 2.34 2.26 

2775 
3 - 4  2320 

10.2 
2891 

5 2-5 - 3 2.36 2.17 
6 2 - 2.5 13.2 2.34 2.1'7 2140 

3970 2w 

2,5 - r 15.~ 
2953 

7 2.35 2.16 
8 1 - 1 .5  

2090 2-765 
13.5 2.15 1.96 2170 

9 0.4 - I. 9.34 2.36 3.21. 1610 
;LO u - u.6 6.91 2*54 2.u - - -- 3k70 $211 50 

1585 267676 

a. DriX'Line;~ 1, 9, aad 10 were in ~rtaand concrete; other drillinga were %n 
barybes-haydite concrete. 

5 .  Average values Au>m Ref. 1. 
c 

Source: T. V. Blosser et al., A Stu& of the NwrZew uxd Ph@caZ 
Prope&es of the ORNL @aph{te Reactor Shield, ORNL-2195 (August 19581 . 
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of &he CBWL Gm&ib k lr~~oto~ W Z d ,  ORNL-2195 (August 1958) . 



Even i f  one assumes the  maximum possible exposure (i.e., f u l l  power 
f o r  12 continuous years) ,  t he  fluence a t  t ha t  point would be only 
7.5 x 1012 nut. I f  s i gn i f i can t  damage could be caused by tha t  low l eve l  
of f luence,  the  inner  0.15 m (112 f t )  of concrete would have l o s t  20% 
of its strength a f t e r  only 12  min of exposure. A t  t h a t  r a t e  of damage, 
t he  concrete would have been completely deteriorated a f t e r  12 years of 
operation, but, of course, i t  was not. Thus, even i n  the  absence of 
radiat ion damage data ,  it seems highly unlikely tha t  t he  s t rength lo s s  
was due i n  any way t o  the  neutron radiation.  Apparently, data  w e r e  not 
ava i lab le  f o r  t he  concrete a t  the time of placement and pr ior  t o  any 
exposure. I f  40°C (104OF) w a s  indeed the highest temperature a t  the  
inner  f ace  of t h e  shield ,  and the water content was decreased i n  the  
f i r s t  0.30 m (1 fr) a s  shown i n  Table 8, i t  does not seem tha t ,  i n  l i g h t  
of t he  previous discussion concerning temperature e f fec t s ,  the l o s s  of 
40XI compressive s t rength could occur as a r e s u l t  of tempernt~ircl eyrnsilrp 
alone. On the  o ther  hand, the  report  gives the  temperature gradients a t  
5 and 10 h r  a f t e r  shutdown and shows t h a t  the  inside foo t  of concrete 
changes temperaturemuch more rapidly than-the res t -%f the  sh ie ld  ( t h i s  
is expected). The cycling h is tory  of the  reactor is  not known, but the  
thermal cycling e f f ec t s  of changing s t r e s se s ,  e tc . ,  could be an important 
f ac to r  i n  the  de te r iora t ion  of strength.  

Experiments by Elleuch et a1. 7 e  were carr ied out on a serpentine 
concrete with aluminous cement. The i r r ad i a t ion  temperature was 200°C 
(392OF), and the  waterlcement r a t i o  w a s  0.38. Specimens w e r e  a l so  dried 
at 250°C (482OF) p r io r  t o  i r rad ia t ion .  Thermal neutron fluences up t o  
6.5 x lo2  nut, f a s t  neutron f luences up to 1 .1 x l o2  nvt, and gamma 
exposures t o  1.3 x l o f 2  rads were u t i l i z e d  i n  t h e i r  study. They also 
tes ted  unirradiated control  samples s tored a t  the i r r ad i a t ion  temperature. 
Much gas was generated during radiation,  presumably due t o  radiolysis  of 
t he  water released by the  concrete. I n  addit ion,  the  concrete sam les 
showed expansion of up t o  7000 IAR a t  a f a s t  neutron dose of 1 x 10'0 nut, 
and i t  appeared t h a t  the  aggregate was the primary factor. Young's modulus 
(as measured by pulse veloci ty)  decreased 20% a t  the same dose over an 
unirradiated but thermally cycled [ to  200°C (392OF)I sample. The bending 
and compressive s t rength decreased subs tan t ia l ly ,  but the  decrease was 
about rhe same f o r  i r r ad i a t ed  and unirradiated,  thermally exposed samples. 
The serpentine,  however, showed a lo s s  of about h5Z bendi-ng s t rength 
under a dose of 9 x 10'' nu t  and no l o s s  under temperature cycling. Thus, 
w i t h  regard t o  s t r u c t u r a l  properties,  it does not appear tha t  i r r ad i a t ion  
affected t h e  concrete subs tan t ia l ly  more than did the  high-temperature 
exposure. 

Tests by Graneca and Montngnini7' nn standard mortar ( p o x ~ l a r n l  ument 
and f i n e  limestone sand) w e r e  performed a t  neutron fluences of 1018 
t o  lo2 '  nu t  and i r r ad i a t ion  temperatures of 130 and 280°C (266 and 536OF). 
Control samples w e r e  subjected t o  the  high temperatures but not the  radiation.  
They concluded t h a t  t he  e f f ec t s  of i r r ad i a t ion  up t o  around lo? '  nut a r e  
r e l a t i ve ly  small, and no s ign i f ican t  dimensional changes resulted.  The 
thermal conductivity and thermal expansion coeff ic ient  were not affected.  
However, the  mortar samples were affected a t  t he  higher exposure of lo2  nut. 
They reported t h a t  specimens i r rad ia ted  t o  t ha t  fluence l eve l  a t  280°C 
(536OF) were so severely cracked and damaged tha t  it  was not possible t o  



c a r r y  out  measurements on them. There a r e  some p o i n t s  i n  t h i s  r e p o r t  
t h a t  r e q u i r e  d i scuss ion .  The au tho r s  d id  r e p o r t  t h a t  t h e  thermal  h i s t o r y  
samples were a l l  i n  good cond i t i on  (not  cracked,  e t c . ) .  The samples i n  
t h e  130°C (266OF) t e s t  r i g  i r r a d i a t e d  t o  1019 were p a r t i a l l y  cracked and 
damaged. These samples showed about a 10% lower f l e x u r a l  s t reng. th.  
However, t h e  compressive s t r e n g t h  was no t  measured. Therefore ,  i t  seems 
t h a t  t h e  au tho r s '  conclusion regard ing  r e l a t i v e l y  smal l  e f f e c t s  of 1019 nut 
is  somewhat con t r ad ic to ry .  I f  t h e  i r r a d i a t e d  specimens were v i s i b l y  
cracked and damaged, i t  seems t h a t  a s i g n i f i c a n t  e f f e c t  occurred.  
Obviously, damage a t  l o 2 '  nut was q u i t e  s eve re ,  s i n c e  t h e  samples could 
not  even be  t e s t e d .  

~ rowne"  s t a t e s  t h a t  t h e  maximum i n t e g r a t e d  neut ron  i r r a d i a t i o n  dose 
i n  PCRVs is  kept  below 3 x 1019 nut and h ighe r  i r r a d i a t i o n  l e v e l s  a r e  
thought t o  a f f e c t  conc re t e  p r o p e r t i e s .  He a l s o  s t a t e d  t h a t  t h e  d a t a  
regarding c r i t i c a l  doses and t h e  magnitude.of t h e i r  e f f e c t s  a r e  inadequate .  

Table 9 g ives  t h e  r a d i a t i o n  exposure l e v e l s  a l lowable  under Sec t ion  111, 
Divis ion  2, of t h e  ASME B o i l e r  and P res su re  Vessel  code12 (Table CB3430-2). 
It should be  noted t h a t  t h e  a l lowable  neut ron  exposure f o r  conc re t e  i s  
10 x lo2 '  o r  1 .0  X 1021 nut .  The c r i t e r i a  upon which t h a t  number is  based 
a r e  no t  known. It may w e l l  be  t h a t  exposure l i m i t s  t o  o t h e r  p o r t i o n s  of 
t h e  v e s s e l ,  such a s  t h e  l i n e r ,  cool ing  tubes ,  o r  reinforcement ,  may na t -  
u r a l l y  l i m i t  t h e  exposure of t h e  concre te  t o  a f luence  f a r  below t h e  
e s t a b l i s h e d  l i m i t .  It is a l s o  recognized t h a t  t h e  d a t a  regard ing  r a d i a t i o n  
e f f e c t s  on conc re t e s ,  e s p e c i a l l y  normal concre tes  as used i n  PCRVs, a r e  

7 7 , 7 9  scarce .  However, i n  view of some of t he  r e s u l t s  presented ,  a f l uence  
of 1 .0  x 1021 seems t o  be  q u i t e  h igh  and should be examined f o r  j u s t i f i c a t i o n .  

Table 9.  Radia t ion  Exposure Limi ts  

Materiel Exposure 

Liner and attachments As specified in 
Design Specification 

Concrete 10 x 10P"nvt 
Relnforclny steel 1 x lOlhwtal MeV 
Prestressing steel 1 x 1017nvt>l MeV 
Permanent coatings 106 radsl 

NOTE: 

(1) Higher exposure may be permitted as long as the effect 
on permanent coatings is shown to be acceptable. 

Source: "Concrete Reactnr  Vesse ls  and Containments," AMSE Bo i l e r  
and P res su re  Vessel  Code, Sec t ion  111, Divis ion  2 (1975). 



A s  f a r  a s  i s  known, present-day PCRV des igns  do n o t  a l low exposures 
over  3 x 1019 nut .  Changes i n  des ign  t o  decrease  t h e  s i z e  of t h e  PCRV 
and a l low g r e a t e r  i r r a d i a t i o n  exposure cannot b e  supported wi th  r e l i a b l e  
i n fo rma t ion  nor  by exper ience .  The e f f e c t s  of r a d i a t i o n  on concre te  
p r o p e r t i e s  a r e  n o t  w e l l  known o r  understood, e s p e c i a l l y  a t  f l uences  above 
1019 nut. 

3.5 Moisture Migrat ion 

I n  most of t h e  d i s c u s s i o n s  of conc re t e  p r q p e r t i e s  f o r  PCRVs, r e f e rence  
has  been made t o  t e s t i n g  of s ea l ed  and unsealed specimens. 'l'he concept 
of s e a l i n g  i s ,  of cou r se ,  t o  provide mois ture  cnnditions i n  t h e  emall  
l a b o r a t o r y  t e s t  specimens t h a t  s imu la t e  t hose  i n  mass concre te .  Presumably, 
t h e  t e s t i n g  of s e a l e d  and unsealed specimens provides  l i m i t s  f o r  m a t e r i a l  
behavior ,  wi th  t h e  a c t u a l  PCRV conc re t e  somewhere between those  limits. 
The v a r i a t i o n  of conc re t e  p r o p e r t i e s  a t  e l eva t ed  temperatures  has  been 
seen  t o  have a s t r o n g  dependence on t h e  free-moisture conte11.t: dur ing  t h e  
high-temperature exposure. I n  a d d i t i o n ,  t h e  s h i e l d i n g  p r o p e r t i e s  of 
normal PCRV conc re t e  a r e  dependent on t h e  water  con ten t ,  because hydrogen 
is r e l i e d  on t o  slow down f a s t  neutrons t o  thermal  ene rg i e s .  Also,  t h e  
thermal  conduc t iv i ty  w i l l  dec rease  w i t h  moi s tu re  l o s s ,  wi th  a r e s u l t a n t  
tempera ture  i n c r e a s e  and inducement of thermal s t r e s s e s .  The presence 
and movement of mo i s tu re  a r e  a l s o  thought t o  b e  a s s o c i a t e d  wi th  t h e  
c racking  of  concre te .  With regard  t o  creep,  mo i s tu re  movement has  been 
proposed and suppor ted  by many i n v e s t i g a t o r s  as a mechanism of c reep  
deformation.  

Yuan, H i l s d o r f ,  and ~es ler ' '  s t u d i e d  t h e  dry ing  of mortar  specimens 
[5.08-cm-diam x 10.16-cm-long (2  x 4 i n . )  c y l i n d e r s ]  w i th  waterlcement 
r a t i o s  of  0.40, 0 .45,  0 .55,  and 0.70 a t  temperatures  from 4 t n  60°C 
(39 t o  1.40°F). 'l'hey concluded t h a t  mois ture  l o s s  is  a, f i inct ion of t h r  
w u ~ e r / ~ ~ r u e i ~ ~  r a t i o ,  temperature,  and r e l a t i v e  humidity.  The r a t e  of 
mo i s tu re  l o s s  dec reases  w i t h  i n c r e a s e  i n  time. For temperatures  of 40, 
52, and 60°C (104, 126, and 140°F),  t h e  equ i l i b r ium moi s tu re  content  i s  
dependent on waterlcement r a t i o  under a l l  r e l a t i v e  vapor  p re s su res .  They 
a l s o  concluded t h a t  d i f f u s i o n  c o e f f i c i e n t s  co111rl adequately dcocrihe. t h e  
d ry ing  prucess  of mor ta rs  under  t h e  t e s t e d  cond i t i ons .  The d i f f u s i o n  
c o e f f i c i e n t s ,  K .  increased  rp?ith wator/ccmcnt r a k i u ,  g iven  s h l 1 a Y  mois turc  
c o ~ l d i t i o n s ,  and inc reased  w i t h  inc reas ing  temperature.  The v a r i a t i o n  of 
K w i t h  tempera ture  appeared t o  be  a p a r a b o l i c  func t ion .  

England and ~ o s s ~ l  performed experi.ments on thick ~ c c t i . o n . s  of cor~crctc 
t o  measure long-term shr inkage ,  pore p r e s s u r e s ,  and mois ture  d i s t r i b u t i o n .  
Hot-face temperatures  up t o  150°C (302OF) and a cold-face temperature of 
20°C (68°F) were u t i l i z e d ,  w i t h  mois ture  pa ths  up t o  3.05 m (10 f t )  i n  
l eng th .  Drying occurred s imul taneous ly  a t  both t h e  h o t  and co ld  f aces .  
A t  temperatures  l e s s  than  100°C (212"F), d ry ing  i s  nor  l i k e l y  t o  be' an 
impor tan t  f a c t o r  i n  t h i c k  s e c t i o n s ,  such a s  f o r  PCRVs, because dry ing ,  
even a f t e r  many y e a r s ,  i s  u n l i k e l y  t o  p e n e t r a t e  more than  h a l f  a  meter 
from e i t h e r  f ace .  F igu re  69 shows t h e  moi s tu re  d i s t r i b u t i o n  f o r  va r ious  
l e n g t h s  of mois ture  pa th  and a  hot-face temperature of 125°C (257OF) 
a f t e r  887 days f o r  a  3.05-m (10-f t )  s e c t i o n .  The depth  of drying was 
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Fig.  69. Phase Diagrams f o r  Water i n  Concrete Specimens of Various 
Lengths A f t e r  887 Days and a Hot-Face Temperature of 125OC (257°F). 
Source: G. L.  England and A.  D. Ross, "Shrinkage, Moi s tu re , , and  Pore 
P re s su res  i n  Hardened Concrete," A C I  SP-34, Concrete for NucZear Reactors, 
pp. 88-08 (1972) . 

about 0.49 m (1.6 f t ) .  This  compares wi th  depths  of about 0.305 and 0.914 m 
( 1  and 3 f t )  f o r  hot-face temperatures  of 100 and 150°C (212 and 302OF) 
r e spec t ive ly .  I n  a d d i t i o n ,  f o r  t h e  longe r  specimens, more water  migrated 
i n t o  t h e  in t e rmed ia t e  reg ions  than  from those  producing zones of h ighe r  
than  normal water  conten t .  The au tho r s  a l s o  concluded t h a t  pore  p re s su res  
a r e  u n l i k e l y  t o  b e  important i n  t h e  bulk  of t h e  PCRV concre te ,  b u t  could 
be important  t o  v e s s e l  l i n e r  i n s t a b i l i t y .  England and Ross d id  not  
desc r ibe  how mois ture  measurements were obta ined ,  b u t  i t  is assumed t h a t  
a gravimct r ic  technique was u t i l i z e d .  

~ rowne"  d iscussed  t h e  mois ture  migra t ion  f o r  t h e  Wylfa v e s s e l  and 
concluded t h a t  no s i g n i f i c a n t  mo i s tu re  migra t ion  should occur  over  30 y e a r s ,  
except  nea r  t h e  o u t e r  face .  The maximum temperature f o r  t h e  Wylfa v e s s e l ,  
however, i s  35OC (95OF). He r e fe rences  work by Lowe ( r e f .  9 of r e f .  l o ) ,  
which showed F ick ' s  law of d i f f u s i o n  t o  apply t o  mois ture  mig ra t ion  i n  
concre te ,  p a r t i c u l a r l y  a t  e l eva t ed  temperatures .  Those r e s u l t s  a l s o  show, 
i n  agreement wi th  Yuan, H i l sdo r f  , and ~ e s l e r ,  t h a t  t h e  d i f f u s i o n  coef- 
f i c i e n t  i s  smal l ,  decreases  w i t h  moi s tu re  con ten t ,  and i n c r e a s e s  p a r a b o l i c a l l y  
w i t h  temperature.  

The concept of a thermal mois ture  conduc t iv i ty ,  S t  [kg m-3 (OC)-l], 
is  d iscussed  by P ih l a j avaa ra  and T i ~ s a n e n . ' ~  The v a l u e  of S t  decreases  
w i t h  mois ture  content  and is  zero f o r  s a t u r a t e d  cement s tone .  I n  a d d i t i o n ,  
i t  v a r i e s  p ropor t iona l ly  w i t h  t h e  i n v e r s e  of temperature.  The au thors  s t a t e  
t h a t  d e f i n i t i v e  conclusions regard ing  thermal mois ture  t r a n s f e r  i n  conc re t e  
cannot be made wi th  e x i s t i n g  knowledge, bu t  t h a t  f u r t h e r  r e sea rch  regard ing  
t h e  thermal moisture conduct iv i ty  concept i s  warranted.  



I n  an  e f f o r t  t o  more a c c u r a t e l y  s imu la t e  t h e  dimensional e f f e c t s  
on moi s tu re  mig ra t ion  i n  c y l i n d r i c a l  PCRVs, ~ c ~ o n a l d ' ~  u t i l i z e d  a pie-  
shaped specimen. The specimen was 2.74 m (9 f t )  long wi th  c ros s - sec t iona l  
dimensions of 0 .61  by 0 .61  m (2  by 2 f t )  on one end and 0.61 by 0.81 m 
( 2  by 2.67 f t )  on t h e  o t h e r  end. The s m a l l  end ( r ep re sen t ing  t h e  inne r  
f a c e  of  a PCRV) and t h e  l a t e r a l  s u r f a c e s  were sea l ed  w i t h  copper s h e e t  and 
epoxy. The l a r g e  end ( r ep re sen t ing  t h e  o u t e r  f a c e  of a PCRV) was exposed 
t o  ambient a i r .  R e l a t i v e  humidity and neut ron  s c a t t e r i n g  methods, a s  
w e l l  as a capaci tance-type embedded mois ture  gage known a s  t h e  open- 
w i r e - l i n e  (OWL) probe,  were used t o  measure mois ture  con ten t s  along t h e  
specimen. The OWL probe measures t h e  d i e l e c t r i c  cons t an t .  I n  a d d i t i o n ,  
a Monfore gage was used f o r  re la t ive-humidi ty  measurements. S t r a i n  and 
tempera ture  r ead ings  were provided by Carlson s t r a i n  meters  and thermo- 
couples .  The peak tempera ture  of hydra t ion  was 75OC (167°F) reached a t  
98 h r  a f t e r  cua t ing .  Temperatures . s t ab i l i zed  a t  I-ouu Leuperartire 60 days 
a f t e r  c a s t i n g .  When 510 days o l d ,  t h e  i n n e r  f a c e  was exposed t o  a tempera- 
t u r e  of 65OC (149°F) w i t h  a s e r i e s  of h e a t  lamps. A s t eady- s t a t e  
tempera ture  d i s t r i b u t i o n  was reached a f t e r  about  t h r e e  weeks. A t  t h e  
end of one yea r ,  t h e  mo i s tu re  content  n e a r  t h c  ends of t h e  specimen was 
about  15% l e s s  t han  t h e  b u l k  va lue ,  and t h e  au thors  provided Fig. 70 t o  
show t h e  e f f e c t .  One must be  c a r e f u l  i n  a t t r i b u t i n g  s i g n i f i c a n t  mois ture  
mig ra t ion  t o  t h e  imposed temperature g rad ien t .  F igure  71 shows t h e  change 
i n  mo i s tu re  content  a long t h e  specimen a s  a r e s u l t  of t h e  one-year per iod  
of h e a t i n g .  The g r e a t e s t  change recorded w a s  about 0.5 pc f ,  u s ing  t h e  
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Fig .  70. Specimen Moisture Content P r o f i l e  a t  t h e  end of Tes t  
Per iod .  Source: J. E .  McDonald, Moisture Migration i n  Concrete, 
ORNL-TM-5051 (May 1975) . 



I LENGTH, FT 

Fig.  71. Changes i n  Moisture Content a t  Various Measuring S t a t i o n s  
i n  t h e  Specimen Af t e r  Heating. Source: J. E. McDonald, Moistme Migration 
i n  Concrete, ORNL-TM-5051 (May 1975) . 

least-squares-f i t  equa t ions  f o r  each d a t a  po in t .  That r e p r e s e n t s  a  change 
of l e s s  than  5%. An examination of t h e  d a t a  f o r  t h e  p o s i t i o n  n e a r e s t  t h e  
s e a l e d  end shows t h a t  t h e  i n d i v i d u a l  readings  v a r i e d  by as much as +6% 
from t h e  b e s t - f i t  l i n e .  Thus, almost a l l  of t h e  mois ture  exchange 
recorded occurred p r i o r  t o  hea t ing ,  and one y e a r  of h e a t i n g  a t  65OC 
( 1 4 9 ' ~ )  [with a  temperature g r a d i e n t  of about 16.4OC/m ( 9 ° F / f t ) ]  produced 
no s i g n i f i c a n t  change i n  t h e  moi s tu re  cond i t i on  of t h e  2.74-m-thick 
(9- f t )  specimen. 

Although t h e  d a t a  a r e  s c a r c e  regard ing  mois ture  migra t ion  i n  mass 
conc re t e  s t r u c t u r e s ,  a  q u a l i t a t i v e  s ta tement  appears  t o  be  j u s t i f i e d  
concerning t h e  probable mois ture  cond i t i on  of PCRV concre te .  It i s  
apparent  t h a t  mois ture  mig ra t ion  i n  t h i c k  conc re t e  s e c t i o n s  is  a very  
slow process  a t  t h e  temperatures  expected i n  c u r r e n t  PCRV des igns  
[<lOO°C (212'F)I. Resu l t s  i n d i c a t e  t h a t  t h e  zones of mo i s tu re  l o s s ,  
i n  a  3.05-m-thick (10-ft)  s e c t i o n ,  would inc lude  only about 0.305 m 
( 1  f t )  of conc re t e  n e a r e s t  t h e  i n n e r  and o u t e r  su r f aces .  The mois ture  
w i l l  migra te  i n  t h e  d i r e c t i o n  of decreas ing  temperature.  A s  temperatures  
i n c r e a s e ,  t h e  r a t e  and amount of migra t ion  w i l l  i n c r e a s e ,  s o  t h a t  t h e  
a f f e c t e d  zones .wi l1  p e n e t r a t e  deeper  i n t o  t h e  s t r u c t u r e .  I n d i c a t i o n s  
a r e  t h a t  t h e  mois ture  movement under a  given s e t  of cond i t i ons  could b e  
p red ic t ed  wi th  d i f f u s i o n  theory ,  provided t h a t  c e r t a i n  boundary condi t ions  
and t h e  d i f f u s i o n  c o e f f i c i e n t  a r e  known. For c u r r e n t  PCRV ope ra t ing  
cond i t i ons  [<10O0C (212°F)] ,  i t  does not  appear  t h a t  a massive r e sea rch  
e f f o r t  t o  provide  p r e c i s e  q u a n t i t a t i v e  d a t a  regard ing  mois ture  mig ra t ion  
is  necessary  f o r  assessment of v e s s e l  r e l i a b i l i t y .  For understanding of 
long-term behavior and e f f i c i e n c y  i n  concre te  v e s s e l  des ign ,  mois ture  
migra t ion  s t u d i e s  a r e  warranted.  However, f o r  ex tens ions  of p re sen t  
design thermal condi t ions  [2100°C (212'F)], i n d i c a t i o n s  a r e  t h a t  mois ture  
movement could be  q u i t e  s i g n i f i c a n t ,  and t h e  a b i l i t y  t o  des ign  f o r  t h a t  
e f f e c t  would r e l y  on parameters such as t h e  thermal  mois ture  conduct iv i ty .  
For e f f i c i e n t  and r e l i a b l e  nondes t ruc t ive  mois ture  measurements, i n s t r u -  
mentat ion and measuring techniques should r e c e i v e  emphasis. 



3.6 Hot Spots  and Models 

Most of t h e  p rev ious  d i s c u s s i o n s  of conc re t e  p r o p e r t i e s  h a v e . r e s u l t e d  
from i n v e s t i g a t i o n s  w i t h  l a b o r a t o r y  specimens of s m a l l  dimensions r e l a t i v e  
t o  t h e  PCRV s t r u c t u r e .  The problems of s i z e  e f f e c t s  a r e  o f t e n  brought 
t o  focus  i n  a t t empt ing  t o  ana lyze  s t r u c t u r a l  behavior  from small-sample 
t e s t  r e s u l t s .  For example, t h e  a n a l y s i s  of thermal  s t r e s s e s  i n  a  very  
t h i c k  s e c t i o n  on t h e  o r d e r  of  3 m (-10 f t )  is  d i f f i c u l t ,  i f  no t  u n r e a l i s t i c ,  
when based on t e s t  r e s u l t s  ob ta ined  from specimens only a  few inches 
t h i c k .  An obvious a l t e r n a t i v e  is  through t h e  u s e  of model t e s t i n g .  I n  
t h i s  way, ana lyses  of  v e s s e l  deformation under cond i t i ons  more represen-  
t a t i v e  of  a c t u a l  PCRV ope ra t ing  cond i t i ons  can  b e  made i n  t h e  context  
of proper  geometry. stress d i . s t r i h i ~ t i n n ,  and thermal.  gradients. Tho 
de te rmina t ion  of t h e  e f f e c t s  due t o  l o c a l i z e d  temperature i nc reases  (ho t  
s p o t s )  are p a r t i c u l a r l y  s u i t e d  t o  model t e s t i n g .  The e f f e c t  of h o t  s p o t s  
on s t r u c t u r a l  i n t e g r i t y  i s  of g r e a t  i n t e r e s t  t o  des igne r s  and ope ra to r s .  
A l o c a l i z e d  f a i l u r e  of t h e  v e s s e l  cool ing  system, f o r  example, could r e s u l t  
i n  a l o c a l i z e d  p o r t i o n  of t h e  concre te  being sub jec t ed  t o  over-design 
tempera tures .  Table 4  showed t h a t  t h e  ASME B o i l e r  and P res su re  Vessel  
Code has  e s t a b l i s h e d  a  temperature l i m i t  of 121°C (250°F) a t  l o c a l  h o t  
s p o t s  du r ing  normal o p e r a t i o n  of t h e  r e a c t o r .  During abnormal and seve re  
environmental  c o n d i t i o n s ,  t h e  l o c a l  h o t  s p o t  a l lowable  i s  190°C (374°F). 
I n  t h e  event  t h a t  a  p o r t i o n  of t h e  conc re t e  is  sub jec t ed  t o  very  h igh  
tempera tures  f o r  l i m i t e d  pe r iods  of t ime (days ,  weeks),  an  assessment must 
b e  made concerning t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  v e s s e l ,  

A model s tudy  w a s  conducted by Dubois e t  a1.84 on a one-tenth-scale 
PCRV model of t h e  French EDF3. They sub jec t ed  t h e  model t o  e i g h t  thermal  
c y c l e s  from 20 t o  200°C (68 t o  392OF) f o r  varying l eng ths  of t ime, us ing  
d i f f e r e n t  tempera ture  g r a d i e n t s .  The t o t a l  t ime involved was two y e a r s  
and t h r e e  months. They r epor t ed  t h a t  t h e  f i r s t  c racks  appeared dl-,ring 
t h e  i n i t i a l  hea t ing  between 175 and 200°C (347 and 392°F) and extended 
t o  w i t h i n  about 12.7 cm (5  i n . )  of t h e  o u t e r  s u r f a c e  of t h e  40.6-cm-thick 
(16-in.)  v e s s e l .  The o u t e r  s u r f a c e ,  however, r e t a i n e d  i t s  i n t e g r i t y .  
The a u t h o r s  s t a t e d  t h a t ,  even though a  thermal  g r a d i e n t  of 200°C [49g°C/m 
(274"F / f t ) ]  induced cracking  i n  t h e  c y l i n d e r ,  equi l ibr ium was maintained 
w i t h  crackLng a t  a depth n f  l n .  3 6 cm ( 4  i n . )  and very  accep tab le  thermal 
compressive s t r e s s e s  i n  t h e  uncracked reg ion .  The au tho r s  a t t a c h  most 
importance t o  t h e i r  obse rva t ion  of t h e  detachment of t h e  o u t s i d e  l a y e r  
of  t h e  c y l i n d e r  a s  a  r e s u l t  of c racking .  The au tho r s  concluded t h a t  t h e  
behavior  of t h e  v e s s e l  was s a t i s f a c t o r y  when h e l d  f o r  ninesmonths a t  
200°C (392°F) .  even though cons ide rab le  concrefe  c racking  wns nbnerved. 
They supported t h e  p r e s e n t  conc re t e  temperature l i m i t  of 80°C (176°F) as 
be ing  j u s t i f i a b l y  s a f e  and suggested t h a t  an i n n e r  w a l l  conc re t e  tempera- 
t u r e  of 150°C (302°F) i s  p o s s i b l e  f o r  normal ope ra t ion .  The use  of w i r e  
f a b r i c  reinforcement  a t  t h e  o u t e r  f a c e  was suggested a s  a method f o r  
c o n t r o l l i n g  t h e  c racking  of t h e  v e s s e l .  

A one-fourth-scale  model of t h e  F o r t  S t .  Vrain PCRV was t e s t e d  by 
Northrup and o p l e e 5  t o  i n v e s t i g a t e  elevated-temperature e f f e c t s  on long- 
term behavior .  The maximum temperature used was 60°C (140°F).  Small 
specimens were t e s t e d  under t h e  same cond i t i ons  t o  c h a r a c t e r i z e  t h e  



m a t e r i a l  and provide  r e fe rence  da t a .  Moisture measurements showed t h a t  
a cons ide rab le  l e n g t h  of t ime would b e  r equ i r ed  f o r  t h e  dry cond i t i on  
t o  be  reached and t h a t  i t  may no t  be a t t a i n e d  a t  a l l  i f  equi l ibr ium wi th  
surrounding a i r  i s  considered.  A s i g n i f i c a n t  r e s u l t  was t h a t  t h e  c reep  
r a t e  ( inc luding  shrinkage)  dur ing  t h e  combined condi t ion  of p r e s t r e s s  
loading and e l eva t ed  temperature w a s  lower t han  o r  equal  t o  t h e  c reep  
rate ( inc lud ing  shrinkage)  under p r e s t r e s s  and ambient temperature.  
They a t t r i b u t e d  t h i s  . to  opposing e f f e c t s  of thermal  s t r e s s e s  and thermal 
expansion s t r a i n s  a s  we l l  a s  t o  increased  s t r e n g t h  due t o  age  and 
a d d i t i o n a l  hydra t ion  due t o  hea t ing .  Also, a l l  t h e  c reep  r a t e s  i n  t h e  
model were l e s s  than  the  c reep  r a t e s  of r e f e rence  specimens. Because 
t h e  e f f e c t s  of  temperature were much g r e a t e r  wi th  t h e  specimens than  
w i t h  t h e  model, ca l cu la t ed  c reep  r a t e s  overest imated t h e  measured 
va lues  on t h e  model, when e l eva t ed  temperatures  were used, by a s  much 
a s  t e n  t imes.  The au thors  emphasize t h e  inadequacy of  using d i r e c t l y  
measured u n i a x i a l  c reep  d a t a  from s m a l l  test specimens i n  s imple  design 
techniques.  However, they a l s o  p o i n t  t o  t h e  f in i te -e lement  method as 
a procedure which can u t i l i z e  t h e  u n i a x i a l  da t a .  Thus t h e  major obser- 
v a t i o n  was t h a t  t h e  e f f e c t  of e l eva t ed  temperature 160°C (140°F)] on 
c reep  of concre te  i n  a PCRV model was l e s s  s eve re  than  observed on smal l ,  
p l a i n  conc re t e  t e s t  specimens. The main reason  f o r  t h a t  obse rva t ion ,  
according t o  Northrup and Ople, was t h e  d i f f e r e n c e  i n  r e s t r a i n t  condi t ions .  
That i s ,  t h e  con f igu ra t ion  and s i z e  of t h e  model and t h e  presence of 
bonded s t e e l  elements provide r e s t r a i n t s  (such a s  m u l t i a x i a l  stress con- 
d i t i o n s )  a g a i n s t  c reep  and shr inkage .  The i r  t e s t i n g  d i d  n o t  i nc lude  
sus t a ined  temperatures  above 60°C (140°F) o r  h o t  s p o t s .  

Tes t s  by I r v i n g ,  Carmichael, and ~ o r n b ~ ' ~  were undertaken t o  a s s e s s  
t h e  damage, i f  any, r e s u l t i n g  from measured hot-spot  temperatures ,  up t o  
180°C (356"F), during t h e  commissioning t r i a l s  of t h e  Oldbury PCRV. They 
cons t ruc ted  a f u l l - s c a l e  model of t h e  p e n e t r a t i o n r e g i o n ,  where t h e  
h ighes t  temperatures  were observed. Since h o t  s p o t s  can induce h igh  
thermal s t r e s s e s  i n  t he  concre te ,  a t h e o r e t i c a l  s tudy  was performed, and 
i t  showed t h a t  t h e r e  was no cause  f o r  concern about t h e  s a f e t y  margin 
aga ins t  f a i l u r e  of t h e  v e s s e l .  The s tudy  d i d  show, however, t h a t  i t  
w a s  p o s s i b l e  t h a t  cracking could occur  i n  t h e  conc re t e  c l o s e  t o  t h e  
l i n e r .  The model test was designed t o  a s s e s s  t h e  e x t e n t  of c racking  
and t h e  e f f e c t  i n  t h e  l i n e r  r e t e n t i o n  system. The l.524-m (5-ft)  
model was hea ted  t o  180°C (356°F) f o r  98 days. They used dye pene t r an t s ,  
co re  samples,  and u l t r a s o n i c  t e s t i n g  t o  d e t e c t  and measure c racking ,  a s  
w e l l  a s  embedded s t r a i n  ins t rumenta t ion .  The h o t  s p o t  w a s  confined t o  
a smal l  a r e a  of t h e  model. Gages i n d i c a t e d  t h a t  some cracking occurred 
during r e a c t o r  s t a r t -up  when t h e  p e n e t r a t i o n  l i n e r  was only  24°C (75°F) 
h o t t e r  than  t h e  'adjacent  concre te .  This  was a t t r i b u t e d  t o  thermal  
d i f f u s 5 v i t y  d i f f e r e n c e s  between s t e e l  and conc re t e ,  r e s u l t i n g  i n  s t r a i n  
d i f f e r e n t i a l s .  No cracking of t h e  conc re t e  was observed a t  hea ted  l o c a t i o n s  
away from s t e e l  p a r t s .  Cracking was l i m i t e d  t o  a c e n t r a l  r eg ion  of. about 
0.46 m ( 1  112 f t )  where t h e  conc re t e  temperature w a s  100°C (212°F). No 
damage w a s  observed o u t s i d e  t h a t  region.  A second degree of cracking 
occurred during shutdown, a f t e r  a per iod  of s u s t a i n e d  ope ra t ion ,  caused 
by s t r e s s  r e v e r s a l s  due t o  r e s i d u a l  c reep  s t r a i n s .  Uncracked r eg ions  of 
t h e  heated concre te  showed:no l o s s  of s t r e n g t h  over  c o n t r o l  samples s t o r e d  



s e p a r a t c l y .  I n  a d d i t i o n ,  measura ien ts  of vapor p re s su re s  behind t h e  
l i n e r  showed l e s s  s e v e r e  p re s su res  t han  those  corresponding t o  t h e  
c o n c r e t e  tempera tures  imposed. Thus, no p r e s s u r e  bui ldup  would occur  
a t  t h e  h o t  s p o t ,  probably because of p r e s s u r e  r e l i e f  a long t h e  l i n e r -  
conc re t e  i n t e r f a c e .  The au tho r s  conclude t h a t  t h e  sus t a ined  h igh  
hot-spot  tempera ture  i n  t h e  Oldbury v e s s e l  d i d  no t  cause s e r i o u s  damage 
t o  t h e  l i n e r  o r  t o  t h e  conc re t e .  

Fluge,  Gausel,  and  ensc chow'^ r epor t ed  t h e  r e s u l t s  of an exper?- 
menta l  and a n a l y t i c a l  s tudy  t h a t  u t i l i z e d  fou r  c y l i n d r i c a l  models of 
1:12 s i z e  r e l a t i v e  t o  an  800-MW(e) p ro to type  r e a c t o r .  Two of t h e  models 
w e r e  cons t ruc t ed  wi thou t  bonded reinforcement .  Models of t h i s  type  
underwent exp los ive  r u p t u r e ,  wh i l e  t h e  models w i th  t h e  reinforcement  
f a i l e d  w i t h  uniform c rack  d i s t r i b u t i o n  and g radua l ,  p rog res s ive  f a i l u r e .  
The au tho r s  obta ined  good agreement hetween ~ y p e r i m e n t a l  t e c u l t o  and 
a n a l y t i c a l  p r e d i c t i o n s  f o r  t h e  s t a t i c  f a i l u r e  s t a t e ,  us ing  f i n i t e -  
eiement methods. Bowever, f o r  deformation i n  t h e  p l a s t i c  range,  s imple 
f a i l u r e  cons idera t i .ons  res,,ll.ted in b e t t e r  c o r r e l a t i o n o .  This  s tudy  d i d  
not i n c l u d e  t h e  i n v e s t i g a t i o n  of s u s t a i n e d  h igh  temperatures  o r  ho t  spo t s .  

A PCRV thermal  c y l i n d e r  model about one-sixth s c a l e  of the c e n t r a l  
b a r r e l  s e c t i o n  of a  c y l i n d r i c a l  PCRV was t e s t e d  a t  Oak Ridge Nat iona l  
Laboratory.  A d e s c r i p t i o n  of the  model and t e s t  procedures  a r e  d e t a i l e d  
i n  r e f s .  88 and 89,  w h i l e  t h e  i n i t i a l  r e s u l t s  a r e  descr ibed  i n  r e f .  90. 
The model was 1.22 m (4  f t )  h igh ,  0.46 m (1 .5  f t )  t h i c k ,  and 2.06 m 
(6.75 f t )  i n  o u t e r  diameter .  It was cons t ruc t ed  wi th  an i n n e r  conc re t e  
c o r e  a l lowing  f o r  a  p r e s s u r e  annulus of about  3.81. cm ( 1  112 i n . )  and 
was p r e s t r e s s e d  w i t h  both a x i a l  and c i r c u m f e r e n t i a l  tendons. A mild- 
s t e e l  l i n e r  provided t h e  i n n e r  s e a l ,  wh i l e  t h e  o u t e r  s u r f a c e  of t h e  model 
w a s  s e a l e d  a g a i n s t  mo i s tu re  l o s s  wi th  s h e e t  meta l .  The top  s u r f a c e s  of 
t h e  c y l i n d e r  and c o r e  were coated wi th  l a y e r s  of epoxy and copper f o i l .  
The model was sub jec t ed  t o  i n t e r n a l  p re s su re  and p.1 evated temperatures .  
A t empera ture  of 65°C (150°F) was s u s t a i n e d  f o r  ahmit 1.4 months. During 
a  subsequent  pe r iod ,  a  narrow c i r c u m f e r e n t i a l  band on the i nne r  surface  
of t h e  t e s t  s e c t i o n  was hea t ed  t o  232°C (450°F) f o r  84 days t o  i n v e s t i g a t e  
t h e  e f f e c t  of a  hot-spot  condi t ion .  Sec t ion ing  of t h e  model a f t e r  t e s t i n g  
revea led  "no s i g n i f i c a n t  de fec t s "g0  i n  t h e  c u t  s u r f a c e s ,  a l though t h e  
conc re t e  immediately surrounding t h e  h e a t i n g  elements was darkened. A 
sc l e rome te r  (impact hammer) was u t i l i z e d  t o  approximate t h e  compressi.vc 
s t r e n g t h  of t h e  conc re t e  a t  t h e  hot-spot l o c a t i o n .  Neglect ing excess ive ly  
h igh  r ead ings  a s s o c i a t e d  wi th  t h e  aggrega te  p a r t i c l e s ,  t h e  r e s u l t s  showed 
t h a t  a  s u b s t a n t i a l  dec rease  i n  s t r e n g t h  (lower reading  on sc le rometer )  
occurred  c l o s e  t o  t h e  h e a t e r .  The amount of  r educ t ion  decreased wi th  
i n c r e a s i n g  d i s t a n c e  from t h e  h e a t e r  l o c a t i o n .  A t  a  di-stance, o f  10,16  c m  
( 4  i n . )  from t h e  h e a t e r ,  t h e  s t r e n g t h  was t h a t  of t h e  unaf fec ted  concre te .  
The s t r e n g t h  a t  t h e  h e a t e r  l o c a t i o n  was only about 61% of t h a t  of t h e  
una f fec t ed  conc re t e  ( a c t u a l l y  measured on t h e  ma t r ix ) .  Thus, t h e r e  
appeared t o  be  a dec rease  i n  s t r e n g t h  of t h e  concre te  sub jec t ed  t o  t h e  
232°C (450°F) temperature,  b u t  no observable  c racking  o r  o t h e r  l o s s  of  
s t r u c t u r a l  i n t e g r i t y .  

The purpose of t h e  foregoing w a s  no t  t o  d i s c u s s  o r  even p re sen t  t h e  
s t a t e  of t h e  a r t  o f  model t e s t i n g  r e l a t i v e  t o  PCRVs. Rather ,  t h e  i n t e n t  
was t o  p r e s e n t  a  few r e p r e s e n t a t i v e  examples of r e sea rch  i n v e s t i g a t i o n s  



which have at tempted t o  examine t h e  behavior  of conc re t e  under loading  and 
environmental cond i t i ons  more c l o s e l y  resembling those  e x i s t i n g  i n  a  r e a l  
PCRV. The few r e s u l t s  presented  a r e  d i f f i c u l t  t o  compare, b u t  t h e  two 
s t u d i e s  t h a t  i n v e s t i g a t e d  t h e  e f f e c t s  of h o t  s p o t s  were i n  agreement: 
l o c a l  ho t  s p o t s  up t o  200-250°C (392--482'F) f o r  extended l e n g t h s  of t ime 
( a  few months) d i d  n o t  r e s u l t  i n  damage (except ,  p o s s i b l y ,  l o s s  of s t r e n g t h )  
t o  t h e  concre te  i t s e l f . 8 6  9' Cracking was observed i n  t h e  v i c i n i t y  of 
s t e e l  components because of d i f f e r e n c e s  i n  expansion c h a r a c t e r i s t i c s .  8 6 

Some models without  bonded reinforcement  experienced explos ive ,  ca ta -  
s t r o p h i c  rup tu re ,  whereas r e in fo rced  s t r u c t u r e s  f a i l e d  i n  a  p rog res s ive ,  
con t ro l l ed  manner. 8 7  Because i t  i s  f e l t  by many i n v e s t i g a t o r s  t h a t  
cracking i s  i n e v i t a b l e  i n  a  PCRV type  of s t r u c t u r e ,  i t  has  been suggested 
t h a t  t h e  s t r u c t u r a l  des igner  t a k e  advantage of t h a t  s i t u a t i o n  and u t i l i z e  
it t o  cons t ruc t  a  v e s s e l  of segmented des ign .  " Y ' ~  I n  s imple  terms,  a  
segmented v e s s e l  would be one i n  which l a r g e  c racks  ( j o i n t s )  e s s e n t i a l l y  
e x i s t  a t  t h e  l o c a t i o n s  d e s i r e d  by t h e  des igne r ,  i n  o rde r  t o  reduce s t r e s s  
and thermal g r a d i e n t s  through t h e  e n t i r e  v e s s e l .  There i s ,  of cou r se ,  
disagreement a s  t o  t h e  f e a s i b i l i t y  o r  even use fu lnes s  of such a  concept.  

It seems apparent  t h a t  t h e  l i m i t a t i o n s  of l abo ra to ry  specimens a r e  
s u f f i c i e n t  enough t o  mot iva te  f u r t h e r  t e s t i n g  of model s t r u c t u r e s  and 
ana lyses  of t h e i r  behavior  w i t h  regard t o  p r e d i c t i o n  of a c t u a l  PCRV 
s t r u c t u r e s .  Much informat ion  can be  gained from such t e s t i n g ;  f u r t h e r  
improvements i n  embedded in s t rumen ta t ion  and a n a l y t i c a l  methods w i l l  
provide r e s u l t s  even more r e p r e s e n t a t i v e  of a c t u a l  v e s s e l  behavior  than 
now ava i l ab l e .  

4. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

4.1 Summary 

The i n t r o d u c t i o n  t n  t h i . s  r e p o r t  made mention t h a t  many i n v e s t i g a t i o n s  
have been conducted through t h e  yea r s  t o  develop d a t a  f o r  v a r i o u s  conc re t e  
p r o p e r t i e s  of s p e c i f i c  i n t e r e s t  t o  des igne r s  of  p r e s t r e s s e d  conc re t e  
r e a c t o r  v e s s e l s  (PCRVs). It was a l s o  mentioned i n  Sec t .  3 ,  and emphasized 
throughout t h e  d i scuss ions ,  t h a t  conc re t e  i s  a  very g e n e r a l  term f o r  a  
c l a s s  of m a t e r i a l s  t h a t  vary  widely i n  p r o p e r t i e s  and a p p l i c a t i o n s .  Even 
wi th  regard  t o  PCRVs, i t  was s t a t e d  t h a t  concre te  mixtures  vary  substan- 
t i a l l y ,  a s  r epo r t ed  by many i n v e s t i g a t o r s .  The unusual amount of d e t a i l  
provided h e r e i n  f o r  many of t h e  r e p o r t s  reviewed was intended t o  show t h a t  
t h a t  i s ,  i n  f a c t ,  t h e  case.  For most of t h e  p r o p e r t i e s  cons idered ,  only 
r e p r e s e n t a t i v e  s t u d i e s  were d iscussed .  I n  a d d i t i o n ,  t h e  purpose of t h i s  
review was t o  d i r e c t  a t t e n t i o n  t o  p l a i n  conc re t e ,  sans  reinforcement  o r  
p r e s t r e s s i n g  components. Most s t u d i e s  of conc re t e  p r o p e r t i e s  f o r  PCRV 
a p p l i c a t i o n s  have  been concerned w i t h  p l a i n  concre te .  

It is  apparent  from t h e  r e s u l t s  presented  t h a t  a  p l e t h o r a  of d a t a  
has  been repor ted  regarding temperature e f f e c t s  on conc re t e  p r o p e r t i e s .  
Most of t h e  r e p o r t s  taken s i n g u l a r l y  appear t o  provide  reasonable  r e s u l t s  
w i t h  c r e d i b l e  j u s t i f i c a t i o n  f o r  t h e  observa t ions  and conclus ions .  However, 
t h e  r e s u l t s  taken toge the r  provide  a  confusing d i s p l a y  of in format ion  



t h a t  appears  t o  p rec lude  r easonab le  p r e d i c t i o n s  of conc re t e  behavior  i n  
a g iven  s i t u a t i o n .  On t h e  o t h e r  hand, t hose  two out looks  r ep re sen t  
extremes of  t h e  s i t u a t i o n  untempered by a  reasonable  and prudent  exami- 
n a t i o n  of t h e  d a t a  w i t h i n  t h e  pe r spec t ive  of a p p l i c a t i o n .  A s  mentioned 
i n  Sec t .  3.3.1, t h e  d a t a  shown i n  Fig.  22 provide  a  r e p r e s e n t a t i v e  
c r o s s  s e c t i o n  of  r e s u l t s  from t h e  l i t e r a t u r e  regard ing  conc re t e  com- 
p r e s s i v e  s t r e n g t h  a t  h i g h  tempera tures .  Any a t t empt s  t o  p re sen t  t hose  
d a t a  as average behavior  w i t h  expected dev ia t ions  would be  r i d i c u l o u s  
because of t h e  tremendous v a r i a t i o n  i n  types of conc re t e ,  experimental  
t r e a t m e n t ,  and t e s t i n g  procedures ,  and, indeed,  t h a t  is n o t  t h e  i n t e n t  
of  t h i s  r e p o r t .  Rather ,  one i n t e n t  is  t o  show t h a t  a  person cannot 
s imply make an e n t r y  i n t o  t h e  t e c h n i c a l  l i t e r a t u r e ,  e x t r a c t  d a t a  from 
uur ur two r e p o r r s  t h a t  p rov ide  r e s u l t s  on high-temperature t e s t i n g  
of  c o n c r e t e ,  and g e n e r a l l y  apply t h e  d a t a  t o  s t r u c t u r a l  des ign  s i t u a t i o n s .  
The s t u d i e s  of compressive s t r e n g t h  and modullis nf  p l a s t i r i t y  a r ~ ,  
perhaps ,  most i n d i c a t i v e  t h a t  t h e  observed e f f e c t s  a r e  func t ions  of 
many v a r i a b l e s .  Some of t h e s e  v a r i a b l e s  a r e  mixture  c o n s t i t u e n t s ,  cur ing  
procedures ,  cu r ing  t ime,  age  a t  loading ,  t ime of exposure, temperature 
of t e s t i n g  ( i . e . ,  hot-  o r  co ld - t e s t ed ) ,  mois ture  cond i t i on ,  number of 
exposures  ( i . e . ,  thermal  c y c l i n g ) ,  and t e s t  methods. A normalized 
comparison of a l l  d a t a  reviewed, F igs .  22 and 31, showed t h a t  t h e  com- 
p r e s s i v e  s t r e n g t h  and modulus of e l a s t i c i t y  bo th  decreased  wi th  i n c r e a s e s  
i n  tempera ture ,  t ime of exposure,  f ree-moisture c o n t e n t ,  and thermal  
c y c l e s .  Beyond t h a t ,  p r e c i s e  s ta tements  cannot b e  made wi thout  consid- 
e r a t i o n  of more s p e c i f i c  v a r i a b l e s ,  such a s  t h o s e  mentioned below. The 
d a t a  cannot r e a l i s t i c a l l y  be represented  by a  l i n e  of average behavior .  
The most conse rva t ive  use  of t h e  d a t a  would show l o s s e s  of 70 and 60% 
i n  compressive s t r e n g t h  and e l a s t i c  modulus a t  150°C (302°F).  The most 
l i b e r a l  u s e  would show improvement i n  both p r o p e r t i e s  a t  150°C (302°F). 
Thus an  answer as t o  t h e  e f f e c t  of temperature on conc re t e  i s  no t  e a s i l y  
obta ined  from t h e  a v a i l a b l e  l i t e r a t u r e .  With regard t o  h igh  temperatures ,  
many r e s e a r c h e r s  observed t h a t  l i m ~ s t n n e  aggrega tes  g e n e r a l l y  r c s u l t e d  
i n  g r e a t e r  l o s s e s  of s t r e n g t h  and e l a s t i c  p r o p e r t i e s  t han  d i d  o t h e r  
agg rega te s ,  such as s i l i c e o u s  g rave l s .  I n  f a c t ,  i n  a  few r e p o r t s ,  
recommendations were made t h a t  l imes tone  d e f i n i t e l y  no t  b e  u t i l i z e d  
lor a p p l i c a t i o n s  where t h e  conc re t e  could be  sub jec t ed  t o  sus t a ined  
tempera tures  above 100°C (212'F). Previol is ly ,  i t  had been thought t h a t  
c o m p a t i b i l i t y  d i f f e r e n c e s  between t h e  aggrega te  and t h e  ma t r ix  were t h e  
cause  of s t r e n g t h  d e t e r i o r a t i o n .  Reports  reviewed h e r e  have shown, f o r  
example, t h a t  t h e  thermal  expansion c h a r a c t e r i s t i c s  of l imes tone  aggrega te  
a r e  more compatible  w i t h  t h e  mortar  a t  e l eva t ed  temperatures  than  a t  
room temperature.  Many s t u d i e s  h a w  poin ted  t o  s i l i c a  content  of t h e  
agg rega te  as having  a f f e c t e d  v a r i o u s  p r o p e r t i e s  s u b s t a n t i a l l y .  Higher 
s i l i c a  con ten t s  r e s u l t e d  i n  g r e a t e r  thermal expansion b u t  l e s s  de t e r io -  
r a t i o n  of p r o p e r t i e s  a t  h igh  temperatures .  It was suggested t h a t  a  
chemical  r e a c t i o n  between s i l i c a  and Ca(OH)2, o r  between s i l i c a  and t h e  
products  of t h e  Ca(OH)2 and hydrated calcium s i l i c a t e s  r e a c t i o n ,  could be 
r e s p o n s i b l e  f o r  improving p r o p e r t i e s .  It has  a l s o  been s t a t e d  o f t e n  
t h a t  high-pressure steam develops i n  t h e  f laws  and po res ,  c r e a t i n g  
i n t e r n a l  s t r e s s e s ,  which l e a d  t o  c racking  and l o s s  of s t r e n g t h .  Specimens 



t h a t  a r e  co ld  t e s t e d ,  i n  f a c t ,  g e n e r a l l y  appear  t o  g i v e  lower ( o r  equal)  
s t r e n g t h  than  those  t e s t e d  a t  t h e  exposure temperature,  i n d i c a t i n g  t h a t  
t h e  vapor p re s su re  e f f e c t  i s  minor. 

It i s  obvious from t h e  r e s u l t s  t h a t  t h e  specimens sea l ed  a g a i n s t  
mois ture  l o s s  showed much g r e a t e r  d e t e r i o r a t i o n  i n  s t r e n g t h  p r o p e r t i e s  
than d id  dry specimens. Even though a q u a n t i t a t i v e  d e s c r i p t i o n  of 
average behavior  i s  no t  reasonable,  i t  is  f e l t  t h a t  an  a n a l y s i s  of t h e  
r e s u l t s  of  s e a l e d  specimens does i n d i c a t e  s eve re  d e t e r i o r a t i o n  of some 
concre tes ,  p a r t i c u l a r l y  l imestone,  a t  sus t a ined  temperatures  above 100°C 
(212°F). There i s  no evidence t o  suggest  t h a t  exposure temperatures  
below 1 0 0 " ~  (212OF) would r e s u l t  i n  s i g n i f i c a n t  damage t o  PCRV concre tes .  
With regard  t o  t e n s i l e  s t r e n g t h ,  t h a t  p roper ty  appears  t o  b e  a f f e c t e d  
.by temperature i n  about t h e  same manner a s  t h a t  of t h e  compressive 
s t r e n g t h .  

The creep of conc re t e  v a r i e s  wi th  t h e  parameters  mentioned previous ly  
and is  a l s o  a f f e c t e d  by inc reases  i n  temperature.  A t  c u r r e n t  PCRV des ign  
temperatures ,  i n d i c a t i o n s  a r e  t h a t  creep w i l l  not r e s u l t  i n  exces s ive  
deformation; t h a t  i s ,  i t  can be  incorpora ted  i n  t h e  design.  A t  e l eva t ed  
temperatures ,  s u b s t a n t i a l l y  h ighe r  c reep  s t r a i n s  were observed. The 
s p e c i f i c  creep of s ea l ed  concre tes  appears  t o  b e  l e s s  than  t h a t  f o r  d r i e d  
specimens. A s  s t a t e d  throughout t h e  l i t e r a t u r e ,  t h e  c reep  w i l l  b e  sub- 
s t a n t i a l l y  g r e a t e r  f o r  young conc re t e  r e g a r d l e s s  of  mois ture  condi t ion .  
Also, t h e  "creep maximum'' observa t ion ,  i n  which t h e  creep r a t e  supposedly 
begins  t o  d e c e a s e  a t  some temperature around 80°C (176"F), cannot b e  
l abe l ed  a s  r e p r e s e n t a t i v e  of gene ra l  conc re t e  behavior .  It i s  important  
t h a t  f u r t h e r  i n v e s t i g a t i o n s  of high-temperature c r eep  be undertaken t o  
confirm t h a t  type  of behavior .  The very  l i m i t e d  amount of d a t a  concerning 
creep of s ea l ed  and unsealed concre te  over  100°C (212°F) makes comparison 
d i f f i c u l t  because of g r e a t  v a r i a t i o n s  i n  t e s t i n g  procedures  and concre tes .  
High-temperature c reep  of conc re t e  should b e  a primary t a s k  of r e sea rch  
f o r  any program seeking t o  eva lua t e  concre te  p r o p e r t i e s  f o r  high-temperature 
app l i ca t ions .  It is  important t o  no te  t h a t  one cannot s e p a r a t e  c reep  
and s t r e n g t h  when eva lua t ing  performance under load .  A s  t h e  s t r e s s / s f r e n g t h  
r a t i o  i nc reases ,  t h e  s p e c i f i c  creep w i l l  i nc rease .  Thus, i f  t h e  compressive 
s t r e n g t h . o f  t h e  concre te  d e t e r i 0 r a t . e ~  a t  .some p a r t k c u l a r  tempera ture ,  t h e  
s t r e s s / s t r e n g t h  r a t i o  (assuming a cons t an t  l o a d h g  s t r e s s )  w i l l  i n c r e a s e ,  
and t h e  deformation may i n c r e a s e ,  whether t h e  m a t e r i a l ' s  c r eep  r e s i s t a n c e  
is  a f f e c t e d  o r  no t .  

With regard t o  thermal p r o p e r t i e s ,  t h e r e  i s  n o t  a l a r g e  amount of 
da t a ,  e s p e c i a l l y  f o r  t h e  e f f e c t s  of f r e e  mois ture .  Avai lab le  r e s u l t s  
i n d i c a t e  t h a t  t h e  c o e f f i c i e n t  of thermal expansion w i l l  b e  l e s s  a s  drying 
inc reases .  P r a c t i c a l l y  speaking,  t h e  c o e f f i c i e n t  of thermal expansion, 
r e l a t i v e  t o  t h e  degree of change observed f o r  o t h e r  p r o p e r t i e s ,  does not  
vary  a g r e a t  d e a l  and inc reases  only s l i g h t l y  w i th  temperatures  t o  250 
o r  300°C (482 o r  572°F). The c o e f f i c i e n t  can be  a f f e c t e d  more by o t h e r  
f a c t o r s  such a s  mois ture ,  thermal  c y c l e s ,  and hea t ing  r a t e .  Again, wi th  
regard t o  aggrega te ,  l imes tone  gave t h e  lowest  c o e f f i c i e n t ,  and inc reas ing  
s i l i c a  r e s u l t e d  i n  g r e a t e r  coe f f . i c i en t s  of expansion. 

The thermal conduct iv i ty  dec reases  as temperature i n c r e a s e s  and a s  
mois ture  is  l o s t .  The conserva t ive  procedure i s  t o  o b t a i n  conduc t iv i ty  



measurements on d ry  c o n c r e t e  a t  t h e  maximum des ign  temperature.  This  
would p rov ide  a  minimum v a l u e  app l i cab le  t o  t h a t  p o r t i o n  of t h e  v e s s e l  . 
r e c e i v i n g  t h e  i n i t i a l  h e a t  f l u x .  

A s  s t a t e d  o f t e n  h e r e i n ,  experimental  i n v e s t i g a t i o n s  have l a r g e l y  
cons idered  t h e  p r o p e r t i e s  shown under u n i a x i a l  loading .  The conc re t e  
i n  a v e s s e l  w i l l  b e  i n  a  m u l t i a x i a l  s t a t e  of s t r e s s ,  b i a x i a l  o r  t r i a x i a l  
compression. It appears  t h a t  t h e  b i a x i a l  ca se  would be  of most concern, 
because  immediately a f t e r  r e a c t o r  shutdown, t h e  v e s s e l  w i l l  b e  h o t  and 
s u b j e c t e d  t o  t h e  f u l l  p r e s t r e s s i n g  load .  It is g e n e r a l l y  accepted t h a t  
t h e  u l t i m a t e  s t r e n g t h  of conc re t e  i n c r e a s e s  when s u s t a i n i n g  m u l t i a x i a l  
s t r e s s e s  are imposed. The method of load a p p l i c a t i o n  is a  primary t o p i c  
of r e s e a r c h ,  and r e c e n t  r e s u l t s  w i th  s t ee l -b rush  p l a t e n s ,  ba l l -bear ing  
p l a t e n s ,  f lu id-cushion  p l a t e n s ,  and deformable p l a t e n s  have shown promise 
of reducing  end restraints t n  t n l ~ r a h l ~  levels so  t h a t  t h e  t r u c  u l t i m a t e  
s t r e n g t h  call b e  measured. The most r e l i a b l e  d a t a  i n d i c a t e  a maximum 
b i a x i a l  compressive s t r e n g t h  of 1 .25 times t h e  u n i a x i a l  s t r e n g t h  measured 
w i t h  t h e  same appara tus .  T r i a x i a l  t e s t s  i n d i c a t e  s t r e n g t h s  up t o  fou r  
t o  s i x  t imes u n i a x i a l  s t r e n g t h .  T e s t s  a t  e l eva t ed  temperatures  and wi th  
s e a l e d  specimens a r e  ve ry  l i m i t e d .  Resu l t s  i n d i c a t e  t h a t  t h e  s ea l ed  
specimens a r e  weaker t han  d ry  concre te ,  b u t  t h a t  wet conc re t e  g ives  a  
g r e a t e r  r e l a t i v e  i n c r e a s e  i n  s t r e n g t h  under m u l t i a x i a l  s t r e s s  cond i t i ons .  
An impor tan t  obse rva t ion  concerns t h a t  of a supposed c r i t i c a l  s t r e s s  l e v e l  
under b i a x i a l  l oad ing ,  a  stress t h a t  may occur  a s  low a s  50% of t h e  
u l t i m a t e  and a t  which s e v e r e  permanent damage t akes  p l a c e  w i t h i n  t h e  
specimen. S ince  u n i a x i a l  s t r e n g t h  i s  gene ra l ly  used a s  a  m a t e r i a l  
p rope r ty  f o r  des ign ,  one may suppose t h a t  t h e  a c t u a l  v e s s e l  cond i t i ons  
invo lv ing  b i a x i a l  s t r e s s e s  w i l l  make t h a t  d a t a  conse rva t ive  by 25%. 
However, t e s t s  conducted w i t h  s t e e l  p l a t e n s ,  t h e  common method, i n d i c a t e  
a  s t r e n g t h  measurement t h a t  i s  252 too h igh ,  meaning t h a t  t h e r e  may be ,  
e s s e n t i a l l y ,  no a d d i t i o n a l  margin for s t r e n g t h  d a t a  ob ta ined  wi th  s t e e l  
p l a t e n s .  The a d d i t i o n a l  obse rva t ion  of a c.ri tical stress below u l t i m o t c  
f o r  sho r t -  and long-term loadinp, may b e  more r e a l i s t i c  fn r  des ign  purposes. 
Much work needs t o  b e  done t o  develop an  understanding of m u l t i a x i a l  
behavior  a s  w e l l  a s  methods of  provid ing  accu ra t e  s t r e n g t h  and creep 
d a t a ,  e s p e c i a l l y  w i t h  regard  t o  s e a l e d  conc re t e  and e l eva t ed  temperatures .  

Concerning Lhe mechanisms r e spons ib l e  f o r  observed e f f e c t s  of e l eva t ed  
tempera ture  on conc re t e  p r o p e r t i e s ,  t h e  presence of f r e e  moisture i s  
g e n e r a l l y  s een  a s  t h e  major  c o n t r i b u t i n g  f a c t o r  t o  t h e  d e t e r i o r a t i o n .  
Evidence i n d i c a t e s  t h a t  t h e  commonly accepted theory  of d i f f c r e n c e s  between 
t h e  agg rega te  and cement p a s t e  thermal expansion c h a r a c t e r i s t i c s  may no t  
be  t h e  primary cause  of s t r e n g t h  l o s s  a t  h igh  temperature.  The s t r e n g t h  
of d ry  concre te ,  according to some, r e s u l t s  from thc  deso rp t ion  of cement 
p a s t e ,  l ead ing  t o  a  c o l l a p s e  of t h e  g e l  s t r u c t u r e  and c l o s u r e  of gaps 
between primary g e l  p a r t i c l e s .  In  a d d i t i o n ,  i t  does no t  appear t h a t  
h igh-pressure  steam i n  t h e  f laws  has  much e f f e c t  on s t r e n g t h .  Rather ,  
chemical r e a c t i o n s  may occur  t h a t  weaken t h e  mat r ix  coherency. The rec- 
ommendation by some a u t h o r s  t h a t  l imes tone  aggrega te  (low s i l i c a )  no t  
b e  used f o r  sus t a ined  high-temperature a p p l i c a t i o n  [above 100°C (212OF)I 
c o r r e l a t e s  w e l l  w i t h  o t h e r  recommendations t h a t  s i l i c e o u s  aggrega tes  b e  
u t i l i z e d  because of f avo rab le  chemical r e a c t i o n s  involv ing  t h e  s i l i c a .  



The seepage theory has  gained suppor t  a s  an  explana t ion  of  c reep  behavior ,  
bu t  controversy s t i l l  abounds and t h e  c h a r a c t e r  of t h e  c r eep  equat ion  
is  n o t  w e l l  def ined .  

The e f f e c t s  of r a d i a t i o n  on conc re t e  a r e  not  w e l l  documented. The 
l o s s  of mois ture  has  an  e f f e c t  on neut ron  a t t e n u a t i o n  because hydrogen 
is  t h e  primary element r e spons ib l e  f o r  slowing down f a s t  neut rons .  Most 
d a t a  on r a d i a t i o n  damage have r e s u l t e d  from tests on c o r e  samples removed 
from r e a c t o r  s h i e l d s ,  and any proper ty  d e t e r i o r a t i o n  due t o  i r r a d i a t i o n  
is  d i f f i c u l t  t o  s e p a r a t e  from t h a t  due t o  thermal  condi t ions .  Avai lab le  
s t u d i e s  i n d i c a t e  t h a t  damage may occur  a t  neutron f luences  between 1019 
and lo2 '  nut.  One author  recommends t h a t  3 x 10" nut b e  t h e  maximum 
a l lowable  exposure u n t i l  d e f i n i t i v e  d a t a  become a v a i l a b l e ,  wh i l e  t h e  
ASME Boi l e r  and P res su re  ' v e s s e l  Code al lows 1 x 1021 nut exposure f o r  
concre te .  

The ques t ion  of mo i s tu re  mig ra t ion  i n  m a s s  conc re t e  s t r u c t u r e s  i s  
a c e n t r a l  one and is  t h e  primary mot iva t ion  f o r  t e s t i n g  of s e a l e d  spec i -  
mens. It i s  gene ra l ly  be l i eved  t h a t  mois ture  movement i n  t h i c k  s e c t i o n s  
such a s  PCRVs i s  slow, b u t  q u a n t i t a t i v e  d a t a  w i t h  regard  t o  t h e  depth  
of dry ing ,  t h e  t ime involved,  and e f f e c t s  of temperature a r e  s c a r c e  
and inconclus ive .  For inner - face  temperatures  l e s s  t han  100°C (212OF), 
r e s u l t s  i n d i c a t e  t h a t  d ry ing ,  even a f t e r  many y e a r s ,  i s  u n l i k e l y  t o  
p e n e t r a t e  more than  ha l f ;e , , ,meter  from e i t h e r  t h e  i n n e r  o r  o u t e r  f a c e  of 
a PCRV. Inc reas ing  temperature w i l l  cause g r e a t e r  'migrat ion toward t h e  
inne r  p o r t i o n  of t h e  v e s s e l  ( i . e . ,  mois ture  mig ra t ion  proceeds i n  t h e  
d i r e c t i o n  of decreas ing  tempera ture) .  There i s  no ques t ion  t h a t  t h e  
l o s s  of  mois ture  a t  t h e  inne r  f a c e  would r e s u l t  i n  l o s s  of a t t e n u a t i o n  
c a p a b i l i t y  i n  t h e  a f f e c t e d  a r e a .  However, t h e  t h i ckness  of conc re t e  
needed f o r  adequate  b i o l o g i c a l  s h i e l d i n g  i s  only  on t h e  o r d e r  of a few 
f e e t ,  and t h e  e f f e c t  o f ,  s ay ,  t h e  f i r s t  2 f t  be ing  f u l l y  d r i e d  would 
no t  a f f e c t  t h e  s h i e l d i n g  capac i ty  of present-day PCRVs, which a r e  much 
t h i c k e r  t han  requi red  f o r  s h i e l d i n g .  For s u s t a i n e d  exposure a t  tempera- 
t u r e s  of 150°C (302°F) and above, however, t h e  s i t u a t i o n  could b e  
cons iderably  d i f f e r e n t .  The r e s u l t s  of c reep  t e s t i n g  showed t h a t  s ea l ed  
specimens experienced l e s s  s p e c i f i c  c reep  than  d id  d ry  specimens. Since 
t h e  bu lk  of t h e  v e s s e l  w i l l  more c l o s e l y  r ep re sen t  t h e  s e a l e d  c a s e ,  i t  
seems t h a t  t h e  drying e f f e c t  would ,not  have much impact on long-term 
deformation,  un le s s  t h e  c reep  r a t e s  a r e  very  d i f f e r e n t ,  s o  as t o  induce 
s i g n i f i c a n t  s t r a i n  d i f f e r e n t i a l s .  That is  n o t  apparent  from r e s u l t s  t o  
da te .  With regard t o  s t r e n g t h ,  t h e  e f f e c t  of dry ing  would be t o  i n c r e a s e  
s t r e n g t h  and i n c r e a s e  r e s i s t a n c e  t o  e l eva t ed  tempera tures .  Up t o  150°C 
(302OF) t h e  l a r g e s t  l o s s  of s t r . ength  observed i n  t h e  r e p o r t s  reviewed 
f o r  unsealed specimens was 30% i n  u n i a x i a l  compression. The e f f e c t  of 
t h e  h igh  temperature w i l l  be  l e s s  f o r  t h e  bulk  conc re t e  w i th  l e s s  mois ture ,  
because t h e  temperature w i l l  b e  lower toward t h e  o u t e r  p o r t i o n  of  t h e  
v e s s e l .  

Because of t h e s e  observa t ions  and t h e  g r e a t  importance of thermal  
s t r e s s e s  when ope ra t ing  a t  e l e v a t e d  temperatures ,  i t  seems t h a t  model 
t e s t i n g  is t h e  b e s t  method a v a i l a b l e  f o r  i n v e s t i g a t i n g  v e s s e l  behavior  
under a s e t  of condi t ions .  Thermal g r a d i e n t s  a r e  more r e a l i s t i c ,  as a r e  
s t r e s s  cond i t i ons ,  and t h e  movement of mo i s tu re  can  b e  more n e a r l y  
represented .  I n  a d d i t i o n ,  t h e  important  e f f e c t s  of reinforcement  can 



b e  eva lua t ed  w i t h  models. A s  shown i n  one r e p o r t ,  models without  bonded 
re inforcement  can undergo exp los ive  r u p t u r e ,  wh i l e  those  wi th  t h e  re in-  + 

forcement f a i l  w i t h  uniform crack  d i s t r i b u t i o n  i n  a c o n t r o l l e d ,  p rog res s ive  
manner. Also, t h e  e f f e c t s  of l o c a l  h o t  s p o t s  can b e  eva lua ted  wi th  
models. The hot-spot t ' e s t s  revi'ewed were i n  agreement t h a t  hot-spot 
tempera tures  of 200 t o  250°C (392 t o  4 8 2 ' ~ ) ~  f o r  up t o  t h r e e  months 
exposure,  d i d  n o t  cause  v i s i b l e  damage t o  t h e  conc re t e  except  i n  l o c a l  
a r e a s  of concrete-reinforcement  i n t e r f a c e s .  

It seems, from t h e  foregoing ,  t h a t  c u r r e n t  ope ra t ing  cond i t i ons  
f o r  PCRVs w i l l  n o t  produce any load ing  s i t u a t i o n  t h a t  cannot b e  reasonably 
inco rpora t ed  i n t o  t h e  s t r u c t u r a l  des ign .  Also,  c u r r e n t l y  known limits 
f o r  tempera ture  and r a d i a t i o n  should no t  r e s u l t  i n  any l o s s  of c h a r a c t e r  
t o  t h e  conc re t e  t h a t  could l e a d  t o  a s i g n i f i c a n t  decrease  i n  s t r u c t u r a l  
i n t e g r i t y .  The l a c k  of  knowledge regard ing  moi s tu re  movement i n  mass 
c o n c r e t e ,  and t h e  s t r o n g  e f f e c t s  of temperatures  above 100°C (212°F) on 
conc re t e  w i th  r e t a i n e d  f r e e  mois ture ,  do n o t  a l low a statement  advocat ing 
PCRV o p e r a t i o n  much above c u r r e n t  l i m i t s .  

Short-  and long-term m u l t i a x i a l  t e s t i n g  of s ea l ed  and unsealed 
conc re t e  i s  necessary  t o  g a i n  a good understanding of p l a i n  conc re t e  
behavior  a t  h igh  temperatures .  When combined w i t h  r e l i a b l e  t e s t i n g  methods 
t o  p rov ide  " r ea l "  s t r e n g t h  d a t a ,  i t  may be  shown t h a t  t h e  r e l a t i v e  e f f e c t s  
of such  cond i t i ons  a s  h igh  temperature can be  conducted wi th  u n i a x i a l  
t e s t i n g .  These k inds  of d a t a  w i l l  h e l p  t o  provide  understanding of p l a i n  
conc re t e .  But i t  must be  emphasized t h a t  v e s s e l  des ign  should inco rpora t e  
bonded re inforcement ,  and t h a t  some type  of r e in fo rced  specimen, such a s  
a model s t r u c t u r e ,  can more n e a r l y  r ep re sen t  t h e  a c t u a l  v e s s e l .  

T e s t  specimens i n  t h e  l a b o r a t o r y  a r e  u s u a l l y  p l a i n  concre te  and do 
n o t  exceed about 1 5  cm (-6 i n . )  i n  diameter  o r  t h i ckness .  The models a r e  
u s u a l l y  r e in fo rced  and/or  p r e s t r e s s e d  s t r u c t u r e s  of a few f e e t  i n  diameter  
and range  i n  t h i c k n e s s  from 0.305 t o  l .524  m (I t o  5 f t )  o r  more. Thermal 
g r a d i e n t s  a r e  app l i ed  t o  models 'but n o t  g e n e r a l l y  t o  l abo ra to ry  specimens. 
It 19 most d i f f i c u l t ,  t h e r e f o r e ,  t o  'base a p r e d i c t i o n  of PCRV s t r u c t u r a i  
behavior  on the  r e s u l t s  of smal l ,  p l a i n  conc re t e  specimens. I n  c e r t a i n  
ca ses ,  r e s u l t s  on p l a i n  conc re t e  may i n d i c a t e  l o s s  of s t r u c t u r a l  i n t e g r i t y  
t h a t  would not occur  i n  t h e  a c t u a l  s t r u c t u r e .  That i s  no t  t o  s ay  t h a t  
l a b o r a t o r y  t e s t i n g  is  n o t  u s e f u l .  On t h e  con t r a ry ,  i t  is  t h e  most e f f i c i e n t  
way t o  o b t a i n  l a r g e  q u a n t i t i e s  of d a t a  f o r  s p e c i f i c ,  bu t  l i m i t e d ,  cond i t i ons .  
It seems t h a t  t h e  most e f f i c i e n t  and pb~duct ive  program t o  determ5n.e d a t a  
f o r  PCRV des ign  would be t o  engage i n  experiments w i th  models and l abo ra to ry  
specimens of t h e  same conc re t e  mixture.  Once t h e  behavior  of t h e  r e in fo rced  
and p r e s t r e s s e d  s t r u c t u r e  is  understood and cha rac t e r i zed  a s  t o  t h e  importance 
of v a r i o u s  m a t e r i a l  p r o p e r t i e s ,  l a b o r a t o r y  t e s t i n g  on a s p e c i f i c  conc re t e  
w i l l  be  s u f f i c i e n t  t o  enab le  a p r e d i c t i o n  of v e s s e l  performance. 

There a r e  o t h e r  programs being undertaken i n  PCRV resea rch  s t u d i e s  
t h a t  have no t  been d i scussed .  The concept of a segmented v e s s e l  was men- 
t i oned ,  and i t  i s  f e l t  t h a t  s e r i o u s  cons ide ra t ion  i s  warranted.  Since 
t h e  conc re t e  coo l ing  system i s  an expensive under tak ing ,  any s t e p s  t h a t  
might a l l ow i ts  e l i m i n a t i o n . o r ,  a t  l e a s t ,  r educ t ion  a r e  a t t r a c t i v e  from 
an economical s t a n d p o i n t .  E l imina t ion  of t h e  cool ing  system i s  a t t r a c t i v e  
w i t h  regard  t o  s a f e t y  a l s o ,  because breakdown of a cool ing  system can l e a d  
t o  abnormal condi t ions  and shutdown of t h e  r e a c t o r .  The p r i n c i p l e  of t h e  . 



hot - l iner . (hot -wal l )  concept i s  t o  p l a c e  a l a y e r  of s p e c i a l  concre te  
behind t h e  l i n e r  t h a t  w i l l  b e  sub jec t ed  t o  t h e  f u l l  temperature g rad ien t .  
This  i s  a l s o  sometimes r e f e r r e d  t o  a s  t h e  s a c r i f i c i a l  concre te  concept ,  
i n  which t h e  i n i t i a l  l a y e r  of s p e c i a l  conc re t e  is  allowed t o  d e t e r i o r a t e  
a s  long a s  i t  can s t i l l  t r a n s f e r  s t r u c t u r a l  l oad  t o  t h e  main v e s s e l  
concre te .  There a r e  many s t u d i e s  under way i n  West Germany, I t a l y ,  and 
Aus t r i a  on sho r t -  and long-term m u l t i a x i a l  conc re t e  behavior ,  a long wi th  
t h e  e f f e c t s  of temperature and r a d i a t i ~ n . ' ~  I n  a d d i t i o n ,  i n t e n s i v e  
e f f o r t  is  being expended t o  develop t e s t  methods and equipment f o r  mul t i -  
a x i a l  s t u d i e s  i n  t h i s  country a s  w e l l  a s  i n  Europe. 

4.2 Conclusions 

1. The a v a i l a b l e  d a t a  regard ing  most conc re t e  p r o p e r t i e s  a r e  
voluminous and must be  ex t r ac t ed  from t h e  l i t e r a t u r e  very  d i sc r imina te ly  
t o  avoid making g e n e r a l i z a t i o n s  of d a t a  n o t  r e p r e s e n t a t i v e  of a p a r t i c -  
u l a r  s i t u a t i o n .  

2. Most p r o p e r t i e s  of conc re t e  a r e  degraded a t  e l eva t ed  temperatures .  
The degree of degrada t ion  a t  a p a r t i c u l a r  temperature i s  dependent on many 
f a c t o r s  such as mixture c o n s t i t u e n t s ,  cu r ing  h i s t o r y ,  age a t  l oad ing ,  
moisture cond i t i ons ,  number of thermal  exposures ,  and t e s t  methods employed. 

3.  S t r eng th  and modulus of e l a s t i c i t y  g e n e r a l l y  decrease  w i t h  in- 
c r eas ing  temperature,  time of exposure, f ree-moisture con ten t ,  and number 
of thermal cyc les .  The e f f e c t s  a r e  marked above 100°C (212'F) f o r  s ea l ed  
concre te .  Chemical r e a c t i o n s ,  r a t h e r  t han  s t r e s s e s  due t o  pore  p re s su re ,  
a r e  thought t o  be r e spons ib l e  f o r  s eve re  degrada t ion .  

4. The most conserva t ive  eva lua t ion  of a v a i l a b l e  d a t a  i n d i c a t e s  
l o s s e s  from unheated t e s t  va lues  of 70 and 60% ' in  compressive s t r e n g t h  
and e l a s t i c  modulus, r e spec t ive ly ,  a t  150°C (302OF). 

5. There is  no evidence t o  sugges t  t h a t  sus t a ined  exposure of 
t y p i c a l  po r t l and  cement concre tes  t o  cu r r en t  PCKV normal ope ra t ing  con- 
d i t i o n s  w i l l  r e s u l t  i n  any s i g n i f i c a n t  l o s s  of p r o p e r t i e s .  

6 .  ~ r o p ' e r t i e s  of mass conc re t e  cannot b e  obta ined  by t e s t i n g  of 
unsealed l a b o r a t o r y  specimens because of t h e  e f f e c t s  of r e t a i n e d  f r e e  
moisture.  

7. There a r e  s t rong  i n d i c a t i o n s  t h a t  s e a l e d  conc re t e  s u f f e r s  much 
d e t e r i o r a t i o n  a t  sus t a ined  temperatures  over  100°C (212"F), w i t h  lime- 
s tone  aggregate  conc re t e  being most s u s c e p t i b l e .  Increased  s i l i c a  content  
i n  t h e  aggrega tes  r e s u l t s  i n  l e s s  d e t e r i o r a t i o n .  

8. Creep is  enhanced a t  e l eva t ed  temperatures ,  b u t  t h e r e  i s  some 
evidence t h a t  a m a x i m u m  may occur i n  t h e  curve of sp ' ec i f i c  c reep  r a t e  v s  
time a t  some temperature from 50 t o  150°C (122 t o  302OF). 

9. The s p e c i f i c  creep of s ea l ed  specimens, . a t  l e a s t  a t  temperatures  
l e s s  than  100°C (212"F), i s  l e s s  t han  f o r  unsealed specimens. Shrinkage 
of s ea l ed  concre te  i s  very low, and expansion can occur  a t  h igh  temperatures .  

10. Young concre te  i s  much more s u s c e p t i b l e  t o  c reep  deformation 
than  mature concre te ,  r ega rd l e s s  of mo i s tu re  condi t ion .  

11. A s  temperature i nc reases  and drying proceeds,  t h e  c o e f f i c i e n t  of 
thermal expansion ( a )  and thermal conduc t iv i ty  ( k )  bo th  i n c r e a s e ,  But a 
changes very  s i i g h t l y  up t o  250°C (482°F). 



12. The b i a x i a l  state of s t r e s s  i s  of most i n t e r e s t  f o r  t h e  l a r g e  
p r e s t r e s s e d  v e s s e l s ,  and t h e  most r e l i a b l e  d a t a  i n d i c a t e  a  maximum 
b i a x i a l  compressive s t r e n g t h  of 1.25 times u n i a x i a l  s t r e n g t h  a t  normal 
tempera tures .  

13.  Development of r e l i a b l e  equipment and t e s t i n g  techniques t o  
e l i m i n a t e  end r e s t r a i n t s  i n  u n i a x i a l  and m u l t i a x i a l  compression t e s t i n g  
i s  impera t ive  t o  t h e  understanding of concre te  behavior ,  a s  w e l l  a s  f o r  
t h e  gene ra t ion  of r e l i a b l e  design d a t a .  

14.  The s i g n i f i c a n c e  of a  c r i t i c a l  s t r e s s ,  much lower than  u l t i m a t e  
s t r e n g t h ,  i n  s u s t a i n e d  b i a x i a l  loading  deserves  s e r i o u s  cons ide ra t ion  i n  
any s t r e n g t h  i n v e s t i g a t i o n s  f o r  i t s  r a m i f i c a t i o n s  t o  s t r u c t u r a l  i n t e g r i t y .  

15. R e l i a b l e  evidence i s  l ack ing  f o r  r a d i a t i o n  e f f e c t s  on normal 
conc re t e s ,  bu t  i t  appears  t h a t  damage may occur  a t  a  t o t a l  neutron f luence  
of l o 1  t o  l o 2 '  nut .  The f luence  l i m i t  of 1 .0  x 1021: nut f o r  conc re t e  
allowed by t h e  ASME B o i l e r  and P res su re  v e s s e i  Code should be reeva lua ted .  

16. A t  c u r r e n t  PCRV tempera tures ,  mois ture  mig ra t ion  i s  no t  s een  
t o  b e  a  l i m i t i n g  parameter  f o r  design.  Sus ta ined  temperatures  over  
100°C (212OF) cause  f a s t e r  and deeper dry ing  and would t h e r e f o r e  r e q u i r e  
s e r i o u s  eva lua t ion .  

17.  The l i m i t e d  d a t a  a v a i l a b l e  i n d i c a t e d  t h a t  hot-spot temperatures  
of 200 t o  250°C (392 t o  482OF), f o r  up t o  t h r e e  months exposure, w i l l  no t  
cause  s e r i o u s  damage t o  t h e  concre te  a t  l o c a t i o n s  away from s t e e l  r e in -  
fo rc ing .  However, c racking  a t  conc re t e  reinforcement  j unc t ions  may occur .  

18. Model t e s t i n g  should be used t o  e v a l u a t e  PCRV r e l i a b i l i t y  und'er 
a g iven  set of c o n d i t i o n s .  U n t i l  ana l .y t ica1  d e s c r i p t i o n  is  dcveloped 
t h a t  can d e f i n e  t h e  c o n t r i b u t i o n  of  t h e  p l a i n  concre te  p r o p e r t i e s  t o  
t h e  o v e r a l l  behavior  of ehe  r e in fo rced  v e s s e l ,  l a b o r a t o r y  specimens can- 
n o t  be  used t o  p r e d i c t  v e s s e l  i n t e g r i t y .  

19. Specimen t e s t i n g  should b e  accomplished by s imu la t ing  t h e  PCRV 
conc re t e  a s  closely as p n s s i h l ~ .  This   include^ cuch th ings  as the use  
of an  e a r l y  age h y d r a t i o n  h e a t  cyc l e  and r e t e n t i o n  of free m o i ~ t u r c  
( s ea l ed  specimens).  

20. The l a c k  of knowledge concerning mois ture  migra t ion  i n  mass 
conc re t e ,  and t h e  s t r o n g  e f f e c t s  of temperatures  above 100°C (212OF) 
on p l a i n  conc re t e  w i t h  r e t a i n e d  f r e e  mo i s tu re ,  do not  a l low a s ta tement  
advocat ing PCRV o p e r a t i o n  much above c u r r e n t  limtts. 

21. For r e l i a b i l i t y  and economy, t h e  i n v e s t i g a t i o n s  of h o t - l i n e r  
coacrp Ls , segmented v e s s e l  des igns ,  and new conc re t e  m a t e r i a l  development 
should  b e  pursued. The minimizat ion o r  e l imina t ion  of t h e  v e s s e l  cool ing  
system is  d e a i r a b l e .  

4.3 Recommendations f o r  Fu r the r  Study 

The fol lowing recommendations a r e  made w i t h i n  t h e  scope of t h i s  
r e p o r t  and may n o t  r e f l e c t  t h e  needs f o r  s tudy  i n  a r e a s  n o t  considered 
h e r e i n .  Although t h e  r e p o r t  was p r imar i ly  concerned wi th  conc re t e  prop- 
e r t i e s  i n  a  nuc lea r  environment f o r  t h e  HTGR, i t  i s  necessary  t o  p o i n t  
o u t  t h a t  p r e s t r e s s e d  conc re t e  primary containment s t r u c t u r e s  a r e  being 
proposed and s e r i o u s l y  considered f o r  many o t h e r  a p p l i c a t i o n s .  Thus t h e  
impact on r e l i a b i l i t y  and economy i s  more wide-ranging than  i f  based s o l e l y  
on HTGR a p p l i c a t i o n s .  



The t h r e e  a r e a s  of s tudy  l i s t e d  may have common and/or  over lapping  
requirements ,  e s p e c i a l l y  w i th  regard  t o  temperature.  

1. A major program is  needed t o  p e r f e c t  t h e  des ign ,  t e s t i n g ,  and 
eva lua t ion  of PCRV model s t r u c t u r e s .  Some of t h e  important  a s p e c t s  
involved i n  t h i s  program a r e :  
a: Development of r e l i a b l e  ins t rumenta t ion .  
b.  Determination of t h e  e f f e c t s  of thermal  g r a d i e n t s  (may e n t a i l  models 

of va r ious  th i cknesses ) .  
c .  Tes t ing  of models wi th  and wi thout  bonded reinforcement .  
d. F l e x i b i l i t y  of design t o  al low a p p l i c a t i o n  of s u s t a i n e d  e l eva t ed  

temperatbres  and l o c a l  h o t  spo t s .  
e.  De ta i l ed  chemical and m i c r o s t r u c t u r a l  examinations. 
f .  Tes t ing  of l abo ra to ry  specimens t h a t  s imu la t e ,  a s  c l o s e l y  a s  poss ib l e ,  , 

t h e  conc re t e  condi t ions  of t h e  model and t h e  PCRV. This  would inc lude  
t h e  u s e  of an  e a r l y  age hydra t ion  h e a t  cyc l e , . and  .it may a l s o  be  
necessary t o  s imula te  t h e  h igh  (PCRV) hea t  of hydra t ion  on t h e  model. 

g. Continued development of three-dimensional a n a l y t i c a l  techniques t o  
d e s c r i b e  PCRV behavior .  

The u l t i m a t e  g o a l  of t h e  program should b e  t h e  development of an  
a n a l y t i c a l  procedure t h a t  desc r ibes  t h e  model behavior  and i d e n t i f i e s  
t h e  c o n t r i b u t i o n s  of va r ious  p l a i n  conc re t e  p r o p e r t i e s  so  t h a t  reasonable  
p r e d i c t i o n s  of PCRV behavior  could b e  made on t h e  b a s i s  of l a b o r a t o r y  
t e s t  r e s u l t s .  

2. Other s t u d i e s  a r e  recommended t h a t  a r e  a p p l i c a b l e  t o  improvement 
and/or  understanding of c u r r e n t  PCRV des igns .  
a. Continued development of m u l t i a x i a l  t e s t i n g  techniques  and equipment 

( s h o r t  and long term).  Equipment should b e  designed t o  t e s t  cub ica l  
specimens, which al low i n f i n i t e  v a r i a t i o n  of t h e  t h r e e  p r i n c i p a l  
s t r e s s e s .  Tes t ing  of s e a l e d  specimens up t o  100°C (212OF) i s  r equ i r ed .  
The minimizat ion of end r e s t r a i n t s  i s  a primary problem and i s  a p p l i c a b l e  
t o  u n i a x i a l  compressive t e s t i n g  a s  we l l .  

b ,  Fu r the r  development of t h e  creep equat ion  and r e l a t i o n s h i p  of p l a i n  
concre te  t o  t h a t  of a r e in fo rced  s t r u c t u r e .  I n v e s t i g a t i o n  of t h e  
r e l a t i o n s h i p  between creep and s t r e s s / s t r e n g t h  r a t i o  should a l s o  be 
performed . 

c. I n v e s t i g a t i o n  of t h e  supposed c r i t i c a l  s t r e s s  observed i n  b i a x i a l  
loading.  

d. Refinement of a l r eady  developed techniques f o r  t e s t i n g  of s e a l e d  
specimens t o  be  used f o r  t e s t i n g  of s t r e n g t h  and e l a s t i c  p r o p e r t i e s  
a t  temperatures up t o  100°C (212°F): Tes t ing  i s  r equ i r ed  f o r  each 
p a r t i c u l a r  conc re t e  mixture  used. 

e.. R~.r.a.~lse. I.imestone is  a commonly used aggrega te  f o r  conc re t e  construc- 
t i o n  i n  t h e  U.S., t h e  i n v e s t i g a t i o n  of techniques t o  improve r e s i s t a n c e  
of l imes tone  concrete t o  proper ty  d e t e r i o r a t i o n  a t  h igh  temperatures ,  
e s p e c i a l l y  over  100°C (212'F), i s  d e s i r a b l e .  The a d d i t i o n  of s i l i c a ,  
f o r  example, might provide  one method f o r  improvement. 

f . .  More d e t a i l e d  chemical and m i c r o s t r u c t u r a l  s t u d i e s  of s e a l e d  concre te  
exposed t o  e l eva t ed  temperatures .  

g. A f e a s i b i l i t y  s tudy  of t h e  es tab l i shment  of more p r e c i s e  s t a n d a r d i z a t i o n  
f o r  conc re t e  mixtures  t o  be  used f o r  nuc lear  appl i . ca t ions .  



3. For ex t ens ions  of  c u r r e n t  PCKV des ign  c r i t e r i a ,  t h e  fol lowing 
i t e m s  of r e s e a r c h  a r e  s t r o n g l y  recommended: 
a .  Development of techniques  t o  measure phys i ca l  p r o p e r t i e s  of s e a l e d  

conc re t e  under m u l t i a x i a l  loading  cond i t i ons  a t  temperatures  w e l l  
above 100°C (212°F). This  would inc lude  sho r t -  an'd'long-term (creep)  
t e s t i n g .  

b .  An e v a l u a t i o n  of t h e  e x t e n t  of mo i s tu re  migra t ion  i n  t h i c k  conc re t e  
.at t a n p e r a t u r e s  of 100°C (212OF) and above. 

c .  Add i t i ona l  t e s t i n g  t o  v e r i f y  t h e  occurrence and/or v a l i d i t y  of a  
maximum i n  t h e  curves  o f  s p e c i f i c  c reep  r a t e  o r  t o t a l  c reep  v s  
temperature f o r  s e a l e d  concre te .  This  .would involve  long-term 
t e s t s  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of am i n f l e c t i o n  i n  t h e  creep- 
t ime behavior .  

d. Concrete  m a t e r i a l  development t o  maximize r e s i s t a n c e  t o  temperature.  
A conc re t e  wi th  v e r y  low water con ten t  might he r l ~ s i r a b l a .  Thc 
e f k e c t s  on r a d i , a t i o n  s h i e l d i n g  must be cons idered ,  e s p e c i a l l y  i f  
improvements i n  des ign  and p r o p e r t i e s  a l low f o r  a  cons ide rab le  
r educ t ion  i n  v e s s e l .  t h i ckness .  

e .  Determinat ion of t h e  e f f e c t s  of r a d i a t i o n  on p r o p e r t i e s  of normal 
p l a i n  conc re t e  and t h e  dose a t  which d e t e r i o r a t i o n  occurs .  The 
r a d i a t i o n  e f f e c t s  must b e  sepa ra t ed  from any e f f e c t s  of temperature.  

f .  A d e t a i l e d  f e a s i b i l i t y  s tudy  of o t h e r  v e s s e l  concepts such a s  t h e  
hot-wall  and segmented des igns .  
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