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n REVIEW OF CONCRE'IE PROPERTIES FOR PRESTMSSED 
CONCRETE PRESSURE VESSELS 
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R .  K.. Nanstad 

ABSTRACT 

For y e a r s ,  many r e s e a r c h  programs have been coriducted on 
t h e  p r o p e r t i e s  of c o n c r e t e  f o r  prcst-ressed concrete  reactor 
vessels ( P C K V s )  . The des:it-e f o r  i n c r e a s i n g  power o u . t p ~ t t  
a long  with s a f e t y  requi rements  ha.s r e s u l t e d  in c o n s i d e r a t i o n  
of t h e  p r e s t r e s s e d  concrete pressure vesse l  ('PCPV) f u r  m o s t  
c u r r e n t  tiuclear r e a c t o r  systems,  as wel l  as f o r  the very- 
high-temperature reactor 5 or process heat and as pr.tmar.y 
pressure vessels f o r  coal. conve r s ion  systems.  

R e s u l t s  are presented of a .BLiterature r e v i e r a  to asct 
c u r r e n t  knowJ.edge regard ing  p:laia concrete p r o p e r t  i t ~ s  innder 
condi-tions 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, The effects  of hlgli temperature. on such p r o p e r t i e s  as 
s t r e n g t h ,  e l a s t i c i ty ,  and c reep  are d i s c u s s e d ,  as w e l l  as 
changes i n  thermal p r o p e r t i e s ,  mu'l. ti.ax:i.al befaavi 01: aod the 
mecha.nrisms thought ti:, be  r e s p o n s i b l e  f o r  the &served beltra.vl.or. 
I n  a d d i t i o n ,  the effects  o f  r a d i a t i o n  and moisture migrati .un 
are d i scussed .  

1i:terature s l m w  much disagreement. as TO tb.e eEEec.ts of ti=.mperati.~~e 
on c o n c r e t e  p r o p e r t i e s  I/ The v a r i a t i o n s  i n  c o n c r e t e  ~nixttares 
curi.ng and t es t ing  procedures  age at loading  amd m o i s t u r e  
conditions during exposure  aad t e s t i n g  are BORE of ~ l a e  'reasons 
f a r  such d:isagreernent. Test resti1.t~ must he  li.ni%red, in m a s t  
cases, t o  t h e  materials and c o n d i t i o n s  of a g iven  test rather 
than  appl.:i.ed t o  such a general class of m a t e r i a l s  simcb as 
concre.te, It :is also concliided tha t  sustained E X ~ Q R U ~ ~  cr:E 
normal. concrtsp_es to current PCRV o p e r a t i n g  condi.a::i.:mns will not 

o f  knowledge .regarding e.EEects of teaperatures exceeding 
I0O'"C 4212°F) m o i s t r r x r e  migration, and m u l t i a x i a l  behavior 
pra;?cludes a s t a t emen t  advocating opera t ion  beyond cur-rent 
design 1.i.rn:i.t-s . 

011 csncrete for V C Y V S .  

It : i s  concluded t h a t  testing resul . ts  found liu the tech-n.i.ca:i. 

reSl1.j.f. SigElif.~.C.ant lOSS O f  propesti .eS kk~WeVeK I k2C.k. 

The. r e p o r t  inc.l.tides recomnends.t i ons  for  f u t u r e  ?tesearcEr 

1 



2 

in France,  England, Germany, and t h e  United States,  and more  are be ing  
des igned  and planned.  The d e s i r e  € o r  r e a c t o r s  havi.ng i n c r e a s e d  power 
ou tpu t  aloiig wi.t.h a d d i t i - o n a l  s a f e t y  requi rements  h a s  resuLted  i n  t h e  
development of  PCKVs f o r  p re s su r i z sd -wa te r  r e a c t o r s  a d  b o i l h g - w a t e r  
r e a c t o r s .  PCKVs are a l so  bei.ng planned f o r  t h e  veuy-high-temperature 
r e a c t o r s  f o r  p rocess  h e a t  and as t h e  pr-i.mary p r e s s u r e  vessel  f o r  c o a l  
convers ion  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  vessels (PCP'vs) o p e r a t i n g  under s v c l ~  c o n d i t i o n s  as 
high 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 c o n c r e t e  behaviotr under s p e c i f i c  
o p e r a t i n g  cond i t ions .  

knowledge has  been gained about  PCPV s t r u c t t i r a l  behav io r  I n  g e n e r a l  
and c o n c r e 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 o f  the acc -mula t ed  d a t a  
f o r  a p a - r t i c u l a r  p r o p e r t y ,  however, p rech ldes  reason&le c o r r e l a t i o n s  
and conc lus ions  w i t h  regard  t o  behav io r  o f  conc re t e .  The r eason  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 c o n c r e t e  mixtures and rnatr?.r:ials. 
In  a d d i t i o n ,  a c c u r a t e  s t l ructural-  r e p r e s e n t a t i o n  i n  mechanical  tes%.i.ag 
i s  a problem, s i n c e  Laboratory s i m u l a t i o n  of  m a s s  c o n c r e t e  cu r ing  
c o n d i t i o n s  and moi.sture rnigrati-on i s  n o t  a s i .mple  propos i r5on  when 
us ing  reasonahly  small t e s t  specimens.  A l l i e d  w i t h  t h e s e  problems are 
d i f f i c u l t i e s  with expe r imen ta l  t echniques  such as t e s t i n g  o f  s m a l l  
s e a l e d  c o n c r e t e  specimens a t  tempera tures  of 100°C (212'F) o r  g r e a t e r ,  
m i l l t i a x i a l  t e s t i . ng ,  and measurement of long-term behav io r .  

Oak Ridge Na t iona l  Laborar::ory is  conduct ing  a program of PCRV 
r e s e a r c h  and development.  As 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  
i s  t o  p rov ide  an assessment  of t h e  s t a t e  of the a r t  as r e g a r d s  rel .evant  
c o n c r e t e  p r o p e r t i e s  and t e s t  procedures  and i d e n t i f y  t h o s e  areas 
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  g e n e r a l  concept  of irhe PCPV and t h e  PCRV env?vj.ronment and 
then  provide  a d e t a i l e d  d i s c u s s i o n  of t h e  i-el-evant material p r o p e r t i e s  
o f  p l a i n  c o n c r e t e  wi- thin t h a t  c o n t e x t ,  

A g e n e r a l  d e s c r i p t i o n  of t h e  PCKV i s  g iuen  i n  Sect.. 2 .  I t  i s  
sugges ted  t h a t  those  f a m i l i a r  wi th  t h e  use  of t h e  PCKV i n  the higb- 
tempera ture  gas-cooled r e a c t o r  (ElTGR) and/or  i n  the gas-cooled f a s t  
r e a c t o r  systems2 proceed direct1.y t o  Sect:. 3 .  

Many r e s e a r c h  programs have been conducted and much v a l u a b l e  

2 .  PCPV CONCEP'1' 

2 . 1  PCPV n e s c r i p i i o n  

The PCPV i s  designed t o  serve as the primary p r e s s u r e  con"Linment 
s t r u c t u r e .  Al.though t h e  concept  of a PCPV i s  not  l i m i t e d  t o  n u c l e a 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 c o n s i d e r a t i o n  f o r  n u c l e a r  power 
s y s  terns and, i n  p a r t i c u l a r ,  t h e  I-ITGK. However iilost of the d i s c u s s i o n  
is e q u a l l y  r e l e v a n t  t o  many o t h e r  c o n c r e t e  s t r u c t u r a l  a p p l i c a t i o n s .  

c a v i t y  t y p e ,  used fo r  t h e  Fort St. Vrain  Nuclear  Genera t ing  Stat i .on,  o r  
PCRVs used f o r  iITGRs can b e  e i t h e r  the r e l a t i v e l y  s i m p l e  s i n g l e -  
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ashe newer and mare cor@-a mul. t icavi ty  t ype ,  used For the B r i t i s h .  
HartlepOQg and Heisham reactors and pro osed for the larger Delmarva 1 F O W e r  ZXld ld:ghk CQmpaIIy S t l m i t  Sfat toI l .  

A cutaway v i e w  of &he HTGR designed by Gea-ter<& Attsmdt (GA) Company 
is shown in I!&. 1, 
concepts" whereby the  entire primary circuit c~:.asfsting of reactor 
core, primary coalant system3 and portions of  the se.c:ortdary c o n h n C  
sys tems  Is contained w i t h i n  a s i n g l e  concrete vessel, The ~ e a c t o r  
core I s  loca ted  within a large central ciwity surrounded b v  smnf ler  
:y l indr ica l  cavities which contain the pr-&nary cooSirig system, airxi2 i.avy 
cooling Loops The s team generators and 
iielium circulators are located Sn the primary cool ing system c,ivitiea. 
These cavities are connccted, at the t o p  and bottctm, to the centra'.. 
core cavity by radial ducts and are sealed al; the  upper end by C U L I C K ~ Z ~  
plrags t h a t  support the  helium circulators. 

T h i s  des ign  is based on the so-calY.ed "iintegra9. 

and pressure relief w e l l s  a 

9 



A cont inuous  welded sheel  l i n e r ,  a t t a c h e d  t o  t h e  w a l l s  of each 
c a v i t y ,  acts as t h e  b a r r i - e r  a g a i n s t  l eakage  of t he  priuiary c o o l a n t .  I n  
t u r n ,  t h e  corxcrete wessel suppor t s  the l iner  and serves as the s t r u c t u r a l  
r e s i s t a n c e  t o  i n t e r n a l  c o o l a n t  p r e s s u r e .  F i g u r e  2 shows a typica l .  d e s i g n  
f o r  t h e  thermal  b a r r i e r  and l i n e r  coo l ing  t u b e  system. These t u b e s  are 
welded t o  t h e  7.ines and,  i n  con junc t ion  with t h e  i n s u l a t i o n ,  serve t o  
main ta in  a s p e c i f i e d  tempera ture  [about  65°C (150°F) ] a% t h e  l i n e r -  
c o n c r e t e  i n t e r f a c e  du r ing  normal o p e r a t i o n .  

A s  shown i n  F ig .  1, there are many p e n e t r a t i o n s  through t h e  vessel 
head f o r  n o z z l e s ,  c o n t r o l  rods ,  f u e l  e lements ,  p i p i n g ,  refueling s ta id -  
p i p e s ,  et@. These p e n e t r a t i o n s  are s e a l e d  t o  prevent  l o s s  of c o o l a n t .  

i.s a c t u a l l y  a spaced s teel  structure, s i n c e  i t s  s t r e n g t h  i s  de r fved  from 
a m u l t i t u d e  of l i n e a r  s tee l  elements  made up of r e i n f o r c i n g  b a r s  and 
p r e s t r e s s i n g  tendons.  PCKVs f o r  t h e  l a r g e  HTGR systems are massive, 
th ick-wal led ,  r i g h t  c i r c u l a r  c y l i n d e r s  having f l a t  heads. The vessel 
i.s p r e s t r e s s e d  w i t h  i n t e r i o r  l o n g i t u d i n a l  unbonded tendons and e x t e r n a l  
c i r c u m f e r e n t i a l  s t r a n d  windings ,  b o t h  of which are capab le  of be ing  
monitored and a d j u s t e d  i f  necessary. Some of t h e  des ign .  parameters  f o r  
t y p i c a l  gas-cooled r e a c t o r s  and PCRVs are  g iven  i n  Table  1. It m u s t  b e  
emphasized t h a t  t h e r e  are PCRV designs i n  a d d i t i o n  t o  the ver t i ca l  
c y l i n d e r  m u l t i c a v i t y  type  d e s c r i b e d  above. For  example , t h e  Marco1iS.e 
G-2 and G - 3  r e a c t o r s  employ s i n g l e - c a v i t y  hor izonta l .  o r  " ly ing"  c y l i n d e r s ,  
while Wylfa 1 and 2 vessels are Q E  spheri.ca1 des ign .  However, t h c i  
fundamental  desi-gn phi losophy and basic  ma te r i a l  c o n s i d e r a t i o n s  are s imi l a r  

3 

The PCRV i s  c o n s t r u c t e d  o f  relativc.I.jr-high-sp.rength conc re t e  and 

PCRV LINER 

SEAL SHEET 

COVER PLATE 

COOL I NG 

F i g .  2 .  PCRV L i n e r  and Class A Therii~al Barrier. Source:  PZarzning 
Guide f o r  HTGR Sa fe t y  mid ; ;n fe ty -Rdated  Research and DeveZopment, 
ORNL-4968 (May 1974) .  
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Table 1. Data for Gas-Cooled Nuclear Power S t a t i m s  

.... -I_ .I_..__I_ ..... ............. 
I; 

.......... 

aoartur Type 

Csuntry 

I J n i  t Pcwer 

Geometry of Vessel 

Warkini: Pre-sure 

P e c m i s s i b l e  C o n c r e t e  
'Tffnyezatcre 

Dianerrx oE Vesiisi 
Inside 

O u t s i d e  

H e i g h t  !Length) oi Vessel 
i n s i d e  

O s C a i d e  

Breaking LcadIWorking Lnad 

concrrre naha 

Pei i i fnrctment  

Cables 

G r a p h i t e - C O Z  MGNOX BCR m n  
......... .......................... .- ....................... 

Pranre U l i  USA PRC lXi.4. 

m(e)  $0 480 igfl7 547 m? s90 600 1 .m :w) 300 1160 

. ...................... 

_- -_ ............... - ____ ......... 
LC VC SP VC 

.- __ -- 
1b/in.2 214 428 405 616 350 384 h.35 645 b91j ;70 670 
'rp/rm2 15.0 30.0 28.5 4 3 . 3  2 4 . 6  27.0 30.5 4 5 . 3  49.0 4o.0 47.0 

9 626 770 770  770 770 177 iL47 1198 1440 I 3 8 2  1450 
'C 930 410 410 8 1 0  410 4 l d  b 7 5  G - 8  170 7% 7 b O  

'F 1 2 2  1 6 7  176 158 140 11.3 1.31 140 1 
" C  50 75 50 70 bo 45 55 5!1 

ft 4 5 . 9  
i?l 1 6 . 0  
f f  6 5 . 6  
PI 20.0 

6 2 . 3  
19.0 

6 8 . 7  
2 ! . 0  

105.0 
32.0 

3.00 

586 
25 

985 
1000 

6 2 . 3  
19.ti 
91 .5  
2 8 . 5  

11.Y.rJ 
3 6 . 3  

15l.G 
49.1  

2.51) 

855 
2 4 . 2  

781 
no0 

5 6 . 1  77.0 96.0 
17.1 23.4 2'1.26 

107.2 
3 2 .  ? 

125.5 w . 9  
38.25 18.3 

104.0 
31.7 

2.50 3.00 2.65 

6 5 4  750 
13.5 2 1 . 2  

280 1400 
284 2440  

tolls 738 2221 2540 2256 
r 750 2260 2580 2292 

65.5 
1.9.94 
Y O , ?  
27.6  

48.0 
1 1 . 7  
Y8.4 
30.0 

2.50 

44 7 
12.52  

611.1) 
!0.3 
5 6 ° C  
2 9 . 3  

2 . 5 0  

41 0 
1 1 . 6  

31.0 57.2  .37" 
9 . 4  1 5 . 9  ! 1 . 3  
61.0 31 .1 ICJih" 

ii.O 2 & , 3  3 2 . 3  

7 > . 0  50.0 
2 3 . 0  15.3 

3 2 . 0  25.5 2 7 . 7  
lOb.0 83.5 91" 

3 7 5  
4.9j 

~~ ~ 

Note: LC 1.yLng cySinder, VC -= vrirriclil cyclindar, :and SP = sperics!. 

from Plnming G&& for' W C X  ,Safezy mi 2aif>kpKslatr:d Rsssareh ami Dewlo.vnent, 03llL.-49h8 ( m y  l Y 7 & )  , added by e u t h o r .  
Source: W. Fiirste, G. Huhnerlein, and 11. G. S c h a E s c a l l ,  "PrP.StreSsed Concrete K e ~ c t n r  Vessels fo;- NucZear Power Plants 

Cuwpsred to Thick-Walled and Xul t i layer  S t e e l  Vessels," Second Lot. Con€. on Prcssurc Veisrs? Technolcfiy, P a r t  1, Ban Antordo, 
October 19 73. 



I n  a t r a d i t i o i i e l  s t ee l  pressure iiessel. the material  i s  a cont inuous 
iiiedima, and, depending oii o p e r a t i o n a l  xeqiiireinents, a t h i c k   all 1lnus'i bo 
1.1sed t o  tresJ.st t h e  i n t e r n a l  p r   UT:^ and t m p e r a t u r e .  To tles:ign l a r g e r  

s ,  ow? ntiist  tncrease the vessel. t h i c k n e s s  ( u n d e s i r a b l e  because of 
teaperat lare  g r a d i e n t s  atid f a b r i c a t i o n )  or increaae t h e  material s t r e n g t h  
LO cope w i t h  the l a r g e r  stresses (usua3.ly a t  the expense of toughness 
and i n c r e a s e d  sciisit i.ty of higher--stmngt:Jr steels t o  
acldi t.ioi2, s a f e t y  c o n s i d r r a % l o a s  Iiiave l e d  v e s s e l  des ign  
dancy of thr3 PCRV. PG~ste e's c i t e  the E : ~ l l o w i n g  e 
ii-rvol.ved i n  the  cho ice  o f  a PCRV f o r  primary coiitaimicxi:: 
1. RadiatLon i.s absorbed by t h e  concret-e;  t:ke - ease l  s e r v e s  as a 

b i -o logica l  s h i e l d .  
2 .  Leak-LLghPlIj,ti:ss i.~ S ~ C U ~ ~ C I  by the  s t ee l  J.i.ne~:. 
3 .  Rear i s  restrahed by t.he in t e rna l  i n s u l a t i o n  and the cm93.i.ng 

Al.tboiigh not mentioried, by F-ii-rstr: et aP., the PCRV i s  fPe1.d erected and is 
usua.l.1.y coris'cruc:ted w i t h  materials f r o m  the local. area; t h s y  con t inue  
with other  PCRV c h a r a c t e r i s t - i c s  : 
4 .  r e a c t i o n  t o  a b u r s t  is  such  that, af ter  decrease of p r e s s u r e ,  f i s s u r e s  

v a n i s h  and a ca tas trophy by release of radioactivity :i.s prevented;  
5 ~ t~du~-dan l i l~y  of t h e  tendons uiakes b u r s t  by b r i . t t l e  f r a c t u r e  i m p o s s i b l e ;  
6 .  c o n t r o l  of the tendons allows f o r  the p o s s i b i l i t y  of rrestressing o r  

The coplcept L I E  ioadi.ng i s  t h a t ,  under normal. op ixa t ion ,  t b ~  t e n s i l e  
stresses  created by tile internal- presstire do no t  overcome the C Q K ~ ~ I X S R ~ W ~  

stress c r e a t e d  by the v e r t i c a l  and crirc~mifejl'ent i a l  p r e s t r e s s i n g  excep t  

c a r r i e s  t h e  normal p r e s s u r e  I n a d s .  kcai.ise o f  i . t s  viscnel.astic...pl.ast:i.c 
behav io r ,  f h e  coricre2;e i s  a b l e  t o  t r a n s f e r  l oad  f r o m  liigh1.y stressed 
iegi.orrs ;o r e g i o n s  of low s t ress ,  Thus, l o c d  d e f e c t s  i n  t h e  concrete 
arc i n s i g r i i f i c a n t  . Under o p e r a t i n g  c o n d i t i o n s  the BCRV responds because  
of t h e  p r e s t r e s s ,  l i k e  ar, i sn t - rop ic  material, 

t h e  f i r s t  regiirw ~Ine vessel  behaves e l a s t i c s X y  and tlrr concrete i s  being 
unloaded as t h e  i n t e r n a l  pressure i n c r e a s e s .  I n  t he  second regime $:he 
vessel behav io r  i s  s t i l l  ~ l a s t i c ,  b u t  t h e  stress i n  the concr(:?te E e c m n s  
tensi le  and erarks begin  t o  appear. :In the  t h i r d  regime t h e  c o n c r e t e  Is 
~ 1 ~ 3 . l . y  (:)racked and the s tee l  beg ins  to deC'or-iil plastically up t o  t h e  u l t i -  
m a t e  l o a d .  It :i.s on the behsvloral b a s i s  d e s c r i b e d  t1aa.i: c a t a s t roph ic .  
fai.lim: c t E  a PCRV I s  cons ide red  inc red ib l . e , '  prcPvidi.ng the head i s  
s u f f i c i e n t l y  overdes igned .  

Costes et HI. emephzsize t h e  des i rab le .  sa.-fet:y ehsrncteristles of 
PCKVs that can p m d f  ample warabng b e f o r e  r u p t u r e .  'I'hese charac'ce-ri.sf::i cc 
are provl'ded by t h e  s t r e n g t h  and p l _ a s t i e i . t y  o f  the bonded and unlsonded 
steel. i n  t h e  stnicture, a?.mg w i t h  t h e  r i g i d i t y  of the c o n c r e t e  and the 
leak-t  i g h t n e s s  ef the l i n e r .  A l a rge  d e i i s i t y  o f  rc??.nfi.)r#rfri*g ?;eel i n  
the concrete wiIl heJ.p t o  control.  s i z -  and d i s t r i b u t i o n  of c . ~ a c - k s ~  The 
l a r g e  "c rack  openlng displacenent:" of prestressed c o n c r e t e  means t h a t  a 
crack w i l l .  b e  well extended s n d  ~ thtis, v i s i b l e  o r  de"cectable b e f o r e  v e s s e l  
r u p t u r e  can occur .  

sys Leut. 

replaci .ng thein as needed, 

locally, where a i  :ss c o n c e n t r a t i o n s  exist. The p r e s t r e s s e d  c o n c r e t e  

5 

The general. l o a d - s t r a i n  behavior  oE a PCW i s  slrrorm til Fi.g. 3. :li? 

d= 

7 
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It i s  v e r y  d i f f i c u l t  t u  develop a clear understandime of diago~aal-  
t e n s i o n  and shear fa i lures  i n  a redundant  s t r u c t u r e  such as a. PCRV, 
s i n c e  t h e  c o n c r e t e  is  f r e q u e n t l y  i n  a complex state of m u l t i a x t s l  stress. 
However, i t  is p o s s i b l e  t o  fo rmula t e  a eonservati*re design based on 
c u r r e n t  knowledge of shear in bems and s3_dasm6 
r a t i o n a l l y  designed because  of lack of  knowledge n E concrete fai lure 
under m u l - t i a x i a l  states of stress arid s h e a r  nechanisrns si Eurtlier s tudy 
is needed. 
are also impor tan t  i n  des ign  a 

behavior .  
deformation ( p r i m a r i l y  froin c r e e p  and shr inkage)  occur s .  A I  thraargh 
t h e m 1  loads do in themselves produce s l g n i f  ;cant deformaticrns of  the 
h i g h l y  redundant PCRV, c r e e p  and shrinkage ra tes  are altered by tempera- 
t u r e ,  and long-term behav io r  I s  a f fec t  ecl.’ An under s t and ing  of the 
compressive s t r e n g t h  of concrete with aging 1 orqq-timr aur ing ,  and 
v a r i o u s  thermal  c o n d i t i o n s  i s  impor tan t  because rlae c o n c r e t e  must 
remain p r e s t r e s s e d  i n  compression f o r  t h e  effective l i f e  n f  the  vessel .  
P h y s i c a l  p r o p e r t i e s  such as thermal expans ion ,  thermal eonductiviCy, 
and d i f f u s i v i t y ,  as well as t h e  mechanical p r o p e r t i e s ,  need to b e  eval- 
uated w i t h  r e s p e c t  t o  t h e i r  s e p a r a t e  or cambiried e f f e c t s  on tlie structural 
i n t e g r i t y  of t h e  vessel. S p e c i f i c  condi~inns such as t rerat.ure Y r..adiati.m 
mois tu re ,  s ta te  of stress, and age can s f f e e t  aO’*:j upei;:les and. nnhL. 

Since a PCRV cannot be 

O t h e r  propertLes of concrete, both s h o r t  tern and Iring term, 
Figure  3 r e p r e s e n t s  time-indeyeriddent 

During the d e s i g n  l i f e  of a PCRV ( 3 0  tc 40 years) irreversible 



3 .  CONCRh'l'k PKOPFKT IES 

3 .1  General  

Concrete  i s  a g e n e r a l  term f o r  a class o f  cet-ainic materia1.s which 
v.ary uide3.y i n  t l i ~ ? : . ~  properir;es ai?: their app l i caL io i i s .  The Amer5c.m 
Concre te  I n a e i t i i t e  d e f i n e s  c o n c r e t e  as I r a  composite material tihat c -nns is t s  
msen~:.i.aJ.J.y O K  a bind<. 02 riiediurn wit11-i.n which a r e  mhedded particles o r  
f r a g a e n t s  o f  aggrega te ;  i n  p o r t l a n d  cement c o n c r e t e ,  the binder  is a 
mixcure o f  pn.rtla.r*d cement and By va ry ing  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  propor t : i .ow i n  the ~ r ~ : i . x i ~ . ~ r c ,  one can  0bta:i.n eoiicretes of 
wide ly  d i f f e r i n g  p r o p e r t i e s .  'There are f i v e  types  of p o r t l a n d  cement. 
acid oti-1e-h kitids of  c:.emient as weU. Aggregztes such AS natural sand , 
nanufac tured  sand ,  c rushed  s t o n e ,  g r a v e l ,  crushed g r a v e l ,  sl.ag miaterials 
etc'. , w i . 1 1  vary considesrab1.y in their propertkes. T n  a d d i t i o n ,  o f  cour se ,  
the s i z e  an3 distribution of aggregates may be  v a r i e d  as d e s i r e d  f o r  
cer ta in  efIects.  'The wal conten t  has a g r e a t  effect: on colzi:re.i:e 
p r o p e r t i . c s ,  and, even Er a chmi.c.31 StandPolilt, v a r i a t i o n s  o f  water 
chemis t ry  between d i f f e r e n t  geograph ica l  l o c a t i o n s  can resu7.I: in rli.fEerent 
p I-O p e 1.- t i  e s . 

I n  the f a c e  of t h i s  wide range  of s p e c i f i c  c o n c r e t e  var iables ,  w e  
wi,I,l, at:teorp;-. [io direclf di .scussion toward t h e  rc l -a t ively-hlgh-strength 
s t r u c t u r a l - g r a d e  c o n c r e t e s .  For the purposes  o.E Lhis r e p o r t  , i h a t  means 
conc:re'le made by recognTized s t a n d a r d  p r a c t i c e  and w i t h  t h e  types  of 
materials used i n  PCRV col~s:ri--uc"i:l.<>il LO date .  

in p r o p e r t i e s  o f  concrr?tes used  i n  1 abora to ry  i n v e s t i g a t l o n s  and E i e l d  
constriictr'.on p rec ludes  precise comparisons of expzrirnental d a t a .  Thus, 
~rowne'O indi -ca ted  t h a t  p rec i se  c ~ a i : i i  o~ many p r o p e r t i e s  
R specific vessel des ign  and t h a t ,  because  o f  c o n s i d e r a b l e  var ia t ion  i n  
raaterials and mixture p r o p o r t i o n s  i:esi^s m u s t  be  p e  orlnrd 011 the concrete 
mixturz des igned  f o r  each vessel .  The fol.lGwi.ng section wj-11  d e s c r i b e  
the  concrc?.te m e d  thus :Far in PCRV destgri and coi is t r i rc t ion.  

6 , 1 0 , 1 1  it i s  w e l l  known, amrl o f t e n  starred,  t h a t  t he  g r e a t  v a r i a b i l i t y  

r e q u i r e c ~  f o r  

Ref rTencp. 5 p I civi d9s  dat4 conceriti ng the concrete  m i x t u r e s  used f0-i 
constrdction of the Oldbury, G 2 ,  G 3 ,  and EDF3 vessels. The follo.-.ing 
r e p r e s e n t  t y p i c a l  cha racLeLis t i c s  of PCKV concrp? r : 
1. ceaent ,  a i r  en t r , i j I l ing  typo  2; 
2. sand ,  grdcbi! tu iiiect ASlM s p t 3 t x i  Firation$; 
3 .  aggrega te ,  g r1~_ve1,  o r  l i m e s t o n e  :rushed and graded  t o  m e e t  ASIN 

6 

spc~c : i f i r a t io l i s  w j t h  s i ~ c  ahoiit ? - 5 L  cm (1 in-) o r  less; 





'Cable 2.  Mix Design gat3 f o r  Corwent c 3 n a  L C m c r e t e  
Wsec f o r  GenerE.1 irtor;r-c C[odel 2 

3077 3025 2906 2975 5948 5448 3:L89 3 L45 3089 Aggregate, 1b/y6. 

Ceaent,d sarks/yd3 6.38 6.94 6.2:t 7 . 3 5  7 .69  7 .63  5.41. 6.12 6.6Cr 
gayer,  Ibiyd2 331, 335 339 344 333 3 5 3  

C 

319 314 316 

Water-to-Cmerit Rat i o  0.555 0.517 0 . 4 4 0 0. 498 0 .458  0 .459  0 . 5 2 3  3.551; 3 ,> 5c5 

Aggregzt~-to-Ceinent Batio 5 . I 2 4 .64  3 .28  L.30 4. C'6 4 .  C8 6 . 2 2  5.47 4.92 

3nic Weight, .Lb/ft3 146.1 146.3 -148.4 1 4 7 .  G 147.9 144.; 3-50. CJ L' . A 
Slump, in. 1 1 1 2  1 518 1 :&I2 1 3 i 8  :t 1 1 2  I 211. 1 514 1 518 1 S I L ?  0 

ComprzssFve S:rength,e ?Si 

15') ? 

P 

A t  2s days 
A t  60 dags 
At 90 da:7s 

4963 5528 7067 5999 6105 64j.3 4298 5207 6260 
5006 6730 8360 6 7 5 i  7215 

5670 6380 

YoduPus of EYasticity 4 . 1 1  x -to6 
a:: 28 c lap ,  p s i  

_____ 
c. ? c e i i x  314 Is 314 i n .  nsximum-size aggregare; preEix 1 1 / 2  i s  1 1 1 2  In. mxirrtm-size aggregate.  

Hixed a t  j o 3  siLe wi,:h j o b  nAxer, b 

C.ktdesite E.roru Lyons, Colorado. 

%ype 2 portland cement from Denver, Colorado. 

eAve-rage of  three speeinens. 

Sourzz:  E, G. Znclebro;?r, i ! es tnessed  Coxcrete Rencto.r Vessels: Review of Cesign a d  Fa,L'oure Cktepia, 
.M-5902-HS, Los Aiamos Scier,tiE:ic Laboratory {May 1 9 7 5 ) .  Work done by T e s t i r i g  Engixee.rs, I n c . ,  San Dfego, Calf€.  
SI:G Plastinent war.er-seducing ,agent ssed in all nixes ( 2  o z .  per sack of  ce:ser,tj. 



Preferred property 

High compressive strerigth 
at P.,orrnal and elcvared 
temperature 

G o d  mix workability 

............................................. - 
High density 

Idow elastic and creep de- 
.......... ....................... 

formation uodcli load 

............ ................... 
Low drying shrinkage 

High thermal conductivity 

. . - . ~  
hmonizy to radiation 

damage 

Reasons 

To ensure gocid cornpactiori iri plac- 
ing, pnrticiilarly in areas where 
high conceiitraticins of reinforce- 
merit arid prcsiress ducting exisr 

'To pxovidir good neutron and 
gamma ray atsstirytiarr prupcixies. 

...... . 

To reduce movements and fhg: re. 
distribution of stresses under vary- 

To reduce prestress tosses. 

pera.tul-e stresses.. 

ing load ana tei-npcraturc CYC~SS. 

........... -. ...... __ . __ .. ... .................. -. .... - 

To rediice snavenients and ten- 

Yo minimize the coolxng c.ystcrn re- 
quired tu keep the vessel concrete 
at a pepermissibfe temperature. 

To minimim the possible deteriota. 
tion of concrete in high irradiated 
areas 

Source: R. De B r m e ,  '?Properties of Concrete i n  ~ e a c t o r  ~ e s s e l s ~ "  
group 6,  paper  13, Conference on Prestressed Concrete Pressure Vessels, 
Westminster, S.W.I . ,  March 1967. 



1.2 

p J a i n  conc re t e  t o  t h o s e  i n  IUASS c o n c r c t e -  The t e r m  'IIMSS concre te"  
i s f e r s  LO c o n c r e t e  a s  used, i n  massivr s t r u c t u r e ?  a d  i s  de f ined  as: 
"Any 1 a r g e  u o l m e  of cas t - in-p lace  conc re i e  v i  rh dinensioils l a r g e  
e  ugh i o r.squi TO, thaL musures  h e  takori t o  cope 4 r h  ths general  ion 
o L h e a t  and a t te r l r la r t  volume chang:, t o  n in imizc  crar-king - For  FCRVs , 
i l r icknesses  of 4 fs77 f ee t  1 0  mure t h a n  30 € E  are of concern.  In a d d i t i o a ,  
t i ,=  mig rd t ioa  of f rcc  moi s tu re  i n  a iudqsive s e c ~ L o n  w l l l  no t  n e c e s s a r i l y  
be r ep resen ted  by a s m a l l  l a h o r a t o r g  specimen. Thus,  a primary concern 
i n  PCKV c o n c r e t e  i n v e s t i g a t i o n s  is the modeling of mass c o n c r e t e  i n  the 
l z b o r a t o r y  . ~ X J  s has 2 m e r d ; l y  been accomplished by spa1 i n g  t h e  s p ~ c i -  

aad i t s  c f f , > c t s  on n v ~ h a n i . c d  propert  i:.s w i l l  be  d i scussed  l a t e r .  

1 3  

is a g a i i l s t  loss of f ree  r n o i s t i i r ~ .  The moibture  migratLon problerr, 

3.3 E f f e c t s  of Temperatiire 

As previous1.y iiierrtioned, t tmpera ture  i s  an  impor tan t  erwironmental  
pai-amei:t::- i n  s PCRV. P C W  des igns  t o  d a t e  have provided f o r  e l a b o r a t e  
cooli.ng sys-terns and insulation b a r r i e r s  (10 m a i n t a i n  1 5 c o n c r e t e  a t  a 
relat ive1.y ].ow temperatcrx-e. An exan~pJ.e of t h i s  system i s  sfiowil i.n F ig .  7. 
f o  i- t h e  GA-des:i gned HTGR. '1:echnical d i s c u s s  ion of .th LS coo l ing  system 
i s  not  irstr?nded; rai-Iier> the  point. t o  he  emphasized i s  that t h e  procedures  
I rqui - red  ircix. cljoli ag  t h e  coi-tcrete arc e l -ahora te  and t lwreiore,  f ~ 0 1 1 1  

f a b r i . r a t i o n  and o p e r a t i o n a l  viewpoi.nts expensive.  Designs o f  PCRVs 
re lat ivi l  1 ii al1owabJ.e r o i ~ c r - t e  teilpel:<3.f:tires are n e c e s s a r i l y  c o n s e r v a t i v e  
because of a l a c k  of kilowledge sf co-ilcrete behavior  a t  e l e v a t e d  tempera- 
t u r e s .  An uncierstaiiding of h igh- tempera ture  behau to r  i.s a l s o  r q u i - r e d  
t o  assure safei;y i n  the event  of a c c i d e n t a l  over- temperature  and/or 
o v e r - p ~ e s s u r e  c o n d i t i o n s .  

'In t h e  PCKV .fox- t h e  a p p r o p r i a t e  condi ' i ions (noma1 o p e r a t i o n ,  et?<: .) . 
A s  Seeti, t h e  tempera ture  should  1iot exceed 65^C (150°F) a t  the l i n e r -  
conc re t e  i n l e r f a c e  and i n  (:he b u l k  c0ncret .e.  B e t w ~ e x r  coo l ing  t:iibes ( n e a r  
t h e  l i n e r ) ,  93°C (200" i s  g iven  as t h e  m a x i m u m  a l lowab le .  For cornpar%-- 
son, Table  1 pcovi.des d e s i g n  tempera ture  l i m i t s  f o r  soiil,e existi.rrg 
P C R V s .  Thus, PCRV designs t o  dat-c: s h o w  a w i d e  range of a l lowab le  c o n c r e t e  
tempera ture  from 45°C (113'F) f o r  Wylfa LO 80°C (176°F) f o r  St. Lauren t .  
The al. lowsble teriiptrrature drops  a c r o s s  t h e  w a l l  range from 1 5 O C  (59°F) i n  
WyLfa t:o 50°C (122°F)  f o r  the French vessel .6 
al I.owable tempera tures  are very  l o w  compared wi til t h e  r e a c t o r  c o o l a n t  
te inperatures  , and e f  f ect:i.ve therinal barr-ici!rs are requi . red,  especial.1.y 
:€or the HTGR. 

_- - 

Tahle 4 g i v e s  t h e  ASHE code tempera ture  I . imf t s  f o r  v a r i o u s  l o c a t i o n s  
1 2  

I n  any case, t h e  iziaxirnum 

Although lrhe c o n c r e t e  of a PCRV i s  i n  i t s  Beast stressed c o n d i t i o n  
du r ing  noimal opera t ion ,  concern f o r  compressive s t r e n g t h  is  vnl.id, 
because  t h e  c o n c r e t e  i s  unde r  A compressive stress d u r i n g  nonopera t ing  
c o n d i t i o n s  owing t o  the a x i a l  arid circumferenciai prestressi .ng forces.  



Extreme Environmental 

Table  4 .  Condi t ion  Ca tegor i e s  and  Temperature L i m i t s  
f o r  Concrete  and P r e s t r e s s i n g  System 

Temperature 
Load Category Area Limits, F 

Construction Bulk concrete 130 

Normal Liner 
Effective at liner-concrete interface 150 

Bulk concrete 150 
Bulk concrete with nuclear heating 160 
Local hot spots 250 
Distribution asymmetry 50 
At prestressing tendons 150' 
Liner interface transients (twice daily) range 

Between cooling tubes 200 

1-150 
Abnormal and Severe Environmental Liner 

Effective at liner-concrete interface 200 
Between cooling tubes 270 

Bulk concrete 200 
Local hat spots 375 
Distribution asymmetry 100 
At prestressing tendons 175 
Liner interface transients range 100-200 

Liner 
Effective at liner-concrete interface 300 
Between cooling tubes 400 

Bulk concrete 310 
Local hot spots 500 

At prestressing tendons 300 
Distribution asymmetry 100 

Liner interface transients range 100-200 

Pressurized condition 600 

Failure Bulk concrete 
Unpressurized condition 400 

NOTE : 
( I )  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 , ' I  ASME Boi le r  and P r e s s u r e  Vessel Code, 
Section 111, Div i s ion  2 (1975). 
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Al.;o, the cnncpr:i for e l e v ~ t r d - t ~ ~ p - r r a t l . i r e  bphavi o i  stems f ~ c ) m  t l t e  f a c t  
t h t  the co i ic re t r  77'1 1 be hot  d t r r  rc3,)ctor siiutdowm arrci, because  of no 
i n t s i - n a l  prP::SiI1c, w i l l  be  subjei- ted t o  t h e  1fl;lxiJIwIn compressivs  ?Cresses 
at the e l e v a t e ?  t < > u ; ) ~ 4  * L u r e  o r  poqqi 'u le  tensile s i rcsses  i r x  the event  of 
p o ~ L o p e r a t i o n a 1  cool  down o f  t h c  PCKV. 

I n  d i s c u s s i n g  s t reqLi i  i :?s t ing o f  conc re t e :  ~ ~ ~ ~ i 1 1 ~ ~  p o i n t 5  o u t  
t l t r l t  on ly  suf f iLie i i ;  l y  s t i f f  machiars L an provide  L L L E  r e p r e s e n t a t i o n  

as n ~,ilue of s t r m g t b .  F igu re  4 s h o ~ w  t y p i c a l  s i i c l s s - s t r a i n  curvcs  f o r  
c o n c r r t e  in u n i a x i a l  compressLon t e s t e d  at v a r i o u s  s t r a i n  ra tes .  Cinere 
i s  a danger  i n  ass iming  t h a t  t h e  pc<-k stress is t h e  cjttesc at f a i l i i r t ' ,  
and t h a t  l iehavior ,  uiiric*r dec ieas ing  st3-a i II ia i  PS i ~ i t h  c o n s c q w n t i a l  
r e d i s t r i b u i  irjn of  S ~ S E S S ,  i s  n e g l e c t e d .  Figiil-c (J s;ic>wq thaL Ihe peak 
stress d i d  n o t  I hauge npprzc iab ly  biii i hat behavior charigpd d r a m a t i c a l l y .  

In cxaminlng concrctr L.Z;Z r e s t ~ l t s ,  onr  m u s t  a lwqs  kecp i n  rnind 
that  d i f f e r e n c e s  i n  c n n c r P t e  can be q i i i t ~  substan1 i d 1  and t h a t  e x p e r i -  

i cLchrk i q u e s  f o r  e v d u a t i n g  el-,vated-tcziii:,f7;1tui e propei  1 j ~b d ie  
n o t  stcindsrdiLcd aind aJ e d i f f i c u l i  i o  perfo-m. Thris, wCde v a r i a t i o n  
i n  d a t d  should  be expecirJrl, arid c o n f l i c t i n g  r t2sul ts  can b e  foiitid %a t h e  
l i  t e r a r u r e .  

h e h v i o r  and that care must b e  taken i n  using the peak scress 
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Fig .  4 ,  S t r e s s - S t r a i n  Curves  f o r  Concre te  i n  Compression. Source: 
J. W. i l oug i l l ,  " S t r i i ~ t u ~ a l  Propert:ies i) E Concrete:  A Review," l e c t u r e  X 
of l e c t u r e  notes from .the program; Prestressed Concmte IucEear L?eactor 
Structures, March 19 68. 



Tan6 states that t h e  strcsngt'ti of c o n c r e t e ,  Pike i ts  modulus of 
e l a s t i c i t y ,  is  b e l i e v e d  to b e  v e r y  l i t t l e  a ove r  t h e  tempera ture  
range  used i n  the c u r r e n t  PCRV des igns .  However, h e  p r e s e n t s  t h e  d a t a  
of Hannant," which show t h a t ,  a t  100°C C212"F) 
concrete (Limestone aggrega te )  s u f f e r e d  a 30X l o s s  of compressive 
s t r e n g t h  (compared w i t h  the r e f e r e n c e  28-day s t r e n g t h )  F u r t b e r  tests 
a t  150°C (302'F) r evea led  a s t r e n g t h  g a i n  for t h e  d ry  (unsealed)  c o n c r e t e ,  
hu t  t h e  s e a l e d  c o n c r e t e  s t r e n g t h  dec reased  f u r t h e r  f o r  a t o t a l  1.0s~ of  
40%. Results frorn Saemann and Washa's'' tests on an unsealed g r a v e l  
c o n c r e t e  showed a r e l a t i v e  s t r e n g t h  of 88% at 75°C (167*I") and $OX a t  
100°C (212°F) .  F u r t h e r  i n c r e a s e s  i n  t empera tu re  r e s u l t e d  fr t  a r e l a t i v e  
s t r e n g t h  of abou t  105% a t  200°C (392°F).  Thc? a u t h o r s  oEfered expla- 
n a t i o n  €or t h e  r e s u l t s .  

of concrete and emphasized t h e  i.mportance o f  age a t  t e s t i n g ,  As he 
s t a t e d ,  the properties a f t e r  28 days of mois t  s t o r a g e  a t  rnum ternperat.ure 
are cons idered  s t a n d a r d ;  however, i t  is  known t h a t  c o n c r e t e  wiZL cont iriue 
t o  g a i n  s t r e n g t h  w i t h  age i f  m o i s t u r e  i s  a v a i l a b l e  Cor cont inued  h y d r a t i o n .  
HIP t h i s  r e g a r d ,  he r e f e r e n c e s  tes ts  by W i t h e y  a i n  which 50-year-old 
specimens had streiigths of 35.8 and 44.8 MPa (5200 and 6500 p s i )  oorripared 
w i t h  their 28-day r e f e r e n c e  s t r e n g t h  of 1 3 - 8  MBa (2000 p s i ) ,  s t r e n g t h s  
of 260 and 325% of r e f e r e n c e .  Davis a l s o  p r e s e n t s  p r e v i o u s l y  utipublished 
d a t a  j.rt which specimens w e r e  moist-cured for 28  days,  a i r - d r i e d  u n t i l  
90 days o l d ,  hea t ed  f o r  2 weeks at t empera tu re ,  and tested at room temper- 
a t u r e .  Based on a 90-day r e f e r e n c e  s t r e n g t h ,  28-day mois t  c o n c r e t e  had 
only  78% of r e f e r e n c e  s t r e n g t h  a t  2Q'C (68°F).  Davis states t h a t  s p e c i -  
mens which are more o r  less s a t u r a t e d  w i t h  w a t e r  a t  the time of test have 
lower compressive s t r e n g t h  than  d ry  specimens a ThPs  is  an i n t e r e s t i n g  
p o i n t  which was made wi thou t  the b e n e f i t  of much d a t a  on cvncsetre spec i -  
mens s e a l e d  a g a i n s t  m o i s t u r e  loss .  Davis a t r r i b u t e s  t h a t  effect  t o  t h e  
presence  of po re  water du r ing  t e s t i n g  and s a y s  t h a t  i s  why some r e s e a r c h e r s  
(such as Hannant, Saemann and Washa) no ted  a 10 t o  40% s t r e n g t h  loss from 
66 t o  l49*C (150 t :o 300°F') and less  compressive l o s s  a t  h i g h e r  t empera tu res ,  
With r ega rd  t o  t e s t i n g  a t  t h e  exposure tempera ture  (hot  t e s t i n g )  o r  e l eva ted -  
t empera tu re  exposure  fol lowed by t e s t i n g  at. room tempera tu re  (co ld  t e s t i n g ; ) ,  
navis concluded t h a t ,  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  a r c :  i n c u r r e d  
w i t h  co ld- tesced  specimens. The e f f e c t  o f  thermal. c y c l i n g  w a s  cons ide red  
by Davis, and he states t h a t  t h e  loss in s t r e n g t h  f o r  c o n c r e t e  s u b j e c t e d  
t o  wide f l u c t u a t i o n s  in t empera tu re  has been observed to be two o r  t h r e e  
t i m e s  as great as f o r  c o n s t a n t  exposure  to high t empera tu re ,  depending 
on t h e  s e v e r i t y  of thermal  c y c l i n g .  He d i d  n o t  r e f e r e n c e  m y  s p e c i f i c  
i n v e s t i g a t i o n s .  
however, which shuws s t r e n g t h  drops t o  73% f o r  20 thermal c y c l e s  of 
38 t o  200°C (100 t o  392'F). For a c y c l i c  p a t t e r m  of 38 t o  350°C (100 t o  
662"F),  the s t r e n g t h  was 60% a f t e r  1 c y c l e  and 65% a f t e r  20 c y c l e s  (90-day 
r e f e r e n c e ) .  Thus, h i s  d a t a  do n o t  s u b s t a n t i a t e  the  conc lus ion  r e g a r d i n g  
c y c l i n g .  Davis concludes by s t a t i n g  t h a t ,  f o r  c o n s t a n t  exposure  t o  
66 t o  93°C (150 t o  2 0 0 ° F ) ,  t h e  ~ O S S  i n  s t r e n g t h ,  i f  any, is q u i t e  s m a l l ;  
and f o r  t empera tu res  as h i g h  as 260 O K  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  i s  o r d i n a r i l y  t o l e r a b l e .  

unsealed and s e a l e d  

Davvis, in a review paper,  d i s c u s s e d  the high-temperature strength 

H e  p r e s e n t e d  some p r e v i o u s l y  unpubl i shed  Banford d a t a ,  
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Campbel.l--;4llefi, Low, and R o p e 1  p re sen ted  d a t a  oii unsea led  conc re t e  
exposed t o  h igb  t e a p e r a t u r e s  and co ld - t e s t ed .  They a l s o  performed I : ' ne rma l  
cyc l ing  tests (o iw to  t e n  c y c l e s ) .  They found t h a t  up t o  2SO"C (482°F)  
the l o s s  of coinpressive s t r e i lg th  a.fter one cyc7.e i s  s m a l l  ( < I O %  l o s s ) .  
However , f o r  ; 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  

6 4  and 60% r e s p e c t i v e l y .  Oiii? tes t  was perforiced on 90-day-cured conc r2 te ,  
and one exposure t : o  3 0 0 ° C  (572°F) r e s u l t e d  i.11 a s t r e n g t h  of 86% ~f r e f e r e n c e .  
The a u t h o r s  s t a t e  thaii l eng thy  cu r ing  p e r i o d s  above 28 days do n o t  i.mprove 
the h e a t  r e s i s  tarice o f  c o n c r e t e  t e s t e d  i.n compression. The i r  coi ic lusion 
was based on one tempera ture ,  one c y c l i c  ra te ,  and only  t:wo r e l a t i v e l y  
siiorii c u r i n g  t i m e s  (especial.1.y coinpared w:i.tli the  mass concrete i n  a PCRV) . 
I n  a d d i t i o n ,  t h e  90-day conc re t e  was 20% s t  g e ~  t han  a t  2 8  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  avioir du r ing  tes t i -ng 'The 
reference speciiuenr; f a i l e d  w i t h  a loud  explos ion:  i n d i c a t i n g  hi.&:? d i s s i -  
p a t i o n  of energy ,  whereas t h e  h e a r r d  cylindeTr; f a i l e d  gen%I-y. They 
atlrr-iliute t h a t  t o  the d i f f e r e n c e s  i n  e l a s t i c  moduli. and strength. 

conc re t e s  w i t h  va r i . a t ions  i n  aggrega te  and cement. Some spectmezs were 
s u b j e c t e d  t o  thermal  cycli .ng,  and a l l  tests weye performed a t  room tc:iflpc?r--. 
a t u r e  on unsea led  specimens.  The speciinl?ns wi th  l i!nestone 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  wieli i n c r e a s i n g  temperati-ire as show11 
i n  P i g .  5. The rilost marked e f fec t  a t  65'C (1~43°F) i s  the  r e d u c t t o n  i n  
compressive s t r e n g t h  o f  t h e  a l l -b imes tane  concreLe (with cement 2) t o  
less t h a s  75% of r e f e r e a c e .  Sus t a ined  exposure a t  65°C (149°F) fo-r  
the s a m e  c o n c r e 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  the s t r e n g t h .  As seen  
i n  F ig .  5 ,  the f i . r s t  c y c l e  at. 200 o r  300°C (392 o r  572O'P) c a u s s s  most 
of t h e  r e s u l t a n t  danage t o  s t re r ig th ,  and cont inued  c y c l i n g  causes  f u r t h e r  
d e t e r i o r a t i o n .  Cement 2 d i f f e r e d  from cement 3 (bo th  p o r t l a n d  cements) 
p r t 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  a lumina te ,  Tn a d d i t i o n ,  
t h e  concre'ce i n c o r p o r a t i n g  t h e  f i r e c l a y  b r i c k  showed t h e  besi: niechanical 
p~~perties, whi le  t h e  l imes tone  c o n c r e t e  dek c io ra t ed  tihe most. The same 
obse rva t ion  w a s  made i n  this r e p o r t  as i n  a p rev ious  one1' with r ega rd  
t o  observed f a i l u r e  behavior .  That i s  t h e  uriheated specimens fai.1.ed 
suddenly w i t h  a loud  r e p o r t ,  while a f t e r  h e a t i n g ,  f a i l u r e s  were gradual.  
aiicl with l i t t l e  noise .  I n  addi-t.ioa, tes ts  o f  aggregatie 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'E') r e s u l t e d  i o  CIG r e d u c t i o n  f o r  
the  f i r e c l a y  b r i c k  and a 10% r e d u c t i o n  f o r  l imes tone .  

ts G I ~  gravw1. c o n c r e t e  i n  w h 5 c h  
t hey  i n v e s t i g a t e d  the e f f e c t  o f  unsea led  and seded  cur ing  a t  20°C (68°F) 
and 8 0 ° 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 eng th  
of conc re t e  i s  s u b s t a n t i a l l y  reduced if young c o n c r e t e  is  s u b j e c t e d  t c : ,  

8 0 ° C  (176'P) h e a t i n g .  Three months o f  moist c u r i n g  a t  20°C (68°F) 
f o l h w e d  by 8 0 ° C  (176'F) heati.crg r e s u l t e d  i n  only a 7%; s t r e n g t h  loss. 
H Q W ~ V ~ ~ ,  f o r  specimens s u b j e c t e d  t o  8 0 ° C  ( 1 7 6 O F )  heat ing  one day a f t e r  
c a s t i n g  f o r  1 3  w e e k s ,  t h e  s t r e n g t h  a t  8 O o C  (176OP) w a s  only 38% of 
r e f e r e n c e  s t r e n g t h  [based on 20'C (68°F) curi .ng].  Thus l:he authoscs 
emphasize t h e  i inportance o f  a. 1-engthy t i m e  for h y d r a t i o n  t o  t a k e  pl-ace 
a t  lower t empera tures .  

74x of refere , w h i l e  f i .ve  and t e n  c y c l e s  a!: 3 0 0 ° C  (572°F) res:il.t:ed i n  

Cainpbell-Allen and Desai" perlrii-mied t t s  o n  many d i - f i e r e n t  

Kawa'nasa and Haraguchi" performed t 
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Tihe e f f e c t  of sustaii2ed stress dur ing  h e a t i n g  of c o n c r e t e  was 
i n v e s t i g a t e d  by Abram22  on g r a v e l  and expmded s h a l e  c o n c r e t e s .  
tests w e r e  performed on s t r e s s e d  and u n s t r e s s e d  spectinens 
l i t is t ressed specimens were hea ted  and then  co ld - t e s t ed  f o r  r e s i d u a l  
compressive s t r e n g t h .  R e s u l t s  f o r  tb.e s i l f c e o u s  aggrega te  c o n c r e t e  are 
shown i n  F i g .  6 .  
on companion specimens t e s t e d  at. 2 1 ° C  (70°F) w i t h i n  t w o  days of t h e  
hea ted  specimen tests i n  the same group. 
c e n t e r  oE t h e  c y l i n d e r  recorded  a 75% re la t ive  humidi ty  (performed with 
control.  specimens f o r  each group) .  As shown i n  F i g .  6 ,  the specimens 
hea ted  i n  t h e  u n s t r e s s e d  c o n d i t i o n  and co ld - t e s t ed  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 i r eng th .  For exposure t o  200°C (392°F) , t1i.e 
s t r e n g t h  decreased  t o  8-52, w h i l e  exposures  t:o 370°C (698°F) and 700°C 
(1292°F) r e s u l t e d  i n  res idua l .  s t r e n g t h s  of 65 and 10% respec t i . ve ly .  Tu 
comparison, the u n s t r e s s e d  specimen which was ho t - t e s t ed  d i d  n o t  sub- 
s t a n t i a l l y  dec rease  i n  stren.gt1-t u n t i l  400°C (7S2"F) had been reached  s 
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 f e w  p e r c e n t  up 
t o  400°C (752°F) and a t  650°C (1202°F) s t i . 1 1  r e t a i n e d  50% s t r e n g t h .  

1101s 
wb.ils some 

Reference s t r e n g t h s  Eo?: t h e i r  tests were determlined 

Tes t ing  was 3egun when t.he 

Fig .  6 .  S i l i c e o u s  AggTegate Concre te  Compressive SLrength vs 
Temperature and Stress. Source: M. S .  Abrams "Compressive S t r e n g t h  of 
Concre te  a; Temperatures t o  l€OO°F," ACI SP-25, Temperature m d  Concrete 
(1370). 



r ' -   us, s t r e s s i n g  the concrete even t o  0.25 fC?'* (fc 
had a b e n e f i c i a l  e f f e c t  over t h e  entire t m p e r a t u r e  r a n ~ c ,  Abrams 
s t a t t ? ~  tha t  P l a l k m ~ r ~ ~ ~  attributed t h e  s m a l l c ~  s t rena l  '3 l o s s  ue,drs the 
st mcessml s o r s d i t i m  to a retardation of crack formation,  Figures  1 8 ,  
and 9 d e p i c t  t h e  effect of aggregate  t y p e  on the  strengt'n wider  the  
various condi t ions  shorn e 'There is  not a g r w t  4.ilr'fe.n.aqr~ between thc 
varic~us coi~creces u n t t l  a t empera tu re  of  about .;OO"C (932*P) 1s rea-bed, 
at whrch point the s i l i c e o u s  gravel. concrete ISS~?S s t ~ ~ i - i g i ' l t  s j l o s t  r ap id ly  
w i t h  increasing t empera tu re  Concerning t h e  effect  of stressing durmi- 
heatiIig3 the stress level (whether 0.25, 0.40, or 0 3 5 5  fc'*) had B l t t i a a  
e f fec t  on. t h e  compressive strength cf concrete at: any g i v m  t w t  t e m p e u c  
ture. These results were also independent of: (13 o r i g i n a j  strength c i  
t h e  concrett4, ( 2 )  aggrega te  type ,  and (33 test tempera ture .  Also,  original 
s t r e n g t h  had lit t l e  t o  do w i t h  subsequent strengLtn behavior  for a l l  t-ypes 
of tests. Thus, Abrms  r e s u l t s  showed that  specimens stressed danrir~g 
bea t ing  retained higher s t r e n g t h s  than the u n s t r e s s e d  and ckat: uns t resseJ  
specimens s h w e d  greater strength lass Ln cold testing t h m  in Errs  t: test:+ a<; 
The la t te r  p a i n t  a g r e e s  with t ~ a e  observations of ~avis.'~ 

= o r i g i n a l  strength) 



P i g .  8. Compressive S t r e n g t h  vs Temperature for Various Concre te  
Mixtures .  Source : M. S. Abrarns "Compressive S t r e n g t h  of Concrete a t  
Temperatures t u  1600°P," ACI SP-2S, Temperatwe cxrzd Concrete (1970) . 
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2 14 .. Nasser Luncluded that up to lQO'C (212°F') the compressive streti th 
$ 5  of m a s s  c o n c r e t e  i s  n o t  tn f lurnced  a f t e r  early age.  Kavina and Shalom 

concluded t h a t  the e f f e c t  of t empera rc re  a t  c a s t i n g  and early cu r ing ,  
w i t h i n  t h e  range  o f  1 5  t o  45°C (59 t o  113'P), on compressive s t r emgth  
of c o n c r e t e  made w i t h  p o r t l a n d  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, p o s s i b l y ,  
a l s o  on i t s  f i n e n e s s .  They f e e l  that: s y s t e m a t i c  studlies of p o r t l a n d  
cement c o n c r e t e  with v a r y i n g  composi t ion  w i l l .  h e l p  t o  e x p l a i n  t h e  
mechanism of  tempera ture  e f f e c t  on s t r e n g t h .  

r e s e a r c h ,  s t a t e d  t h a t  results of Hannant Parkin~on,~ and C ~ m p b e P l - h ~ ~ l e n  
and Desai2' i n d i c a t e  that when Limestone c rushed  rock  materi a4s are used 
w i t h  o r d i n a r y  p o r t l a n d  cement, the r e s u l t a n t  s t r e n g t h  of cone-rete heated 
t o  90°C (194°F) can b e  reduced to 60%. They conclude  t h a t  I_hestane 
shauld  be avoided as a PCRV c o n c r e t e  aggrega te  because  of' t h e  thermal  
i n c o m p a t i b i l i t y  between t h e  c o a r s e  a g g r e g a t e  and t h e  cement paste. Thus, 
t hey  would limit a g g r e g a t e  s e l e c t i o n  50s p r e s s u r e  vessels to rnedium- 
s i l i c a - c o n t e n t  c rushed  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 ,  etc,) o r  t o  
f l i n t  g r a v e l s .  The e a r l y  t empera tu re  c y c l e  i s  mentioned by Browne atid 
B l u n d e l l  as a n  im-portant f a c t o r  t h a t  will tnfluence t h e  compressive s t r e n g t h  
of m a s s  c o n c r e t e .  That is, t h e  r a p i d  rate of h e a t  e v o l u t i o n  produced 
du r ing  t h e  i n i t i a l  s t a g e s  of cement h y d r a t i o n  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 igu re  IO shows r e s u l t s  of e a r l y  ,age h e a t  c y c l i n g  
( t o  s i m u l a t e  h e a t  e v o l u t i o n  of in s i t u  m a s s  c o n c r e t e )  on l imes tone  
c o n c r e t e s 2 9  and a s i l i c e o u s  
e a r l y  h e a t  c y c l e s  of about 35°C (95'F), and t h e  I-imestone c o n c r e t e  w i t h  
t y p e  I cement w a s  s u b j e c t e d  t o  a 53°C (127QF) c y c l e .  The authors  s t a t e  
t h a t  t h e  l i m e s t o n e  c o n c r e t e  is  most a d v e r s e l y  a f f e c t e d  by t h e  early age 
h e a t  c y c l e  and tha t  t h e  s i l i c e o u s  c o n c r e t e s  are a f f e c t e d  t o  a far lesser 
e x t e n t .  T h i s  i s  t r u e  as r e g a r d s  t h e  a b s o l u t e  magnitude of t h e  e f f e c t .  
However, i t  appea r s  from t h e  d a t a  shown t h a t ,  f o r  t h e  35°C heeting, the  
l imes tone  c o n c r e t e  ( t y p e  I V )  d i d  not experienize a s t r e n g t h  r e d u c t i ~ a a  at  
28 days compared w i t h  t h e  s t a n d a r d  cured  specimen. Also ,  at 220 days,  
t h e  h e a t e d  l imes tone  c o n c r e t e ,  a l t hough  15% less s t r o n g  t h a n  the s t a n d a r d  
c u r e d ,  i n c r e a s e d  i n  s t r e n g t h  t o  I4Q% of r e f e r e n c e .  The s i l i c e o u s  ~1:9ncrete, 
on t h e  o t h e r  hand, o n l y  i n c r e a s e d  t o  120% of r e f e r e n c e  a f t e r  700 days.  
It is  t r u e  t h a t  t h e  l imes tone  c o n c r e t e  s u b j e c t e d  t o  a 53OC (127'F) early 
h e a t  c y c l e  exper ienced  a s t r e n g t h  r e d u c t i o n  t o  only 70% of r e f e r e n c e .  
That is s i g n i f i c a n t ,  b u t  no comparable d a t a  are shown f o r  t h e  s i l i c e o u s  
c o n c r e t e  w i t h  which t o  b a s e  a comparison f o r  t h a t  hTgher- tmperature  
h e a t  c y c l e .  It is presumed that Browne's and Lapinas '  s t u d i e s  w e r e  
conducted on unsea led  specimens. 

e a r l y  age hardening  a t  SO'C (176°F) showed t h a t  a g r a v e l  c o n c r e t e  had 
only  38% of  the compressive s t r e n g t h  of a s t a n d a r d  cu red  specimen, Y e t  
t h e  s t r e n g t h  r a t i o  of c o n c r e t e  cured  i n  s e a l e d  condl r ion  a t  80°C (176'3') 
t o  c o n c r e t e  cu red  i n  s e a l e d  c o n d i t i o n  a t  20°C (68OF) was 185% a t  1 week, 
120% a t  4 weeks, and 105% a t  13 weeks. 

t h a t  c o n c ~ e t e  
s a t u r a t e d  by m o i s t u r e  e x h i b i t s  less s t r e n g t h  a t  ' t emp e ra t  ure 
t h a n  d r y  specimens i s  oE fundamental  concern t o  d i scwsloa  of concrete 
s t r e n g t h  i n  a mass c o n c r e t e  situation, 

Brow-ie and Rlundel l  26 i n  t h e i r  rev iew paper  on c o n c r e t e  p r o p e r t y  
2 7  

Both t y p e s  w e r e  s u b j e c t e d  to 

me r e s u l t s  of Rawahara and Haraguehi, d i s c u s s e d  p?33&3US8y, on 

The p r e v i o u s l y  d i s c u s s e d  o b s e r v a t i o n  by Davis' 

tankard et  a l ,  3 o  i n v e s t i g a t e d  
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Fig .  10.  E f f e c t  i)f Hydration on Concrete S t rength .  Source:  
R. 1). BrovEe and K .  B lunde l l ,  "Relevance of Concrctr  F r o p e r t p  Research 
t o  P r e s s u r e  Vessrl Design ," ACT SP-34, Concrete for  NztcZear Neact-ors, 
p p .  69-102 ( 1 3 7 2 ) .  

C O T I C T ~ L ~  p r o p e r t i k s  w i t h  t h a t  situation i n  mind Thei r  s tudy was 
d i r e c t e d  a t  d e t e r i n h i n g  the e.€ c t s  of rno.i.atilre c o n t e n t  on s t r u c t u r a l  
pt.-c>pert:iets of c o n c r e t e  a t  tempera tures  up t o  260°C (500°F) . Concre tes  
r ~ i t h  g r a v e l  o r  I i i w s t o n e  aggregafes  and t y p e  71 cement were s t u d i e d  
vi. t h  water/cement r a t i o s  of 0.40 and 0.42  respect ive1.y" 
specimens 1 0 . 2  m ( 4  in.) i n  d : i h ~ ~ t c ? i r  and 20.3 cm (8  i n . )  long were 
cured i n  100% humidi ty  f o r  28 to 209 days. T h e  z ~ u t b o r s  perfo-med h o t  
an.d co ld  res King on unsea led  co-ncrete heated a t  a~:mosphe:ric prossurci! 
as well as h o t  and cold t:i.st::i.iig on coiicaete heated a t  s a t u r a t e d  steam 
press i i~e  ( r e f e r r e d  t o  as s e a l e d  c o n c r e t e ,  a l though no actual. s e a k i n g  o f  
.the spec imens  wit11 aa Empeimillahle cover ing  was used) i n  an agtocl-ave 
devi-ce. I n  a l l  caseis heaciiig t n  t h e  d e s i r e d  ternpeira1:iire was carried 
out  sl.ow'ly t o  m i  t i imize  temper2ture g r a d i e n t s .  

The s e a l e d  specimens that: w 2 r e  tested hot were hea%ed under wai-er 
i n  the p r e s s u r e  devl.ce sh-own i n  F i g .  11. The device used p r e s s u r e  seals 
and a be l lows  assembly which al lowed a p p l i c a t i o n  of a cnmpressivo load  
Lo t h e  spec imem w h i l e  iuair i i ia i i ibg an  equi..li.b.t:i.um p r e s s u r -  around then:. 
Icr a d d i t i o n ,  t h e  e n t i r e  assembly w a s  p l aced  i n  a furnac-e for  lieatling. 

Cyl-indr-Lcal. 
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Fig .  11. P r e s s u r e  Can Test :  Assembly. Source: D e  R, BAankard et al. * 
E f f e c t s  of Moisture Content an the S t r u c t u r a l  P r ~ p e r ' c i e s  of Portland II 

Cement Concrete  Exposed t o  Temperatures up t~ 500"P," AT1 SP-25, TtWpera- 
ture m d  Concrete (1970). 
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The tempera tures  an,d cor responding  i:.ilnes at temperacure f o r  i1I-w im- 
s ~ l . e d  speciiiaens were 260°C ( 5 0 O O P )  (75 d a y s ) ,  190°C (374°F)  (82 d a y s ) ,  
121°C ( 2 4 9 ° F )  (91 d a y s ) ,  and 80°C (176*Fj  (3&.-1.01-7 clays). Figi i res  1 2  and 1.3 
show thei.r d a t a  i o  c urisealed l-not-. and c o l d - t c s t e d  concrete specime-iis , 
us ing  l imes tone  aiid g r a v e l  aggrega te s  r e s p e c t i v e l y .  Borh I imes tone  m d  
g.1-avel concretes f Lrs t s'nowed increases i n  compressive s t r r n g t h  compared 
wi th  t h e  r e f e r e ~ ~ e  s t r e n g t h  (as cu red  28-day strength 011 s a t u r a t e d  su r face -  
d r y  specimens) ,  whether  t hey  were rested. h o t  o r  c o l d .  AI: 3.90°C (374'F) 
the col-d-Lested l imescone c o n c r e t e  decreased t o  about 98% of re ferex ice 
~77'.th t h e  hot-t:csted limeatotirr specimens mot decreasing t o  t h a t  l sve l  
unt i l .  260°C (500'P) - O n l y  the cold- tes ted  series of t h e  gravel .  c o w r e  
resulted i n  a streng'ih decrei2Sc?9 and that  di-d no t  OCCUT u n t i l  260°C 
(5OO'F) , w i t h  ihe strength being 30% of r e f e r e n c e .  'The priilsauy obser- 
vation made by the a u t h o r s  w a s  that t h e  e f f e c t  of test t e q e r a t u r e  on 
t h e  compressive s t r e n g t h  oi' bo th  unsealed concretes heated Ear long times 
up t o  260°C (500°F) was 0n.e pro1)Iem wi th  r e p r e s e n t i n g   he 
r e s u l t s  as t h e  e f f e c t  of e l e v a t e d - t e m p e ~ a ~ u r e  ~ X F O S U ~ ~ .  01% s t r e n g t h  i s  
that  irhe r e f e r e n c e  s t r e n g t h  was based only  on t h e  as-cured,  s a t u r a t e d ,  
sur face-dry ,  28-day s t r e n g t h .  1It would l x  of interest t:o use a reference 
strength based on specimens t h a t  had been air-dr i -ed a t  .room tempera ture  
10-i- the v a r i o ~ s  l eng ths  of t i m e  corrgspoilding t o  the h e a t - - ~ ~ r e a i x d  speci- 
lilei:ts. Tnat i s  n o t  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 i n a p p r o p r i a t e ,  
s i n c e  m o s t  c o n c r e t e  iirixtlu re a p e c i f i c i a t  i o n s  .tor P C W s  awtd other  s t r i~c tu res  
r e q u i r e  the a t i a i m i e n t  of a c e r t a i n  s p e c i f i e d  s t rengl ih  a t  28 days.  how eve^, 
beyond 28 days , h r t h e r  cemcrni :  h y d r a t i o n  would resiiit i n  a contiaria1 
strengtlh gain, and the a c t u a l  e f f e c t  of e l e v a t e d  tempera ture  as a s i n g l e  
parameter could b e  eva lua ted  iuore d i r e c t l y .  

ORN1.- DWG 75-18207 
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F i g .  12.- Compressive S t r e n g t h  vs Tei iqerature  f o r  Limestone  concrete, 
Unseal.ed. Soiirce: D.  R.  Lankard elr. a l . ,  " E f f e c t s  of Mois tu re  Content  on 
the S t r u c t u r a l  P r o p e r t i e s  of P o r t l a n d  Canearat Concre te  Exposed t o  Tei iperatures  
up t o  500"F," ACI SP-25, Tempe~aiura z r z d  i'oncrek (1970). 
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1 ~ 1  tlLC! $IF seai.ea Cooc.rete, tile test t empera tures  and carre- 
sponding fog-room c u r i n g  t h u s  were 80'6 ( 1 7 6 ' ~ )  (15c) days) ,  121°C (24gQk'b  
CIS? days) 190°C ( 3 7 4 V )  (180 days) anel. 260°C (500"??1 (260  days) e In  
this case the r e f e r e n c e  s t r e n g t h  was taken on c o n c r e t e  fog-room-cured 
f u r  185 days at room t e m p e r a t u r e ,  The holding t i m e  ac testing tenpera-- 
ture w a s  20 t o  28 h r .  The r e s u l t s  v f  h o t  t e s t i n g  under s a t u r a k e d  steam 
p r e s s u r e  c o n d i t i o n s  are shown i n  Fig.  14 for t h e  g r a v e l  c o n c r e t e .  The 

w h i l e  f u r t h e r  r e d u c t i o n s  t o  70 and 48% took place at 196 and 260°C ( 3 7 4  
and 5OO"F), r e s p e c t i v e l y .  The results ob co ld  t e s t i n g  of specimens 
fo l lowing  heating under s a t u r a t e d  s t e m  p r e s s u r e  i n  a convent iona l  auto- 
clave are d e p i c t e d  i.n Fig. P i e  T e s L s  were  conducted on ly  a t  221 ,ad 260°C 
( 2 4 9  and 500°F) for this series. hl.1 spechens  were fog-room-cured from 
95 to 221 days p r i o r  t o  cestfng. As indicated i n  she f i g u r e ,  some 
specimens r e c e i v e d  v a r i o u s  c y c l e s  of a i r  and autoclave exposures .  For  
the gravel c o n c r e t e ,  510 st rength r e d u c t i o n  took p l a c e  a t  121°C ( 2 4 9 ° F )  
and, i n  fac 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  conditions shown. 
At 260"6 (5Qdj'F) the specimen hea ted  f o r  one cycle was reduccd t o  602 of: 
r e f e r e n c e  s t r e n g t h ,  while the specimen khat  w a s  autoc4.a~e-he;~t-op(31 ed thrw 
t i m e s  w a s  reduced to only 80% of rcferct1c.e. The Siaiestorie concrere  silowed 
redUGtiOnS t o  87  and 93% a t  121°C (249'F) f o r  one and three a u t o c l a v e  cycles 
r e s p e c t i v e l y .  At 260'6 (500'F) the spechens w e r e  independent of c y c l e s ,  
and both one- and three-cyc led  specimens were seduced t o  45% o f  r e f e r e n c e .  

COKlpEESSiVE! Strtngth 121'c (249"P) W a 6  redUCed. t@ a ' S O i L ~  772 O f  T - e f e r i ? r l C f ? ,  
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Fig .  1 5 .  C o m p r e s s i v e  S t r e n g t h  vvs Temper2.t ure fJr  G r a v e l  and Limp- -  
s t one  ConcreCe; Autoclaved. Source: D. K. JAankard et a1 " E f f e c t s  of 
M o i s t u r e  Content on t l ~ k  S i - r t i c t u c a l  P r o p e r t i p s  o f  P o r t l a n d  C e m e n t  Concrete 
Exposed to Temperatures up to 500"E," ACI SP-25, Teqpemtu2~e ond Concrete 
(1990) .  



For t h e  l i m e s t o n e  concrete r ehea ted  i n .  air af te r  one aut:oclave cyc le  
the strengtZi w e n t  TO 120% at 1 2 1 ° C  ( 2 4 9 ° F )  and 78% at 260°C (MO"F;r> a 
"Thus the Pimestone aggrega te  concrete st1.owed t h e  grear.est  r e d u c t i o n  i l l  

res:i.duc?l strength fol lowing exposure  t o  e l e v a t e d  teimpet: 
autoclave envirhsnmetlt 1/ 

The a u t h o r s  concluded t h a t  concrete w h i c h  r r r  
e x h i b i t s  g r e a t l y  reduced ec;8mpressP:.e strciitigt:h a.t e 

s t u d i e s  us ing  unsea led  specimens cannot b e  u s r d  Lo pred  Lei r  t he  Be~i.ra.vl.or 
of s e a l e d  specimens. I n  addition, t b ~ y  mtec.omm~nd tha t  siliceous aggs-egares 
be utilized for s t r u c t u r a l  c o n c r e t e  a p p l i c a t i o n s  in \d~i.c:h the jfree mobstitre 
w i l l  be  r e t a i n e d  OD P-ieatl.ug. Its is di.ff:lca.de t u  make a c:omparison betw 
tbe  ho t  s t r e n g t h  and r e s i d u a l  (co ld)  s t r e n g t h  i n  t1asi.a s t u d y ,  Fscxw.se t.he 
specimens that were autoclaved t o  h igh  t empera tu re  and then ccao2.ed and 
~ ~ e s t e d  ciintairzed less free water than the  specimens h o t - t e s t e d  in tile 

Another rna.gor s t u d y  a f  i n t e r e s t  i s  t h a t  p e ~ f o n n e d  b y  Certero and 

compared w:i.tlr eoracrete wlmli.c:h i s  allowed e:ia dry  z They s:a:e rirat: . 

p r e s s u r e  can QPfg. srs. 
Pol %vka3 at: the  U n i v e r s i t y  of C a l i f o r n i a .  They perfta:rme.d expe::r:imtant:s 
similar to those u f  Laakard et. E d . ,  I.n that they ee.sced s e a l e d  and unsea.lf-:if 
specimens a t  elevated t empera tu res  and coiltducted ccn1.d ta?i-,ts for 
strength. 
cured f o r  98 days a t  room t empera tu re  i n  the  s e a l e d  condition. The c:asr1crr:i3re 
mixture cons is ted  of type  11 p o r t l a n d  cement and E b e s t c m e  sand aggregate 
( f i n e  and c o a r s e )  w i t h  a w/c r a t io  of 13.425 and a 2$-day cmpressi:ve 
s t rength c3f a.bout 44.8 MPa (6500 p s F ) ,  wDedmen.t gages 

They USE& 15.2- by 45-7-Ctii ( 6 -  by 18-in,) C O ~ G T P _ ~ ~  CY 

t h e  SpeChenS fQT mE!aS"r471P?e!l~S of Strains and t@KipeX'atUTeS - k!'rrsi1.3 -?:E 
3 2  

tlheir techniques and 5ns trmentation are pro ed in a :;eZ"urate pa.per m 
The basic f a c t o r s  which t h e y  cons idered  'were: sustained temperatiirri.  of  
149°C (300"Fj , c.ycling to 1 4 9 " C ,  influence of free-moisture contem.~, sind 
d i f f e r e n c e s  between h u t  arid cold  tes t ing ,  Figure 1 6  shows the des ign  o f  
t h e i r  sealing system, consisting of a O.038-cm-thi~k (0.0:1.5-f.n. 3 c:sppe-r 
jacket  s ilver-soldered to copper end plates and provided ~ 5 t h  m o : L  c'tarsre 
seals at t h e  Lead w i r e  p e n e t r a t i o n s .  F igure  1 7  sh.ows ii schemat ic  of the 
i n s t r u m e n t a t i o n  sys tem used  f o r  bo th  sealed and unsealed spec.:bens e The 
coiiqxess-ive s t r e n g t h s  are compared w i t h  reference specimens which were 
s e a l e d  and cured  f o r  98 days a t  21°C (70°F) having an ave rage  eompri 
s t r e n g t h .  of 44.2 MPa (6420 psi). 
tsype of test .  Specimens t e s t e d  d r y  had t h e i r  contai.riers purictaxred p r i o r  
t o  t e s t i n g  t o  a l low f o r  moisture escape ,  

The r e s u l t s  of a l l  t h e  t e s t i n g  are shown i n  Table  5 for compressive 
s t r e n g t h  (and other prope.rtfea t o  be d i s c u s s e d  l a t e r ) ,  F i g u r e  18 shows 
t h e  results f o r  s e a l e d  and unsea led  (dry)  specimeris h e l d  a t  149°C (300aF) 
f o r  var ious lengths of t i . m e  and tested hot, A5 shown, t h e  dry spc".cimetas 
l o s t  about 10% of t h e i r  s t r e n g t h  initially b u t ,  a f t e r  sewm days ,  had 
regained st re .ngth back  t o  that of  t h e  c o n t r o l  spechen ,  
mens, on t h e  other hand, con t inuous ly  l o s t  strength. w i t h  increasing t i m e  
a t  tempera tures  u n t i l ,  a t  25 days ,  only 29% of r e f e r e n c e  s t r e n g t h  r e m a i n e d ,  
Wktb  r ega rd  t o  the ef fec t :  of t h e m i i d  cyc.ling on t h e  ~ o m p r e ~ . s ; i ~ e  s t r e n g t h  
[29--150-2P"C (70-300-70"F)l t h e  d r y  specimens w e r e  not a f f e c t e d  srignifi-  
cnntly. In fac t ,  f k v e  thermal  c y c l e s  u e s d t e d  in s l i g h t  i n c r e a s e s  i n  
s t r e n g t h  f o r  the d r y  specimens. F igu re  1 9  d e p i c t s  the effect  o f  6.he mmbek- 

Only one specben was used  % o r  each 

Tbe sealed speci-  
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6 IN. BY 18 IN. 
CONCRETE 
CYLINDER 

I 

F i g .  1 6 ,  T e s t  S p e c h e n  and S c a l i n g  Assembly. Source: V.  V .  Bertero 
and M. P o l i v k a  "Influence o f  Thermal- Kxposure om Mechanical Character- 
i s t i c s  o f  Concreti?," ACT S P - 3 4 ,  Concrete f o r  iYucZear Reactors, pp. 505-31 
( I  972) .  
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TO HEAT CONTROLLER 

---LOADING PLATE 
TO BLANKET 

CONTROLLER 

4 -IN, 
STRAIN QAGE 

MICROMETER -" 
THERMOCOUPLE- 

LOADlNG PLATE 

COPPER PLATE .--.----- 

SPECIMEN 
TESTED AT 70°F SEALED SPECtMEN 

TESTED AT 300°F 

Fig .  17. Instrumentation used During Compression Tests. Source: 
v. V. Bertero and M. Polivka, "Influence of Thermal Exposure on Mechanical 
Characteristics of Concrete," ACI S P - 3 4 ,  Conmete f o r  NucZem Reactors, 
pp. 585-31 (1972). 
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'Cable 5. E f f e c t  of Typc cE Ther~al Treatment on Mechaniral 
Chi -ar  i ~ r i s t i c s  of C o n ~ ~ e t e  
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Souzce: V .  V .  R C K ~ ~ C O  and 14. P s l i v k a ,  "Influence of Thermal 
Esrposurr on Mechan i ~ - a l  CharacterisLics of Concrete ," ACI SP-34, Covlcrete 
f o r  & d e a r  Kemtors, pp.  505-31 (1972) e 
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Fig. 18. Compressive Strength vs T i m e  a t  Temperature, Sealed and 
Unsealed. Source: V. V. Bertero and M. PoLivka, ""Zfluense of Thermal 
Exposure on Mechanical Characteristics of Concrete." ACI  S P - 3 4 ,  Concret-e 
foz~  Jluelenr Reactors, pp. 58.5-31. (1972) 
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Fig. 19. Compressive Strength vs Number of Thermal Cycles, Sealed. 
Source: V. V. Bertero and PI. PoZivka, "Influence of Rerrnal Exposure on 
Mechanical Characteristics of Concrete, ACI S P - 3 4 ,  Concrete f o r  IliucZem? 
Reactors, pp.  505-31 (1972). 



of t-l-~eimal c y c l e s  on the rotlYpi:essi-.de s ' r rength f o r  5ea.l  e d  sprc.imiens t e s t ed  
a t  2 . 1 . O C  (70'P:) and 143*C (300°F). 'The speci.mens t e s t e d  a t  l 4 9 O C  (309°F) 
gave s l i g h t l y  lover  strexigiiir t han  t h e  o m s  co ld- res ted  for res- idunl  s t r e n g t h ,  
h u t  110th hot  aad c o l d  tcs I:j-ag showed r.oiiCLncid dec';eaSes i n  st:re11g?'rr as 
t h e  nm-nhet- o f  I:ieai-ii~g cyc les  i n c r e a s e d .  

from c h a t  o f  s i m p l e  exposul-s t o  elevated t~x?cratizre.  The specimens 
con ta in ing  free mois tu re  were s i g n  i . . i icantly a f f e c t e d  by h e a t i n g  t i m e  a t  
143°C (300°F),  ~d~:-=.ec?s specimens allowed t o  dry d i d  n o t  exper ience  a l o s s  
of  compressive s t r e n g t h  e i t h e r  duri.ng cnn'iiimuous exposure a t  149 * C  (300'F) 
f o r  seven  days  o r  d u r i n g  f:i.ve tbe-mtal c y c l e s  t o  149'C (300'P). 

Berter:? ar?d Pol ivka  a l s o  r e p o r  rt:lm:C i n  t h e  type  of fail i lrc.  
between sealed a i d  iirisealed specinens.  The mode of failure :for t h e  d r y  
specimens was sudden and b r i t t l e ,  w l d e  tiif sealed specimens f a i l e d  i n  a 
[tIi:)re ducti1.e i f ixmer.  T h e  s t u d i e s  of b o t h  r e f s .  19 and 20 r e p o r t e d  I.oud, 
sudden fai.l.ures f o r  unheated spec imem and grn t i . e  fiii.l.ures f a r  specilmens 
exposed t o  e levated.  terilpt~.raf.iirc..:;. It: .is n o t  understood why Bertero and 
Po:Li.vka's d r y  sp imens exposed t o  elevated I:miti':?raturc? f a i l . 4  i n  a b r i t t l e ,  
l o u d  manner, whi3.n  lie oti ie~:  i n v e s t i g a t o r s  r e p o r t e d  slow, gcmtlp f a i l u r e s  
f o r  d r y ,  hea t ed  concrecc: '1L'h.e p r i r r a ry  e o r c l u s i o n  of t h i s  work i s  , as was 
the case f o r  Lanksi-d e t  al., t h a t  t h e  main parameter  fcir observed d e t e r i -  
o r a t i u n  of concrrKe strecigtl-I a t  e l e v s t e d  teinpcrature appears  t o  br?. che 

It ts d i f f i c u l t  i n  c h i s  s t u d y  t o  sepni-ate the e f f e c t  of t.hei:mal c-yc7.ing 

cont;:I ~.tu"l~g preseiic- of moi s tu re .  
Nascer and Lohti .a3'  petrfo-med zests on sealed c o n c r e t e  specime-rrs a l s o .  

Thei.i- t e s t s  were d e s i g m d  t o  invcs t i sa tzc  t h e  ef Fects of el.evated teiipera- 
t u r e  on m a s s  c0ncrei.c lor re!.atjively 1.oIig pe r iods  of t i x n c .  They trested 
7 . 6 2  X 23.5 cm ( 3  x 3 l / l c  i n . )  c y l i n d e r s  made w i t h  type  III high-ear iy-  
strength cement:, The agg-t--g:j.tes were c.omposed o f  do1omiI:e and hornli lend. 
A high waterjcment r a t i o  of 0.6 wa.s used ,  and speetmens were s e a l e d  
a g a i n s t  l o s s  of ~ m i s i u r e  Immediately a f t e r  c a s t i n g  Speciri ler~s n o t  
suh j  ected t o  t e a p e r a t u r e s  a b o w  2 1 O C  ( 70°F) w e ~ e  s c a l e d  i n  po1ypropyl.en.e 
j a c k e t s .  3'' For h i g h e r  ternperatares  0.16-cxn t h i c k  (1/1.6-i.n.) , 8.25-cm-diaiii 
(3.25-in.) welded s t ee l  pi.p~::j were used  f o r  s e a l i n g  csnt.ainers. Spc!c:i.mens 
w e r e  hea t ed  e i t h e r  at 1 day a f t e r  c a s t i n g  (concrct:e h) os: I 4  days after 
c a s t i n g  ( c o n c r e t e  E ) .  T i m e s  o f  exposzr:! were e i the r  1, 3 ,  7, 14, 28, 56, 
91 ,  o r  180 days.  

and removed f imi  t h e  coii-iai:il~~i-. Testi.isg WELS t h e n  p2rformed a t  room 
I:(?.ifip<<ratlire. T h e  authors do n o t  s t a t 2  the amollnl: n f  t b ~  t h a t  passed 
f r i 3 ~ 1  ~ m ~ o v a l  of the specime:~. *LO t e s t i n g  , except t h a t  rmioval  and test:i.ng 
occur red  i c r  t he  same day. Presumably,  t h e  spec.imens WETC :lot a l lowed t o  
aiw--dry except  f o r  the short: I:ime it took  io weigh and t e s t  them i n  enm- 
press ion .  The reference s t r e n g t h  i n  each case was based 011 t h e  s t r e n g t h  
of s e a l e d  c o n c r e t c  cured  a t  2 1 O C  (70'F) f o r  the same l e n g t h  of t i m e  as 
was the p a r t i c u l a r  heat-exposed spcci.men. T a b l e  6 provides t h e  resul 11s 
o:F Nasser and 1 ,o l i t i . a '~  c o l d  t e s t i n g  f o r  t h e  re la t ive  compressive s t r e n g t h  
a t  v a r i o u s  ages and tapesat:i.nre.r; F i g u r e  20 i s  a g r a p h i c a l  represenrar.ion 
o f  the  daLa 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  f;he d a t a  f o r  c o n c r e t e  B acco rd ing  t o  ttic:? r a t i o  o f  pe rcen tage  
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  results in 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  high temperatures caused 

_- ~ ' o l l o w d n g  h e a t  exposure,  s p e c l m m s  were cool.sd t o  m o m  ternperati ire 



33 



34 

6000 I . 
(421.81 

4000 
(281 2 )  

2000 
(140.6) 

F i g .  20.  Residual  Cornpressivp Strength vs Temperature and hze,  
Sealed.  Source: K. W. Nasser and R. l-'. L o h t i a ,  "Mass Concrete P r o p e r t i e s  
a t  High Temperatures," J .  Am. Concr. Inst. 68: 1 8 M 6  (March 1 9 7 7 ) .  
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F i g .  21.  Residual  Compressive S t r e n g t h  vs Temperature and Age, 
Sealed .  Source: K.  W .  Nasser and K. P .  L o b t i a ,  "Mass Concre te  P r o p e r t i e s  
a t  High Temperatures," J .  hi. Concr. Ins&. 68: 180436 (March 1 9 7 1 ) .  
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specimens (as long as 180 days ) .  In  a d d i t i o n ,  specimens were tes6ed 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  tempera ture  or coo led ,  and 
t e s t e d  a t  room temperature.-. Other  specimens were exposed t o  thermal  
c y c l i n g  f a r  v a r y i n g  numbers o f  c y c l e s  and rates. 

would appear  as shown il l  P i g .  22 .  
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 
range ,  w h i l e  those f o r  sealed c o n c r e t e  ( c l o s e d  symbols) €all toward t h e  
lower p o r t i o n .  

It i s  t h e r e f o r e  not s u r p r i s i n g  that a p l o t  of Lhe re fe renced  d a t a  
:Ct can be  seen  t h a t  t h e  d a t a  p o i n t s  

This  i s  expec ted  from p r e v i o u s l y  d i scussed  r e s u l t s  and 

(DAYS EXPOSURE 3 
AT T E M P E R A T U R E )  

0 50 coo 150 200 250 500 350 400 450 500 
E X P O S U R E  T E M P E R A T U R E  ( "C)  

Fig .  22 Compi.l.ation o f  Data on Compressive S t r e n g t h  v s  Temperature.  
Source g iven  f o r  each curve .  
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ampli-ffes t h e  concern  expres sed  f o r  reduced compressive s t r e n g t h s  sf mass 
c o n c r e t e  having s u b s t a n t i a l  L~mount s of retained nroi staar:? I Rerrero and 
~ 0 1 i v h ~ ~  r e p o r t e d  losses u p  t o  71% a t  ~ 4 . 9 " ~  ( 3 0 0 " ~ )  
r e p o r t e d  only a 30% loss of  s t r e n g t h  a t  200°C (392*P). 
ence  i n  t h e i r  r e s u l t s  of  s e a l e d  specimen rests is t h e  t ime of  expa-mire 
t o  t h e  el-evated t empera tu re .  Lankard s specimens w e r e  h e l d  a t  temperature  
f o r  on ly  20 t o  26 h r  p r i o r  t o  t e s t i n g ,  w h i l e  Ber te ro  and Polivka v a r i e d  
exposure  t i m e  from 4 h r  t o  25 days.  The l o s s  of 71% f o r  the Patter tests 
were o b t a i n e d  f o r  t h e  25-day exposure ,  w h i l e  L i - 1 ~  4-hr exposure r e s u l t e d  
i n  on ly  a 30% l o s s ,  comparable t o  Lmkard's 28-hr results., hdditionslly, 
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  tes t ,  w h i l e  Bereem's was accom- 
p l i s h e d  w i t h  an a l l - l i m e s t o n e  a g g r e g a t e  e 
which  w e r e  allowed t o  lose free mois tu re ,  the greatest s t r e n g t h  Boss at 
200')C (392°F) was 30% as r e p o r t e d  by Canipbell-Allen and  14e:;aia2' That 
d a t a  w a s  a l s o  f o r  a c o n c r e t e  w i t h  a n  a l l - l i m e s t o n e  a g g r e g a t e ,  Even a t  
300°C (572OF) t h e  g r e a t e s t  r e p o r t e d  Loss f o r  unsea led  concrete was 40%. 

exposure on t h e  compressive s t r e n g t h  of c o n c r e t e  are cons idered  L o  be 
s i g n i f i c a n t  on ly  f o r  t h e  s e a l e d  c o n d i t i o n ,  t h a t  is, Xor the crpndition 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  m o i s t u r e .  l l iscussion of t l w  iiiechsnisrns 
r e s p o n s i b 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  will be  p resen ted  
a f t e r  t h e  s e c t i o n s  summarizing expe r imen ta l  d a t a  f o r  other c o n c r e t e  prsp-  
erties. Thus f a r ,  o n l y  u n i a x i a l  compressive strength has  been considered 
S ince  t h e  PCRV c o n c r e t e  is 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 stress, 
c o n c r e t e  m u l t i a x i a l  s t r e n g t h  w i l l  b e  d i s c u s s e d  i n  a l a t e r  s e c t i o n .  

3 0  WFLIC ~ a n k r l r ~  et ax. 
 he majar d f f f c r -  

F o r  t h e  unsea led  s p ~ c i m e n ~  

2 0  

Thus, up t o  300°C (572OP), d e l e t e r i o u s  e f f e c t s  of e l e w a t e d - t ~ p e r a t u s e  

3 . 3 . 2  E l a s t i c  P r o p e r t i e s  

F i g u r e  23 shows a t y p i c a l  diagram f o r  tlhe s t r e s s - s t r a i n  r e l s t i o n s h f p  
of c o n c r e t e .  As  shown i n  t h e  f i g u r e ,  t h e r e  are var.fous accepted imthods 
of measuring the e l a s t i c  modulus €or c o n c r e t e  when t h e r e  is  no straight 
p o r t i o n  t o  t h e  curve.. The i n i t i a l  t a n g e n t  modulus i s  of l i t t l e  p r a c t i c a l  
importance,  and t h e  t a n g e n t  modulus a t  any p o i n t  a p p l i e s  on ly  t.0 v e r y  
s m a l l  load changes about  t h e  point of tangency. Because COS the c reep  
c h a r a c t e r i s t i c s  of c o n c r e t e ,  even. a t  room tempera tu re ,  the dependence of 
i n s t a n t a n e o u s  s t r a i n  on t h e  speed of l oad ing  makes t h e  demarca t ion  between 
elastic and creep s t r a i n s  d i f f i c u l t .  Thus, t h e  s e c a n t  modulus satislies 
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 dur ing  load ing  fs consfdered  

I n  
a d d i t i o n ,  t h e  chord modulus is 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  cu rve ,  sometimes encountered  
a t  t h e  beginning  of compressive load ing ,  r e s u l t i n g  from s h r i n k a g e  c r a c k s .  
Some r e s e a r c h e r s  u s e  t h e  s e c a n t  modukus (at v a r i o u s  stress levr.1.s; i .e . ,  
20, 30, and 50% of u l t i m a t e  l o a d ) ,  w h i l e  o t h e r s  have used t h e  chord modulus 
o r  t a n g e n t  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 s c u s s e d  thus f a r ,  
one can  measure  t h e  dynamic modulus o f  e l a s t i c i t y  by measurement o f  n a t u r a l  
f r e q u e n c i e s  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) 

elastic, and any subsequent s t r a i n  i n c r e a s e  is regarded  as creep. 3 5  
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F i g .  23. Methods f o r  Determina t ion  of Concre te  Modulus of Elasti.c.i.ty . 

P o i s s o n ' s  ra.f::Lo, 11, i s  the  ratio between t h e  l a t e ra l  s t r a i n  and a n  
appli.ed a x i a l  s t r a i n .  Fo r  o r d i n a r y  and J.i.gh:ilwei.ght coiicxeile Po'isson's 
r a t i o  varies i n  the range 0.1.1 LO 0 . 2 1  ( g e n e r a l l y  0.15 t o  0.20) w h e n  
deteimined from s t r a i n  measurements,  whereas dynami I: measurercents y i e l d  
h i g h e r  values,  around 0 . 2 4 .  Fsnissoiz ' s  ratio c.m a l s o  b e  c a l c u l a t e d  
from measurements of t h e  modulus o f  e l a s t i c i t y ,  E, and I:he modulus of 
r i g i d i t y -  G (il<ztera-kned f rom to:t-sional measu-cements) . Values of l~ obrained 
by thi-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  ruethod and t h e  dynamic 
rwrhod. 

by the lack of s t a n d a r d  t echn iques  o f  measurement. :rn file face o f   his 
advers:i.ry, however, i t :  i.s be l i eved  t h a t  most of t h e  methods of measurement 
wil.1 respond s i ini la i r ly  when s u b j e c t e d  t o  a given condiirion such as elevated 
1:cq~frature - Many of Lhe i n v e s t i g a t o r s  referred t o  i n  t h e  p rev ious  s e c t i o n  
on compressive s t r e n g t h  w i l l  b e  r e fe renced  a g a i n  ?o r  resrdts o f  modulus 
t e s t i n g ,  T h e r d o r e ,  a dt:~i:ail.ed d i scuss ion  of techrri.qriL3s and procedures  
wi.1.l rrot b e  r e p e r t e d .  

showed almost n e g l  i h i b l e  e f f e c t s  of t empera ture  on t h e  modulus o E elas- 
t i c i t y  f o r  h o t - t e s t e d ,  unsea led  specimens,  similar t o  t h e t ~  r e s u l t s  f o r  
conipress.i.vp_ s t i - c ~ n g t h .  T h e  g r e a t e s t  effect w a s  a t  250'C ( 4 8 2 ° F )  , wlic:r:~ 
t h e  c o n c r e t e  achieved  80% of  i t s  ~ e f e r c n c e  i-iii>td1ll1ts; a t  1SO'C (302'F) , 
967: of the r e f e r e n c e  w a s  attained. Samann  and iljasha used &.lie serarit 
n:dri l .us  a t  one-tli:i.rcd u J _ t  imate l o a d  as t h e i r  t echnique .  

Thus, p r e c i s e  correlar::i.ons of var ious  i n v e s t i g a t i o n s  are p r o h i b i t e d  

S a a a n n  and Washa's r r s u d r s  ~ i t h  a cal.careous g r a v e l  c o n c r e t e  



 eo?^ performed tests f u r  t h e  elastic rnoilulus a t  temperatures 
up t o  816OC (15OQOF). Specimens were mal I ,  3.81 5. 
(1 1 / 2  X 2 x 6 in.) unsc!abed, a d  hn t - t~s r red  f u r  tihe d y r m i c  irrodulus of 
elas ticity by determining the resonant Ercquenci es i n  flexural v2bbratiuai 
inside t h e  fu rnace  I( Water-to-cement ratios of 0 4 0 e h , and 0. R were 
investigated. A s  temperatures krcreased, the modulus of c*l  a s t i c i t y  
underwent drastic r e d u e t ~ o n s  i n  ail test spee3men)s. Data obta ined  on 
specimens moist-cured f o r  90 days are shown in F i g ,  24.  
decreased i n  every case ,  b u t  t he  decscase was s l ighr ly  greater w i t h  
i n c r e a s e d  water/cunent ratios A t  even higher  tempera tures  t l u n n  shows 
on the grapb, the modulus was reduced t t s  as l o w  as 31.% of reference at 
7663'C (1400'V) f o r  t h e  0.4 w / c  concrete and 27% for the 0.8 W P C  concr 
For each watez/eement r n t i o  considered, the moisr-cured specimrwl-, t'10 
underwent g r e a t e r  reductions in modulus at a given temperatiire than d i d  
the aTr-dried specimens 
m e n ~  of 0.4 and 0 . 6  wJr  ratios were ahout  20% h-ighcr: than the v ; ~ I ~ E s  for 
28 days. PhiLLeo also r e p o r t e d  that t h e r e  was a general tendcnry f o r  
Poisson's ratio to ascrEase as the  temperatiire rose, although the  r e s u l t s  
w e r e  erratic. kfc s t a t e d  t h a t  a 1% ei-r~r  in resonant freqrsency detemi- 
nation may produce its m u c h  as a 20% error in Poisson*s r a t i o ,  

T h e  m ~ d t r l u . ;  

The 90-day moduXus values f o r  rnoist-c:cired speci-  

................ 

__ ........... 
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Davis17 stat;ed i n  h i s  review t h a t  h e a t i n g  bas a pronounced e f f e c t  
upon the modulus of e l a s t : l c i t y  o f  concrete. For  the unsea led  specimens 
of 0.53 sa/c r a t i o ,  Davis showed t h a t  the s t a t i c  modulus decreased t o  64% 
of t h e  9O-day v a l u e  a t  140°C (284°F) and 33% a t  350°C (662°F).  Lnter- 
estingly, the dynarnic motledus decreased  o n l y  t o  92% a t  140°C: (284°F) , 
t hen  dropped s h a r p l y  t o  50X a t  200°C (392°F) and 28% a t  350°C (662°F). 
Davis a l s o  r epor t ed  t h i z t  t h e  effect of 20 t h e ~ : ~ ~ l  c y c l e s  fz*r7111 20 t~ 200°C 
(68 t o  392°F) w a s  -no more damaging than one c y c l e  f o r  t h e  s t a r i c  modulus, 
buf the dynamic modulus clixreased from 50% of reference f o r  one c y c l e  to 
32% f o r  20 c y c l e s .  Similar r e s u l t s  took  p l a c e  f o r  20 t o  350°C (68 t o  662°F') 
c y c l i n g .  

C r t ~ z ~ ~  d i d  a comprehensive s t u d y  of tempera ture  efEec.&s on e las t ic  
p r o p e r t i e s  However f. a11 specimens w e r e  unsealed, moist-cured f o r  three 
days ,  then s t o r e d  i.n a i r  a t  50% haanmidity f o r  25 days.  R e s u l t s  are p resen ted  
for t h e  modulus of e l a s t i c i t y  and s h e a r  modulus determined by us ing  a n  
o p t i c a l   neth hod. Poj.ssoii's r a t i o s  w e r e  c a l c u l a t d  :from the modu1.i. Cylin- 
d r i c a l .  specimens 3.49 c m  (1 3/8 i n . )  i n  d iameter  and 6 1  cm ( 2 4  i n . )  long 
were Loaded as c a n t i l e v e r e d  beams a:Etes being  s l :Lgh t ly  pre loaded  t o  mini- 
mize creep effects on defs.iWation measurements.  The elas t i c  c o n s t a n t s  
were determined i n  t h e  range  55 about one--third i l l t i - m a t e  l oad  a t  ~GETLKL 
teempernI:ure. Normal-weight conc re t e s  w i t h  t y y e  I p o r t l a n d  cement and 
t h r e e  di.f ferent a g g r e g a t e  t y p e s  as wl.1. as a l i g h t w e i g h t  c o n c r e t e  we.re 
t e s t e d .  F i p r e  25 shows t h e  r e s u l t s  ob ta ined  from 20 t o  650°C (68 t o  
1202°F) f o r  trhe modulus of e1astici:t:y and shear modul.us . Cl.earLy, b o t h  
r iodul i  d e c r e a s e  s u b s t a n t i a l l y  with i n c r e a s e s  "ln tempera ture .  T h e  e las t ic  
modulus or l i m e s t o i i r ?  conc:ret.e decreased. on ly  t o  93% a t  1!ioeC ( 3 0 2 " : ~ )  
whereas the o t h e r  t w o  moduli  decreased  t o  abou t  75% a t  t h a t  tempera ture .  
A t  315°C (593°F) the vali.ics f o r  a l l  t h r e e  types  57ere similar, ranging 
from 64 t o  68% of t h e  r e f e r e n c e  v a l u e  a t  ri3om tempera ture .  The s i l i c e o u s  
concrete underwent severe reduclri.on Lhrough 650°C (1202°F) , where the  
n o d u l i  were nn1.y abou t  20% of ref e7rencc2. The o the r  c o n c r e t e s  we-re reduced 
ti, 3.540% a t  650°C (1202°F).  Up t o  about  300°C (572'F) ,tine r e s u l t s  of 
C r u ~ ~ ~  and P h i l l e ~ ~ ~  f o r  E l g i n  sand and gravel c o n c r e t e  were very similar. 
This  ind ica tes  t h a t  t h e  r e d u c t i o n  of the rnudiiiirs of e l a s t i c5 t :y  may be 
cons ide red  t o  be  independent  of the method of detei-mtnation ( o p t i c a l  method 
f o r  Cruz and d y n m i c  method f o r  Phi.I.l.eo), a t  k a s t  f o r  the c o n c r e t e  mix tu re  
and tempera ture  range cons idered .  However , g e n e r a l i z a t i o n  would c e r t a d n l y  
not b e  j u s t i f i e d  on t h e :  basis of  tha t  one comparison. With regard t o  
Pofsson's r a t i o  t h e  h igh - s t r eng th  c o n c r e t e  gave lower values a t  room 
teiii.perature t h a n  d i d  t h e  lower-s t rength  c o n c r e t e .  A s  r e p o r t e d  by P h i l l e o ,  
e levated- . te~perature  resu1:ts were errat:ic, and no c lear  t rends  could be 
observed 

Kawali ,arn and H a r a g ~ c h i ~ ~  r e p o r t e d  t h a t ,  up t o  80°C (176°F) , Lhe effcc'i 
of e l e v a t e d  t a p e r a c u r e  on the s ta t ic  e las t ic  modulus of c o n c r e t e  i s  g r e a t l y  
a f f e c t e d  by t h e  presence  of m o i s t u r e  i n  the coiicrete, However, cbe r e p o r t e d  
d i f f e rence  was o n l y  1.22. They a l s o  r epor t ed  t h a ~  the Poisson r a t i o  of 
c o n c r e t e  cured  a t  80°C (176°F) tends t o  b e  somewhat smaller (0.14 vs 0.17)  
than that o f  (:onc:rete cured  a t  20°C (68°F). However, they a l s o  r e p o r t e d  
s u b s t a n t i a l  scatter i n  results, even a t  t h e s e  r e l a t i v e l y  l o w  temperz turzs ,  
by using R wire r e s i s t a n c e  sLrai.n gage.. 
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Concre tes  Unsealed I Source: C .  13, Cruz % Elastic P rope r t i e s  of Concrete 
a t  High Temperatures % ' '  Por-t;l.and C m ,  Assoe. ~ &s. U e z i .  Lab,  liev. Oqz.  
B u l l .  I7 8: 37-47  ( January  1966). 

F i g .  2 5 .  Elast ic  and Shear Moduli v s  Temperature f o r  Var ious  
' I 9  

I n v e s t i g a t i o n s  by Campbell-Allen, Low, arid Roper' and by Catalpbe1 l- 
A l l e n  and Desai* o a l s o  showed marked d e t e r i o r a t i o n  of the e las t ic  modulus 
a t  tempera tures  up t o  30OoC (572°F) and emphasized t h e  d e t r i m e n t a l  efrects 
of thermal c y c l i n g .  Ten c y c l e s  t o  200°C (392°F) reduced the modulus EO 

41% of r e f e r e n c e  for a do lomi te  c o n c r e t e ,  w~iiile l imes tone  conc:rete was 
reduced t o  45% a f t e r  10 c y c l e s  and 38X a f t e r  20 c y c l e s .  For 2 
a t  300'6 (57Z°F), b o t h  types  of c o n c r e t e  were reduced t o  sraly 2-57; of the 
r e f e r e n c e  modulus. Both r e p o r t s  cons ide red  unsea led  specimens exposed 1:o 
t empera tu res  and c o l d - t e s t e d .  F i g u r e  2.5 shows t h e  results of Camphell- 
Allen and Desai f o r  l i m e s t o n e  co t ic re tes ,  Yne l a t te r  a u t h o r s  a l s o  s t a t e d  
t h a t  P o i s s o n ' s  r a t i o  tended  to i n c r e a s e  a t  h i g h e r  t m p e r s t i x r e s  
by Cruz, 37 b u t  t h e y  s a i d  no th ing  about  erratic v a r i a t i o n  as observed by 
Cruz e 

S u l l i v a n  and P o u ~ h e r ' s ~ ~  tests on beams, u s i n g  t h e  i n i t i a l .  t a n g e n t  
modulus showed s i m i l a r  d e t e r i o r a t i o n  i n   he elas t i c  module~s. h l so  t h e y  
concluded t h a t  permanent damage took p l a c e  on h e a t i n g ,  because t h e  hot 
testing and co ld  t e s t i n g  r e s u l t e d  i n  similar r e d u c t i o n s  of t h e  modulus ,  

as r e p o r t e d  



' r i le study by Lank.ar:l e t  a;., desc r ibed  esrli.er f o r  compressive 
s t r e n g t h ,  showedL t h a t  the modidus 01 e.S.as%-i.city of gravel. ar;d l imes tone  
coac re t e s  decreased  u n d e r  a l l  c o n d i t i o n s  o f  hea  ~ I . n g  and t e s t ing .  (unsea led  
o r  s e a l  e d ,  ho t -  oi- co ld - t e s t ed )  - 'They n s u r e d  the ch0c-I: eiast'ic modu1.11~ 

e5i-i 20 and 80% o l  ~ 1 . i f . i i i ~ t t e  stress. : illre ~ n ~ e , z l e d  conditi .on,  b o t h  
gra.vcl a n d  1 imestone concrcccrs decl-rased o n l y  t o  a b o u t  80% of reEereiit:.:s 

d i t - i on ,  F i g .  11) , however, Pi.gs. 26 s 27  show tile d e c r e a s e  i n  modi.iliis 
3rd t h e  load  defl-ecir iiehavior with i:emperiiture respectively . Figure 28 

-~ IwduI i  ~ up to %hO'C (500°F) .  ~ n d e r  sa ailed s t e m  p r e s s u r e  (seded con- 

ults of a u t o c l a v e  iresLi.ng. in t h e  sealed co-ndi t ion ,  and 
ed,  .:.he modulus experienced a d r a s t i c  dec rease  t o  40% of 

r e f e r e n c e  a t  8 O o C  (176'F), a s l i g h t  i n c r e n s e  .ak 1 2 1 O C  ( 2 4 9 @ F ) ,  t hen  .a 
decrezse t o  abovi: 30% a t  2 6 O o C  ( 5 O O O P ) .  'This  effect i s  a p p a r e n t  also f r o m  
F ig .  27.  'Ch.e r5Sii.l ts of ai i toclav i ng con t r a s t  s h a r p l y  w.i.th t h e  p r e a s ~ i r e -  
can r e su l . t s .  A t  121'C ( 2 L 9 O F )  f o r  one cycJ.e: t h e  g r a v e l  concretie sl-rowed 
ao modul.us redi.ictLoii 2s compared w i . t i ~  r:he l o s s  t o  less thaii 50% r e f e r e n c e  
whEin tested h o t  i i n d c r  satiirated-ste.m p r e s s u r e  ( F i g .  26) . In f a c t ,  t h r e e  
c y c l e s  i n  t h e : :  autoe'lave a t  1 2 1 ° C  ( 2 4 5 ° F )  r e s u l t e d  i n  a. I l i t lBUi l l s  i n c r e a s e  
t o  about  1 2 0 %  f o r  t h e  grave?. c o n c r e t e ,  rriuch j l h ~  saw as f o r  t h e  compressive 
s t r e n g t h  (Fig. 1.5) .  Lankard e t  al.. a t t - r i l ) u t e  t h i s  e.€Ciicc t o  a time- 
.Cc!:cperaturc i n t - s r s c t t o n  because of t h e  p r ~ s e n c e  n f  avai labule s i l  ita. 
The i r  d i  sc(issi0.n of C ~ U S P S  f o r  pj*opt?i~y d e t e r i o r a t :  j . C J l 1  tinder var ious con- 
tl i t i o i r s  vi11 b e  pr :?r ,er i td  i n  X G ~ E !  d e t a i l  ? <ii-<>r. 

i:: arid Polivka, i.ised ~ h t l  t angen t  method at 4 5 %  of t h e  iilttrnate 
p u t e  t h ~  ta i lg  t nodulus  of e l -as t : ic i ty  as wel.1. as Poisson's 

x a i i o .  The e f f e c t s  of e vated temperature on i:2rosr: p r o p e r t i e s  are g i:ueri 
i n  ' T a b l e  5. 'L'hc. effect of t i m e  aC temperature i s  g iven  i n  Fig 

t h a t  tl-Le modulus nT  e l a s t i . c i t y  f o r  sealed specimens d e c r  

0 100 200 300 4 00 500 

HEb.T-TF?EAI ING AND T E S T  I kIVIPERATURE ( "F )  

P i g -  26. Modulus of E l a s t i c i t y  vs Temperature f o r  Gravel  Concre te ,  
Sea led .  Source: i ) .  K. Lankard et: "E.Efects of Moistu:re Content on 
the S t r u c t u r a l  P r o p e r t i e s  o f  P o r t l i n d  C w w n I :  Concrete Exposed tu Tempera- 
Lures 11:) t o  5OO0P,'~ ACI SP-25, Teliipel?atiure and Coizci2ete (J.970). 
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b f D c h W @  ? % ~ ~ ~ ~ ~ ~  .r 
Fig. 28. Effect of T e s t  Conditions on the  ModuZus o f  E l . a s t i c i t y  

of  Autoclaved Gravel and Limestone Concrete, Source: D. B. Lankard 
e t  al., "Effects of H o i s t m e  Content on t h e  Structural Properties O F  
Por t land  Cement Concrete Exposed to Temperatures up to 50OoP," ACI SP-25, 
Temperuiture m d  Concrete (19706. 
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P ig .  29.  Modulus of E l a s t - i c i t y  vs T i m e  a t  T m p e r a t u r e ,  Sealed arid 
Unsealed. Sourc::e: V. V .  Ber te ro  and M.  P o l i v k a ,  I 'LnfPuence of Tfieimal 
Exposure on Mechanical C h a r a c t e r i s t i c s  o f  Cojlcret,t?. :'I ACI SY-34  , Coni?.?ei;a 
f o r  TJuc7Uem i?ec%ctms, pp.  505--3l (1372) .  

sil11stantLaI.l.y as expnsure t i m e  i nc reased  9s d i d  t?w coiiq)ressive s t r e n g t h  
( F i g ,  1 8 ) .  Fo r  s e a l e d  specimens ~ h . i c h  had been cyc led  t o  149°C (300°F) 
f o r  3 ,  5 ,  and 1 4  C ~ C ~ P S ,  I !  W ~ . S  reduced t o  88, 8 2 ,  and 63Z o f  r e f e r e n c e ,  
r e s p e c t i v e l y ,  when h o t - t e s t e d  a t  149°C (300'F). in a d d i t i o n ,  -they 
r e p o r t e d  t h a t  t h e  initial tamgent modulus was g e n e r a l l y  sinaller than  the 
ta.ng:cnt modulus cor responding  t o  h i g h e r  s 1:resnes when cycl ing  vas 
involved .  They a t , t r i ' u u t e  t.li.:i.s obsen,ration t o  an i n c r e a s e  i n  t h e  .mount 
o f  mhcrocracking w i t h  hbgher numbers of t h e m a l  cyc le s .  From t h e  v a l u e s  
gi.vec i n  Tab le  5 ,  P o i s s o n " s  r a t i o  appeared t o  d e c r e a s e  when test:i.ng at 
I b 9 " C  (300°F). Specimens which were ea ld - t e s t ed  gave v a l u e s  of Poi s son ' s  
racio e s s e n t i a l l y  unchanged from t h e  reference teest" Poisson's rat:i.o 
v a r i e d  i n  the  range 0.13 t o  0.25 f o r  a11 t e s t s .  

Nasser and L o h t i a 3  
s p 2 c i.rnens d PCI- 

(specimens were co ld - t e s t ed )  
strength i n  t h a t  s tudy  (Fig.  21).  F igure  30 shows the r e s u l t s  of the i r  
work where tile r e f e r e n c e  vali.ie of F i s  f o r  a s e a l e d  specimen cured a t  20°C 
(68°F) f o r  t h e  same l e n g t h  o f  t i m e  as f o r  i t : s  cor responding  group of 
heated specimens. A s  t h e  f i g u r e  shows, t h e  d e c r e a s e  i n  t he  modulus 
becomes s u b s t a n t i a l  a t  150'C (302°F) and above, u n t i l ,  f o r  180 days 
exposure a t  232°C ( 4 5 0 ° F )  , the  modtilus i s  on ly  32% of reference. The 
authors emphasize tha t  the s t r e n g t h  and e 1 a s t : l c i t y  r e s u l t s  show c o n s i s t e n t  
I-':. - .7ponse  ,-a of seal.ed c o n c r e t e  t o  t h e  test variables. 

mi:?aljilred Bo i s so r : ' ~  r a t i o  at e l e v a t e d  ternperakures and 
r e p o r t e d  a d e c r e a s e  t o  83% of reference a t  150°C (302°F) and a decxease 
t o  40% a t  300°C (572°F) .  H e  observed that coo1i.ng t o  room tempera ture  
r e s u l t e d  i n  1it:tl.e d i f f e r e n c e  whether  the evaporable  water is  r e t a i n e d  
or r ~ m o v e d .  Reported v a l u e s  ranged Er(m 0.10 to 0.28. HE measured onl-y 

r e p o r t e d  t h a t  the  modulus of e l a s t i c i t y  of  sealed 
s e d  sevea-e1.y a t  exposure tempera tures  above 120°C (248°F) 

The same eEEect w a s  r e p o r t e d  f o r  compressive 

M a r e ~ h a l . ~  
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Fig.. 30.  Res idua l  M ~ d u l u s  of E l a s t i c i t y  vs Temperature,  Sealed.  
Source: K. W. Nasselr and R e  P .  L o h t i a ,  "Mass Concre te  P r o p e r t i e s  a t  High 
T e m p ~ ~ a t ~ r t . . ~  '' J .  Am. Concr. 1v.st. 68: 1 8 M 6  (March 1971 1 e 

the t r a n s v e r s e  strains and concluded t h a t  the d e c r e a s e  wati bmughe about  
by t h e  i n c r e a s e  i n  t empera tu re  and r e s u l t i n g  water d e s o r p t i o n .  

The effect  of  t empera tu re  Q I ~  l 'oissonws r a t i o  i s  no'c clear From t h e  
s m a l l  amount of  d a t a  a v a i l a b l e .  The r ange  of v a l u e s  r e p o r t e d  extended 
f r o m  0.11 t o  0 . 2 5 .  Some s tud ie s  r e p o r t e d  g e n e r a l  i n c r e a s e s  i n  P o i s s o n ' s  

g e n e r a l  d e c r e a s e s  f o r  sealed specimens. 9 However er ra t ic  behav io r  
i n  the measurement of P o i s s o n ' s  r a t i o  w a s  common, and no d e f i n i t e  con- 

ratio w i t h  i n c r e a s i n g  t empera tu re  f o r  unsea led  specimens 1 9 * 2 0 , 3 7  and 

C X U S i O I l S  C a l l  b e  Ulade. 
With r e g a r d  t o  t h e  modulus of e l a s t i c i t y ,  the e f f e c t s  of tempera ture  

appear  t o  b e  s i m i l a r  t o  those f o r  compressive s t r e n g t h .  A s  s t a t e d  pre- 
v i o u s l y ,  r e p r e s e n t a t j v e  d a t a  f o r  unsea led  and s e a l e d  c o n c r e t e  i n c l u d e  
measurements on a wide r ange  of c o n c r e t e  mix tu res  w i t h  a m u l t i t u d e  of 
expe r imen ta l  t echn iques  and methods of c a l c u l a t i o n .  
a p l o t  of a l l  t h e  elastic modulus d a t a  d i s c u s s e d  p r e v i o u s l y .  Gene ra l ly ,  
t h e  modulus d e c r e a s e s  w i t h  i n c r e a s i n g  t empera tu re  f o r  a l l  t y p e s  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  d e c r e a s e s  are observed t o  occur  w i t h  a n  increase i n  
t h e  number of thermal  c y c l e s  and i n  t h e  ho ld ing  time a t  t h e  exposiire 
tempera ture .  The specimens s e a l e d  f o r  m o i s t u r e  r e t e n t i o n  w e r e  more 
s e n s i t i v e  t o  t h o s e  f a c t o r s .  
a p p e a r s  t o  become a c u t e  a t  150°C (302°F) and above. The open t r i a n g l e s  
a t  200 and 350'C (392 and 662°F) showing the l owes t  v a l u e s  of E (32 and 
15% r e s p e c t i v e l y )  are from Davis' 

Figure  31 p rov ides  

The d e c r e a s e  i n  modulus f o r  s e a l e d  specimens 

and r e p r e s e n t  dynamic measurements on 
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Fig .  3 1 .  Compilat ion of D a t a  on Modulus of P A l a s t i c i t y  vs ' I~ rnpe ra tu rc .  
Source givcti f o r  each cui'vr. 

specimens su3jecLed t o  20 themral cyc les .  T h e r e  appea r s  to h e  a c o n f l i c t  
of r e s u l t s  shown by the sealed: h o t  t:wts (c losed  c i . r c l e s ) .  AI: 75 and 
1 2 5 O C  (167 and 257*F), f o r  a one-day expos i i re ,  Lankard e t  alm3' r e p o r t e d  
v a l u e s  o f  42 and 50% respectlvely. 
ob ta ined  v a l u e s  of 102, 86,  51, and 49% f o r  expos1.11-e i:.:Lines of 4 hr, 
7 days,  1 4  d a y s ,  and 25 days r e s p e c t i v e l y .  From the d e s c r i p t i o n s  of 
s e a l i n g  ch.mbers provided i n  each re:f erenee, i t :   mil d s e e m  thal: t h e  
pressure-can. device of Lankard e t  al., w h i c h  a l l o w s  f o r  h e a t i n g  of the 
specimen under water, would r e s u l t  in g r e a t e r  retenrtion o f  tree m o i s t u r e ,  
espcci.ally below l0OoC (212'F). The copper j a c k e t  of Rcrtero and Po l ivka  
al.l.owed f O K  an a i r  gap around the specimen, and free m o i s t u r e  could m i g r a t e  
o u t  o f  the c o n c r e t e  t~ fi7.1 t h e  gap between the jacket and specimen on 
h e a t i n g .  Thus, f o r  t h e  two data  p o i n t s  mentiolied, t h e  one a t  14C)OC (300'F) 

A t  l h ? O C  (30OoF), B e r t e r o  and Po l ivka3 '  
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f o r  4 hs, t e s t e d  hy Ber tero  and P o l i v k a ,  may Itave begun to d r y  o u t  near 
t h e  surface and p r o v i d e  t h e  i n i t i a l  s t i f fncsss  necessa ry  t.o ahow KO change 
i n  inodulus measured. at 0.45 f ,**  
dec:i.ease beyond ahtsut  0.5 f,), and the r e s u l t a n t  s k r e ~ g t h  W'IS o n l y  70% 
of r e f e r e n c e .  A l s o  Bertero and Pol ivka u t i l i z e d  embedment s t r a i n  gages,  
whc-ar?as Lankard et  a1 e measured s t r a i n  according Irci t e s - t ing  machine 
p i a t e n  t r a v e l .  A4 I of t h e s e  o b s e r v a t i o n s  could  account f o r  much of t h e  
d i f f e r e n c e  in r e s u l t s "  

'l'he modulus, f o r  t h a t  specimen, d i d  

-I 3-3 .3  Tensile S t r e n g t h  

Although s t r u c t u r e s  ~ T P  gchnerally n o t  clesig~ied to withstand d i r ~ c t  
t ens i le  stresses, one mist h e  aware o f  k h ~  a b i l i t y  of th;ni. wracrzte in the 
st ruct i . i re  t o  resist craclx.ing, T h i s  is e s p e c i a l l y  r rue  i n  C L  r e i n f o r c e d  

(~-pnjOO psi 3 ] and i f  heliavior of r e i n f o r c e d  c o n c r e t e  i s  to be unders tood ,  
the t ens i l e  s t r c n g t h  under var ious  c u n d ~ t d o n s  should  b e  known. If a 
c o n c r e t e  of 4 . 1 3  MPa (600 psi) tensile s t r c n g t h  is subjected to high 
temperaturrc, and s i t length  is  rc:duced by 50% t o  2.07 PPa (300 p s i l a  t h c .  
des igner  should be riiade aware of t h a t  facts. 

strength. A s  the compressive streugLh .in~~.;-eases, t h e  a.c.nsile s t r e n g t h  
a.lsls increases, b u t  at. a decreasing ra te .   ticre re are rnmy empiricxil 
r e l a t i o n s h i p s  sugges t rd  f o r  t h e  concrete s t r e n g t h s ,  but none have been 
focri-id t o  IF a p p l i c a b l e  i n  ~ h t '  g e n e r a l  s e n s ~ .  A c~mmon r u l e  of thumb, 
which  i s  used Far c o n c r e t e s  w i t h  compressive s t r e n g t h s  of the range 
gerieral l y  cons ide red  a p p l i c a b l e  f a r  PCRV app.7 i ca t ions  27.6 r o  55.2 MPa 
(4e tk )O to 8088 p s i ) ,  i s  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 the 
compressive strc!xigth. The s t a n d a r d  test for measuremerit. of tensile 
s t r ~ : ~ ~ g t l i  i s  t h e  beam flexure tes t ,  i n  which ttic modulus 0 2  r u p t u r e  is  
measured with a twu-point  loading.  ' 
t h e  t ens i le  s t r e n g t h ,  r easons  f o r  which are J iscussed by Nevi1 l e .  
Another cornonly used test i s  t k  s p l i t t i n g  t e s t ,  i n  w h - i ~ l t  a c o n c r e t e  
c - y l h d e r  i s  compsesscd I n  the i ad la l  d i rec t ian  r a t h e r  than 21) r h e  l u n g i -  
zisdinal (as  i t i  compression resting). It i s  b e l i e v e d  that- spli~ting 

9 5  st-rength is genera l ly  about  5 to 12% h ighe r  than d i r e c t  pensile strength. 
However, as mentioned previously,  the e f f e c t s  of temporat:ure O D  t h e  t ens i le  
st-rerrgth probably  do not  vary mucik with the method u s e d ,  

Saanann and TdJa~ha'~ used 5.08 x 5 - 0 8  x 40.6 cm ( 2  Y 2 X 1.6 i n . )  beams 
in  three-point loadfng to determine t h e  modulus of rupture, w h i l e  s t a n d a r d  
mortar b r ique t s  w e r e  used t u  de te rmine  the t e n s F l e  s t rc tngth  of mortar 
specimens a t  v a r i o u s  t empera tu res .  The tcnsile s t r e n g t h  a t  65OC 9149OF) 
des~eased t o  about 57% a€ t h e  room-temperature v a l u e ,  i n c r e a s e d  back t o  
the r e f e r e n c e  v a l u e  a t  1 2 1 ° C  ( 2 4 9 ° F )  ~ and showed little change up t o  
232°C ( 4 5 0 ° F ) .  The modulus of r u p t u r e  changed i n  a similar manner. 

(6 X 6 A 24 in.) beams showed t h a t  t h e  modulus of r u p t u r e  d i d  no t  change 
s u b s t a n t i a l l y  to t empera tu res  of 2OOOC (392'F), A t  358OC (662°F) however, 
the v a l u e  was only 33% of reference, a l though 20 t h e m e l  cycles t o  200'C 
(392'F) decreased the modulus of r u p t u r e  to 56X of r e f e r t i n r e .  

_*  2~rucLure. The t w s i l e  strength o f  concrete  i s  geneP-ally very  ;ow t6.89 M P a  

The tensi le  s t r e n g t h  o r  c o n c r e t e  is  c l o s c l y  r e l a t e d  t o  thc compressive 

 he modulus of r u p t u r e  o v e r e s t i m a t e s  
3 5  

D ~ V T ~ C S ' S ' ~  results on unsea led ,  c o l d - t e s t e d  1 5 - 2 4  X 15,24 x 61 cm 



CaiipSell-Allen, Low, and Roper" used t h e  sp1il:cing test t o  deterinine 
*. c c:ms . ].le - strc:rrg?:h on imst?;Tlpd, col d - t ~ ~ t m . 1  sljeiziinoatr:. L.n al.1. case:: 

r ILe 'I-. saxe e f f e c t  r e s u l t e d  f r m  c y c l h g .  Teii thei-mal c y c l e s  t o  200°C (392OF) 

t e n s t 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  E r o m  the r e f e r e n c e  v a l u e  i n  
irri.ich the  sxoc I I I ~ . ~ I ~ > : v  a t ~ d  LO I:he s m ~ e  degree ns d i d  tl-ic c o m p r e s s i ~ ~  .s~~-ci!ngt.h. 

reduced t h e  t e n s i l e  a t re i lg th  to 8 6 4 ,  Wiii 1 1 2  .t en t : y ~ l n s  tu 700°C (572°F) 

of mj-crocsAcks i3U the StiYfi3_ces Of t-he eyl~ind-i-s a f ~ ~ e r  fou r  cyc les  of 
reduced i t  i o  47% of t h e  r e f e r e n c e  s t r e c g t h .  The a u t h o r s  observed a. number 

F X ~ ~ S U C I . ~  ai: 300°C (572°F)  and concliuded t h a t  they must m a t e r i a l l y  af 
the tensS.1" s t r e  h .  1-11 mos t  t:.wes Lhe !I i1.e s t r e a g t h  was ahou t  8% 
of Lilt? compressive s t r e n g t h  f o r  both  rrnhea and hea ted  speciiuens. 

Caxpbel l - -Alleu and Desai'" a l s o  used t 1 . t ~  spl i t . -cy: . inder  t e s t  and 
up  t o  50% for 1iinv::iorie coiicrt'etc exposed i o  t e n  theriilal 

c y c l e s  a t  .200°C (392°F) .  They r e p o r t e d  t h a t  f a i l u r e s  i n  t e n s i o n  Sehaved 
~ U C ~ I  Pike f a i l u r e s  i r - t .  c~i~pjc'i~::gi<>cI, i n  that: utihe3,Ced specfii~ens f a i l e d  
siidilexily and .idly, wh i l e  hca t i i ig  produced. gradua.1 f a i l l i r e s  with 1 i L t l . e  

r e d u c t i o n  is. g t h  a f t e r  t e n  therrral cycd-es. 
S u l l i v a n  and  F0ucher 's3* tests f o r  fl.exiiral strength of beams r evea led  

that ,  up t o  200°C (332OP) , the  d r i o r a t i o n  was grathral. and small . TFSeyod 
300°C (572°F) t h e  s t r e n g t h  drop s h a r p >  arid a t  400°C (752°F) the r e s i d u a l  

s i m i l a r  r e s u l t s .  A l s o ,  c.ontr,?r-y tit r e s u l t s  of o t h e r s :  
of l:ll.ermaI c y c 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  strerig;:.h iirup i. 

A 1 1  of the ii-nest-i d t h u s  f a r  iised on: 
spei::i.rnen.s. Laakard c i i:il~t: 0ni.y s t ~ ~ y -  r ~ ~ t  
cons idered  the C e L i s i  1 c strength o f  s e a l e d  speci.mems t o  simulate =ass 

c o n c r e t e  p r o p e r c i c s .  'I'bey performed f l e x u r a l  s t r e n g t h  tests on 7 . 6 2  X 6.35 
X 25 .4  e m  ( 3  X 2 1~/2 X bO i-(1.) b c m s  w h i c h  w ~ r e  prepasrtt-d, cu red ,  and h e a t -  
tireaced as d i scussed  p r e v i o u s l y  f o r  compressive s t r e n g t h  s te td ies .  A1.I 
s e a l e d  t e s t a  w e ~ e  performed a t  room t~~~~pt:a"at t i~e xftttr expiisur~3 i.rr an auto-  
clave dev ice ,  
l imes tone  c o n c r e t e s  i n  t h e  ui-rseal~ed hoc,  a d  c o l d  test c o n d i t i o n s  and 
i n  the s e a l e d ,  co ld  tes t  c o n d i t i o n .  The g r e a t e s t  d e c r e a s e  f o r  t h e  unsea led  
speci i iens  was f o r  :.he c o l d - ~ ~ e s t t x ~  g r a v e l  coni:.rei.e sxposed eo 260°C (500°F) , 
T o t :  which t h e  f lexura l .  s t r e n g t h  vas  752 of t h e  -reference va lue .  I n  the 
case of sealed ( a u t o c l a v e ) ,  col .d-- t~ste .d  specimzns, 80 and 121."C (176 and 
249°F)  exposi.ires resa!.tcd i n  decreases t o  7@-80% o f  reIer:!ace, ~hi.1.e 
sxpnsiJ.re a t  199°C (374'F) r e s u l t e d  i n  dec reases  t o  40-50% of  r e f e r e n c e .  
It i s  n o t  c l e a r ,  arid the authors  d o  rxot o f f e w  an esp laaa r i . on ,  why the 
sealed specfmeris exposed a t  !6C°C (500°F) showed less d e t e r i o r a t i o n .  in 
f l e x u r a l  s t r e n g t h  than they d i d  at. 190°C ( 3 7 4 ° F ) .  

e l e v a t e d  tempera tures ,  especia1l.y fi>i- t he  case where f ree  moi s tu re  was 
r e t a i n e d  - Howev~a-, it can be  gcncrally s i x t c d  that the t e n s i l e  s t rengt i i .  
( f l e x u r a l  s t r e n g t h  o r  modulus of r u p t u r e )  w i l l .  b e  a f f e c t e d  i n  appruxi iuately 
t h e  s a m e  manner as the compressive s t r e n g t h .  T h i s  a p p l i e s  i n  the case of 
imseal-ed o r  sealed suecimens.  Some studi.es r e s u l t e d  i n  g r e a t e r  ?-ofis o f  
t e n s i l e  s t r e n g t h ,  4 0 3 4 1  w h i l e  o t h e r s  found a g r e a r e r  l o s s  i n  compressive 
strengizh. The plritnary po:i.int i s  that: the I:ensile s tve r rg th  can be lowered 
s u b s t a n t i a l l y  by exposure t o  e l e v a t e d  t empera tu res ,  e s p e c i a l l y  when m o i s t u r e  
i s  r e t a i n e d .  

no i se .  1,ow-t )eratiire heciticilg ~ r t j l i r j d  65°C (149°F) produced o n l y  a 25% 

th v a r i e d  iTL-oi11 25 L O  0% of ths o r i g i n a l .  :Io(. and co1.d tresti-ng gave  
t h e  a m b e r  17,19,20 

Figures  3 2  and 33 show t h e  results obilained f o r  gravel. and 

There i s  a l i m i t e d  amount of d a t a  a v a i l a b l e  on Lensile s t r e n g t h  at: 
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3 . 3 . 4  Shrinkage and Creep 
--I 
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t h e  20-year sh r inkage  occur s  i n  t ~ 7 0  weeks, 40 t o  80% of  the 20-year 
sh r inkage  occur s  i n  three months,  and 66 t o  85% O F  thz 20-year sh r inkage  
occiirs i n  one yea r .  Shrinkage i.s i m p o r t a n t  because  of i ~ t s  e f f e c t  oil 
movement of  the struciiii:ce and tendency t o  induce  c rack ing .  

The g r a d u a l  i-ncrease i n  s t r a i n  with ti.me 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 .  C r e e p  r a n  be  defi.Iiecl as t h e  incrt2ase i n  sti-a.i.n under  
a s u s t a i n e d  stress. Creep i s  of great importance i n  s t r u c t u r a l  analyses. ,  
Secause  t h e  s t r a i n  can rincrease si .g-ni.f icant1y f r o m  t h a t  imiiiediately a f t e r  
loading .  It i s  u s u a l l y  assumed t h a t  c r eep  and sh r inkage  are a d d t t i v e .  
However, as Neville3 p o i n t s  o u t  sh r inkage  and c r e e p  are n o t  independent  
phenomeaa t (1 which s u p e r p o s i t i o n  can h e  a p p l i e d .  :I:n f a c t ,  s h r  irikage 
i n c r e a s e s  the magnitude of c reep .  Most a v a i l a b l e  d a t a  on c reep  of c o n c r e t e  
w e r e  recorded  on t h e  b a s i s  of add i t iv -e  p r o p e r t i e s .  I n  t h e  case of m a s s  
c o n c r e t e  s t r u c t u r e s ,  however, i t  may b e  necessa ry  t o  make a d i s t i n c t i o n  
between b a s i c  creep ( c o n d i t i o n s  of moi s tu re  movement) and d ry ing  c reep  
( c o n d i ~ t i o n s  of di-yit7.g) . 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  speci-mens are necessa ry  t o  r e p r e s e n t  t h o  m a s s  c o n c r e t e  s i - tua t i an .  
F igu re  34 p r o v i d e s  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 .  

Shr irikayc of i i r i  Unloadsfl 5pecimen 

Creep on   asi is 

. . . . . . .. 
Time bo 

Change In Strain of Loaded ond Drying Spertmen 

to  .rime 
c)  Creep of n ILonded Specirnen in liygral Equilibrium 

with thc Ambient Mediurn 

"1 Shrinkgge 

?.rain 

~~ 

+ I\iornind ~ i c s t i c  

I...... ..._. ~ ___I 

t0 Time 
d) Change ir Strain 31 a Loaded and 3ry,ng 5;jecminer 

Fig.  3 4 .  Time-Dependent Deforruai:i.ons i n  Coricretc S u h j  ec t ed  t o  a. 
Sus t a ined  Load. Source: A .  M. N e v i l l e ,  Pi-operties of Comrete ,  2nd ed,  
I-Ialsted,  New York, 1.973. 
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F i g .  36 .  Creep of Concrete Stored at D i  F f  ei-eilt Re1 a t i v e  I-lumitl 'ctics . 
Cured in fog  for 2 8  days. 
2nd en. , Halsted, N e w  York, 1973. 

Source:  A.  M. Neville,  Properties of Conmete. 
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Fig .  37. T i m e  Deformation (Creep PLUS Shrinkage)  o f  Concrete  Stored 
i n  A i r .  
N c w  York, 1973.  

Source: A. M. Nevi.l.l.e, Ppoperties of Cmcrete, 2nd e d . ,  Halsted, 
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Fig .  3 8 .  Creep  of Aluminous Concrete  v5 Age a t  Lc?adi.ng. Source: 
A. M. Neville, P-roperties of Concrete, 2nd ed. ,  H a l s t e d ,  NEW Y o r k p  1073, 
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Fig, 3 9 .  Creep of Concretes with Different Aggregates.  Loaded a t  
age of 28 days; s t o r e d  i n  a i r  a t  21.OC; 1zH, 50%. 
Properties of Concrete, 2nd ed. Halsted, Wew York, 1 9 7 3 .  

Source: A. M. Neville,  
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e w  o f  the e f f e c t s  of  tempera ture  oil c r e e p  o f  
Geymayer4' i n  1970.  

r e s u l t s  of  v a r i o u s  inves  1: igar:-i.orrs aod no-maltzed t h e i r  d a t a  i n  terms of 
s p e c i f i c  creep (ri-eep s t r a r a  p e r  u n i t  sirress) and npec:i.fic c reep  ra te  
( t he  average  s l o p e  o f  c reep  curve  i.0 a sem-Lhg p r e s e n t a t i o n  wiEh in  t h e  
s p e c i f i e d  i i . i n e  per iod)  . Geyx~ayex s review will b e  si.iu1marized along w i t h  
an extended discussio-il  of some o f  the  i n v e s t i . g a t i ~ - i l ~  that  he reporl;ed and 
t h a t  have been revj-ewed by t h i s  author. I n  addit.ioa, soiiie resu l t s  of 
other  s t u d i e s  will b e  inc luded  as weI1 '2% t h e  resul'Ls of more rer:enlr 
s tudi.ec - 
(1.2. One of the m a j o r  o b s e r v a t i o n s  tliai: h a s  r ece ived  much a t t e n t i o n  i s  

observed that t h e  s p m i f i c  c reep  and eapetci al~ly- the s p e c i f i c  c reep  rat::  
reached a -iaaxri.nn.im a t  about 7O"e (158°F) f o r  speci.mt:ns l oaded  u 
A t  higher temperafure:i:,  up ;XI 96°C (205°F) , t he  c reep  ra te  dez 
1.n p h t  t i  rig t're s p e c i f i c  c reep  rates , Geycxayrr- s h o w s  , i n  Fig .  42 r. t h a t  
s t u d i e s  by o t h e r  i n v c s t i g a t o  1:s d s o  r e s u l t e d  i n  similar obses:TJat:i.ons. 
Marechal. ( s e e  r e f .  10 of r e f ,  4 2 )  observed a creep r a t e  m a x i m u i n  (and 
cor responding  maximum f o r  froiral creep) b u t  i t  occur red  a t  about 50°C 
( 1 2 2 ° F ) .  Marecl.ral's tests were conducted on unsealed specimens. Ln 
ad .d i t ion ,  i:h(z c r eep  ra te  reached a minimum a t  jus l :  over 1OO"r: (212°F) 
a ~ d  i n c r e a s e d  great1.y w i t h  tLcrpr t~uwes t o  400°C ( 7 5 2 " ~ )  . The s p e c i f i c  
creep at 250°C ( 4 8 2 ° F )  was about  t h e  s n m  as a L  the .5O"C (122°F) "maximum." 
Predry ing  of specimens fat- 30 days a t  2 0 S o C  (22L"F) be fo re  load a p p l i c a t i o n  
reduced creep a t  tempera tures  below 1 0 5 ° C  (221-" F:) dsrast tcal ly  and e l i m i -  

t h e  c reep  iiiiiximrim ( s e e  ~ i g .  4 2 )  . 4 2  The tests o f  Nasser acid N e a i l l 3 - e  

ke br-lefPy d i scussed  t h e  

The graphs of daka assmlbl-d by Geymayer are reproduced i n  F i g s .  40- 

i l k  " c r e q  11la~i~1111iii" effect observed 3y Nasser and Nev i l l e  I 3 4  'They 

I O > " ,  

i 

h'ig. 49. Coaipt la t ioi-1 of i m p p r a t u r c  E f f e c t s  on Con1-1 ir. it, e p ,  

oii Creep o f  Concre te :  A L i t e r a t u r e  R e v i ~ 7 3 , ' '  ACI S P - 3 4 ,  Concrets for  
fiucZm7r Reactors, p p .  565-90 (1972)  - 

Sealed  o r  Watel S t o r e d .  SOUIC:': 11. G .  G C ; J T L ~ ~ ~ E ,  11.- L f f e c t  o f  Temperature 
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colrducI:f:a a t  s i ; r e s ~ / ~ t  IigLh rat:i.os o f  35 and 70%. F u r t h e r  tests 
by Nasser2" at s t r e s s / s t r e n g t h  ratios o f  10, 20 ,  a i d  4.5% showed t h e  same 
creep maximum a t  70°C (1.58"P). Nasser24 and Geymayer4' b o t h  r e f e r e n c e  
the w o r k  of  Hickey ( r e f .  15  o f  r e f .  42) oil unsealed specimens, wliich 
showed a maximim c reep  r a l : ~  aro7iird 50 t o  8 O o C  (122 t o  1'76°F). S e v e r a l  
o i:her: invent i -gat ions of e leva ted- t rmpera ture  c reep  d i d  not  reveal a 
naxirntrm f o r  t o t a l  creep a t  comparably low tenperatilrc?.s b u t  m.oslr d id  
i.ticlicatcir a illa.x:inium f o r  t h e  c reep  race between 50 and 100°C (122 and 
2L2'F) ( i f  computed f o r  some per iod  heCwern 1. and 1-00 days of 1.oadin.g). 
Nasser znd Nev-Lble abservd 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  Setween c reep  
and s t r e s s / s t r e n g t h  r a t i o  a t  e l e v a t e d  tempera tures  [up  to 96°C ( 2 0 5 " F ) ] ,  
j u s t  as a t  room t empera ture .  They n1.so observed hhat creep recovery  i s  
i-nilependent Is0 t:h of tempera ture  and of t h e  stress magnitude d u r i n g  creep. 
T h i r d ,  t h e  p a t t e r n  of behav io r ,  i n c l u d i n g  t h e  shapci! o f  t i l e  cueep-~:tine 
curve does not change a t  e l e v a t e d  t empera tu res .  The rneckianisn p o s t u l a t e d  
f o r  t h e i r  o b s e r v a t i o n s  i s  based on  KesI.er's ( r e f -  2 of r e f .  3 4 )  concept  
of basic.  creep and t h e  e f f e c t s  of adsor3ed water. They subscr i .hrd i::o 
t h e  seepage t heo ry  o f  creep. 

G e q ~ n a y e r ~ ~  s ta ted  t h a t  r e s u l t s  by DaSi.lvies.3 and Fiorrntino" 
c h a l l e n g e  the  hypothes is  t h a t  c r eep  recovery  i s  independent  of  tempera ture ,  
An examinat ion of  t h e i r  r e p o r t  does show !:hey concluded that the  greater 
t h e  t ape ra t t i r e  Che grea te r  t h e  c reep  recovery  s t r a i n s .  However, rin 
the tirxt of t h e i r  r e p o r t  (see pp. 17~5-76 of r e f ,  4 3 )  they s t a t e  t h a t  t h e  
s t r a h  recovaq was h i g h e r  f o r  Che hea ted  pr i sms .  They a l s o  say that 
.st?&n recover3 r a t e  ~J.W h i g h e r  f o r  heated p r i s m s  than f o r  unheated 
pr i sms .  ~t i s  noT cleair that. DaSKLviera and Florentino [ s e a l e d  tests 
u p  t o  45°C ( 1 1 3 " ~ )  j separated a c t u a l  c r eep  recovery  from t o t a l  stt:ai_n 

and de f ined  crc:ep recovery- as recovery  i n  excess of t:li2 i3inediaLe s t r a i n  
change on unloading  ( s e e  :J. 1571  of r e f .  3 4 ) .  DaSilviera and F lo ren t ino  
d- id ,  however , r e p o r t  t h a t  the c reep  Poi.sson r a t i o  rtl..runj.ns constant.  du r ing  
a c reep  test  and  i s  equal. t o  ?he elasti.1: v a l u e .  They also concluded that 
c r e e p  strai.ns are t h e  same i n  a water-soaked c o n c r e t e  arid i n  a siiniLar 
mass-cured c o n c r e t e .  They used 20 X 20 X 60 cin ( 7 . 9  X 7 . 9  X 23.6 i n . )  p r i s m s  
w i t h  g r a n i t e  aggregate  arid waterlcerncnt r a t i o s  of 0 .5  and 3 . 7 .  Al.so, 
t h c : : : ~  used ve ry  low s t r e s s l s t r e n g t h  r a t i . o s  o f  0.08 ( f o r  w / c  = 8 . 5 )  and 
0.20 ( f o r  w/c M ~ R e n r y ' s ~ ~  expres s ion  w a s  used t o  f i t  t h e i r  d a t a  
and gave n rniich belrcer f i t  t han  the u s u a l  l o g a r i t h m i c  representnt i .on I 

Spc:".cif:i.c creep s t r a i n s  i n  a c o n c r e t e  loaded  a t  age I are  g iven  by 

- 

K', cu,very - ( a s  de f ined  i n  F i g .  35).  Nasser a i d  N e ~ i . 1 I . e ~ ~  d i d  s e p a r a t e  i t  

0 . 7 ) .  

where t i s  t h e  time a f t e r  l o a d i n g ,  and A ,  R ,  a ,  6, and y are  c h a r a c t e r i s t i c  

Brome and Blundell (ref.  1.9 of r e f .  4 2 )  performed c reep  tests on 
paranmeters tl-iat are de-termined expe r imen ta l ly .  4 3  

sea1.ed specimess up t o  95°C (203°F)  for a g e s  up t o  400 d a y s .  O n  a loga-  
r i t h m i c  p l o t  of  t i m e  from I.oadiiig, i.ni.t:i.al. d a t a  stno~~ecl thc c reep  vs l o g  
time p l o t  t o  l ~ e  l.isiear, bu t  t h e  d a t a  d e v i a t e d  upward f a r  the longer  t::imes 
under h a d .  On a l o g / l o g  basis ,  'noweveu, the creep ci i rves remained l i n e a r  



57 

where -- 
E = s p e c i f i c  c reep  s t r a i n ,  - = a f a c t o r  decreas ing  with age at l o a d i n g ,  k ,  and increasing 

w i t h  a;bsolute temperature, d 
t t i m e  under h a d  in days,  
n, ::: ;I fartor, decreasing with age  a t  load ing ,  k ,  arid vanit-yrng __ 

w i t h  abssluze t empera tu re ,  0 ,  
B ~ Q W T I ~  and 139undeki's results C-tans is ten t ly  s h o ~ e d  an increase o f  t o t d  
creep up r:o 95°C ('03*F) Geymaye-f d-iscussed the l i m i t e d  $3 ig13i.ficil.llrle of 
a cseq rate computed f o r  a p e r i o d  of 1 tc:, 100 days a f t e r  loading and 
t h e  possib1.e reaso1-ls f o r  observ ing  m a x t m u m  creep rates du.riLLg a pa € " L i C d . m  
t h e  p e r i o d  without obse rv ing  a. CCI rresponding maximum. t o t a l  c reep  value 

ciimc typical o f  many ~f the creep cu rves  i n  the l i t e r a t u r e  r e v i e w  of 
Wagner ( ref ,  28 of ref. 4 2 )  and thc! report Q F  FiralI~ and Kesler (ref ,  21 

(-27 y e a r s )  i s  iabvious i n  the f i g u r e  and shows how the creep r s t c  ca lc~r-  
I-ated between and may no t  necessarily rcprwamt b&av.i<~r ;;t l a t e r  
t i m e s  i n  +he Loading h i s t o r y ,  'b?litl-i reference a:;.,a%n t o  F i3s . .  4 C e ~ 2 ~  zxl 
the o b s e r v a t i o n s  of creep maxjiraurms by some tlrivt?st-igators t h e  masit: pro- 
nounced c r e e p  m a x i m a  anal those found at the l o w e r  teinper,at:ures r e p r e s e n t e d  
specimens which had been hea ted  Cor abcaut twu weeks before load a p p l i -  
cat ion .  Geymayer suggesrs  t h a t  t h e  e i f ec t  of e l e v a r i d  tempera tures  Is 
t o  magnify and a c c e l e r a t e  t h e  creep phenamenon, r e s u l t i n g  i n  a g r e a t e r  
pe rcen tage  of t o t a l  c r eep  t o  occur  d u r i n g  the rfrst days after I.oadnarg. 
R e s u l t s  from unsea led  specimens s t r o n g l y  support t h i s  s tmple concept .  
A l s o ,  r e s u l t s  of some s e a l e d  o r  submerged specimens support i t ,  wl-~i 'he  
o the r s  do not .  

I n  a program t o  obse rve  creep i n  mass cc lnr re te  (sealed specimens) at 
high t empera tu res  [above 100°C Q212'F) 1 Nasser and Loht ia"  s u b j e c t e d  
7 . 6 2  x 22.9 cm ( 3  x 9 i n . )  c y l i n d e r s  t o  v a r i o u s  stress/strength radlins 
(20, 3 0 ,  and 50%) f o r  room-temperature s t r e n g t h  v a l u e s  ( ra t ios  change if 
s t r e n g t h  a t  e l e v a t e d  t empera tu re  i s  cons idered)  and h igh  &:t.aaperatures, 
20 to 232'C (68 to 41iO0F), f o r  up t o  six months.  They also measured 
creep recove ry .  A type  IT1 cement with 1,91-cm (3i4-in.l rnaxinmm : j i Z e  
aggrega te  (do lomi te  and hornblende)  and a w a t e r l c m e n t  r a t i o  of 
used i n  a l l  tests- A l l  tests w e r e  one day old when exposed t o  t h e  test 
t empera tu re  and were cured  f o r  13 days i n  t h e  s e a l e d  condi t ion . .  'IChey 
were t h e n  loaded,  and s t r a i n s  were measured p e r i o d i c a l l y  up to s i x  ruontlx. 
A f t e r  un load ing ,  c r e e p  recovery w a s  observed  f o r  70 days,  
t h e  a p p l i e d  axial stresses t o  account  for s a t u r a t e d  steam p r e s s u r e  due 
t o  moisture at  t empera tu res  of 1 2 1 ,  1 4 9 ,  177, and 232'C (2150, 300, 350, 
and 500'F) [ p r e s s u r e s  w e r e  0.14, 0.34 ,  0 . 8 3 ,  and 2.89 FPa ( 2 0 ,  5 0 ,  120, 
and 420 p s i )  r e s p e c t i v e l y ] .  The a p p a r a t u s  developed f o r  measuring crezcp 

z ~ t  the end O f  t h e  time p e r i o d .  F igure  43 represent6 a s c t l P n i T t i C  creep 

O f  ref. !+2> 'Fhe crf0d)le infleckion QbSeXVed be$:Ween 3 and l(r ,oog daVS 

42 

They c o r r e c t e d  
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I?:! s p e c i n e m  a i  i p e r a t u r e s  t o  232'1: (SOO°F) d e s c r v m  d e s c r l p t l o n  
F igura  [!~[! s~~oi:.. e detai.1.s ,of the nachine .  Each u i l i t  I s  made 

of 7.34-r,ii--i:-imi ( 3  1 / 8 - i z . ) ,  0.79.-cm-~hick (5/J-6-<n5)  rrril.d-stee1 p i p e  
v.G Eli  7.. 27-crr-thick (1 /?--<.TI.) mild-steel fl.aages and a rnild--siri?el. p i s t o n  
a s s m 5 l y .  Hrz,i;s diaphragms 0.025 cin (0.010 i n . )  tlr-l.ck sea l  t h c  p i s t o n  
assembly and c o n c r e t e  a g a i n s t  o i l  and moisture l eakage .  T,oad i s  appS i e d  
through t h e  p ikcon  assembly by o h 1  pressure. The un i t  i s  design.ed f o r  
a p r i t s suue  of 70.68 MPa (3000 p s i ) .  Displacements  are Tol:?iP:j~.lrrd by a~li 

extensomet-or actached t o  t he  covei- p l a t e  and p l s t o n  a s smbly .  The p i p e  
I s wound T J ~  ~h hlgh-rcs i s taace  wire f o r  heati-tig t h e  enclosed concrete.  2 -  

The r c a 3 l . t ~  of Sijme rr22p tests a r e  p re sen ted  in E3.g~ .  45 and 4 6 .  
lire 4 5  represents tests aE 177°C (350°F) f o r  various stress 1evel.s. 
straight l i nes  were fi . t  t o  t h e  d a t x  o f  each stress 1?v?13 one from 

1 t'o 21. d a y s ,  and t h e  o t h e r  froin 21 to 180 d a y s .  F i g u ~ s  46 shows ty1i.e 
c r e e ~  curves  obtairied f o r  a stress/strength iratlo of 202 a t  v a r i o u s  

( a f t e r  40 days; and then decrzased  a t  1 7 7  a n d  232'C (3.50 and 45B'F). 
For stress/strength i-atios of 35 and SO%, the: maximum c r e e p  occurred a t  
177°C (350°F) .  A t  r a t io s  o f  35 and 50% they observed that  t h e  c reep  rate 
hetween 1 2 1  and 1.80 d a y s  incb-eised up t o  7 1 . O 1 :  (160°F) and  tl-lereafter 
drc-iPi3sed wlzh tempera'Cu:rr to  232°C (45OOF) . ('Phi.s o b s e r v a t i o n  agl:ees 
w i ~ h  Nasser anti ~ e v i l ~ e ' s  c reep  maxi.miim, 'I as d i s c u s s  e+. pre-ious l y  . ) 
ltle c r e e p  race d i d  n o t  b e g i n  t o  d e c i e a s c  f o r  t h e  20% tes t  unC-i.1 a f t e r  
15OOC (302°F). 
( 6 0 ° F )  f o r  t h e  i i h r ~ e  stress levels  used,  Ti32 a u t h o r s  went  through a 
procedure whesehy v a l u e s  of aciiual. stress/streng t h  r a t i o s  cor responding  
t o  a p p l i e d  si:re'.nses a t  each temper;iti.irc were ca lcu la ted .  They used [:lie 

r r ipera tures  . The c reep  increased with tar tperatr i res  up  t o  150°C (302°F) 

n- 

F i g u r e  4-7 shows t1-r:: 180-day creep  da t a  up t o  232'C 
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Fig .  4 6 .  Creep of Sealed  Coiicrete a t  Various I'emperaturcs . Sourcc : 
K. I?. N a s s P r  and R. F a  L o h t i a ,  "Creep of Mass Concrete a t  High Temper&- 
t m e s , "  J .  Am. Concr. lizst. 6 8 ( 4 )  : 276 ( A p r i l  1971) .  
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Fig .  4 7 .  Creep  of Sca led  Concrete vs Temperatuic, 180 days.  Source: 
K. FJ. Nasse?- and R. P. L o h t i a ,  "Creep of Mass Concrete  at High Tempera- 
tu res , "  J .  Am. C0j7m.  Inst. 68(4):  276 (April 1971) .  



amount of steam p r e s s u r e  p r e s e n t  and t h e  s t r e n g t h  o f  t h e  specimens as 
determined a t  t h e  comple t ion  of t h e  tests. It i s  n o t  clear how they 
o b t a i n e d  their  a d j u s t e d  r a t i o s .  They showed no c r e e p  recovery  d a t a  b u t  
s t a t e d  t h a t  creep recove ry  w a s  independent of tempera ture  and dependent 
on stress. 
and L o h t i a  r e f e r r e d  t o  t h e  theo ry  of absorbed  m o i s t u r e  and t h e  v i s c o u s  
n a t u r e  of t h e  c r e e p  mechanism. 

c e r n i n g  Nasser and L o h t i a ' s  s t u d y  of s t r e n g t h  and e l a s t i c i t y  a t  h igh  
t e m ~ e r a t u r e ~ ~  app ly  h e r e .  
age of one day and cured  i n  a s e a l e d  c o n d i t i o n  a t  t h e  test. tempera ture .  
Th i s  procedure  i s  n o t  b e l i e v e d  t o  be  r e p r e s e n t a t i v e  o f  t h e  PCRV c o n c r e t e ,  
which would not  b e  exposed t o  h igh  t empera tu res  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 h y d r a t i o n  w i l l  cause  most of t h e  c o n c r e t e  t o  b e  
exposed t o  e a r l y  age e l eva ted - t empera tu re  c u r i n g ,  b u t  c e r t a i n l y  n o t  a t  
t empera tu res  of 100°C (212°F) and above. It would b e  i n t e r e s t i n g  t o  
compare d a t a  ob ta ined  i n  a similar manner, b u t  u s i n g  m o r e  mature c o n c r e t e .  

were des igned  t o  d c t e m i n e  t h e  
long-term c r e e p  behav io r  of c o n c r e t e  a t  20 and 65OC (68 and 149°F) i n  t h e  
s e a l e d  and unsea led  c o n d i t i o n s .  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 cu r ing  
t i m e ,  c u r i n g  h i s t o r y ,  and s t a t e  of stress. The m i x t u r e  c o n s i s t e d  of 
f i n e  and c o a r s e  l imes tone  a g g r e g a t e  w i t h  type  I1 cement and a water/cement 
r a t i o  of 0.425. The tests involved  15.24-cm-diam, 40.64-cm-long (6  X 16 in.)  
c y l i n d e r s  t e s t e d  under u n i a x i a l ,  b i a x i a l ,  and t r i a x i a l  c o n d i t i o n s .  The 
mul.t iLurial  cases will b e  d i s c u s s e d  la ter .  A 34.47-MPa (5000-psi) h y d r a u l i c  
p r e s s u r e  load ing  system w a s  u t i l i z e d ,  and specimens w e r e  s e a l e d  w i t h  epoxy 
c o a t i n g s  and 0.020-an-thick (0.008-in.) copper j a c k e t s .  V i b r a t i n g  w i r e  
s t r a i n  gages were embedded i n  t h e  specimens for s t r a i n  measurements. 

Measurements of s h r i n k a g e  s t r a i n s  d u r i n g  a 40-day c u r i n g  p e r i o d  a t  
20°C (48'F) showed a lmost  n e g l i g i b l e  s h r i n k a g e  i n  t h e  s e a l e d  specimens,  
w h i l e  t h e  a i r - d r i e d  c y l i n d e r s  exper ienced  cont inuous  s h r i n k a g e  t o  about  
200 m i c r o s t r a i n .  During load ing  the. s e a l e d  specimens showed no s h r i n k a g e  
a t  20°C (68"F),  b u t  a t  45'C (14g0F),  about  40 m i c r o s t r a i n  of expansion 
w a s  recorded .  
c u r i n g  t i m e  p r i o r  t o  l o a d i n g  w e r e  impor t an t .  
u n i a x i a l  stress, s h o r t e r  c u r i n g  p e r i o d s  r e s u l t e d  i n  g r e a t e r  c r eep  s t r a i n s  
du r ing  l o a d i n g .  For t h e  f i r s t  2 t o  2.5 y e a r s  t h e  mass-cured specimens 
showed less c r e e p  s t r a i n  t h a n  d i d  t h e  a i r - d r i e d ,  b u t  du r ing  t h e  nex t  2.5 
yea r s  the r a t i o  of mass-cured t o  a i r - d r i e d  c r e e p  approached a v a l u e  o f  1. 
At 20°C (68°F) t h e  r a t i o s  of f ive -yea r  t o  one-year c r e e p  f o r  180- and 
365-day 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 ,  w i t h  
the a b s o l u t e  v a l u e s  o f  s p e c i f i c  creep be ing  e q u a l  at about  27.6 micro- 
s t ra in /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 (68°F) €o r  180-day c u r i n g  w e r e  e s s e n t i a l l y  p r e d i c t e d  by equa t ions  
developed i n  a n  earlier s tudy."  Those e q u a t i o n s  w e r e  based  on tests of 
specimens loaded  a t  90 days and k e p t  under load  f o r  one y e a r .  A s  a n  example, 
t h e  axial  c r e e p  s t r a i n  f o r  a mass-cured specimen loaded  a t  65'C (149°F) 
is  g i v e n  by 

The maximum measured recovery  s t r a i n  w a s  390 X lo-" Wasser 

With r e g a r d  t o  t h e  s t u d y  i n  g e n e r a l ,  comments made p r e v i o u s l y  con- 

That  i s ,  t h e i r  specimens w e r e  demolded a t  t h e  

Experiments conducted by Kennedy4 

For t h e  c r e e p  tests a t  20'C I68"F),  c u r i n g  h i s t o r y  and 
For a 16.54 MPa (2400-psi) 
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w h e r f  
__ = axial stress, p s i ,  
- r = r a d i a l  stress, p s i . ,  

t time a f t e r  Poadi i lg ,  days ,  atul 
- 

( E ~ ) ~  = c reep  s t r a i n  i n  a:xi.aI d i r e c t i o n :  mic roun i t s .  

I.Ji.ch r e g a r d  t o  c reep  recovery ,  Chuang e t  a l .  funnd tinat a l a r g e r  pe rcen tage  
of t:hc ch-eep s t r a i n ,  which occur red  dur-Lng one y e a r  under J-oad, w a s  recovered  
from t h e  s e a l e d  conc-rete than  from t h e  a i r - d r i e d  c o n c r e t e .  49 
lack. of dependence on temperairure f o r  creep recovery  a g r e e s  with the obser -  
v a t i o n s  o f  o t h e r s .  

Mukaddam5 
o f  35 t o  45% and t m p e r a t u r e s  up to  about  100°C (212°F).  The rnodel w a s  
based on t h e  ].inear, v i s c o e l a s t i c  r e sponse  of c o n c r e t e  and i t s  behav io r  
as a the,.-rnorheologi.caI.ly s i m p l e  material Rased on t h e  t i ine-shif  t priiici..ple, 
then, Mukaddaa dernonstraced, u s i n g  da ta  from v a r i o u s  investigate-rs that 
tiie t o  tal. s p e c i f i c  creep of c o n c r e t e  f o r  any teiaperature i.s c o n s t a n t  rnhcix 
cons ide r ing  ages  a t  l o a d i n g  0.E 28 i:o 400 days and load ing  t.:iines up t o  
1000 days.  We co-ocluded t h a t  f u r t h e r  work on the e f f e c t s  of terriperature 
above 100°C (212"F), rnuI.tiax-ia~. s ~ r e s s  s t a t e s ,  and P o i s s o n ' s  r a t i o  i s  
needed, as well as a d d i t i o n a l  a n a l y t i c a l  invesir:Lgations. A summarized 
v e r s i o n  of Mukaddain's work i s  gi.ven i n  rsf. 51. 

Brame." 
i n d i c a t e d  t h a t  h e a t i n g  c.ould cause  some expansion.  A 1 i r n : i . i .  czirve w a s  
cons t ruc t ed  for- sh r inkage  t~ a 30-year I . i . fe  based on expec ted  c o n d i t i o n s  
i n  the Wylfa vessel which showed that 400 m i c r o s t r a i n  w a s  a c o n s e r v a t i v e  
esrimate a For  tempera ture  g r a d i e n t s  and tmnperatvres above t h o s e  now <.u 
cur ren t  u s e ,  more p r e c i s e  i.n?o-rmatLon would 19e r e q u i r e d .  I n  tescs up t o  
95°C (203'F) , Browoe found t h a t  u n i a x i a l  c r eep  d i d  i n c r e a s e  substan.tia1.S.y 
w i t h  temperacure, bu t  much sca t te r  was ob ta ined  us ing  15.24-cm-diarn, 
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-cru. (1. 1/2-- in . )  c o a r s e  
aggrega te .  Gene ra l ly ,  t h e  c reep  d r t o - m a t i o n  decreased  with i n c r e a s i n g  
age  a t  J-oading and dec reas ing  water/cemenL r a t g o s .  H e  expressed  the creep 
behavior  u s ing  a n  equa t ion  t h a t  cons ide red  t h e  age  at: load  a p p l i c a t i o n ,  
t h e  t:ime af Ler load ing ,  and t h e  tempera ture  dur:i.ng l . ~ a d i n g .  The equatioin 
i n c l u d e s  f a c t o r s  t h a t  m u s t  b e  expe r imen ta l ly  determined for t h e  p a r t i c u l a r  
concrt:it:e be ing  ut:i.l.ized i n  a d e s i g n  app l1ca t : : h i .  Rrowne r e p o r t e d  tha t  his 
l i m i t e d  d a t a  above 80°C (176°F)  d i d  not  allow a n  observat:i.oii as t o  whether  
t h e  c r e e p  r a t e  decreased  a t  t h o s e  tempera tures  as sugges ted  by Nasser and 
Neville. 

Experiments conducted by Gross52 on c reep  hd ixv- io r  showed, a g a i n ,  
that c r e e p  i n c r e a s e s  v e r y  subs-taat i d l y  a t  h i g h  tempe.ara.i:ures. Tes ts  a t  
d-i-fferent stress 1.evel.s showed, upon normal.izjng ~esi . i l ts  t o  a stress 1 . ~ v e l  
of  0.2,  t h a t  thermal c r e e p  strains may be t r e a t e d  as I.-i.near, v6scoe las t ic  
s t r a i n s  up t o  about  300°C (592OF) (withi.n conf idence  l i m i t s  of  +l.O%). 
Gross d i d  n o t  state. whether specimens were s e a l e d  o r  unsea led  ~ a l though  
t h e  age a t  load ing  w a s  given as 6 t i 0  12 months; so 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  mo i s tu re  1-oss. In a d d i t i o n ,  t h e  time under  
load  was o n l y  7 t o  1 5  days.  The a u t h o r  provicles var ious j u s t i f i c a t i o n s  

Thus the 
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A mathe~a t i ca l  model for isothcrrnnl. c r eep  llehavior was developed by 
f o r  senl.ed c o n c r e t e  specimens loaded a t  s t r e s s l s t u e n g t h  r a t i - o s  

Crc2t.p tes ts  on t h e  c o n c r e t e  used  I n  the I:Jylfa PCRV were r e p o r t e d  by  
Shrinkage w a s  found Lo be very snral.1. i.n sealed c o n c r e t e  and 
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f o r  t h i s ,  mainly t h a t  about  75% o f  f u l l  creep re sponse  may be r e g i s t e r e d  
i n  t h a t  thie p e r i o d .  No r e s u l t s  i n  his paper were found t o  p m v i d r  adequate  
j u s t i f i c a t i o n  f o r  t h a t  k ind  of c o n c l u s i o n ,  1 x 1  f ;zr t ,  w i th  regard t o  high-  
t empera tu re  c r e e p  of s e a l e d  specimens,  h i s  s t a t emen t  i s  judged t o  b e  
premature.  

r e s u l t e d  i n  conc lus ions  t h a t  (1.1 e l e v a t e d - t e ~ p e r a t u r e  
[up t o  4 2 5 " ~  (797"F)I  c r e e p - t i ~ ~  cu rves  of c o n c r e t e  have t h e  sane shape as 
thosc? a t  room t empera tu re ,  (25 c reep  rate is  h i g h e r  at: h t g h  t empera tu res  
and h igh  s t r e s s / s t r e n g t h  r a t i o s ,  (3) Low water /canent  r a t i o s  r e s u l t  i n  
1 ess c reep  ( 4 )  a n o n l i n e a r  r e1a t i . onsh ip  g e n e r a l l y  e x i s t s  f~etween 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 f t h a t e  cmpressLve  strength a t  e l e v a t e d  
tempera tures  is much h i g h e r  t h a n  t h a t  p r e d i c t ~ d  by others. T'hc t e s t s  
were n o t  performcrd using s e a l e d  specimens. The conelus ion  regarding t h e  
n o n l i n e a r  r e l a t i o n s h i p  between c r e e p  and s t r e s s l s t r e n g r h  r 4 3 t i o  was based 
can two  r a t i o s  (40  and 602) and e x t r a p o l a t e d  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 ,  w h i l e  some d i d  no t .  The high u l t i n a t e  
s t r e n g t h s  a t  h i g h  t empera tu res  w e r e  probably observed  becatise t h e  specimens 
w e r e  h e a t e d  while under I.oad, The au thor  f e l t  t h a t  t h e  hea'ring w h i l e  
under l oad  was more practi.cal f o r  a c t u a l  s t r u c t u r e s .  
c r eep  are cons ide red  to  be a result of the unsea led  nature of t h e  specimens. 
T h e  rrssults of Sek i  and K a ~ a s m i . ' ~  s u b s t a n t i a t e  t h a t  observation. 

~orn~noii o b s e r v a t i o n  that.  i n c r e a s i n g  t empera tu re  r e s u l t s  i n  s u b s t a n t i a l l - y  
h i g h e r  c reep  s t r a i n s .  
is  shown t o  be less  t h a n  t h a t  f o r  specimens s u b j e c t e d  to some degree  of 
d ry ing .  
young c o n c r e t e  in both  s e a l e d  and unsea led  c o n d i t i o n s .  The phenomenon of 
a "creep raaximurn" h a s  been observed  by many i n v e s t i g a t o r s .  
somewhat of a misnomer, because  the observation is t h a t  thas s p e c i f i c  creep 
r a t e  r eaches  a maximum w i t h  i n c r e a s i n g  t empera tu re  and is n o t  n e c e s s a r i l y  
accompanied by a cor responding  maximum i n  acf3ii;nl creep s t r a i n  I 
maximum has been r e p o r t e d  v a r i o u s l y  f r o m  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 / s t r e n g t h  r a t i o ,  up t o  3.50"C (302"'F) 
no t  a11 s t u d i e s  have r e p o r t e d  t h e  maximum creep ra te  e f f e c t .  Al.so, i r n  
g e n e r a l ,  most s t u d i e s  have repor t ed  t h a t  t h e  shape of the curves f o r  c reep  
vs time a t  h igh  t empera tu res  i s  similar t o  t h o s e  a t  room t cmpera ture .  
C r e e p  r ecove ry  has been  observed t o  be  less t h a n  t h e  a s s o c i a t e d  c r e e p  
s t r a i n .  The degree  of c r e e p  ~ ~ C Q V ~ V  appea r s  t o  b e  indepexident 01 tempera- 
t u r e  h u t  dependent on stress. 'In a d d i t i o n ,  s h r h k a g e  s t r a i n s  of c o n c r e t e  
are r e p o r t e d  t o  be v e r y  low f o r  s e a l e d  specimens,  and, i n  Fact, high- 
t empera tu re  exposure has  been shown to r e s u l t  i n  expans ion .  
t o  s t r e s s / s t r e n g t h  ratio, i n c r e a s i n g  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 .  
Consider ing t h e  r e p o r t s  on d e t e r  iorat i .on of compressive s t r e n g t h  at 
t empera tu res  o v e r  loo°C (212QF) f o r  s e a l e d  specimens,  t h e  stress a t  which 
creep 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  dec reased .  For 
t empera tu res  below 1OQ'C (212OP), t h e  procedures  o f  l i m i t  d e s i g n  appear  
t o  b c  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  t a n -  
p e r a t u r e s  above 100QC (212'F) , the v a r i a t i o n s  i n  e u p e r h e n t a l  t echniques  s 
c o n c r e t e  m i x t u r e s ,  c u r i n g ,  and l o a d i n g  h i s t o r i e s  p r o h i b i t  she development 
of a r e l i a b l e  g e n e r a l  conc lus ion  of long-term behav io r .  

~ e s t s  by wang' 

H i s  h igh  v a l u e s  of 

The i n v e s t i g a t i o n s  of behav io r  a t  e l e v a t e d  tempera tures  produce the 

In general the  s p e c i f i c  creep of sealed specimens 

A l s o ,  it i s  appa ren t  t h a t  c r e e p  will be  s u b s t a n t i a l l y  g r e a t e r  f o r  

T h e  team i s  

"lie observed 

Ln fact, 

With r e g a r d  
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3.3.5 T h e r m a l  P r o p e r t i e s  I_.._ _.._ -. . . . . . .. . .._ 

'The thermal p r o p e r t t e s  of c o n c r e t e  a f E e c t  i t s  perfnsmance over  a Pang 
p e r i o d  of Ciine under vary-ing c o n d i t i o n s .  The d i s s i p a t i o n  of heat from 
r a d i a t i o n  a b s o r p t i o n  and f r o m  .tihe r e a c t o r  c o o l a n t  i s  important i n  the 
PCRV f o r  the JevelopmenL of thermal  g r a d i e n t s  and r e s u l t a n t  themla1 stresses. 
The a b i l i t y  o f  t h e  c o n c r e t e  to  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 c o n d u c t i v i t y ,  k ,  the. normal the-mal d i . f f u s i v i t y  , a ,  
and t h e  s p e c i f t c  heat, e. The three parameters are r e l a t e d  by the tern 
a = k/c ,o ,  where p is  t h e  d e n s i t y  of t h e  m a l i t r r i a l .  S p e c i f i c  h e a t  is  a 
measnre 0% heat requi red  t o  ra ise  t h e  t a p e r a t i  of 3 u n i t  mass by lo, 
w h i l e  the normal. t h e ~ m a l  d i f f u s j - v i t y  relates t o  t h e  ease w i t h  whi.ch t h e  
mater ia l .  w i l l  submit t o  a t w p e r a ' t u r e  change ., 'The thermal. c o n d u c t i v i t y  
i s  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 .  
increase: w i t h  i n c r e a s e s  i n  ei thel :  d i f f u s i v i t y  or s p e c i f i c  heat. A h igh  
thermal  conduc t i , v i ty  w i l l  resul 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  material. That i s  d e s i r a b l e  i n  o r d e r  C : I ~  m i  n:irnize thermal  g r a d i e n t s  
through t h e  t h i c k n e s s .  
coo l ing  requi rement  can  be  minimized wi.th h i g h  thermal c o n d u c t i v i t y .  

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  s u b j e c t e d  t o  a tempera ture  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 in  l e n g t h  p e r  deg ree  o f  te lnperature  change f o r  test 
specimens. The thermal. expansion is  oT importance t o  reduce  s t r u c t u r a l  
moVvpment and tiieriiral stresses (Tab1.e 3 )  . Thermal exyansi.on i s  a compli-- 
ca t ed  phensmenon i n  c o n c r e t e  Secause  of t h e  d i f f e r e n t i a l  expansion o:E %I:s 
components and t h e  r e s u l t i n g  development o f  :internal stresses I These 
changes are dependenr:: 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  cement p a s t e  and 
aggrega te .  The p r o p t ? r t i e s  of the aggrega te  a p p e a r  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 the c o n c r e t e ,  5 5  
infI.uencing t h e  tbemal expansion (i f  rock  and, t h e r e f o r e ,  of c o n c r e t e  i.s 
t h e  p r o p o r t i o n  of q u a r t z ,  Low c o e f f i c i e n t s  of expansion are ob ta ined  
w i t h  rocks having little o r  no q u a 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  with t empera tu re ,  and, thus, a p a r t i c u l a r  c o e f f i c i e n t  
can on ly  be  g i v e n  over  a l i m i t e d  t empera tu re  range.  Moreover, t h e  thermal  
coe:E:E.i.cient o f  expansion i n  c o n c r e t e  j_s a f f e c t e d  by t h e  1ni.x propor t ions ,  
mo i s tu re  c o n t e n t ,  age of c o n c r e t e ,  and t h e  c o e f f i c i e n t s  of v a r i o u s  
const i t1rents .  

v a r i o u s  c o n c r e t e s  i n  t h e  unsea led  c o n d i t i o n .  Their r e s u l t s  are shown i n  
F i g .  4 8 .  The wat:tr.s/ceinent ra.tios v a r i e d  from 60 t o  7 U X ,  depending on the 
aggrega te  used.  T h e  c o e f f i c i e n t s  f o r  s i l i c a  aggrega te  c o n c r e t e  c o i n c i d e  
w i t h  t h o s e  of t h e  o r i g i n a l  scones.  The limestone c o n c r e t e  w a s  similar 
and w a s  c l o s e s t  t o  the v a l u e  of  the r e i n f o r c h g  s teel .  

T e s t s  by M a r e ~ h a l . ~ ~  iadicated that microcracking af  fectrd t h e  
expansion measurements a t  t empera tu res  as low as 300'C (.572'F), b u t ,  f o r  
m o s t  c o n c r e t e s ,  500°C (932'F) w a s  more cornion. By submit:t:%ng specimens 
t o  t e n  t:hemal c y c l e s  between 20 and 500°C ( 6 8  and 932'F), they showed 
t h a t ,  when cooled t o  20°C (68'F) , t h e  concret:e r e t a i n e d  s h o r t e n i n g  compared 
w i t h  i t s  o r i g i n a l  s ta te .  I n  a d d i t i o n ,  i t  e x p a n d 4  a l i t t l e  less a t  t h e  
end of t e n  c y c l e s  t h a n  du r ing  L h e  f i r s t  cycl-e. Thus, a t  e l e v a t e d  tempera- 
t u r e s  below a c r i t i c a l  t empera tu re  f o r  microcracking ,  t h e  c o n c r e t e  t ends  
t o  evolve  toward a m o r e  c o n s i s t e n t  thermal exparision behav io r .  

That i s ,  k w i l l  

A s  shown i n  Table  3 ,  B r o m c l o  states t h a t  t h e  

Fur thermore ,  t h e  main f a c t o r  

Harada et a l .  40 measured t h e  c o e f f i c i e n t s  of thermal  expansion f o r  
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Pig .  48. Thermal Expansion of Various Concre tes  a t  E leva ted  
Temperatures.  Source: T .  Harada e t  a l .  " 'Strength,  E l a s t i c i t y ,  and the  
Thermal P r o p e r t i e s  of Concreke Subjec ted  to E leva ted  Temperatures ," 
A C I  S P - 3 4 ,  Concrete for  Nuclear Reaetcrs, pp. 377-406 ( 1 9 7 2 ) .  

Campbell-Allen and Desai" r e p o r t e d  c o e f f i c i e n t  v a l u e s  E o r  aggrega te s  
m o r t a r s ,  and c o n c r e t e  mix tu res  used i n  t h e i r  program. Prom 20 t o  30i4'C 
(68 t o  572°F),  t h e  limestone c o n c r e t e  showed an i n c r e a s e  i n  theimal  
expans ion  c o e f f i c i e n t  from 6.7 t o  10.8 m l c r o s t r a i n / " C  ( 3 - 7 2  to 6.0 micro- 
strain/'F), a change of 60%. The change f o r  f i r e c l a y  br ick w a s  s l i g h t l y  
g r e a t e r ,  w h i l e  t h a t  of expanded shale c o n c r e t e  w a s  s l i g h t l y  less. 

P h i l l e o 3 '  a l s o  measured expansion on unsea led  specimens,  Tlie coef- 
l i c i e n t  i n c r e a s e d  w i t h  water/cenient r a t i o  as expec ted ,  The vaiues  above 
427°C (8(91"F) were, i n  most cases, two t o  t h r e e  tiznes higher  than t h o s e  
below 260°C (500'F). He relates 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 427°C (801°F) t o  t he  
f a c t  t h a t  d ry ing  s h r i n k a g e  of t h e  p a s t e  keeps t h e  c o e f f i c i e n t  l o w .  

England and Ross 5 7  s e a l e d  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  r e in fo rcemen t .  The c o n c r e t e  
had a water/cenent r a t i o  of 0.45 and was I 4  days o l d  a t  t e s t i n g .  After 
h e a t i n g  t o  14Oo6 ( 2 8 4 " F ) ,  they r e p o r t e d  c o e f f i c i e n t s  of 10.5 X iO.-'!'C 
( 5 . 8 3  X 10-6/oF) f o r  t h e  s e a l e d  specimens and 1.2,1 X 10-'//°C (6.72 X 10 
for unsea led  specimens,  A s  d ry ing  p rogres sed  i n  t h e  unsea led  c a s e ,  t h e  
c o e f f i - c i e n t  value dec reased .  

emphasized t h a t  the c o e f f i c i e n t  of thermal  expans ion ,  C : V E ~ I  

w i t h i n  a p a r t i c u l a r  rock  group,  can vary c o n s i d e r a b l y .  
from v a r i o u s  s o u r c e s  and showed, as sugges ted  by G r T f f i t h s  ( r e f .  45 of 
ref.  l o ) ,  t h a t  t n c r e a s i n g  s i l i c a  c o n t e n t  i n  the a g g r e g a t e  r e s u l t e d  i n  an  

-6 Q / F) 

Browne' 
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i nc reased  c o e f f i c i e n t  . For example, a l h e s t o n c  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  502 less tlinn an aggregate of h igh  s i l i c - a  
c o n t e n t .  Browne p resen ted  t h r e e  g raphs ,  reproduced i n  F i g s .  4 9 ,  50,  and 
51 , which re1.a.t:e t h e  thermal s t r a i n  and./or coeff ic ienjr .  . ~ C J  t m ~ p e r a t u r e  
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 that l imes tone  c o n c r e t e  
experienc.ed a permanent exparisfon set :  due t:o a theriiial. cycl-e,  which 
Brome relates  t o  d i fEe rences  i n  expansion c o e f f i c i e n t s  of aggrega te  and 
c a e n t  p a s t e .  The e f f e c t s  o f  age  and rel.at:i.ve hLnnidril:y on mass c o n c r e t e  
n a y  be r e l a t e d  because  of a s1 .0~ dec rease  i n  re la t ive  himiclity w i t h i n  t h e  
massive s e c t i o n  as hydra t io i l  proceeds Browne's tes t  r e s u l t s  f o r  s e a l e d  
Wylfa concretzt? arc. shown i n  :Fig. 52 f a r  v a r i o u s  c o n c r e t e  ages and teupera- 
t u r e s .  'Che changes with age v a r y  only from 8 .7  microstrain/OC (4 .83  micro-  
s t ra in /OF)  a t  60 days t o  7.9 m i c r o s t r a i n / ' C  ( 4 . 3 9  micros t ra in /OP)  at two 
y e a r s  ( n o t  shown 011 t h e  graph) .  A l s o ,  t h e  c o e f f i c i e n t  g iven  i s  represent- 
ati-ve f o r  the ent i . re  range of 20 to 95°C (68  t o  203'F). A water -s tored  
specimen had a c o e f t i c i e n t  about 20% less t h a n  d i d  t h e  s e a l e d  specimen o f  
t h e  same age.  Browne. states t h a t  selec.t:Lo-n of a n  aggrega te  w i t h  a low 
1:iiermal expansion could sign:i -E-itcantly reduce  thermal stresses i n  the 
conc re t e .  He does n o t  addres s  any a f f e c t s  it, might haire C I ~  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 sane 1 . 0 s ~  of p r e s  tress 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  tn expansion c h a r a c t e r i s t i c s  between c o n c r e t e  and 
s t e e l  . 

" C  

TEMPERP.TURE F 

F i g .  49.  'i3emal Movement w i t h  Temperature Cycl ing of Concre te .  
Source: R. n. B r a m e ,  "Proper1::fes of Concre te  i n  Reac tor  Vessels ," Group C ,  
P a p e r  13, Conference on P r e s t r e s s e d  Concrete P r e s s u r e  Vessels, Westmlurinstelr 
S.W.T., March 1.967. 
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Fig .  52. Thermal Expansion of Wylfa Concre te .  Source:  R. D. Hrowne, 
P r o p e r t i e s  of Concrete  in Reactor  Vessels," Group C y  Paper  13, Conference 

on P r e s t r e s s e d  Concrete  P r e s s u r e  Vessels, Wcstminstcr, S.W.I. Marcb 1967.  
I f  

B e r t e r o  and Polivka's3' t e s t s  of s e a l e d  c o n c r e t e  shown i n  F ig .  53 
r evea led  t h e  same permanent expans ive  set. phenomenon a f t e r  one thermal  
c y c l e  [ t o  149OC (30Q0F)] t ha t  Browne observed .  I n  addi . t ion,  t h e y  r e p o r t e d  
t h a t  t h e  permanent expansion inc reased  w i t h  number of c y c l e s ,  b u t  a t  a 
dec reas ing  ralze. The expansion s t r a i n  a t  149°C (300°F) f o r  one c y c l e  
w a s  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  w a s  abou&: 1600 m i c r o s t r a i n .  
The permanent expansion a f t e r  c o o l i n g  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  c y c l e s  respecti.vely. For a s e a l e d  specimt..n exposed 
t:o l49OC (3OO0F), the t h e m a l  s t r a i n  i n c r e a s e d  f r o m  1100 t o  1520 micro- 
s t r a i n  ~7hen he ld  a t  teirperature f o r  14 d a y s ,  analogous t o  the c r w p  phenom- 
enon. The a u t h o r s  r e p o r t d  a sI i .ght  i n c r e a s e  i n  c o e f f i c i e n t  o f  thermal. 
expansion a t  hi.gh temperature. It i s  b a r e l y  d i s c e r n i b l e  from F i g .  53, 
b u t  from 20 t o  90°C (68 t o  194°F) t h e  average  cocffi-ci.ent w a s  r e p o r t e d  as 



Fig.  53. Strain-Temperature H i s t o r y  o f  Sealed Concrete. Source: 
V. V. Her te ro  and FI. P o l i v k a ,  " I n f l u e n c e  of Thernial Exposure on  Mechanical  
Characteristics of Concre te  ," LZCI SP-34, Concrete f o r  T\7zlck~~ R~uciS02?s, 
pp. 50531  ( 1 9 7 2 ) .  

7.74 microstrainlo@ ( 4 . 3  microstrainl'F), and from 20 t o  l l+g*C (68 to 300°F) 
as 8 . 4 6  micros t r a in / 'C  (4.70 microstrain/'F). The d i f f e r e n c e  is less t h a n  
lo%, and the C o e f f i c i e n t  i s  eonsfdered c ~ n s t a n t  u p  t o  149'C (300°F). On 
t h e  o t h e r  hand, a h e a t i n g  ra te  o f  5.5"Clbr (9.g°F/hr) resulted 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 rate of ll*C/hr (19.8'Flhr) 
I n  a d d i t i o n ,  t h e  c o e f f i c f e n t  decreased  w i t h  number of thermal cycles. 
During the first c y c l e  the v a l u e  w a s  about  8.60 microstraiu/"C (4 .78  micro- 
s t r a i n l o P ) ;  d u r i n g  t h e  1 4 t h  c y c l e  i t  w a s  only 6.73 microstrainj'C (3 .74  
m i c r o s t r a i n / " F ) ,  a d e c r e a s e  o f  22%. Even Chough the i mens w e r e  sealed 
w a t e r  escaped on heating and c o l l e c t e d  in the gap bc1t 
j a c k e t .  Thus, some dry ing  s h r i n k a g e  m u s t  have  ucciirred which caused the  

specimen and 
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measured v a l u e  of thermal  expansion t o  b e  less I:han that due s imply t o  
heat ihg - The authors claiii Char the measurement of 730 m i c r o s t r a i n  
pcmwrtent expansion a f t e r  1.4 theimal~ cycles iilust liave been due to a 
c o n s i d e r a b l e  ~ R Q U ~ I ~  of rn ic rocracking ,  Specimens al lowed t o  d r y  af ter  
i n i t i a l  heshi ~ i g  simwed inilch l e s a  expaosi on dur ing  subsequent  theamal 
cyc l ing .  Because of t h i s ,  t h e y  cnncJ.ude t h a t  i".he presence of fxt:!e 
m o i - s t u r e  i n c r e a s e s  the  aiiount of microcrack5ng.  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  spc. ~('lrn43I1S ..'. * 

c h a r a c t e r i s t i c s  arc. dcpenilenl- on many f a c t o r s .  I n  one case t h e  unsea led  
c o n d i t i o n  r e s u l t e d  i n  a h i g h e r  c o e f f i c i e n t ,  a d  i n  a n o t h e r ,  a lower 
c o e f f i c i e j l t  - I n  f a c t  I even s n i i t l i  the tremendous var i .a t ion i n  mix tu res  
t e s t  t echn iques ,  and c o n c r e t e  c o n d i t i o n i n g ,  ';he coef f ic ien t  of t h e r m a l  
expami-on does not  va ry  a g r e a t  d e a l .  It is a u n i v e r s a l  o b s e r v a t i o n  that: 

i c i e r i t  increases on ly  sl.j.ghirl y w i t h  tecrtperratures t o  2.50 o r  300°C 
(482 o r  572'F). Other  f a c t o r s  such as m o i s t u r e  c o n t e n t ,  thema.]. c y c l e s ,  
an3 1-ieati.ng ra te  can affeci: a given coricrete t o  a greaeer degre2  t h a n  
the aforsment ioned  t empera tu re  range .  

As with many of  t h e  o t h e r  p r o p e r t i e s  d i s c u s s e d ,  t h e  thermal. expansion 

'Typical- values o f  t:iwrmal c n i i d u c t % v i t y  for  norma1 concretes are in 
- 9  

the range  of 1 .0  t o  5.2 W m-' Ic-' (0.9 t o  4 . 5  k c a l  h r  m-' "CIi , 2 - 0  t o  
9 .8  B t i i  h r - '  f t-' O F - ' ) .  Tests by Bnn-t4.da e t  a1 . & '  on unseal.ed silica 
c o n c r e t e  showed t h a t  the  c o n d u c t i v i t y  decreased  w i t h  inc reased  tempera ture .  
The. rrlagni.t.iide of t h e  dec.r-ease can be seen i n  F:i.ge 5 4 .  Curves F and G 
bo th  show a d e c r e a s e  of about  8% 5rom 20 Eo 200°C (68 t o  392'F). Out t o  
750°C (1 382°F) t h e  d ( x i e a s e s  are ove r  50%. The thermal  d i f f i n s i v i t y  
aeasurtments showed t h e  same behavlor . 
decrease ~ ~ . t l - i  hi.gher temperat i i re  b u t  t h e  conduct iv i - ty ,  k ,  l e v e l e d  o f f  
afi:er 200°C (392°F) .  112 f a c t ,  from 20 t o  50°C (68 t o  122'P) (:he k v a l u e  
inc reased  about  7%. Then from 50 t o  20OoC (122 t o  392°F) t h e  k v a l u e  
decrcnsed over 44X f o r  t h e  concrei:~: with a h i g h  c o a r s e / f i n e  aggrega te  
r a t io ;  and about  30% f o r  t h e  c o n c r e t e  w i t h  a low coarse/fiue r a t F o .  
Harada's tests reaul~etl i n  on ly  a 10% d e c r e a s e  iip t o  2OO6C (392"F),  and 
the k v a l u e  cont inued  t o  d e c r e a s e  even above 7 0 0 ° C  (1292°F).  The respec- 
t ive  r e p o r t s  do mt provide  many d e t a i l s  o f  c u r i n g  h i s t o r y ,  age, e t c . ,  
Lo allow r i g o r o u s  comparison f o r  a n a l y s i s .  s ta tes  thal: 
l o s s  0 2  water can change k cons ide rab ly ,  as can tlwel-opnent o f  m-icroeracking . 
Also ,  r h e  q u a r t z i t i c .  c o n c r e t e s  g i v e  the h i g h e s t  va lues  of k ,  and t h e  h i g h e r  
the s a t u r a t e d  c o n d u c t i v i t y ,  the greater  the d e c r e a s e  i n  k upon d e s o r p t i o n .  
For  t he  W y l f a  concrelicr the iiiaximuii d e s i g n  v a l u e  w a s  chosen froin conduc- 
C i - v : L t y  measurements on  ovea-dried samples t o  r e p r e s e n t  t h e  s i t u a t i o n  t h a t  
may occur  i n  the h o t  zo~ie:: o f  t h e  vessel a f t e r  prolonged h e a t i n g  (i.e., 
adjacrnl: t o  l i n e r  and p e n e t r a t i o n s ) .  

ihe i n fo rma t ion  on therinal conduc i::.Lvity a t  .var ious  tempe rat:ures i n  
trhe se;nled and unseal-ed c o n d i t i o n s  shows t h a t  (:he k v a l u e  does dec rease  
a s  tempera ture  i n c r e a s e s  and a s  molsture i s  l o s t .  The a b s o l u t e  v a l u e  
of  t h e  conduc.tiv-i.ty- and t h e  magnitude of c h m g e  with tempera ture  can va ry  
s u b s t a n t i a l l y  and are dependent on t h e  aggrega te  snd the re lat ive c o n s t i t -  
u ~ E - &  contcixi'r o f  h h e  m:l.xt:i.LrE. For  d e s i g n  of a PC:Rv, relaL:i.rre 20 thermal  
c o n d u c t i v i t y ,  t h e  prudene procedure appear: ;  tc.) prescr-i.be measurements i n  
 he dry  stiaiie a t  t i- it:: maximum d e s i g n  1:empesa'icrre. "Chis w i l l  p rov ide  f o r  a 
minimum v a l u e  a p p l i c a b l e  t o  that poi- t i~ori  of t h e  v e s s e l  J:eceiving t h e  i n i t i a l  
heoi: f l u x .  

Marechal 's measurements on unsea led  q u a r t z i t e  concrete:; showed a 

However ~ Browm' 

m 



3 . 3 , 6  Propert ies  Under Hultiaxial S t r e s s  States 

A review of the behnvbr  of c o n c r e t e  under combined s r a t e s  of stress 
could i n v o l v e  d i s c u s s i o n  of phenomenological and physical  thearfes o f  
f a i l u r e ,  as well as the analytical methods used t o  predict  behavior under 
v a r i o u s  loading c o n d i t i o n s .  Such a review i s  beyond the scope of t h i s  
report. Rather, we i n t e n d  to review a f e w  representative studies of 
c o n c r e t e  properties under multiaxial stress conditions only,  LQ provide 
p e r s p e c t i v e  for the previous s e c t i o n  which d e a l t  w i t h  c o n c r e t e  under 
u n i a x i a l  stress. Thus, it is desirable. to revim studies wMch have 
investigated the ef€ects of high eemperatures on strength, creep, e t c ,  , 
of  mass concrete. Although there are many s t u d i e s  of concrete behavior 
under b i a x i a l  and compressive trimcia1 stress  c o n d i t i o n s ,  the more speclf le  
cases of mul t i ax ia l .  compression and te r i s iun ,  with i n f i n i t e l y  varying r a t i o s  
of stress, are no t  plentifuP. 
m o i s t u r e  and temperature, the availabLe data are even mure  scarce, 

Wheri considering the addi t innaE e f fec ts  o f  
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Sirrq1l.y spenkdng , a f t e r  a l l  p r e s t r e s s i n g  i s  a p p l i e d  the h1 .k  e o n c r e t e  
of a FCKV will .  al.ways b e  i n  a mult iax ia l .  slrste o f  stress. Most of t h e  
-niiiT. tiaxizk s t r e n g t h  s tudiet; on c o n c r e t e  have been performed on c y l i n d e r s  
k7here r ad ia l .  p r e s s u r e  r e s u l t s  i n  tw:! of the p r i n c i p a l  stresses be ing  e q u a l ,  
while t h e  t h i r d  stres5 i.s v a r t e d  i n  t h e  axial di.zrecti.on. I n  a d d i t i o n ,  
v e r y  f e v  tests have been conducted w.th a combinatioi.1 of compressive and 
tensi le  stresses. One o f  the m a j o r  thrusts of c u r r e n t  .mil.tiaxial r e s e a r c h  
i s  d i r e c t e d  at: the method of load  application, Tn m o s t  s t u d i e s  of compressive 
p r o p e r t i e s ,  s teel  p l a t e n s  are used in c o n t a c t  w i t h  t h e  specimen, whi.1.e i.t 
i s  loaded to f a i l u r e .  It is well recognized  t h a t  the appl.Lcation of a 
i m i f o m  stress o r  s t r a i n  depends on the s t : i . f fness  of t h e  p l a t e n s  and that  
end r e s t r a i n t s  , that  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 l a t en -conc re t e  
intesfsce, can s i g n i f i c a n t l y  a f f e c t  thtr: r e s u l t s  of the compress i o n  test .. 
T h e  elid r e s t r a i n t s  can be r e s p o n s i b l e  f o r  substanrri.a.1. o v e r e s t i m a t i o n s  of 
the real  strongtl-1 of a specimen. On t h e  o t h e r  'nand, i t  i s  a l s o  wel.1. 
e s t a b l i s h e d  th.at t h e  ultillnate s t r e n g t h  of c o n c r e t e  bncxc?ases when rnul t i -  
a x i a l  c o n d i t i o n s  are  imposed - The q u e s t i o n s  r e q u i r i n g  a n s ~ e r s  re la te  t o  
t h e  t r u e  s~rctingtl i  o f  c o n c r e t e  under any stress stare  and t h e  m o s t  r ea l i s t i c  
method of measuring i t .  Qnestions concern ing  m o i s t u r e  and tempera ture  can 
p o s s i b l y  be answered, s i n c e  t h e  e f f e c t s  o f  those p a r m e t e r s  are measured 
i n  ia re la t ive  manner. It is  t h e  t r u e  s t r e n g t h  v a l u e  that i s  r equ i r ed  f o r  
more p r e c i s e  ancl r ea l i s t i c  s t r u c t u r a l  des ign .  

Ki.chart , Erandtzaeg,  and Brown5' r e p o r t e d ,  i n  1928, t h a t  t h e  magni- 
tude  of the  rnaximim p r i n c i p a l  stress was roughly  equa l  t o  t h e  ixoa.xial. 
s t r e n g t h  p l u s  4 . 1  t i m e s  the l a t e r a l  p r e s s u r e ,  The ix  tria;.ri.al tests w e r e  
oil 10.16-em-dim (4-in.)  , 20.3.2-cm-lcmg (&in.)  c y l i n d e r s  t h a t  we-r:e t e s t e d  
one day a f t e r  removal from a moi s t  room and were somewhat w e t  when t e s t e d ,  
A x i d  deformat ions  up t o  7% maximum l o a d  were reco rded ,  much of whi.ch 
they  a t t r i b u t e d  t o  a n  L n e l a s t i c  compaction (s imply a r e d u c t i o n  i n  vol ime 
under  t h e  h i g h  three-dlmciin:;i-onal s t r e s s e s )  . 
of concrete by many a u t h o r s .  Tests i n  which t h e  l a t e ra l  p r e s s u r e  w a s  
s u p p l i e d  b y  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  
stresses, G i  and 0 3  a HOTRVCC, tests i n  whtch l a t e ra l  p r e s s u r e  was produced 
w i t h  s p i r a l .  wrapping o r  by a metallic j a c k e t  showed 1.i:near r e l a t i o n s h i p s  
between 01 and 03. Genera l ly  speaking ,  t h e  e x p r e s s i o n  01 = fc' +- 403  f i t  
the r e s u l t s  f a i r l y  well , as rnenti.oned f o r  R i c h a r t  , Hrandtzaeg and Brown 
(fc' i s  u n i a x i a l  compressive strength) . 
tests on a l a r g e  tr iaxial .  machine,  using c y l i n d r i c a l  specimens wiith 
t y p e  1: cement, gravel aggrega te ,  and v a r i o u s  c o n s t i t u e n t  r a t i o s .  A l l  

. specimens w e r e  oven-d r i ed  at 1.OO"C (212'F) and a i r - d r i e d  f o r  one t o  t e n  
days.  Type I I-oading 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  stress c o n d i t i o n  
and then i n c r e a s i n g  t h e  axial  s t ress  t o  f a i l u r e .  'Type LV loading  c o n s i s t e d  
i n  ma in ta in ing  the la teral  stress a t  a c o n s t a n t  f r a c t i o n  of t h e  axial  s t ress  
and i n c r e a s i n g  bo th  t o  f a i l u r e .  Types 1 and IV results wexe almost 
ident l . ca1 ,  i i i d i ca t ing  no e f f e c t  of t h e  p a t h  o f  l oad ing .  The a u t h o r s  
combined the r e s u l t s  and fit equa t ions  t o  t h e  d a t a  as fo l lows :  

Chinn aril ZrCrnmermail,59 i a  1955, revhewed the work on t r iaxial  Les t ing  

Chirm and Zimsneman performed 

0 < ( 7 3  < 35 k s i  , 
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w'rlere t h e  m,aximum d i s c r e p a n c i e s  w e r e  calciil ated f o x  (71 - f(.' rathc~c than 
f o r  01 and w e r e  about  13% f o r  b o t h  eases. Because of t h ~  g r e a t  m a u n t  of 
bu lg ing  i n  t h e  specimens,  t h e  stress d i s t r i b u t i o n  w a s  changed cone iderab I y 
and t h e  v a l i d i t y  of  c a l c u l a t i n g  a x i a l  stress as axial .  l.oad di.vfded by 
o r i g i n a l  area i s  d o u b t f u l  I They c a l c u l a t e d  t h e  noma1 stress a t  raidheight 
on t h e  b a s i s  of the bulged  s e c t i o n ,  and t h e  stress a t  wbfcl-i bulging began 
w a s  s o r t  of a y i e l d  stress, which w a s  nearly c o n s t a n t  over a w i d e  range 
of a x i a l  s t r a i n .  Thus t h e  e q u a t i o n s  g i v e n  above are c o n s e r v a t i v e ,  Type 1-L 
l o a d i n g  invo lved  t h e  a p p l i c a t i o n  of: a h y d r o s t a t i c  stress fc.ll owed by 
i n c r e a s e s  i n  the l a t e ra l  stress u r i ~ i l  failure. ksu l  ts i n d i c a t e d  some 
e f f e c t  of t h e  i n t e r m e d i a t e  p r i n c i p a l  stress. Tests showed t h a t  a c y l i n d e r  
can  w i t h s t a n d  2.105 ye' when stress i s  a p p l i e d  a s  an all-around la teral  
stress. Chinn and Z h m x m a n ' s  r e s u l t s  d i d  not  a l low a single Mohr efivelope 
t o  be a p p l i e d  t o  a l l  stress states, nor d i d  t h e  o c t a h e d r a l  s h e a r  stress 
t h e o r y  f i t  t h e  d a t a .  T h e i r  s t u d i e s  w e r e  r e s t r i c t e d  to dstekl specimens 
at room tempera tu re  only. 

Goode and Mehy" t e s t e d  hollow c y l i n d e r s  9 9 . 4  an ( 3 6  in.> long to 
reduce  t h e  e f f e c t  of cnd r e s t r a i n t  and measured t h e  s t rength i n  compression 
and t e n s i o n  a t  room tempera tu re .  They found t h a t  t h e  t e n s i l e  s t r e n g t h  
of t h e  hollow c y l i n d e r  i n  pu re  t o r s i o n  was 60 to 70% of t h e  sp3.iiL-cyl indear 
s t r e n g t h ,  and t h a t  t h e  t e n s i l e  s t r e n g t h  was not' l i n e a r l y  r e l a t e d  t o  t he  
c r u s h i n g  s t r e n g t h .  Their r e s u l t s  were g e n e r a l l y  r e p r e s e n t e d  by Mohr's 
t heo ry ,  w i t h  t h e  adop t ion  of Leon's p a r a b o l i c  envelope  fo r  d i r e c t  corn- 
p r e s s i v e  and s h e a r  stresses. The o c t a l l e d r d  stress t h e o r y  w a s  found to  
b e  no more accurake. 

of t h e  i n s t a n t a n e o u s  P o i s s o n ' s  r a t i o  a t  f a i l u r e  all i n c r e a s e  with i n c r e a s i n g  
c o n f i n i n g  p r e s s u r e .  W e  p r e s e n t e d  a n  e q u a t i o n  f o r  p r e d i c t i n g  ~ t - i a x i a l  test 
r e s u l t s  from unconf ined  c y l i n d e r  testsj ,  u s i n g  t h e  i n s t a n t a n e o u s  P o i s s o n ' s  
r a t i o .  
u l t i m a t e .  

and s t a t e d  t h a t  tests which g u a r a n t e e  t h a t  the assumed stress state  exists 
i n  t h e  f a i l u r e  r e g i o n  of the specimen are: 
I. biaxial compression tests w i t h  s l a b s ,  
2. t r iaxial  compression tests w i t h  s o l i d  c y l i n d e r s ,  
3 .  b i a x i a l  and t r iaxial  tests w i t h  cubes.  
They s a y  t h a t  t h e  b i a x i a l  cornpression state is of most i n t e r e s t  in YCRVs 
and t h a t  test t e c h n i q u e s  must minimize end r e s t r a i n t s .  n e y  p r e s e n t  a 
f a i l u r e  c r i t e r i o n  f o r  d e s i g n  u s e  t h a t  is based  on r e s u l t s  of o the r  
i n v e s t i g a t o r s .  The a u t h o r s  used t h e  more c o n s e r v a t i v e  results ob ta ined  
by r e s e a r c h e r s  who minimized t h e  end r e s t r a i n t s  d u r i n g  t e s t i n g .  
a l s o  s ta te  t h a t  l imes tone  c o n c r e t e  shorn h i g h e r  m u l t i a x i a l  s t r e n g t h  t h a n  
does g r a v e l  c o n c r e t e .  

Gardner' concluded t h a t  t h e  f a i l u r e  s t r e n g t h ,  d u c t i l i t y ,  and vaEue 

The e x p r e s s i o n  i s  r e p r e s e n t a t i v e  o n l y  a t  stresses below 807: of 

Hansson and Schimmelpf ennig6 reviewed m u l t i a x i a l  t e s t i n g  up t o  1970 

TIiey 
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Fig. 57. Ultimate Srrength 05 Concrete Under Mult9axiaP Loading. 
Source: F. Eremer, "On a Triaxial Strengrh Cr i t e r ion  for C a n ~ r e t e , ' ~  
ACT SP-34, Concrete for N U C ~ Z P  ReLEtOPt:, pp. 283-94 (1972) 



In a comenlr made concerning the work of Iaunay and Gachon, G a r a ~ ~ ~  
s t a t d  tha t  multi.axr'.=il. s t r e n g t h s  are affected by spec-imen s i z e  ( f o r  
cubes) and load  a p p l i c a t i o n .  Based on available r e s u l t s  ~ h e  cons t ruc t ed  
E a i l u r e  envelopes f o r  cirbical. specimens , taakihig s i z e  effects and load ing  
cond i t ions  i.nto c o n s i d e r a t i o n  (he  doesn '  t say how) . Figure 58 shows h i s  
c111.-vii(53, and comparison w i t h  F i g .  56  of Launay and G a ~ h o n ~ ~  shows t h a t  
t h e i r  d a t a ,  a p p a r e n t l y  , overest:i:m;?ted the  ~nult:i.axial s t r eng th .  The para- 
b o l i c  n a t u r e  of t h e  f a i l u r e  c r i t e r i o n  was g iven  as 

Muisl1. of the iuult:i.axial s 1:rc:ngirh researcli iinder taken i n  recent years 
has  centered on t h e  method of load  a p p l i c a t i o n ,  such  as t h e  brush-bea-iri.ng 
pl.atcms described by Li.iwe6 
refs. 1, 2 ,  and 3 of r e f .  6 6 ) .  F i g u r e  59 shows t h e  dimensions o f  t h e  
steel. f i l a m e n t s  and irhe s p a c i n g  OLI t h e  p la tex i .  The fi.l.mients are  s o  
f l e x i b l e  t h a t  t hey  follow t h e  l a t e ra l  deformat ions  of t h e  c o n c r e t e  
sl.irfaces almost wit;hov,i% iransf e r r i n g  shear f o r (  .I They are claniped 
r i g i d l y  at: t h e  base and ape 9 .525  Cm (3 314 in.) long .  Sufficient buck l ing  
resistance and smal.1. beading resi.stance are requ i red .  I n  a later r e p o r t ,  
L i m e  describes the use  of a inassive p r e s t r e s s e d  concretii! .Crane which 
houses  the 10-cm (3.94-i.n .) cube specimen and separa te ly  c o n t r o l l e d  
presses,  which can  e x e r t  compressive o r  ten5:i.S.e Force i n  each of the 

and developed by Kupfe r  aid H i l s d o r f  (see 

6 7  

P i g .  58. Ul t ima te  S t r e n g t h  of Concrete Under Tr iax ia l  Stress.  Source: 
F. K. Garas, d i s c u s s i o n  attadnnenL t o :  P .  Launay and H. Gachon, "Strain 
and Ul t ima te  S t r e n g t h  of Concrete Under Triaxial  Stress ,'I Proceedings of 
the F i r s t  I n t e r n a t i o n a l  Conference on S t r u c t u r a l  Mechanics i n  Reactor 
Technology, 1976 ,  Vol.  7 4 ,  p a r t  4 ,  p p .  35-38 (1.972). 
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Pig .  59. D e s c r i p t i o n  of Brush-Bearing P l a t e n s .  Source: 13. Linse, 

"S t r eng th  of Concre te  Under B i a x i a l  Sus t a ined  Load,P' ACI S P - 3 4 ,  Concrete 
f o r  Nuelear Reactms, pp. 327-34 (1972) e 

i h r e e  d i r e c t i o n s  f o r  triaxial t e s t i n g .  The resul ts  of b i a x i a l  s t r e n g t h  
measurements are shown i n  P ig .  60. For shor t - t ime tests, t h e  h i g h e s t  
increase i n  s t r e n g t h  (2.5%) w a s  a t  a stress r a t i o  of about  2 : l .  A t  a 
ratio of 1 : 3  t h e  i n c r e a s e  was 15%. For s u s t a i n e d  l o a d i n g ,  t h e  r a t i o  of 
2:1. r e s u l t e d  i n  011137 a few p e r c e n t  i n c r e a s e  i n  s t r e n g t h ,  w h i l e  rhe 1:1 
r a t i o  gave a d e c r e a s e  i n  s t r e n g t h  t o  about  9SX of u n i a x i a l .  Triaxial  
t e s t i n g  w i t h  t h e  b rush  p l a t e n s  showed t h a t  t h e  i n c r e a s e d  s t r e n g t h  was 
dependent on t h e  stress r a t i o  and i s  g r e a t e r  for more n e a r l y  equa l  
stresses. 
s t r e n g t h  d i d  n o t  b r e a k  t h e  specimen. 

t h e  need f o r  a d e v i c e  t o  test cubic specimens w i t h  t h r e e  independent 
l o a d i n g  d i r e c t i o n s ,  Be d i s c o u n t s  t h e  s teel  p l a t e n s ,  as d i s c u s s e d  p rev i -  
o u s l y ,  as w e l l  as t h e  u s e  of l u b r i c a n t s ,  because  of nonuniform stress 
d i s t r i b u t i o n  due to e x t r u s i o n  of l u b r i c a n t  at t h e  specimen edges.  H e  
s t a t e d  t h a t  m u l t i l a y e r  i n s e r t i o n s  of l amina ted  materials have l i m i t a t i o n s  
b u t  have g i v e n  r easonab le  r e s u l t s .  They have t o  be  proven a t  e l e v a t e d  
t empera tu res ,  however. The b r u s h  p l a t e n s  do n o t  g u a r a n t e e  uniform load ing  
on b i g g e r  specimens,  due  t o  d isp lacement  d i f f e r e n c e s  between i n n e r  and 
o u t e r  t e e t h .  H i s  d e s i g n  would i n c o r p o r a t e  a deformable  bea r ing  p l a t e n  
i n  which t h e  p l a t e n  i s  d i v i d e d  i n t o  64 p i s t o n s  ( l o a d i n g  stamps o r  rods)  
guided  through a deformable p l a t e n  and suppor t ed  by a h y d r a u l i c  ce l l .  
Thus t h e  b e a r i n g  p l a t e n  can  f o l l o w  t h e  d e f o m a t i o n  of t h e  test specimen. 
Comparisons w i l l  be  made w i t h  r i g i d  p l a t e n s  having lamina ted  aluminum 
and l u b r i c a n t s .  Specimens w i l l  b e  20-cm (7.87-in.) cubes.  H e  has  a l s o  
experimented w i t h  v a r i o u s  combina t ions  of rod  s i z e  and number I n  t h e  
p l a t e n s .  

Even a t  c T i / c T 3  = 0.30, a l o a d  up to six t i m e s  t h e  u n i a x i a l  

~n a review of nauI.tiaxia1 test a p p a r a t u s ,  S c h i c k e r t 6 *  emphasizes 



7 8  

Atkirlson and Ko6'  have developed n m u l t i a x i a l  test cell. t h a t  a p l o y s  
fl.uid.--pressurizc.d cush ioas  i n  1 ozdl'lig cubical.  specimens.  'The f ram: w 
machined f l r c i i a  a s o l i d  sicel b i l l e t :  11si.ilg e l ec t r i ca l . .  d i s c h a r g e  -i[tachiniiig 
for  f i n a l  dinension.:. P. specia.l-l..y deslgiled se.3.1 of l e a t h e r  an.d v i n y l  is  
s u f f  ic ien t3 .y  E l m i b l e  t:o tramsinit f u l l  fI i i i  3 p r e s s u r e  i:ri:i.foiTily t o  the 
cube faces and i s  s t r o n g  ensugh t o  c l r~se  t h e  zap between specimen and 
frme. Figu:~es  6 1  and 52 F ~ C I K I  Aiidenes7' Shoi* i  d e t a i l s  of a ret-ent-1.y 
desigiisd frame and Eluid cushion.  Hyd----- L a ~ l i c  o i l .  f i1 l . s  t h e  sea l  and t r ans - -  

m i c s  t he  l o a d ,  t7hi.I.e deformatioii  measui-enwrits are made t z i k l i  p rox imi to r  
probes.  The probcs i ise the induc t; i (it? pi-i-iiciple ?:o d e t e r n i n e  the d.lstarrce 
betweea a conduct ive  t a r g e t  o f  a lmi rmm f o i l  oil spIxi-men and a c o i l  
embedded i n  t he  c i p  of the msasurii ig probe. lln i 
neccion t o  t h e  specimen i s  m:it r e q x i r c d  by t h e  t ransducer .  The frame 

way, g h y s i c a l  con- 

i s  des igned  f o r  ahout- 137.9 MPa (20,000 p s i )  for the u n i a x i a l ~  l o a d i r g  
and 68.95 Pl?a (10,000 psi . )  f o r  t h e  h y d . r o s t a t i c  condi..i.:i.(in: d t h o i i g h  a 
s t . r o n g e ~  frme has moi-e r e c e n t l y  beeii constrrrcted.  7 3  P h o f x e l s s t i c  sl;udies 
were conduc'led t o  measare the developiirerri: of s h r a r  stresses aut-irxg l oad ing  
and t o  v e r i f y  the u n i f o m i t y  of l oad ing  and rninLaizat ion of end r e s t r a i n t s .  
The lea+,he: pad seal  produced a she3.r stress of abirr~s .3 t o  4 2  o:E t h e  load 
compared w i ' t h  1 t o  2% f o r  p l a s t i c  seals. wi th  s t e e l  p l a h e n s ,  stress COG- 
centrat . t .on f a c t o r s  of 2 o r  g r e a t e r  W ~ I : < !  recorded,  even with  a te f lon-  
g~ease-te'i'l.cm f r i c t i o n  redisci.-ng layer. 

Andenes7' [ested mor Lar specimle-ils i . r i  b i a x i a l  loadi.ng, u s ing  the 
fPi.1i.d cushion device .  The u n i a x i a l  tests showed u l t i m a t e  strength ~f 
40.48 $PA (5875 p s i )  r+rir:h the f l u i d  cushion  and 51..67 MTa (7501) psi) 
with s t ee l  p l a t e n s ,  a d i f f e r e n c e  o f  about  272 .  The b i a x i a l  f a i l u r e  
envelopes are shown i n  Fig. 63. The ra t ihs  are nortriali.zed t n  .the s t r e n g t h  
of the mor ta r ,  u s ing  the  f l u i d  c u s h i o n  p l a t e n .  The steel  p l a t e n  shows 
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7. r i g .  63. B i a x i a l  St-cengirli Envelopes f o r  Mor tar ,  Using F1ui.d Cushion 
and S t e e l  Plate-9s. Source:  E .  A ~ i ? ~ t ~ a c ? s ,  ' ' R r s p o n s ~  of Mortar t o  Biaxial  
Compression," M.S. thesis, U n i v e r s i t y  of Col.orado, 1.974. 

g r e a t e r  increases i.n strengI:ir than. that of t h e  f l u i d  cushion  because 0 2  
eind restrai .uta.  Other f i g u r e s  i n  t he  Andenes r e p o r t  show a c o n s i d e r a b l e  
amount of s ca t t e r  f o r  the: fLi,iid cushion  tests and 1 i t t l . e  s c a t t e r  f o r  the 
s t ee l  platen:; .  Both t e n s i l e  s p l i t t i n g  and corner-edge fail i tre 't7e1-e 
observed w t t h  fluid cush-ioii t:esti.ng, Andenes s ta tes  t h a t  brash-bearing 
p l a t e n s  do not al.low t-.he specimen t o  deform a t  the s u r f a c e  and ,  t-here- 
f o r e ,  w i l l  always r e s u l t  i-ii a t e n s i l e  s p l i t t i n g  p a r a l l e l  t o  t h e  
unloaded faces. H e  s a y s  t h a t  t h e  f l u i d  cushion  a l l o m  t h e  specimeu tc7 

choose i t s  own mode of f a i l u r e ,  deperrdirig on l o c a l  s t r e s s  c o n c e n t r a t i o n s ,  
e t c .  Compari-sons o.E vari .ous i n v e s t i g a t o r s  ' r e s u l t s  are s ~ i o m  i.n Fig. 6 4  
(refs. 11, 1.4, and 15 of r e f .  70) .  The  aiaxiinum b i a x i a l  stress occur s  a t  
a stress r a r i o  of about  2 1 3  and i s  1.2.5 times tht: u n i a x i a l  Elurid cushion 
s t r e n g t h  'The o t h e r  cu rves  on the graph were ob ta ined  w i t h  brush-bearing 
p l a t e n s .  A l s o  shown i s  the Von M i s e s  f a i l u r e  envslope, which p r o v i d e s  a 
c o n s e r v a t i v e  p red i  c t i o n  of  b i a x i a l  s t remgth .  Andenes cuncl1.ide.s t h a t  
concrete-mortar  m a y  be  cons idered  as a n o n l i n e a r  continuum t o  f a i l u r e  when 
t e s t e d  under  noriconstr 'a.int c o n d i t i o n s  (oi.1. cushion)  I The c o n s t r a i n t  due 
t o  s t t d  p l a t e n s  had no effect on the material behav io r  u n t i l  a f t e r  i t  
became a discontinuurn, de f ined  as t h e  o n s e t  of  e x t e n s i v e  i.nternal mi-cro- 
c racking .  T h e  f a i l u r e s  o f  f lu id-cushion- tes ted  spt:c:iriiens were b r i t  tLe 
bu t  i n d i s t i n c t ,  whereas rhe s t e e l - p l a t e n - t e s t e d  specimens f a i l e d  i n  a 
ducti1.e manner. 

t e s t i n g  b u t  r e q u i r e s  a d d i t i o n a l  s t u d y  r e l a t i v e  t u  f a i l u r e  modes, measuring 
t echn iques ,  and sca t te r  of r e s u l t s .  

The f l u i d  cushion  devi.ce appears  t o  o f f e r  p o t e n t i a l  f o r  m u l t i a x i a l  
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P i g ,  64 Biax ia l  Failiirc Envelopes Obtained with E i t h e r  8iP (':~xshions 
or Steel. Brush-Bearing P l a t e n s  II S Q U I X ~ :  X Andems li "IBesponse o f  Nortar 
t o  B i a x i a l  C0mpressi0n," M. S, Thcsis ~ Unfversidry cf Colorado 3974.  

Taylor  and P r l t ~ l ~ ~  tested biax-ial  and u n i a x i a l  specimens us ing  f o u r  
p l a t e n  des igns .  
rhat  they  produced on 4.76-cm (4. 7/8-in.) dry cubes were: 
1. s o l i d  skceil. p l a t e s ,  23.49 MTa ( 3 . 4 1  ksi.); 
2. s teel  b rushes  made by inserting s h o r t  l e n g t h s  of 0,359-cm (l./16-inml 

3. s t e e l  p l a t e s  with 0.079-cm (1/?2--in.) b a l l  b e a r i n g s ,  16-19 N?a 

4 ,  steel  p l a t e s  w i t h  0.159-cm ( l /16- ine)  b a l l  b e a r i n g s ,  1.5.85 %Fa 

The specimens loaded with s o l i d  steel p l a t e  f a i l e d  on p h n e s  i n c l i n ~ d  
45" t o  t h e  load ing  axis, or by g e n e r a l  d i s i n t e g r a t i o n .  8ri~iiks- and ba lk -  
loaded  specimens g e n e r a l l y  s p l i t  i n  p l a n e s  p a r a l l e l  t o  t h e  loading axis: s 
i n d i c a t i n g  t r u e  u n i a x i a l  c o n d i t i o n s .  T h e  b a l l  b e a r i n g s  d.id prc~diice 
i n d e n t a t i o n s  i n  the  specimen surfaces about; one- th i rd  t h e  b a l l  d i ame te r .  
Because they d i d  produce the  lowest s t r e n g t h  measurements, and due t o  
alignment: problems w i t h  t h e  b rushes  (specimens a l s o  t;endc?ri t o  s l i d e  ou t  
sideways ~andcr  load  i n d i c a t i n g  p o s s i b l e  s h e a r i n g  stresses) t h r ~  h a !  S.- 
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 .  
10,635 cm (0.25 in . )  maximum a g g r e g a t e ]  w i t h  a wsater/cement ratio of 
0,67, the b i a x i a l  envelopes  are shown i n  Fig .  65 along w i t h  those of 
other i n v e s t i g a t o r s .  
increase i n  s t rength .  under p r o p o r t i o n a l  b i a x i a l  cnnditlons e ' T h i s  was 
t rue  f o r  mix tu res  of sther wa te r j cmen t  r a t i o s  a l so ,  a l t h o u g h  t h e  wet 
specimens w e r e  weaker than  the d r y  specimens. The envelopes  w e r e  l a rger  
ehari expec ted  f o r  t h e  ba l l -bea r ing  Iaadiag  ~ p o s s i b l y  laecause of  f r i c t i o n  
induced by i n c r e a s e d  p e n e t r s t i o u  Tnto t h e  c o n c r e t e  as a r e s u l t  of higher 

The v a r i o u s  p l a t e n s  and the u n i a x i a l  compressive s t r e n g t h  

w i r e  i n t o  Eioics i n  b r a s s  plates,  21.36 MPa (?!,I0 ksi); 

( 2 , 3 5  k s i ) ;  

(2.30 k s i )  . 

For a gravel c o n c r e t e  

The s a t u r a t e d  c o n c r e t e  r e s u l t e d  i n  g r e a t e r  relative 
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P i g .  6.5. Comparison of B i a x i a l .  P a l l u r e  Envelopes of Var ious  
I n v e s t i g a t i o n s .  Source: M. A .  Taylor  and 3. K. P a t e l ,  "The I n f l u e n c e  
of P a t h  Dependency and Mois tu re  Condi t ions  on the B i a x i a l  Coiupression 
Envelope f o r  Normal Weight Concrete ,"  J .  Am. Concr. I'YZst. 71(12): 627 
(December 1974) .  

stress levels than  i n  u n i a x i a l  l o a d i n g .  S i n c e  t h e  mixruse  w i t h  t h e  
h i g h e s t  water /cement  ratio showed t h e  g r e a t e s t  d i f f e r e n c e  between w e t  
and d r y  specimens,  t h e  a u t h o r s  s t a t e d  that  t h e  iiydros t a t i . c  load-carrying 
c a p a b i l i t y  of con ta ined  f r e e  water cou1.d b e  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 c o n c r e t e ,  Xowever, t hey  rai.nimize that  
mechanism f o r  v a r i o u s  r easons  , such as the improbab i l i t y  o f  comple te ly  
i s o l a t e d  spaces  e x i s t i n g  i n  c o n c r e t e ,  and say  t h a t  b i ax i . a l  stress relax- 
at:ion tests might h e l p  to e x p l a i n  t h e  o b s e r v a t i o n s .  They a l s o  recotnillend 
f u r t h e r  s t u d y  concerning t h e  ba l l -bea r ing  p l a t e n  concept .  Fur%her  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 ,  
def ormahle p l a t e n s  , f l u i d  cushion ,  b a l l  b e a r i n g  and r i g i d  s tee1 pl.atens 
s h o d  d provide  answers t~ t h i s  complex exper imenta l  problem. 

could  b e  desc r ibed  a c c u r a t e l y  by siiiip1.e mathena ' l ical  expres s ions .  Those 
f o r  stress are approximated as fo l lows  : 

Kupfe r7  r e p o r t e d  t h a t  the behav-ior of concrete under  b i a x i a l  loading  

compression-compression r e g i o n ,  
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tension-tens i o n  reginn 
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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 igu re  66 
shows tihe b i a x i a l  envelopes of Newman. Hrowne p o i n t s  a u t  that  vessel des ign  
should  c o n s i d e r  t h e  c r i t i c a l  stress under  s h o r t -  and long-term loading  
r a t h e r  t h a n  t h e  u n i a x i a l  u l t i m a t e  s t  ccriglh. 

a/c 4.5 by we; w/c 0.55 by 'ivt 
Concrete water-seored for 27-29 days prior to tes t ing 

I Dinieniicnr IO in. x 10 in x 4 i n  
(25.4 cm Y 25 4 ci i i  x 102 E m )  

6CO 

200 

COHPRESSIVE STRESS P2 : Ib/rq. in. 

Fig .  66. S t r e n g t h  of  Concre te  Under B i a x i a l  S t ress .  Source:  
R. D. Browne, " P r o p e r t i e s  of Concrete  i n  Reac tor  Vessel.s," Group C y  
Paper  13,  Conference on P r e s t r e s s e d  Concre te  P r e s s u r e  Vessels, Westminster, 
S.W.I . ,  March 1967.  

-._ 3.3.7 Mechanisms CausinLObserved Temperature .-__I. E f f e c t s  

It i s  the i n t e n t  of t h i s  s e c t i o n  t o  p rov ide  a b r i e f  s u m a r y  of t h e  
approach of v a r i o u s  a u t h o r s  to t h e  mechanisms which caused v a r i a t i o n  i n  
conc re t e  behavior  w i t h  i n c r e a s i n g  tempera ture  Because t h e  c o n c r e t e s  
t e s t e d  v a r i e d  wide ly  i n  many ways and because  exper imenta l  m e t h c ~ t l s  and 
t r ea tmen t  procedures  a l s o  v a r i e d ,  hypotheses  have been  formula ted  t o  
e x p l a i n  t h e  observed behav io r .  



A u n i v e r s a l  o b s e r v a t i o n ,  of c o u r s e ,  i s  tha t  t h e  r e s u l t s  can T 3 r  

r e l a t e d  t o  thi. imount of f r e e  mois ture  in t-he conrsp tP  di-rring ei:posi-?r~~ 
and test-ing. 
t h a t  t h e  i n c o m p a t i b i l i t y  of 1-he 1 inear expansion cocfficiemits of r inr io~~s 
c o n c r e t e  c o n s t i t u e n t s  i s  the primmy cause  o f  p r o p e r t y  d e t e r i o r a t i r c r  a t  
h i g h  tempera tures .  They pr r fomed tests t o  drterminf. t h e  ca*Eficients 
of t h e  mor t a r  mixes, aggreF,ates, and c o n c r e t e s  used i n  tiie.Lr s t u d y .  T h e  
r e s u l t s  are g iven  i n  Table  7 arid are i n t e r t s t i n g  because  t h e y  show, f u r  
i n s t a n c e ,  t h a t  t h e  coef F i c i e i i t  sf thermal  exp;knsi(~n [or 1 i~!iestoiir L3ecomr.s 
compatible wi th  t h e  mor t a r  r i x  a b c ~ e  1 5 0 ° C  (302°F) wlW3e i r  w a s  Jes . ;  1 hi 
one-half t h e  mor t a r  mix va lue  a t  20°C (68°F) .  Howevrr, !b4\ l i m e s t o w  
c o n c r e t e  showed t h e  most det crioretion i n  p r o p e r t i e s  a t  1-emprsraturtls n7 F 
150°C (302'F) and above. The f i r e c l a y  b r i c k  aggregai-e slaocsed rlie I 
c o m p a t i b i l i t y  of expansion c-oeff i c i e n t s  w i t h  mortar a b i i v i ~  1 50"7 (_WL'vd 
yet i t  showed t h e  least  d e t e r i o r a t i o n  i n  meclianical propc. rties ' l ' i l ~  

a u t h o r s  showed photos  of brokerA c o n c r e t e  d e p i c t i n g  t h e  t l i s loSged  limestone 
aggrega te  and firmly h e l d  f i r e c l a y  b r i c k  aggrega te .  'rlriey a t t r i b u t e d  t!u> 
excel lent :  bond t o  t h e  i n f l u e n c e  of surface t e x t u r e  arid hklclpe of agga-eggte, 
p l u s  a p o s s i b l e  chemical r e a c t i o n  bc>tween cement and f irec Lay 1. rick, I 

Expanded sha le -c l ay  aggrega te  w a s  as s t ab l t j  as fireclay br ick  buC had  ,I 
smooth t e x t u r e  and rounded shape which caused d i s l o d g i n g  (3.C the rocks  a t  
h i g h  tmpera tu re .  
may n o t  b e  e n t i r e l y  stable at  300°C (572'F).  The e x c e l l e n t  bond a t  room 
t empera tu re ,  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  des t royed  
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  limestone, T h e i r  c o n c r e t e  specimens WCPC imsil.d.ed, and, thiw 
Free m o i s t u r e  w a s  n o t  a c o n s i d e r a t i o n ,  

Campbell-Allen and ~es:r i" '  noted t ~ i c  cfterr-sj s t e c i  t ~ y p ~ t  IuJs-is 

Tests on The l imes tone  aggrega te  r evea led  t h d L  l imec:tone 

I 

Material 

~ ~ --- 

Cement mortuir mix 1 t 
limestone q,grr: gate 

Cement mortar mix 1 

Cement mur t a r  iuix 2 i 

fircclay br ick  ' Certienr rnortar nijx z 
' Cement mortnr' mix 3 . 

expand e d 5 ha1 f? 

Cement mortar mix 3 

Limestone rock  core per- 
pendicular t,o bedding plane 

Tab1 e 7 .  C o e f f i c i e n t s  of Thernal. Expansions 
f r o m  20 t o  300°C 

M ~ a f i  cortficient c;Y 

~~ ....... 

13olow Abovc 
J 5 0 cy; 15,Ooc 

-~ 

6 .7  i: 0 . 6  10.8 i 0.7 

~ 

1 0 . 5  i U . 6  12.1 i 0.4 

7 . 9  5 0 . 6  13.6 i 0 . 5  



I,aiikard e~ a1 - 3 o  a t t r i b u t e  the n[:TecLbs of heat exposure on unsea led  
.;pcci.~na:ns t o  t h e  absence o f  f ree  moi s tu re .  T h e  d e s o r p t i o n  of cement 
p a s t e  r e s u 1 . t ~  7:i.i a c o l l a p s e  o f  t h e  gel s t r u c t u r e  and cl .osure o f  gaps  
bctwe-n primary g e l  par t . l . c Ies  - 
( r e f .  15 of re f .  30)  and by k'hiJ.J.,eo ( r i ' f .  18 of 125-  30) , W ~ G  showed 
tha t  molding p a s t r s  ui-rder p r s s s u r e  f o r c e  gel. p a r t i c l e s  c l o s e r  t o g e t h e r  
resu1.t  ihig i.ir  c r e a t i o n  of aSdi. t iona1 bonds and iiicre,Tseed s t r e n g t h .  Sea led  
c o n c r e t e  c o n t a i n s  superhea ted  c3ater and/or water  vapor  when hea ted .  That 
hoi-iiested specimens were o n l y  s l i g h t l y  weaker t h a n  the  cold-LcsLed specimens 
l e d  t h e i n  .LO conclude tha'. $:lie elrceci: of high-pressure steam i n  t h e  f h 7 s  
WF m i n o r .  They c o n d u d e  that: r e a c t i o n  i n  the matr ix  between hydra ted  
ca lc ium sili.caces and Ca(OlI)  2 produces l ime-r ich c.rystall.-:ne h y d r a t e s ,  
r e s i l l t i ng  i n  a decreasp i.il t h e  coherency of the matrix.  A b e n e f i c i a l  
effcr:: can nI.~;o occur ,  t h e y  s a y ,  f r i m  r e a c t i o n  of tile s i l i c a  with C a ( O H 3 2  
o r  w i t h  t h e  producirs O F  t he  f i r s t  r e a c t i o n .  '1T~j . r  observa- t ion  of  g r e a t e r  
property- d e t e r i o r a t i o n  f o r  l o w - s i l  ica--content  7.iliiest:one r e l a t ive  to t h e  
hi.giily s i l i c e o u s  gravel.  suppor t s  t h a t  coiicJ.usi.on. Because the mi.nemlog- 
i c a l  phase changes are incrnnsi.izg f u n c t i o n s  of t ~ i ~ p ~ ? ~ a C ~ i r e  and tirne, 
d e c s r i o r a t i o n  i n  p t -oper t i . es  should decrease w-tth bo th  parameters  which 
was i r l i e i . ~  obse rva t ion .  Thu.s E Latikal-d e t  a l .  recommend thaL s i l i c e o u s  
aggreg.ztes be  used whenever f r e e  moi s tu re  i s  r e t a i n e d  i n  t h e  c o n c r e t e  
du r ing  h e a t i n g .  

an3 d u r a t i o n  of  exposure t o  high i:rmperature r e s u l t e d  i n  severe d e t e r i -  
o r a t i  Oi-t o f  p rope r l i i e s  hut: t hey  o f f e r e d  no i~~c:han-i.stic e x p l a n a t i o n  fo r  
t h e t r  observations. 

Nssser and L ~ h - t i a ~ ~  d i d  n o t  s tudy  t h e  p h y s i c a l ,  chemica l ,  and 
in inera logicaa  changes i n  c o n c r e r e  dur ing  t h e i r  t e s t i n g  program. They 
d i d ,  however , ut1J.i ze i . n f o n a t i o n  from oti-rer researchers t o  ana lyze  t h e i r  
re:-;ul.ts. 
t h e  hydroLhema1. r e a c t i o n s  t h a t  transform the  tobe rmor i t e  g e l  - 'They s a y ,  
ho~.7cve1:~ t h z t  t h e i r  riisiil.ts, and t h o s e  of othc2i.s on  cemeat pastes ( r e f s ,  5 
and 7 of reF. 33) show t h a t  t h o s e  changes s t a r t  around 120°C ( 2 4 8 ' F ) ,  
6hoiig:h a t  a r e l a t i v e l y  sl.:iggi.sh ra te .  They emphasize tha t  the r e l a t ive  
.mount o f  the new weak coiilpounds and t i i c !  extent o f  c r y s t a l l i z a % i . o n  should  
i ixcrease x*Tith temperature and age of cu r ing  , r c s u l t l ' n g  P.n aggrava t ion  of 

Reference i s  aiade t o  work 3 y  P4iJ.J.s 

Yertero and I ' c l i ~ k a ~ ~  a lso  concluded t1ha.C. retention of moi s tu re  

'They r e f e r e n c e  t h e  o b s e r v a t i o n s  of Lankard e? a l .  3 0  r ega rd ing  

u r a t i o n  as shoWm i n  t h e i r  s tud ies .  
d t o  i n c r e a s i n g  creep deformat ion  w i t h  i n c r e a s i n g  temprra- 

t.i.irF!, Nasser and d i scussed  t h e  work of A l i  and Kesler (ref. 2 
of r e f .  3 4 ) ,  i n  whi-ch (.hey cons idered  t r u e  c r w p  t o  b e  a p rocess  o f  
molecular  d i f f u s i o n  and s h e a r  f 1 . o ~  of the g e l ,  and of adsorbed water  
under l o a d .  High tempera ture  i n c r e a s e s  n i o b i  1-i t y  of t h o s e  p rocesses .  AI: 
a cer ta in  t a p e r a t u r e  the ads0rbc.d water beg ins  t o  evapora t e ,  so t h a t  
t h e  raLe of creep decreases. They p o s t u l a t e  .a i re lnpera ture  of about. 8O0C 
(176OF') f o r  t h a t  p r o c e s s  and si:ai:.e {-hat h ighe r  ternperakure:; would  cause 
t h e  g e l  to change Lo a tnic- t -ocrystal l ine foriii a d  f u r t h e r  resist c reep  
deformation. Using c reep  r ecove iy  o b s e r v a t i o n s  along -i.th the creep 
r e s u l t s ,  t hey  hypothesize Char t h e  c reep  charnism at- h i g h  
i s  e s se r i t i . n l ly  the saxe 3s a t  room t t w p t e  U I : ~ .  The ciiarac 
c reep  equat iui i  i s  p r i . i na r i ly  viscoi is  and n o t  elas t i c  ~ 



A s  r u e n t i ~ n e d  p r e v i o u s l y ,  the  PCRV serves no t  o n l y  as f he  pr.Eina!-y 
pressure-retaining s t r u c t u r e  but, i o  t l i c  case of a mc1eiar rear ta r  IS 

s u b j  ectcd t o  nuclear radiation manating f r o m  the core and riiusi- SPTVP 
as a biological s h i e l d .  The primary c o t i c ~ r n  is :he at teaiintisn 05 g;i~~t~ia 

r ays  aad neutrons. Xeert . i - inos are of: no concern because t h e y  ~ i c i  t > f i t  

cause damage t o  t i s s u e  and materials e Charged par t - ic l  E“S are h i g h l y  
i n t e r a c t i n g  I an3 re1at ivcl .y  small amounts 01 laate-r i d .  can previ de a 

cf fectrs) Concrete has becri traditional 1 y U S P ~  as a a h i e L d i r i ~  mater ia l  
because of  i t s  a b i l i t y  to attenuate g a m a  rays and spelmtrans w i t h  r-6 
thickness r equ i r emen t s ,  has  sufficient mechanical. strength can be con- 
structed at r easonab le  cost ,  and requires Little maintcrian D An imporB-Pilt  
f a c t o r  is that concrete fs  hydrogenous ‘Ilie s l o w i i n g  down of fast ra~ut ror rs  
t o  thermal neu t rons  is  h e s t  accomplished with hydrogen. Oxygen is a lso  

Thus the water presexit i n  c o n c r e t e  p r o v i d e s  an excel_leent t%iemal Ezing 
medium t h a t  most o ther  materials d0 not: Izave. G F n r c b  the neu t rons  a re  
the rma l i zed ,  t hey  can be i’it>sorbed or captured by many or the  ronsrituents 
i n  the concrete. Thus i t  is apparent  that thi3 success of c o w r r t e  as a 
shielding marerial depends heavily un i ts water c o n t e n t  
of mois tu re  i n  concrete c a n  lie impor tan t  f m s m  a s h i e l d i n g  standpoint, 

suf f%cie?nt  s h i e l d  (they may be ifflport;1nsr howevez 3 w i t h  regard t o  t.11er-1fial 

Light  enough t o  possess high  ef Pkeie?acy in the  SI o w i ~ - c l o w n  ps’ucess % 

and migrat-ion 

Xany sIiield.ing concretes a ~ e  so-called heavy con dU:sc? a-bey are 
made w i t h  heavy elements  as aggregateh, such  :IS b.3Yi::P * 



Opera t ion  of a r e a c t o r  f o r  30 t o  40 y e a r s  will. result i n  exposure of 
t h e  c o n c r e t e  t o  East and thermal  neu t ron  f l u x e s  f o r  the e n t i r e  t i m e .  The 
Coii(:e+R, t hen ,  i s  t h e  e f fec t :  (:hat t h i s  exposure will have on t h e  con .c r~ ! i :~  
p r o p e r t i e s .  Nuclear  h e a t i n g  camed 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 ,  as we17. as any r a d i a t i o n  damage t h a t  occ i~ss  
and t h e  l eve l  o f  exposure a t  w h i c h  s i g n i f i c a n t  damage occurs. Exposure 
i s  i rsunl ly  expressed  i n  term of f l u e n c e ,  which ris t h e  i n t e g r a t e d  n c ~ t ~ t s n  
d o s e  ( t h e  neu t ron  fl .ux,  neu t rons  cm-.2 secP1 , m i d  t i p l i e d  by t i m e  of exposure 
r e s u l t s  i n  neutrons/cm2 , c a l l e d  n v t )  . The gamma-ray exposure i s  expressed  
i n  rads .  Th i s  r e p o r t  i s  concerned p r i m a r i l y  w i t 1 9  o r d i n a r y  p o r t l a n d  cement 
c o n c r e t e s  as used f o r  c u r r e n t  PCKV des igns .  D i scuss ion  of the phys ic s  of  
gaiiima-ray and neu t ron  a t t e n u a t i o n  invol-ves c o n s i d e r a t i o n  of f a c t o r s  such 
as sccoiidary r ad j - a t ion ,  produced by neu t ron  a b s o r p t i o n ,  and eiiergy of t h e  
j .nc tdent  r a d i a t i o n ;  t h e s e  items w i l l  n o t  b e  d i scussed  except  as t hey  might 
re la te  t o  damage t.o t h e  matexi-a1 ( d i r e c t  r a d i a t i o n  damage o r  i -nd i r ec t  
damage due to such  t h i n g s  as thermal- e f f ec t s ) .  The c o l l i s i o n  of a neuirron 
w i t h  t h e  nuc leus  of: an a tom can ,  depending on i n c i d e n t  energy ,  e tc .  , 
d e s t r o y  t h e  c r y s t a l  l a t t i c e  equ i l ib r ium,  and long-term exposure can I.ead 
to changes i n  t h e  mater ia l ' s  p h y s i c a l  and chemical  p r o p e r t i e s .  It i s  weI.J_ 
knoidrn t h a t  p r o p e r t i e s  of v a r i o u s  mater ia ls  are 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  levels  o f  exposure.  

l n f  orrnat.ion on p r o p e r t i e s  of i r r a d i a t e d  c o n c r e t e  i s  scan ty .  Most 11 E 
t h e  a v a i l a b l e  da.ta have been measured on specimens renwve:! froin conc re t e  
shicl .ds  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-he conc re t e  WAS s u b j e c t e d  to  
e l e v a t e d  tempera tures  as well. as r a d i a t i o n .  Any changes i n  p r o p e r t i e s  
dun t o  r a d i a t i o n  a l o n e  are d i f f i c u l t  !:o ascertain,  because  t h e r e  i s  gen- 
e r a l l y  no m a t e r i a l  a v a i l a b l e  f o r  tes t i .ng which has  been s u b j e c t e d  t o  t h e  
r ad i - a t ion  w i t t i o u t  accompanying t h e  e l e v a t e d  tempera ture  e A s  mentioned 
earlier, the tempera ture  can be e l e v a t e d  i.n the conc re t e  f r o m  n u c l e a r  
heat:t-ng a lone .  

C la rk ,  7 6  i n  1.958, r e p o r t e d  that t h e r e  w e r e  no data, t h a t  un iquely  
menstired 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  neu t ron  f l u x e s  up 
t o  2 x 10'' nvt arid where tempera tures  d i d  n o t  exceed 120°C ( 2 4 8 ' F ) .  H e  
concluded t h a t  induced h e a t i n g  appeared t o  b e  more of a problem than d i . r ec t  
r a d i a t i o n  damage up t o  t h a t  exposure level  However , he  r e f  ereinced work 
at: Hamell by  P r i c e  e t  a l .  ( ref .  31 of r e f .  7 6 ) .  Th2j.i- da ta  showed that 
a thermal neu t ron  f l u e n c e  up Iro 7 X lo1'  r e s u l t e d  i n  a dec rease  of about  
30% i n  the riupture stress of a p o r t l a n d  cement conc re t e .  They concluded, 
however, t h a t  radi.at:ion 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 not  as 
s e v e r e  as o v e r s t r e s s i n g  due t o  n u c l e a r  h e a t i n g .  

r e p o r t e d  i n  1958.77 
F i g .  67 .  The shte1.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 b a r y t e s -  
h a y d i t e  c o n c r e t e  sandwi.ched between two 0.305-m (1- f t )  s e c t i o n s  of  ordi-nary 
p o r t l a n d  cement conc re t e .  Cy l inde r s  1J . . 75  cm ( 4  518 i n . )  i n  diamelter w e r e  
cored o u t  o f  the s h i e l d ,  u s ing  an a i r -cooled  , diamond--edged d r i l l  Dusi.ng 
full-power o p e r a t i o n  a t  3.5 Mw, t he  t empera ture  g r a d i e n t  through t h e  s h i e l d  
v a r i e d  :Eroin 40°C (104'F) a t  t h e  i n n e r  f a c e  t o  19OC (66OF) a t  t h e  o u t e r  
f a c e .  Measuremctnts were made of the  dose rates f o r  g a m a  r a y s  and fas t  
neu t rons ,  as w e l l  as t h e  thermal  ncu t run  f 1 . u ~ ~  as a f u n c t i o n  of  s h i e l d  
th i ckness .  Also ac t : i v i ty  measurements w e r e  made from c o n c r e t e  d u s t  removed 
duri-ng each cor ing .  

'The (IRA-L G r a p h i t e  Reac tor  shiel-d was s t u d i e d  and tho f ind ings  w e r e  
A c r o s s - s e c t i o n a l  v:i.ew oE the s h i e l d  i s  shown i n  



Resu l ts  of w a t e r  con ten t  density,  XL~L c~~upn-es s<ve  strengtli iire 
g iven  in Table 8. The d a t a  arc: no t  coruparcd w i t h  o r i g i ~ z a P  da ta  belore 
exposure, b u t ,  rather, t h e y  are compared w i t h  da ta  obtained i n  a s i m i l a r  
s tudy  i n  1948 ( re f ,  I of ref. 77).  The s tudy  i n  1948, howevers was of 
limited u s e f u l n e s s ,  s ince  water was used to cool and clean t-he d r i l l  hi ! - ,  
nlrfiougb t h e  e f f e c t  o€ t h e  w a t e r  c v u l d  not b c  d e t e m i n c d .  77 
observed t h a t  t h e  chemical p r o p e r t i e s  and dens i ry  of: the coracrele had 
no t  been s u b s t a n t i a l l y  changed s i n c x  k h e  1948 s tudy .  
p r e s s i v e  s t r e n g t h  was g e n e r a l l y  lower.  
s t r e n g t h  was reduced 50% a t  the 0.15- and 0.30-iil (112- a a t Z  l - f t )  marks  
and about  30% as f a r  i n t o  the s h i e l d  as 0.762 III (2 11% ft) 
high strength f o r  drilling 5 could not  b e  exp la ined  by thc authors.  
Figure  68 shows t h e  f a s t -neu t ron  and gamma-ray dose rates as wc13. as the 
thermal n e u t r o n  flux through t h e  s h i e l d  th ickness . ,  The r e a c t o r  ha3 lateen 
in o p e r a t i o n  f o r  1 2  y e a r s  a t  the t i m e  of ttie study, but. .the fluer>clx:, 
were no t  provided.  It cannot be assumed t h a t  the reactor oper-at.ed a t  
f u l l  power con t inuous ly  during the  1 2  years, arid thus the t o t a l  fleremce 
i s  not known. The compressive s t r engrh ,  I w w e v e r ,  did di:cr;ease at  Locations 
closer t o  the r e a c t o r  core. However, Table 8 shows chat L h r ?  s t r e n g t h  
decreased  20% a t  a depth  of 0.914 rn ( 3  ft) i n t o  t h e  s h i e l d -  
shows a the rma l  f l u x  of about  2 X l o 4  neutrons cm-‘ scc-’ a t  thnt  I s c a t i o n .  

~ h t .  report 

Howevex, tile ~.-oom- 
T a b l e  8 shows that the ~ ~ ~ ~ ~ Y C S S ~ V C  

The? tuzausu;ll Zy 

Figure  6 8  
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Even ii one assumes t h e  max:-:lmuiia p o s s i b l e  exposure ( i - e . ,  Errl-1 power 

If s i g n i f i c a n t  dairra.ge c o u l d  3e caused by t h a t  l o w  level-  
f o r  1 2  cont-knuous y e a r s ) ,  the  f l u e n c e  a t  t ha t  p o i n t  ~~0i i1-d be o n l y  
7.5 x 1 0 l 2  li7j-it. 

of f l u c n c e ,  -the i n n e r  0.15 m (1/2 f t )  o f  c o n c r e ~ e  would have l o s t  20% 
o r  i t s  s t r e n g t h  afiec only 1 2  rnin of  exposure.  
t h e  c o n c r e t e  would have bee!? c m ~ ~ p l e t e l y  d e t e r t o r a t e d  a f t e r  J.2 years  of 
n p m a t i o n ,  b u t ,  of (:oi.it=se, i t  was n o t .  Thus, even i n  the absence oE 

w a s  due i n  any way t o  t h e  neuliroii r a d i ~ a t l o n .  Apparent ly ,  d a t a  were no t  
ava i - l~ab le  f o r  t h e  c o n c r e t e  a t  t h e  t i iw of placement and pi-Lor t o  any 
exposure.  IT hO0C (104'F) was :i.ildePd t h e  highest .  t empera ture  a t  the 
fuiier f a c e  of t h e  s h i d d ,  and t h e  w a  con ten t  w a s  decreased  i n  tile 
f i r s t  0.30 in (1 f t )  as shown i n  Tzbl  , i i :  &:)es no t  seem t h a t ,  j.n l i g h t  
of t h e  prev ious  di.scussi .on concerning tempera ture  e f f e c t s  t h e  l o s s  o f  
402 compressive s t r e n g t h  could  occur  as a r e s u l t  of temperatlure exposure 
a lone .  On t h e  otrh:?sr hand, t h e  r e p o r t  g i v e s  t h e  tempera ture  g r a d i e n t s  a t  
5 and 1.0 h r  a f t e r  shutdown a d  shows t h a t  t h e  i n s i d e  f o o t  o f  c o n c r e t e  
changes tempera ture  aueh  more r a p i d l y  than  t h e  rest of  t h e  s h i e l d  ( t h i s  
i.s expected). The cyc i ing  h i s t o r y  of the r e a c t o r  i s  not: known, b u t  t h e  
thermal  c y c l i n g  e f f e c t s  of chnng:i.i~g stresses, e tc .  , could  b e  an iTflporta3t 
f a c t o r  i.n t h e  de t e r io ra - t ion  o f  strcr,gi:ii. 

Experiments by ElEeuch e t  a l .  7 8  y e r e  c a r r i e d  o u t  on a s e r p e n t i n e  
conc re t e  w i t h .  aluminous cement: I 'The i - r r a d i a t i o n  tempera ture  w a s  200°C 
(392" F) , aird t h e  water /c twmit  r a t i o  was 0.38.  
a t  2 5 0 ° C  (482°F') p r i o r  t o  i r r n d j n t i o n .  Thenria1 neuriron f l u e n c e s  u p  t o  
5.5 x I O z o  x ~ t ,  f i s t  nei i t ron Elueiices up t o  ]..I x lo2' Y ~ v L ,  a.r-rd g m a  
exposures t o  1.3 X 1 0 l 2  rads were ui r i l i zed  i n  t h e i r  s t u d y .  They al.so 
t e s t e d  u n i r i a d i a t e d  coiitrcrl s a m p l e s  s t o r e d  a t  the i . r r a d i a t i n n  temperature .  
Muc-h gas  w a s  gene ra t ed  du r i . r~g  r a d i a t i o n ,  presumably due  t o  r a d i o l y s i s  of 
t h e  ~ ~ 7 a t c r  r e l e a s e d  by t h e  concvc:tI:e. In a d d i t i o n ,  t l ~ e  conc re t e  samples 
showedL expansion of up t ~ o  7000 urn a t  a f a s t  neu t ron  dose  of 1. x 10" n u t ,  
and i t  appeared that t h e  aggrega te  was t h e  prima.ry f a c t o r .  Young's modulus 
(as  measured by  pul-se x7elncity) decreased  20% a t  the  same dose  ove r  an  
uni r rad i .a  t c d  b u t  t he ima l ly  cycl-ed [ t o  200°C (392°F) 3 sample.  The bending 
airti compressive si: rengt'n decreased  subs t a n t i a l l y  but. the  dec rease  was 
about  t h e  sime f o r  irrad-iated and u n i r r a d i a t e d ,  t he rma l ly  exposed samples.  
The s s r p e n t i n e ,  however, showe.d 3 l o s s  o f  about  552 bendi. 
1.1nder R dose  of 9 x 1019 nut aird no l o s s  under t i i npe ra tu r  
wi t h  r e g a r d  t o  struozural p r o p e r t i e s ,  i c  does no t  appear  t h a t  i r rad i .a tLon 
a f f e c t e d  t h e  c o n c r e t e  s u b s t a n t i a l l y  more than d i d  t h e  high-temperature  
exposure.  

A t  t h a t  ra te  of darnage: 

._ L.-diatj.on - damage d a t a ,  i t  s e e m  h i g h l y  un1 ike7.y t h a t  t h e  s t r eng th  l o s s  

Specinleiis were a l s o  d r i e d  

Tests  by Granata  and M o 1 1 t a g n i n i ~ ~  on sr-andard mor ta r  (portland cemeizt 
and f i n e  l i ~ ~ ~ b : ~ ! i e t  s 3 d )  were performed a t  neu t ron  f l u e n c e s  of 10 1 8  
to 1 0 2 0  -" ILVL and i r r a d i a t i o n  t a n p e r a t u r e s  o f  1~30 and 280'C (266 and 535°F).  
Conti-ol  s a m p l e s  were s u b j  cc t ed  t o  t h e  h igh  iret~peratilres bu t  n o t  t h e  r a d i a t i o n  

concluded that t h e  e f f 2 c t s  of i r r a d i a t i o n  up t o  around 10'' nvk are 
Zive ly  sma1.l and no s i g n i f i c a n t  d imens iona l  changes r e s u l t e d .  The 

tiicriual c o n d u c t i v i t y  alld thermal  expansion c o e f f i c i e n t  ~ 7 e - r ~  not a f f e c t e d .  
However, rhe  n o r t a r  samples were a f f e c t e d  a t  t h e  h i g h e r  exposure of l o 2 '  nut. 
They r e p o r t e d  that: sp tx inens  i r r a d i a t e d  t o  that f l u e n c e  level. a t  280°C 
(536°F) were s o  s e v e r e l y  c racked  and damaged t h a t  it. was n o t  p o s s i b l e  t o  
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car ry  out: measurements on them. T'nerr are some p o i n t s  i n  t h i s  rc%port 
rlint r e a u i r e  d i s c u s s i o n .  T h e  a u t h o r s  d id  r e p o r t  thaf. the thermal h i s t o r y  
s , m p J  e ~ i  'xiere a11 in good c o n d i t i o n  Inotr. cracked  e t c  - 1 e T h e  sanip I in 
t h ~  130'L (;?66"P) tes t  r i g  i r r a d i a t e d  t o  10'' were p a r t i a l l y  cracked and 
&magEd, Tbc.-se samples showed about  a 10% lower E 1 cxural  qtrer igth.  
liowevcr3 rrhrx compressive s t r e n g t h  w a s  not  measured. The re fo re ,  i t  seems 
t h a t  the au tho r s  * c o n c ~ u s i o n  r e g a r d i n g  r e l a t i v e l y  s m a l l  e f f e c t s  of lo1' nut 
i 5 somewhat c o n t r a d i c t o r y  I I f the  i r r a d i a t e d  specimcns were vis 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  r e c u r r e d .  
OSvLously, damage at 1020 nvt was q u i r e  s~"vere,  s i n c e  t b ~  samples could  
n o t  even be  tes ted.  

in PCRVS is k e p t  be low 3 :< LO'' E V ~ ,  and h ighe r  irracitation ~ e v e l s  a r e  
thought t o  a f f e c t  concre-te p r o p e r t i e s .  FIe a l s o  stated that  th r  da ta  
w g a r d i n g  cr.i t - i cn l  doses  and the  magnitude of t h e i r  e f f e c t s  arc inadequa te .  

Brownel ' states tha t  the maximum i n t e g r a t d  r i ~ i r t r o n  irradiatioc dose  

Table 9 g ives  the  rad-Lation exposure l e v e l s  a l l o w a b l e  under S e c t i o n  ITT, 
" l ~ i s i o n  2, of  t h e  ASME B o i l e r  and Pressure Vessel Code" (Tab le  CR'3430-2). 
L t  shou ld  be noted that t h e  a l l o w a b l e  neutron exposure fclr c o n c r e t e  is  
10 
&re not known. It may w e l l  b e  t h a t  exposure  limits t o  other p o r t i o n s  of 
the V P R R ~ ~ ,  such  as tlhe liiaers cou1irig t u b e s ,  o r  r e in fo rcemen t ,  may nat- 
urally l i m i t  the exposti~-e of t h e  concrete t o  a fluencu far belfiw t h e  
~ s t a b l i s h e d  l i m i t .  It is also recognized cliat the d a t a  r e g a r d i n g  r a d i a t i o n  
e.f.Cc?cts on concretes, e s p e c i a l l y  normal. concretes ;:s used i n  PCRVs arc 
C ; C ~ T C P . .  

l o 2 '  or 1 . 0  X 1021 z v t .  The c r L t e r i a  upon which t h a t  number is based  

However, in view o f  soiw of tlae n e s u l t s  presenztcd, ?7,79 R f l u e n c e  
- I + C  X seem.; to be q u i t e  high and should  be examined f o r  j u s t i f i c a t i o n .  

Table 9 Radiation Exposure Limits 

Liner and attachments 

Concrete 10 f 102"nvt 
Reinforcing steal 
Prestressing steel 
Permanent caatings 1 OB rads 

NOTE: 
(1) Migher exposure insy ibe peerrnstted as long as the effect 

As specified in 
Design Specification 

1 x 1018nvt>7 MeV 
a )i 70'Qwt'rl MeV 

-4---- 

on permanent coatings IS shown to be acceptable. 

Source: "Concrete Reactor Vessels and Containments,'8 AMSE B o i l e r  
a n d  P r e s s u r e  V e s s e l  Code, S e c t i o n  IIIs D i v i s i o n  2 (1975) .  
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3.5 Mois t u r c  XLgratioii 
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Pig .  69. P h a s e  Diagrams for Water i n  Concre te  Specimens a f  Various 
Lengths A f t e r  887 Days arid a Hot-Fa.ce Temperature of 125'C (257OF). 
Source :  6 .  I,. England and A. D. Ross, "Shrinkage, Mois tu re ,  and Pore  
P r e s s u r e s  i n  Hardened Goxicrete ,"l ACI SP-34, Qwzct.ebe f o r  t?uclenr Reactom, 
pp. 883-908 (1.972). 

about 0.49 m ( 1 , 6  f t ) .  Th i s  c o m p r e s i  with dep ths  of als~sut 0.305 and 0.914 m 
41 and 3 ft) f o r  ho t - face  t empera tu res  of 100 and 3 5 0 ° C  (212 and 302°F) 
r e s p e c t i v e l y .  In a d d i t i o n ,  f o r  t h e  longe r  specimens,  more w a t e r  migra ted  
inlro the inl emediate r e g i o n s  t h a n  from rIiose producing zones of h ighe r  
than nmmd water c o n t e n t  'I'he a u t h o r s  a l s o  concluded that pore  p r e s s u r e s  
are u n l i k e l y  to be  impor tan t  i n  the balk  of t h e  PCRV c o n c r e t e ,  h u t  could 
be impor tan t  t o  vessel PLner instability. England and Ross d i d  no t  
dehcribe how mois ture  measurements were o b t a i n e d ,  huc  it is assumed that 
a g r a v i m e t r i c  tlechnique was u t i l i z e d  I 

BTQX%VE" d i s c u s s e d  t h e  mofstut-e m i g r a t i o n  f o r  t h e  Xylfa vessel and 
concluded t h a t  no si.gnif icant m o i s t u r e  m i g r a t i o n  should occur  over 30 y e a r s ,  
except near  t h e  o u t e r  f a c e .  The maximum tempera ture  f o r  the Wylfa vessel, 
however, 2s 35'4: (95°F).  We r e f e r e n c e s  work by Lowe (ref,  9 o f  ref. IO>, 
w h i c h  showed P i c k ' s  l a w  of d i f f u s i o n  to apply  t o  moi s tu re  m i g r a t i o n  i n  
~ : ~ n c r e t e ,  p a r t i c r n l a r l y  a t  e l e v a t e d  t empera tu res .  Those r e s u l t s  a l s o  show, 
i n  agreement w i t h  Yuan, H i l s d o r f ,  and Kesler," 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  s m a l l ,  d e c r e a s e s  w i t h  m o i s t u r e  c o n t e n t ,  and i n c r e a s e s  p a r a b o l i c a l l y  
with t empera tu re  i) 

is  d i s c u s s e d  by P i h l a j a v a a r a  and T i u s a n e n e a 2  
w i t h  moi s tu re  content and i s  z e r o  f o r  s a t u r a t e d  cement s t o n e .  I n  a d d i t i o n ,  
i t  varies p r o p o r t i o n a l l y  w i t h  t h e  i n v e r s e  of  tempera ture .  
t h a t  d e f i n i t i v e  conc lus ions  r e g a r d i n g  thermal moi s tu re  t r a n s f e r  i n  c o n c r e t e  
cannot be  made with e x i s t i n g  knowledge, b u t  t h a t  f u r t h e r  r e s e a r c h  regarding 
t h e  ttnemal m o i s t u r e  c o n d u c t i v i t y  concept  2s warranted .  

The concept of a thermal  moi s tu re  c o n d u c t i v i t y ,  S t  [kg m-' ( " C ) - ' ] ,  
The v a l u e  of Si: dec reases  

The tmtthors s t a t e  



96 

LENGTH, F T  

Fig .  70. Specirn:::i Moi s tu re  Content P r o f i l e  a t  t - 1 ~  2nd of T e s t  
P e r i o d .  Source : J. E .  McDonald, Mois ture Migrrition in Concrete, 
ORNL-'iT4-5051 (May 1975) .  
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3 .6  B o t  S p o t s  and Models 

Most of t h e  p rev ious  d i s c u s s i o n s  of concrece  p r o p e r t i e s  have resul. ted 
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  spec inens  of  s m a l l  dimensions rei-ative 
t o  t h e  PCRV s t r u c t u r e .  The problems of size: e f f2c ts  are  o f t e n  brought  
t o  focus  i x i  a t t e m p t i n g  t o  ana lyze  s t r u c t u r a l  behav io r  from small-samp1.e 
t e s t  r e s u l t s .  For example, t h e  ana - lys i s  of thermal  stresses i n  a v e r y  
t h i c k  s e c t i o n  on t h e  o r d e r  o €  3 m (-10 f t )  i s  d i f f i c u l t ,  i f  T L G ~  u.rrreal.ist:lc, 
w h e n  based on test: results ob ta ined  from specimens o n l y  a few i nches  
t h i c k .  A n  obvious a l t e r n a t i v e  i s  through t l ~ i i ?  use of modeJ. t e s t ihg . .  In. 
t h i s  way, a n a l y s e s  of  vessel  deforrciatiun under  coratlitions m u r e  represen-  
t a t i v e  of a c t u a l  PCRV o p e r a t i n g  c o n d i t i o n s  can  b e  made i n  t h e  con tex t  
of proper  geometry stress d i . s t r i .bu t ion ,  and thermal  gradi .ents .  The 
de te rmina t ion  of LIE e f f e c t s  dine t o  l o c a l i z e d  tempera ture  i n c r e a s e s  ( h o 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. test.i.ng. The e ect 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 t t y  i s  o f  great ihterest  txj d e s i g n e r s  and o p e r a t o r s .  
A 1ocal. ized f a i l u r e  of t h e  vessel coo l ing  s y s t e m ,  f o r  exa.mple, could resu1.t 
i n  a l o c a l i z e d  port i -on of t h e  c o n c r e t e  be ing  s u b j  ec.Ced tu over-design 
tempera tures .  Tab le  4 showed t h a t  the ASME B o i l e r  and P r e s s u r e  Vessel. 
Code has  e s t a b l i s h e d  a temperafxre  l i m i t  of 1 2 1 . O C  (250°F) a t  loc.al h o t  
s p o t s  du r ing  normal o p e r a t i o n  o f  t h e  r e a c t o r .  During abnormal and severe 
environmental  c o n d i t i o n s ,  t h e  l o c a l  h o t  spot: a l l owab le  i s  1.90"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  c o n c r e t e  i s  s u b j e c t e d  t o  ve ry  h igh  
tempera tures  f o r  l i m i t e d  p e r i o d s  of t i m e  (days wee-ks) , a n  assessment  r i n i s t  

b e  made concerii ing t h e  s t r u c t u r a l .  i n t e g r i t y  o f  Chc vessel. 
A model s tudy  w a s  conducted by Dubois e t  al.8" on a one- ten th-sca le  

PCRV model of t h e  French EI>:F3. They s u b j e c t e d  the model t o  e i g h t  thermal  
c y c l e s  from 2 0  t o  200°C (68 t o  332°F) f o r  va ry ing  l e n g t h s  of t i m e ,  u s 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  tirue irivolued was two y e a r s  
and three months. They r e p o r t e d  t h a t  the  .first c r a c k s  appeared du r ing  
t h e  i n i t i a l  h e a t i n g  between 175 and 2 0 0 ° C  ( 3 4 9  and 392°F) and extended 
t o  w i t h i n  about  1 2 . 7  c m  (5 i n . )  o f  t h e  o u t e r  s i i r f ace  of t h e  40.4-en-thick 
(16-iii.) 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 2 0 0 ° C  [499"C/m 
(274"F/f  t )  ] induced cracking  i n  t h e  c y l i n d e r  ~ equilibr-iwn w a s  main ta ined  
w i t h  c racking  a t  a depth  of 10.1.6 cm ( 4  i n . )  and ve ry  a c c e p t a b l e  tlj.emal 
compressive stresses i n  t h e  uncracked region. The a u t h o r s  a%taclh m o s t  
importance t o  t h e i r  o b s e r v a t i o n  of t h e  detachliieo t o f  t h e  o u t s i d e  layer 
of t h e  c y l i n d e r  as a r e s u l t  of c r ack ing .  The au thors  concluded t h a t  t h e  
behavior  of t h e  vessel was s a t i s f a c t o r y  w h e n  h e l d  f o r  n i n e  months  a t  
2 0 0 ° C  (392°F)  , even though cons.i.derable c o n c r e t e  c rack ing  w a s  obscrved. 
They suppor ted  t h e  p r e s e n t  c o n c r e t e  tempera ture  l i m i t  o f  8 0 ° C  (176°F) as 
be ing  j u s t i - f i a b l y  s a f e  and sugges ted  that an i n n e r  wall c o n c r e t e  tempera- 
t u r e  of 1.50"C (302°F) i s  p o s s i b l e  f o r  normal- o p e r a t i o n .  T h e  use of wIre 
f a b r i c  re inforcement  a t  t h e  outct!r' face '~63s sugges tcd  as a method f o r  
c o n t r o l l i n g  t h e  c rack ing  of t h e  vessel. 

Nor thrup  and OpleE5 t o  i n v e s t i g a t e  e leva ted- tempera ture  e f f e c t s  on long- 
term behavior .  The maximum temperat i i re  used was 60°C (140°F) .  Small. 
speci-mens were t e s t e d  under  t he  same contli t- ions t o  c h a r a c t e v t z e  the 

A one-four th-sca le  model  of t h e  Fori: S t .  Vra in  PCRV w a s  t e s t e d  by 





s e p a r a t e l y .  I n  a d d i t i o n ,  nieasurerntvit~ of vapor  p r e s s u r e s  behind t h e  
l i n e r  showed less severe p r e s s u r e s  t h a n  t h o s e  corresponding t o  t h e  
c o n c r e t e  tempera tures  imposed e Thi.is no p r e s s u r e  bu i ldup  would occur  
a t  t h s  h o t  s p o t ,  probably because  of p r e s s u r e  relief along t h e  1-iner- 
c o n c r e t e  i n t e r f a c e .  The a u t h o r s  concl-ude t h a t  the s u s t a i n e d  h i g h  
hot-spot  teraperature  i n  the Oldbury vessel d i d  no t  cause  s e r i o u s  damage 
t o  t h e  I - iner  o r  t o  t h e  conc re t e .  

menta l  and a n a l y t i c a l  s tudy  that u t i l i z e d  f o u r  c y l i n d r i c a l  models of 
1 :12  s i z e  re la t ive  t o  a n  800--Nd(e) p r o t o t y p e  r e a c t o r .  TWO of t h e  models 
w e r e  cons t ruc t ed  wi thout  bonded re inforcement .  Modc?l.s o f  t h i s  type  
underwent exp los ive  r u p t u r e ,  w h i l e  t h e  models w i t h  t h e  re inforcement  
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 r a d u a l  , progres s  Lvve f a i l u r e .  
The a u t h o r s  ob ta ined  good agreement between exper imenta l  resull :s  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 -  
element methods. However, f o r  deformat ion  i n  t h e  p l a s t t c  range ,  s imple  
f a i l u r e  c o n s i d e r a t i o n s  r e s u l t e d  i.n b e t t e r  c o r r e l a t i o n s .  T h i s  s(ludy d i d  
n o t  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 i g h  tempera tures  o r  h o t  s p o t s .  

A PCKV thermal  c y l i n d e r  model. about  one-s ix th  scale of t h e  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 Na t iona l  
Laboratosy.  A d e s c r i p t i o n  of t h e  model and test procedures  are 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  are d e s c r i b e d  i n  r e f .  90.  
The model w a s  1 . 2 2  m ( 4  f t )  h i g h ,  0.46  m ( 1 . 5  ft) t h i c k ,  and 2.06 m 
( 6 . 7 5  f t )  i n  o u t e r  d iameter .  It w a s  cons t ruc t ed  w i t h  an  i n n e r  c o n c r e 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 (I 1 / 2  i n . )  and 
w a s  p r e s t r e s s e d  w i t h  b o t h  a x i a l  and c i . rcumferent ia1  tendons.  A mild-  
s t ee l  l i n e r  provided  t h e  i n n e r  seal ,  w h i l e  t h e  o u t e r  s u r f a c e  of t h e  node1 
w a s  s e a l e d  agai .nst  moisturcr! l o s s  wi th  s h e e t  m e t a l .  The top  s u r f a c e s  of 
t h e  c y l i n d e r  and co re  w e r e  coa ted  w i t h  l a y e r s  of epoxy and copper f o i l .  
The model was s u b j e c t e d  t o  i n t e r n a l  p r e s s u r e  and e l e v a t e d  tempera tures .  
A t empera ture  of  65°C (150'F) w a s  s u s t a i n e d  f o r  about  1.4 months. During 
a subsequent  p e r i o d ,  a narrow circiunfer tmti .a l  band 0.n t h e  ini ier  s u r f a c e  
of t h e  tes t  sec t i -on  w a s  hea t ed  t o  232°C ( lr50"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  c o n d i t i o n .  S e c t i o n i n g  of t h e  model a f t  
r evea led  ''no s i g n i f i c a n t  def ects" in t h e  c u t  s u r f a c e s ,  a l though t h e  
c o n c r e t e  immediately sur rounding  t h e  h e a t i n g  elements  w a s  darkened.  A 
sc l e romete r  ( impact  haiiimer) was u t i 1  i.zed t o  approximate t h e  compressive 
s t r e n g t h  of t h e  c o n c r e t e  a t  t h e  hot-spoc 1.ocation. Neglec t ing  e x c e s s i v e l y  
h igh  r ead ings  a s s o c i a t e d  w i t h  the aggrega te  p a r t i c l e s ,  "Le resu l t r s  showed 
t h a t  a s u b s t a n t i a l  d e c r e a s e  i n  s t r e n g t h  ( lower  r ead ing  on sc l e romete r )  
occur red  c l o s e  t o  t h e  h e a t e r .  The amount of reducciori  decreased  w i t h  
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  I -ocat ion.  A t  a d i s t a n c e  of 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  w a s  t h a t  of thri! Unaf fec ted  conc re t e .  
T'ne 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  w a s  on ly  about  61% sf t h a t  of t h e  
u n a f f e c t e d  c o n c r e t e  ( a c t u a l l y  measured on t h e  matirix) . Thus, t h e r e  
appeared t o  b e  a d e c r e a s e  i n  s t r e n g t h  of t h e  c o n c r e t e  s u b j e c t e d  to t h e  
232OC ( 4 5 0 ° F )  t empera ture ,  b u t  no obse rvab le  cracki-ng o r  o t h e r  l o s s  o f  
s t r u c t u r a l  i n t e g r i t y .  

s ta te  of t h e  a r t  of  model t e s t i n g  relairlive t o  PCKVs .  
w a s  t o  p r e s e n t  a f e w  r e p r e s e n t a t i v e  examples of r e s e a r c h  i n v e s t i g a t i o n s  

F luge ,  Gausel ,  and T , e n s ~ h o w ~ ~  r e p o r t e d  t h e  r e s u l t s  of a n  expe r i -  

The purpose of t h e  foregoing w a s  no t  t o  d i s c u s s  o r  even prese i l t  t h e  
Ra the r ,  t h e  i n t e n t  



The in t roduc t ion .  to tIri s r e p o r t  made ment ion  that: many iwnves t i .gat  i o n s  
have. been conducted. through the years to devcl.op data for various aonr:~ret:e 
p r o p e r t i e s  of s p e c i f i c  i.nterest t o  des igners  of prestressed concrete 
reactor vcssse.ls (PCKVs) :Lt: was a l s o  me.nt:iurs.ed i n  S e c : ~ ,  3 a t a d  emphns:I.aeiI 
throughout  t h e  d i s c u s s i o n s ,  that c o n c r e t e  i s  a very general c e m  f o r  3. 
class of imt.erials that v a ~ y  widely i n  p r o p e r t i e s  and app:I icatfoas 
wi th  r e g a r d  t o  PCRVs, it was stated t h a t  concr-ere mix tu res  vary  s~~'bse:a.ci- 

p rovided  h e r e i n  fss many of the r e p o r t s  reviewed was intended t o  s h o w  C l m t  
t h a t  is3 i n  f a c t ,  the case. For aaast o f  % h i t i  pzo.per t ies  cons ide red ,  oim.ly 
r e p r e s e n t a t i v e  stu.d.i.es w e r e  discussed a In addition, r:be purpose o f  this 
review w a s  t:o d l  r c e ~  a t terr i : ior ;  fro p l a i n  concrete, sans  reinforcement  o r  
p r e s t r e . s s i n g  components, Nost studies of conc.rete p m p : 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  c o n c r e t e ,  

It 1s a p p a r e n t  from t h e  results p resen ted  that. a plethora of d a t a  
has  been repor ted  r ega rd ing  tempera ture  e f f e c t s  on c o n c r e t e  p . r e q m ~ i c ? s  a 

Most: o f  the report:s taken s ingular . ly  a p p e a r  to provide  r eascna la l e  resulrs 
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  the o 2 

t h e  r e s u l t s  taken t o g e t h e r  pr-'a,vide a 

ti.i3l.ly, RS ~ : e p o r t ~ : d  by many invest igators  The U ~ U S U : ~ ~  ~DIOULI~ of d e t a i l  
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tiist appe.3a-s t o  p rec lude  ~easoi ia \ . , :  '3 predic t i .ons  02 courcreire behavior i n  
.-; xiven  situai::[ t31-i - Oil the o t h e r  hand,  t l iose two oii t looks r e p r e s e n t  
~x;fi:exe,s o f  t h e  sit hy a r easonab le  and griiilr?i?t e x a ~ i -  
ilztioil of t h e  dai:a c';i.ve of app1.i.catlc-n. A s  rrient~.iin~?t3 
i n  S e c t .  3.3 .1 ,  t h e  d a t a  shwm in F i g  2 2  p rov ide  a ~ - e p r ~ ? s e n t ~ ~ t i u e  
c r a s s  scrti.~.9ri of  r p s u l t s  from t h e  l2 . t  a [:tire r ega rd ing  c o n c r n t r  coni- 
p r e s s i v e  s t r e n g t h  a t  l i igh  t m p e r a t u r e  E S  t o  p r e s e n t  thosi? 
d s  i a a s  average  behavior  with. expected d e v i n t i o n s  wqu ld  be ridiculous 
because o f  thc  reme men do us v a r i a t i o n  i n  i:ypes conc re t e ,  spe r i rne r i tn l  
irrc?8tment, aild t e s t i n g  p:(-oc~dun-t~s, and indeed ,  t h a t  is  not  the i.atent 
o f  tnis reperf:* Katht?r ,  oiis i n t e n t  i s  t o  show that a person cannot  
s i~ inp l~y  nake an e n t r y  i n t o  I:h<: t e c h u ' c c a i  1 i t e r a t u r e ,  ext rac t  d a t a  frcjin 
one o r  two rcpo-r t s  chat. provi.de r e s u l t s  on higii-Cemperature t e s t i n g  
of  c011creLLe~ and g e n e r a l l y  apply  c1-1~: d a t a  t o  s t i - i l c tura l  d e s i g n  s i  t u a t i o n s .  
The s t u d i e s  of coiiipressi~vc st;Te::gt;i and modulus 05  el.asIr:ie-ity a r e ,  
perhaps ;  moslL j n d i c a t i v e  t h a t  t h e  obseirvec! e:fEeci:s 2x2 f u n c t i o n s  o f  
a a x y  v a r i a b l e s .  Some o f  t h e s e  v a r i a b l e s  a re  mix tu re  cons t  i - t u e i ~ t s ,  curing 

of t e s t i i l g  ( i .  e . ,  ho t -  OT col.d-:;:sted), m s t u r e  condi  t i o n  > niimber of 
c.:cposu~es ( i . e .  , theriiial c y c l i n g )  , ami  t:: rnetliods. A normalized 
comparison of al.1~ d a t a  rewispTed> Figs. ? 2  nd 31, show:!d t h a t  the com- 
pressive s t r e n g t h  and modulus of e las t i . c i . ty  both decreased  w i  t;h i n c r e a s e s  
i n  i:e.mpcrntiire, t: h e  of exposure,  free-mois Lure conter i t  a-ad thezmal 
cycles. Keyorid t ha t ,  p r e c i s e  s ta l  nents cannot  he made wi~ thou t  coiisiil- 
c r n t i o n  of  mure  r; i f L c  var- Iab les ,  such  as t hose  mentioni;d below. The 
data cannot  r e a l i  c a l l y  be  rep~:c.scnted by a l i n e  of average  bchnvf.or. 
i'he i11t>at. ~011se1:vaiti:~e I : S ~  of t h e  d a t a  would show 1 o s . s ~ ~  0 . E  7U 2nd 60% 

p r e s s i v e  stc,wigLI! arid el.asl:ic rnadcllus at 1 5 0 ° C  (302'P) . 'J'he i-iI<>SI: 

i iisc would show improvement: i.n bot11 propert:.les at: 1 5 0 ° C  (302°F) .  
n a'ilsTJer a s  i r o  ii1.e c f  ' t  of  t empera ture  on concrei:;: i s  n o t  easily 

, , c u r  i fig time, age  a t  load ing ,  t.j.m~: of  exposure,  temperat i i re  

obi a i  w d  froix the a v a i l a b l e  l i t e r a t - i i r c .  With r egaud  t o  high t empera tu rm I 

maiiy irescar~chers observed t ha  t l imes tone  a g g r e g a t r s  gme-ral . ly r e s u l t e d  
i n  g r e a t e r  l o s s e s  of sti-erigtl! and elastic p r o p e r t i e s  th ,m d i d  o t h e r  
aggrega te s ,  such as s-i.1-iceoils g r a v e l s .  I n  faci,, i.n a :few reports, 
recommendations were m a d e  tliat l.i.me:~;torie d e f i n i t e l y  n o t  3e iiti.l.9.zed 
fc:Jt- app l~ ica t  jLoiis where t h e  c o n c r e t e  could h e  R i S h j e r t e d  t o  s u s t a i n e d  
temperaI'.i.r;:es ahovc: 3.OO"C (21-2"F) . P r e v i o u s l y ,  i t  had heen ~:hougirt that 
co-inpat IhiJ.i ty d i f f  e r enzes  between t h e  aggrcgatle a1.d [:he matrix were t h e  
cause  of s t r e n g t h  deteriorai::i.on. Kepor-Ls r e v i e ~ e d  he re  havc s ~ ~ ~ z w . c i ,  f o r  
example, t-hat t h e ?  the-mal exp'insion c h a r a c t e r i s t i c s  o:E 1.i.nlestone aggrega te  
are more compat ib le  w i t h  t h e  mor ta r   ai.^ e l . ~ v a t i x l  ;omperatures t h a n  aC 

agz rega te  a s  having a f  f ected v a r l o u s  propec:t i.es s u b s t a n t i a l l y .  II lghcr 
ts -ct?.iiilted i n  grcea'rer t h e m a l  expansion b u t  1 es:; dzlterlo- 

rat ioi-1 of p roper  t i e s  h i g h  t g l ! ? j l ~ _ r . ~ t 2 i % ; ~ ~ ;  - T i .  ~7a.s sugges ted  t h a t  a 
c-hcmical. r e w ?  Lo[i b e t  en  silica 2nd Ca(0H) 2 ,  o r  Sei:.97een s i l i c ; z  ;?:-id t h e  
products of t h e  Ca(0li calci im s i l i - c a t a s  r e a c t i o n ,  could be 
responsi-hl e f o r  :ini~i-o g p r o p e r t i e s .  I L  has alscj heoo s c ~ t r d  

i.nt.errial sri-esse.';, vh ich  load  t o  c rzck ing  and l o s s  a :  strezgth. Specimens 

i-at-ure. Many s t o d i e s  liave po in ted  t o  sil.i.ca coi i ie~i t  of t h e  

that  h lgh-press i l rc  si. 





ine;isurci:eiits C)II d r y  c o n c r e t e  a t  the ~ ~ i ~ i i i ~ u i n  des ign  t m p e r a t u s e .  Thts 
wmdd provide  a n b i r n i ~ i n  -value a p p l i c a b l e  t o  tha t  p o r t i o n  of thc ves sd  

oi.vi r1.g iiic i n i i :  i a1 heat f J.uj<. 
A s  s t a t ed  o f t w  here in, expei-ine:~tal inv:._st::i,gai;ions have l a r g d y  

cons idered  t h e  p r o p e r t i e s  shown clndc~i-  [miaxial  loadi.ng . The c o n c r e t e  
i n  a vessel w i l l  br in. a m u l t i a x i a l  s ca t ?  of s t z c c i s ,  b i a x i a l  o r  t r?ax f .s l  
comprdssion. It appears  ?.hat the h i a x i a l  case would h e  O F  r u o s i :  conce ix ,  
because  immediately a.Eter r e a c t o r  shutdown, the vessel w i . 1 1  b e  h o t  2nd 
s u b j  ecl:r:d t o  t h e  f u l l  p r e s t r e s s i n g  l o a d .  It is g e n e r a l l y  aci:c>pted t h a t  
the u l t h a t e  s t re i ig~h I:)[ cioncret? i n c r e a s e s  wlien s u s  t a h i n g  m i i l t i  zx4 31. 
sti-es.-es art: irriposetl. The method of Inad a p p l i c a t i o n  is a priQ-.?ry i o p  

p l a t e n s  €lui.d--cushi.on p l a t e n s ,  and defor id: ;  i e p l a  i;ens have S:~I.?F':~ p i - o " ~  i,se 
0 2  r d u c i . n g  end r e s t r a i n t s  t o  t o l e r a b l e  l e v e l s  so tfiat L'r ie  t;rue 1.11 i..i.riia t e  
StreiLgCh can b e  measured. The most reliable d a t a  ind ica i ie  a iiiaxiiiuii 
biaxial c m p " e s s i v e  s t r e n g t h  of 1.. 2 5  times tile u n i a x i a l  ctx-ength ine;rsurcd 
with t he  same apparatus. T r i a x i a l  tests iudi.c:af:e sttren;;t.hs up t o  f o u r  
t o  s i x  t:i.roes 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 e v a t e d  taxperattires aixii ( n r i  f:ii 
s e a l e d  specimens are very  I.irnited. Results i ndri.cato i.i!at the  s e a l e d  
specimens a?:t? weaker t h a n  d r y  c o n c r e t e ,  b u t  t h a t  wet c o n c r e t e  g i v e s  ;P 

g r e a t e r  re la t ive  increase.  i n  s t r e n g t h  under  m u l t i a s - I  a1. stness c o n d i t i o n s .  
An impor tan t  observat ion concerns tha': of a supposed c r i t i c a l  stress level  
u n d e r  b i . ax ia l  l oad ing ,  a strtxs t h a t  may occur  as 1.0w as 50% c i  Che 
u l t imace  and at: which severe pemIanent damage takes p l a c e  w i t h i n  the  
specimen. S ince  u n i a x i a l  s t r e n g t h  i s  g e n e r a l l y  used as a m a t t x i a i  
p rope r ty  f o r  design, one may suppose t h a t  t h e  a c t u a l  v e s s e l  c o n d i t i o n s  
involving b i a x i a l  stresses w i l l  siiake t h a t  d ~ t a  c o n s e r v a t i v e  by 25%. 
However, tes"L:j co iduc ted  wi th  steel. p l a  Lens, t h e  cormon method, i n d i c a t e  
a s t r e n g t h  m e a s u r e m e n t  that i s  25% t o o  h i g h ,  nie.2::ing t h a t  t h e r e  may be ,  
essentially, no addi - t iona l  m a r g i n  fo r  stre1igt.h d a t a  ob ta ined  wB1:h s tee l  
p l a t e n s .  The addit:iona1. o b s e r v a t i o n  of a cri.ti.ca.1 stress below ul  t i .mate  
f o r  sl~ort- and long-teim loadirrg may b e  more r o a l l s t i c  fo r  design purposes .  
M1uch work needs t o  b e  done t o  develop ail unders tanding  of mult : iaxi .a l  
behav io r  as w e l l  as methods o f  p rov id ing  a c c u r a t e  st-rmgti-t and  c reep  
da ta ,  e s p e c i a l l y  w i t h  regard t o  s e a l e d  concre te  and e l e v a t e d  tanperature:;. 

temperatiui-e on concr-et(:: p r u p e r ~ i e s ,  t h e  presence  of f ree  m o i s t u r e  i s  
g e n e r a l l y  seen as tine major  contril-ju t i o g  f a c t a r  t o  t h e  de ' r e r io ra i i i on .  
Evidence i n d i c a t e s  t h a t  t b e  couimo!ily accepted  I:heory of d i f  f e tynces  between 
the aggreg;lit.c? and cement p a s t e  therma.1 expansion i : h a r a c t e r i s t i c s  l1jay 110 t 
be  t h e  pr imary cause  of  stren3tI-1 l o s s  a t  h igh  tenperatisre. The s t r e n g t h  
of d r y  co i lc re te ,  accord ing  t o  some, resu1i:s f rom t h e  d e s o r p t i o n  of ccm 
p a s t e ,  I-eading t o  a col l .apse o f  the  g c l  s t r u c t u r e  aiid closiice ci gaps 
between pr imary g e l  pa t : I : ic le~ .  Zrt  addition, i; does noi: s p p e n r  t h a t  
high-pressur, .  steam i n  t h e  flaws has i1iuc:h e f f e c t  on st rengt l l .  Rat:iicr, 
cheiiiical r e a c t i o n s  may occur  t h a t  weaken t h e  ina t r ix  coherency. T ~ J  ret- 

ornmendatiorl by some a u t h o r s  t h a t  1.iinestone aggrega te  (low s i l i c a )  n o t  

of =rk:sz?rch, and r e c e n t  results w i t h  s ter l . -bruoh plai:,~--nc- 'cua, ba l  1 . 52;ir I-tlg 

@oncern:i.r~g t h e  mechanisms r~.sponsible f o r  observed e f f e c t s  o f e leva. ted 

be used for sustzained higii--teinpc.ratutre a p p l i c a t i o n  [.above 190 OF) 1 
c o r r e l a t e s  w e l l  with o t h e r  r!.co)minendati~ons i hai s i 1  i .c<>(>il-- agg Le 
u t i l i z e d  because  of  f a v o r a b l e  ch:~!!ij.cal i** t ions  invo lv i  rig thc  :; I i ita" 
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12. The b i a x i a l  s t a t e  of sl ss j, o f  most interest f o r  the l a r g e  
p i e s t r e s s e d  vessels, acid F l u 2  i t i c i s t  t c,l:,-ihle d a t a  i n d i c a t e  a m a x i m u m  
b i a x i a l  compressive s t r e n g t h  of 1 . 7 5  times 1iniar i ; l i  s t x ~ a g : t F ~  a t  no-mal 
t. lnperatures.  

c l ? i m i n a t  P end r e s t r a i n t s  i n  u n i a x i a l  u d  m u l t i a x i a l  compression & e q L i ~ ~ g  
L impera t ive  t o  t h e  undEusLanding ol c o t x x ~ t e  b e h w i o c ,  as well as f u L  

A 

1.3. U~velopment of r e l i a b l e  equipiiiarii- doil i ( ~ : $ t - i  L L ~ ,  t echn iques  t o  

generat E oa of r e l i ab le  des ign  c'ata. 
1 4 .  The s ign i f i canc i3  o f  a c c-al strcss, much lower than  ultimaL(2 

Jt-rei-,gth, i n  s u s t a i n e d  b i a x i a l  l o  g dpservcs sc 0115 c o n s i d e r , i t i o n  i 1-1 
zliy s t r e n g i i i  i n v e s l i g a t i l i n s  For i a m i  f i c a t i o n s  s t r u c t u r a l  i n l e g r i  i y - 

concrete.;, S u i  i& dppca r s  t l r d t  (la i a y  occur  a t  a t o t a l  neu t ron  F l i i t :  
of t o  lo2' iwt. p he f l u e n c e  i t  of 1.0 x nut f o r  c o n c r e t e  
allowed by t h e  ASME Hoi1i.c acid P r F , s w e  Vessel Code should bc r ccva lua i  <~d. 

16 .  A t  c u r r e n t  PCRV t m!pCraturL's I moisture i r - igrat ion is n o t  seen 
L (  be a l i m i t i n g  parmeter  f o r  d e s i g n .  Suskained i twpt>rd tuLes  ove r  
100°C ( 2 7 2 O F )  caiisc F ~ s t ~ h t -  and de:pL: d r y i n g  and isculd t h e r e f o r e  rcquIi-cT 
sp r ious  e v a l u a t i o n .  

15. R e l i a b l e  evidence is l a r - k i i i r  f o r  radiaf ion  erf t>(*ts  011 kioimal 

1 7 .  The l i l n i i e d  dai-a avajla ridi cated that  ho t - spo t  tem?eraturc-  
0; 200 t c ~  250'C ('392 f~ L82"F), f L , )  t o  t h rec  monrhs exposure,  w j l l  n o t  

( 3 :  l o c z t i o n s  aw.2;~ f r o m  s t e e l  r e i  
, c i d ~ k l t ~ g  a t  C D  L i t  r e i n f r r c e m c s i  j u n r i  i i , i i s  ilia? < J  

18. %del  t e s t  r_ LST':! i ( I  FI- I I I  3 i - t -  ~ C K V  L -1 
a gjvcl l  \?:- ~ o ~ i , ; i i  I ~ ~ i a l ~ t i c a l  desiription is 
th.:t c z  d e f i i i r  t h e  
t I ! . ,  o v c ~ , : l 1  bcblv I u L  u t  i ; I C  ; e! r l € o ~ c e d  vf;isel  , l a b o r a t o r y  specimens can- 
n o t  b e  u s ~ r '  :o p i r L i c t  v e s s e l  i n t e g r i t y .  

19 .  Specimen i -iiie should b-. accompli ed Ly s i inu la t ing  t h e  PCRV 
coi ic fe te  as c l o s e l y  as p o s s i b l c .  'This incliidec. such t l i i n g s  as the u s e  
O r  an  c a ~ l y  ag:-. i~y -d r s t io l t  he,%t c y c l e  diid Le ten t ion  of f r e e  moistirrt? 
( s e a l e d  sperirnczs) . 
cot~cre i ; ,  and i ; ~ u n t  . . f f t  r r 5  oT t t a . ~ q ~ : a t u r e x  8 L ~ v e  loo°C (?l ? O F )  

oil p l a i n  conc - r = e  ~ ~ i t ; i  i t?cained f e ,  d o  n o i  allow a sidf,.tnolit_ 

2 0 .  Thca l x c k  o f  knowledge concernin3 moi s tu re  i i i i g r a f - i ~ ~ ~  i l l  mass 

; i ~ t i t b .  
21. Foi 1: i i . i b i l i t ,  dllJ eccirioia nvestigai i o n ?  o i  hot l i J t . 2 1  

V P ) S S L ;  d ,  s i g n 5 ,  , n\-.r ~ 0 1 3 , -  r e i s  mdcerial d rvelepm2::i 
sjlould b e  pcrrsued. The minimizai-ioq o r  climinat. of rhp vrssr !  coolil ig 
s y ~ ~ e i i i  i s  clesirabl e .  

4.3  Kecornrne;idations f o r  Further Study 

The fol lowi-ilg recommendations are! made vi  t h i n  the scvpc of - C h i s  
icpsr-t and may not ref'.cc!- tlit? n e  f o r  siriidy i l r  a 
h e r e i n ,  Alt ' i lough the r e p o r t  was m a r i l y  concerne 
e r t i e s  i n  a n u c l e a r  cnvirOn.iirrnt f o r  t ~ i i t .  EXR, i t  i s  nc' 
Oui: t h a t  p u t s t r c s s c d  c.onc.rete p r i m a r y  containment s t r i i s t u r e s  are Seing 
proposed  and s e r i o u s l y  cons ide red  f o r  iiiany other app1.icaiz.i t.ms I 'Chus the 
ir i lpact  011 re i - iabi l i  i . j  and eccnomy i s  more wide-raaging t h a n  i f  based s o l e l y  
on IITGR a p p l i c a t i o n s .  



The t h r e e  areas of s t u d y  l i s t e d  may have common and/or  ove r l app ing  

1. A major program i s  needed t o  p e r f e c t  t h e  d e s i g n ,  t e s t i n g ,  and 
requi-rements e s p e c i a l l y  w i t h  r e g a r d  t o  tempera ture .  

e v a l u a t i o n  of PCRV model s t r u c t u r e s .  Some o f  t h e  impor tan t  a s p e c t s  
involved  i n  t h i s  program are I 
a. Development of r e l i ab le  ins t rumen ta t ion .  
1). Determina t ion  of t h e  e f f e c t s  of t he rma l  g r a d i e n t s  (may e n t a i l  models 

c. T e s t i n g  o f  models w i t h  and wi thou t  bonded re inforcement .  
d .  F l e x i b i l i t y  of d e s i g n  t o  a l l o w  a p p l i c a t i o n  of s u s t a i n e d  e l e v a t e d  

e. D e t a i l e d  chemical  aid m i c r o s t r u c t u r a l  examinat ions .  
f .  T e s t i n g  o f  l a b o r a t o r y  specimens t h a t  s i m u l a t ~ ,  as closel-y as p o s s i b l e ,  

t h e  c o n c r e t e  c o n d i t i o n s  of t h e  model and t h e  PCRV. Th i s  would i n c l u d e  
t h e  u s c  of a n  e a r l y  a g e  h y d r a t i o n  h e a t  c y c l e ,  arid it  may also b e  
necessa ry  t o  s i m u l a t e  t h e  h igh  (PCRV) h e a t  of h y d r a t i o n  0 1 1  thL model - 

g.  Cont i.nued development of three-dimensional  anal.yt.ica1 t echn iques  t o  
d e s c r i b e  PCRV behav io r .  

The u l t imate  g o a l  of  t h e  program should  be t h e  development of an 
a n a l y t i c a l  p rocedure  t h a t  d e s c r i b e s  t h e  model behav io r  and i.den ti f i e s  
the c o n t r i b u t i o n s  of va r ious  p l a i n  c o n c r e t e  pvoper t  ies so t ha t  r easonab le  
p r e d i c t i o n s  of PCRV behav io r  could b e  made on t h e  basis of laborarory  
test r e s u l t s ,  

and/or  unders tanding  of c u r r e n t  PCRV des igns .  
a.  Coatiriued development of m u l t i a x i a l  testing ti:chniques and equipment 

( s h o r t  and long  te rm) .  Equipment should  b e  designed t o  tes t  c u b i c a l  
specimens,  which a l 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  
stresses. T e s t i n g  of s e a l e d  specimens up t o  100°C (212'F) is r e q u i r e d .  
The minimiza t ion  of  end r e s t r a i n t s  i s  a pr imary problem and is  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  as w e l l .  

b ,  F u r t h e r  development o f  t h e  c reep  e q u a t i o n  and r e l a t i o n s h i p  of p l a i n  
c o n c r e t e  t o  t h a t  of a r e i n f o r c e d  s t r u c t u r e .  j 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 c reep  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  b e  
performed. 

l oad ing  a 

specimens t o  be  used f o r  t e s t i n g  o f  s t r e n g t h  arid e l a s t i c  p r o p e r t i e s  
at t empera tures  up t o  100°C (212°F) .  T e s t i n g  is  r e q u i r e d  f o r  each 
p a r t i c u l a r  c o n c r e t e  mix tu re  used .  

c. Because l imes tone  is a commonly used aggrega te  f o r  c o n c r e t e  eons t ruc-  
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  O F  t echn iques  t o  improve r e s i s t a n c e  
of l imes tone  c o n c r e t e  t o  p r o p e r t y  d e t e r i o r a t i o n  a t  h igh  tempera tures ,  
e s p e c i a l l y  o v e r  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  p rov ide  one method f o r  improvement. 

f .  Nore 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  c o n c r e t e  
exposed t o  e l e v a t e d  tempera tures .  

g ,  A f e a s i b i l i t y  s t u d y  of t h e  e s t ab l i shmen t  of  more p r e c i s e  s r a n d a r d i z a t i o n  
f o r  c o n c r e t e  mix tu res  t o  b e  used f o r  n u c l e a r  a p p l i c a r i o n s .  

of v a r i o u s  t h i c k n e s s e s ) .  

t empera tu res  and l o c a l  h o t  s p o t s .  

2 .  Other  s t u d i e s  are recommended t h a t  are a p p l i c a b l e  t o  improvement 

e .  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  stress observed  i n  b i a x i a l  

d.  Refinement of a l r e a d y  developed t echn iques  f o r  t e s t i n g  of s e a l e d  



3. For extensions of current P'CKV des ign  c r i t e r i a ,  t h e  followifiig 
i t e m s  of r e s e a r c h  are  s t r o n g l y  recomended:  
a .  DeveJ.opment of t i xhn iques  t o  measure physical. p r o p e r t i e s  of sealed 

conc re t e  under m u l t i a x i a l  l oad ing  c o n d i t i o n s  zt t empera tures  well 
a l x - v e  1~00°C (21.2'F) . 'This would i n c l u d e  s h o r t -  and long- 
t e s t i n g  . 
a t  te inperatures  of 1 O O " C  (212'~) and abuve. 

maximum i n  the curve:? of s p e c i f i c  creep r a t e  o r  total c reep  vs 
tempera ture  f o r  s e a l e d  c o n c r e t e .  T h i s  would i n v o l v e  l o n g - t e m  
tests t o  investigate t h e  pos.Cj:i.l:i.J.i.ty of an .i.-irfJ.cc_t-ioa i n  the  ci^:?ep-- 
t i m e  behav io r .  

d.  Concrete  material. dev-el.opment t.o maximize -t::~si.stance t o  ~empe-ratu-re. 
A c o n c r e t e  w i . t h  very low water c o n t e n t  might  b e  d e s i r a b l e .  The 
e f f e c t s  on r a d i a t i o n  s h i e l d i n g  iiiust be considered ~ especi.al1.y if 
imp  rovemen t:s -In d e s i g n  and p r o p e r t i e s  a l low 101- a c o n s i d e r a b l e  
r educ t ion  i n  vessel t h i c k n e s s .  

e. T)nteri~~:iriaticii? of ?he c f fec ts  of r a d i - a t i o n  on p r o p e r t i e s  oE norrnal 
p l a i n  c o n c r e t e  aid t h e  dose a t  which deterloration occur s .  T h e  
rad.iati .on e f f e c t s  m u s t  b e  separaired Erom any e f f e c t s  of t :mnperature .  

hot-wal l  a n d  segmentsd  des ig i1 . s .  

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  mig ra t ion  i n  t h i c k  c o n c r e t e  

c .  Addi t iona 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 

f .  A dci :a i lcd f e a s i b i l i t y  s tudy  o f  o t h e r  vessel coilcepts such as t h e  

The a u t h o r  wishes t i 1  extend  h i s  :;.,rat.ittade 1.0 W- N .  Butcher f o r  
t y p i n g  t h e  d r a f t  manuscr ip t  and t o  D .  A. Canonico, J .  P .  Cal lahan ,  and 
W.  R. Martin f o r  t1iei.t: r e v i e w s .  1 would also l i k e  t o  expres s  my appre-  
c i a t i - o n  t o  M. R .  H i l l  f o r  s u p e r v i s i n g  t h e  preparation of t he  f i n a l  
document, K. B .  Pa rke r  €01- e d i t i n g ,  and J. L .  Ki.shop f o r  p repa r ing  the  
manuscr ip t .  I want t o  g i v e  .I s p e c i a l  no te  of g r a t i t u d e  t o  J. P .  Cal lahan  
f o r  h i s  t e c h n i c a l  ass i .s ta i ice  and guidance  du r ing  the p r e p a r a t i o n  of t h i s  
r e p o r t .  
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