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D I S C L A I M E R  

The i n t e r p r e t a t i o n  o f  t h e  t e c h n i c a l  d a t a  and any o p i n i o n s  o r  

c o n c l u s i o n s  a r i s i n g  i n  t h i s  r e p o r t  a r e  t h o s e  o f  t h e  a u t h o r s  o n l y  and 

do n o t  n e c e s s a r i l y  r e f l e c t  t h o s e  o f  t h e  c o o p e r a t i n g  agenc ies .  



ABSTRACT 

Twelve p res t r essed  conc re te  w a l l  segments s i m u l a t i n g  p o r t i o n s  

o f  t h e  w a l l s  of secondary containment vesse l s  were loaded by u n i a x i a l  o r  

b i a x i a l  t e n s i l e  loads  t o  o b t a i n  load-de fo rmat ion  and c r a c k i n g  behav io r .  

Du r i ng  t he  t e s t s  t h e  loads, s t r a i n s  and c rack  w id ths ,  were measured. 

T h i s  r e p o r t  b r i e f l y  desc r i bes  t h e  t e s t  specimens, l oad ing  apparatus and 

t e s t  procedures.  F o l l o w i n g  a  r ev i ew  o f  c rack  w i d t h  express ions  i n  t h e  

l i t e r a t u r e ,  t h e  c rack  da ta  f rom t h i s  t e s t  s e r i e s  i s  analyzed. The 

a n a l y s i s  i s  based on c rack  w i d t h  r e l a t i o n s h i p s  proposed by Leonhardt  and 

m o d i f i e d  t o  r e f l e c t  t h e  observed c r a c k i n g  behav io r  o f  t h e  w a l l  segments. 

A  procedure f o r  e s t i m a t i n g  t h e  number and w i d t h s  o f  th rough- the-wa l l  

c racks  i n  a  conta inment  s t r u c t u r e  i s  presented.  
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N O T A T I O N  AND TERMINOLOGY 

cover measured rad ia l ly  from surface of bar t o  point on surface 

where crack width is  measured. 

area of one bar 

area of concrete i n  cross-section 

e f fec t ive  area of concrete around each bar, equal t o  the area 

of concrete concentric with one bar and bounded by the edges 

of the member o r  points half way between two bars. 

cross-sectional  area of reinforcing bars 

minimum cover t o  surface of bar (measured perpendicular t o  surface)  

diameter of bar 

modulus of e l a s t i c i t y  of s t e e l  
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height t o  which f i r s t  f lexural  cracks extend 

unbonded length of bar a t  a crack 

t r ans f e r  length 

to ta l  length over which s t r a i n  and crack width measurements 

were made 



twc 

e m p i r i c a l  cons tan t s  

number o f  th rough- the-wa l l  c racks  a t  a  g i ven  l oad  

number o f  th rough- the-wa l l  c racks  a t  end o f  t e s t  

modular r a t i o  = Es/Ec, number o f  c racks  

a x i a l  l oad  

c r a c k i n g  l o a d  

t h e  d i s t a n c e  from t h e  n e u t r a l  a x i s  t o  t h e  bot tom o f  t h e  beam 

d i v i d e d  by  t h e  d i s t ance  f r om t h e  n e u t r a l  a x i s  t o  t h e  r e i n fo r cemen t  

spac ing  of c racks  

S m average c rack  spac ing 

t bar  spac ing 

W m  average c rack  w i d t h  

Afs,max maximum r e d u c t i o n  i n  s t e e l  s t r e s s  between two c racks  

ALs t o t a l  e l o n g a t i o n  o f  s t e e l  between two c racks  

ALc t o t a l  e l o n g a t i o n  o f  conc re te  between two c racks  

E cm average s t r a i n  i n  t h e  concre te  

E c r  s t r a i n  j u s t  b e f o r e  c r a c k i n g  

c conc re te  s t r a i n  a t  p o i n t  x  
C X 

E m average s t r a i n  measured over  a  gage l e n g t h  which i n c l u d e s  

severa l  c racks .  

E s  e  s t r a i n  i n  p r e s t r e s s i n g  tendons a f t e r  a l l  l osses  

E s  2 s t e e l  s t r a i n  a t  a  c rack  

E 
S X 

s t e e l  s t r a i n  a t  p o i n t  x  

P re in forcement  r a t i o ,  AS/Ac 

' e e f f e c t i v e  re in fo rcement  r a t i o ,  Ab/A 
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Demec Strains - strain measurements made with a mechanical strain gage 

having a gage length of 2 or 5 in. 

Face A - Side of specimen which was on top during casting and on south 

side during testing 

Face B - Opposite side of specimen 



1  . INTRODUCTION 

1.1 I n t r o d u c t i o n  

Canadian nuc lea r  power p l a n t s  of  t h e  t ype  cons t ruc ted  i n  

Quebec and under c o n s t r u c t i o n  i n  New Brunswick, Argen t ina  and Korea have 

t h e i r  nuc lea r  r e a c t o r s  housed i n  c i r c u l a r  p res t ressed  concre te  containment 

s t r u c t u r e s .  Such a  s t r u c t u r e ,  shown schema t i ca l l y  i n  F ig .  1.1 c o n s i s t s  

o f  a  heavy concre te  base, a  c y l i n d r i c a l  w a l l ,  a  r i n g  beam and a  dome. 

Each o f  these elements con ta ins  a  g r i d  o f  conven t iona l  r e i n fo r cemen t  and 

p r e s t r e s s i n g  tendons. 

I n  t h e  event  o f  a  ma l f unc t i on ,  p ressu r i zed  gases o r  steam may 

be  d ischarged.  The f unc t i on  of  t h e  secondary containment vessel  i s  t o  

p reven t  such gases f rom escaping i n t o  t h e  atmosphere. Near t h e  t o p  of 

t h e  Canadian c i r c u l a r  conta inment  s t r u c t u r e s  i s  a  l a r g e  water  tank. I f  

an overpressure ever  were t o  develop, water  would a u t o m a t i c a l l y  be 

sprayed i n t o  t h e  b u i l d i n g  t o  condense t h e  steam, thus reduc ing  t h e  

pressure.  The des ign bas i s  a c c i d e n t  (DBA) pressure of 18.5 p s i  i s  t h e  

maximum pressure  a n t i c i p a t e d  i f  a  secondary steam l i n e  breaks and t h e  

wa te r  dous ing system a c t s  t o  condense t he  steam. The w a l l s  and dome o f  

t h e  conta inment  s t r u c t u r e  a r e  designed t o  have zero  t e n s i o n  s t r e s s  under 

1  .15 t imes  t h e  DBA pressure. 

I n  t h e  ex t reme ly  u n l i k e l y  even t  t h a t  a  secondary steam l i n e  

f a i l s  and t h e  dousing system f a i l s  t o  ac t ,  t h e  pressures may reach 

seve ra l  t imes t he  DBA pressure. I n  such a  case, t h e  w a l l s  and dome w i l l  

be s t ressed  i n  b i a x i a l  t e n s i o n  due t o  t h e  i n t e r n a l  pressure.  The 

resea rch  descr ibed  i n  t h i s  r e p o r t  concerns t h e  behav io r  o f  r e i n f o r c e d  

and p res t ressed  concre te  sub jec ted  t o  b i a x i a l  t e n s i l e  f o r c e s  l a r g e  



enough t o  c rack  t h e  concrete.  The o v e r a l l  exper imenta l  p r o j e c t  c o n s i s t s  

o f  t e s t s  o f  concre te  w a l l  segments and a  t e s t  o f  a  model o f  a  s t r u c t u r e  

s i m i l a r  t o  a  Canadian containment vesse l .  These t e s t s  have been c a r r i e d  

o u t  t o  s tudy  t h e  behav io r  o f  such s t r u c t u r e s ,  and more impor tan t ,  t o  

a1 low t h e  c a l  i b r a t i o n  o f  a n a l y s i s  procedures developed i n  a  companion 

p r o j e c t .  

T h i s  r e p o r t  p resen ts  r e s u l t s  o f  t e s t s  on w a l l  segment spec i -  

mens which rep resen t  a  q u a r t e r - s i z e  model o f  an element c u t  f rom t h e  

w a l l  o f  a  n u c l e a r  containment b u i l d i n g  as shown i n  F i g u r e  1  .l. The 

element i n  t h e  s t r u c t u r e  i s  i n i t i a l l y  sub jec ted  t o  a  b i a x i a l  compression 

due t o  p r e s t r e s s i n g .  A t  h i g h  i n t e r n a l  pressure loads  t h e  compressive 

s t r esses  change t o  t e n s i l e  s t r esses  as shown i n  t h i s  f i g u r e .  The 

specimens i n  t h e  t e s t  program a r e  p l a n a r  r a t h e r  than curved s i nce  t h i s  

adequate ly  r ep resen ts  t h e  b i a x i a l  l o a d i n g  s t a t e  o f  t h e  w a l l  element. 

1 .2  O b j e c t i v e  o f  Wall Segment Tests  

The w a l l  segment t e s t s  have two main purposes: f i r s t ,  t o  

i n v e s t i g a t e  t h e  l o a d - d e f l e c t i o n  and c r a c k i n g  behav io r  o f  b i a x i a l l y  

loaded w a l l  segments under h i g h  over loads;  and second, t o  p rov ide  da ta  

f o r  use i n  c a l i b r a t i n g  and ex tend ing  t h e  i n e l a s t i c  analyses under 

development i n  t h e  a n a l y t i c a l  phase o f  t h i s  research  p r o j e c t .  I n  

p a r t i c u l a r ,  t h e  f o rma t i on  and p ropagat ion  o f  c racks  i s  be ing  s tud ied  t o  

develop techn iques  t o  es t ima te  t h e  number and w i d t h  o f  c racks .  

1.3 Scope o f  t h i s  Report  

Reference 1  p resen ts  d e t a i l e d  i n f o r m a t i o n  about t h e  w a l l  

s c p m ~ n t  t e s t s  i n c l u d i n q  specimen p r o p e r t i e s ,  t e s t i n g  procedures, 



i n s t r u m e n t a t i o n  and d a t a  r e d u c t i o n .  Reference 2 c r i t i c a l l y  r e v i e w s  t h e  

t e s t  r e s u l t s  p resen ted  i n  Ref. 1 and compares them t o  t h e  BOSOR5 a n a l y s i s  

deve loped  i n  t h e  a n a l y t i c a l  phase o f  t h i s  p r o j e c t .  The t e n s i l e  s t r e n g t h  

o f  c o n c r e t e  i n  t h e  w a l l s  o f  con ta inment  v e s s e l s  i s  a l s o  d i scussed  i n  

R e f .  2. A i r  l eakage  d a t a  f r o m  t h e  segment t e s t s  i s  p resen ted  and 

ana lyzed  i n  Ref. 3. 

T h i s  r e p o r t  ana lyzes  t h e  c r a c k i n g  b e h a v i o r  o f  t h e  w a l l  segments 

and p r e s e n t s  methods t o  p r e d i c t  t h e  c r a c k  spac ings and w i d t h s  i n  con- 

t a i n m e n t  s t r u c t u r e s .  Chapter  2 g i v e s  an o v e r v i e w  o f  t h e  w a l l  segment 

t e s t s .  P u b l i s h e d  d e s c r i p t i o n s  o f  c r a c k i n g  o f  r e i n f o r c e d  c o n c r e t e  a r e  

summarized i n  Chapter  3. The c r a c k i n g  d a t a  f r o m  t h e  w a l l  segment t e s t s  

i s  p resen ted  i n  Chapter 4  and ana lyzed  i n  Chapter  5. A  p rocedure  f o r  

e s t i m a t i n g  c r a c k  w i d t h s  i n  con ta inment  s t r u c t u r e s  i s  p resen ted  i n  

Chapter  6 and c o n c l u s i o n s  a r e  s t a t e d  i n  Chapter  7. 
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2. AN O V E R V I E W  OF THE TEST PROGRAM, SPECIMENS AND TECHNIQUES 

2.1 Major  Va r i ab les  i n  Tes t  Program 

A  t o t a l  o f  14 r e i n f o r c e d  and p res t ressed  conc re te  w a l l  seg- 

ments r e p r e s e n t i n g  114 s i z e  models o f  p o r t i o n s  o f  t h e  w a l l  o f  a  nuc lea r  

conta inment  s t r u c t u r e  a r e  i nc l uded  i n  t h i s  t e s t  program. Twelve o f  

these  a r e  d iscussed i n  t h i s  r e p o r t .  A t y p i c a l  specimen i s  31.5 i n .  

square by 10.5 i n .  t h i c k ,  r e i n f o r c e d  i n  two d i r e c t i o n s  and p res t ressed  

i n  one o r  two d i r e c t i o n s  as shown i n  F ig .  2.1 and 2.2. Photographs o f  

a  specimen p r i o r  t o  cas t i ng ,  a f t e r  c a s t i n g  and a f t e r  t e s t i n g  a re  g i ven  

i n  F ig .  2.3 t o  2.5. The main v a r i a b l e s  under c o n s i d e r a t i o n  a re  l i s t e d  

i n  Table 2.1 and i nc l ude :  

( a )  R a t i o  o f  f o r ces  i n  t h e  two d i r e c t i o n s  

An i n t e r n a l  pressure l o a d i n g  s t resses  t he  w a l l s  w i t h  hoop 

s t resses  (ol = h o r i z o n t a l  s t r e s s  on element i n  F ig .  l . l a )  which a re  

t w i c e  t h e  l o n g i t u d i n a l  s t r esses  (02 = v e r t i c a l  s t resses  on element 

shown). I n  t h e  p ro to t ype  s t r u c t u r e  these a re  o f f s e t  by p r e s t r e s s i n g  

fo rces  which a r e  l a r g e r  i n  t h e  hoop s t r e s s  d i r e c t i o n .  The m a j o r i t y  o f  

t h e  specimens rep resen t  t h i s  case. 

I n  t h e  dome, t h e  membrane s t resses  due t o  i n t e r n a l  pressure 

a r e  equal i n  t h e  two d i r e c t i o n s  and near  t h e  crown t h e  p r e s t r e s s  i s  a l s o  

equal i n  two d i r e c t i o n s .  Near t h e  edges o f  t h e  dome t h e  p res t ress  can 

be d i f f e r e n t  i n  t h e  two d i r e c t i o n s  due t o  t h e  geometry o f  t h e  n e t  o f  

p r e s t r e s s i n g  tendons. Several  specimens approximate t h i s  l o a d i n g  

h i s t o r y .  



For c o r r e l a t i o n  w i t h  t h e  a n a l y s i s  and f o r  s t ud ies  o f  sca le  

e f f ec t s ,  a  s e r i e s  o f  u n i a x i a l  t e s t s  a r e  a l s o  i nc l uded  i n  t h e  t e s t  

program. 

( b )  V a r i a t i o n s  i n  Cover and Bar Spacing 

Ma jo r  v a r i a b l e s  i n  any t heo ry  f o r  c a l c u l a t i o n  o f  c rack  w id ths  

i r l c l ude  t h e  conc re te  cover  t o  t h e  bars  and t h e  bar  spacing. These two 

q u a n t i t i e s  were v a r i e d  i n  Specimens 1, 2  and 8  and i n  Specimens 5 and 6 

t o  examine t h e i r  r e l a t i v e  e f f e c t s  on t he  l o c a t i o n  o f  cracks and t h e  

number of c racks  t h a t  pene t ra te  through t h e  w a l l  segments. 

( c )  Combined A x i a l  Tension and Moment 

Near t h e  r i n g  beam and t h e  base connect ion, t h e  w a l l s  and dome 

o f  t h e  p r o t o t y p e  s t r u c t u r e  i s  loaded by bo th  a x i a l  f o r ces  and moments. 

Two specimens (Nos. 12 and 13) were loaded w i t h  e c c e n t r i c a l l y  a p p l i e d  

t e n s i o n  f o r c e s  t o  s imu la te  t h i s  c o n d i t i o n .  

( d )  Reinforced Concrete Segments 

Two segments had o n l y  non-prest ressed re in fo rcement .  The 

p res t ressed  segment 3  and t he  unpres t ressed  segment 4  have s i m i l a r  

r e i n f o r c i n g  ba rs  i n  t he  two d i r e c t i o n s  and can be compared. Specimen 7 

i s  a l s o  unpres t ressed  and was i nc l uded  t o  s tudy  sca le  e f f e c t s .  

( e )  Scale E f f e c t s  

The bas i c  t e s t  specimens were 1/4 o f  t h e  th ickness  o f  t h e  

p r o t o t y p e  w a l l  w i t h  No. 3  (3 /8  i n .  ) r e i n f o r c i n g  bars  as t h e  main r e i n -  

fdrcement.  Specimens 4  and 7 which were 1/4 and 3/8 t imes t h e  a c t u a l  

w a l l  t h i ckness  were t e s t e d  t o  s tudy  t he  e f f e c t  o f  t h e  s i z e  o f  t he  

specimen on c rack  w id ths .  Both had o n l y  non-prest ressed re in fo rcement .  



The d iamete r  and spacing of  t h e  bars  i n  the  3 /8  s i z e  specimen were bo th  

150% o f  those  i n  t h e  1 /4  s i z e  specimen. As a  r e s u l t  t h e  r e i n fo r cemen t  

r a t i o  was t h e  same i n  bo th  specimens. 

( f )  Lap Spl  i c e s  

The e f f e c t  o f  b i a x i a l  t ens i ons  on t h e  behav io r  o f  l a p  s p l i c e s  

was s t u d i e d  i n  two specimens (Nos. 9 and 11) .  Only  t h e  non-prest ressed 

re i n fo r cemen t  i n  t h e  h o r i z o n t a l  d i r e c t i o n  was s p l i c e d  i n  these  t e s t s .  

I n  segment 9 a l l  t h e  h o r i z o n t a l  ba rs  were l a p  s p l i c e d .  I n  segment 11 

eve ry  second h o r i z o n t a l  ba r  was l a p  s p l i c e d .  I n  b o t h  cases t h e  v e r t i c a l  

b a r s  were c l o s e r  t o  t h e  su r f ace  than  t h e  h o r i z o n t a l  ba rs .  

( g )  A i r  Leakage 

The leakage o f  p r e s s u r i z e d  a i r  f r om  a  chamber on one s i d e  o f  

t h e  specimen chamber on t h e  o t h e r  s i d e  was measured i n  two specimens 

r e p o r t e d  i n  a  separa te  r e p o r t  (Nos. 10 and 14) .  T h i s  was done t o  s tudy  

t h e  r e l a t i o n s h i p  between c rack  w i d t h  and a i r  leakage th rough  t h e  cracks.  

2.2 Tes t  S~ec imens  

As s t a t e d  e a r l i e r ,  t y p i c a l  w a l l  segment specimens a r e  shown i n  

F i g .  2.1 t o  2.5. I n  genera l ,  t h e  specimens c o n s i s t  o f  31.5 i n .  square 

c o n c r e t e  b locks ,  10.5 i n .  t h i c k  and have l a y e r s  o f  deformed bars  and 

p r e s t r e s s i n g  tendons i n  each d i r e c t i o n  as shown i n  t h e  drawings and 

photographs. The t h r e e  tendons l o c a t e d  a t  t h e  mid-p lane o f  t h e  specimen 

r e p r e s e n t  t h e  v e r t i c a l  tendons which a r e  a t  t h e  m idd le  o f  t h e  w a l l s  i n  

t h e  p ro to t ype .  The f o u r  p e r p e n d i c u l a r  tendons rep resen t  t h e  c i rcum- 

f e r e n t i a l  tendons. I n  t h e  p r o t o t y p e  these  a r e  l o c a t e d  near  t h e  o u t e r  

q u a r t e r  p o i n t  o f  t h e  w a l l  t h i c k n e s s  and, due t o  t h e  c u r v a t u r e  o f  t h e  



w a l l ,  t h e y  produce a  un i fo rm compressive hoop s t r e s s  th rough  t h e  w a l l  

t h i c kness .  I n  t h e  w a l l  segment specimens, t h e  c e n t e r  two o f  these 

tendons a r e  p laced  ad jacen t  t o  one f ace  t o  s imu la te  t h e  a c t u a l  cover  and 

spac ing  of these  tendons w h i l e  t h e  rema in ing  two a r e  ad jacen t  t o  t h e  

o t h e r  face t o  m a i n t a i n  a  u n i f o r m  s t a t e  o f  p r e s t r e s s  th rough  t h e  w a l l  

t h i c kness .  

The conc re te  had a  nominal compressive s t r e n g t h  o f  4500 p s i  

and t h e  deformed b a r  r e i n f o r c i n g  had y i e l d  s t r eng ths  o f  58.2, 54.5 and 

52.9 k s i ,  r e s p e c t i v e l y ,  f o r  t h e  #3, #4 and #6  bars .  The p r e s t r e s s i n g  

tendons cons i s t ed  o f  s i x  o r  seven i n d i v i d u a l  smooth 0.276 i n  d iamete r  

w i r e s  con ta i ned  i n  a  1.26 i n .  o r  1.62 i n  i n s i d e  d iamete r  f l e x i b l e  meta l  

sheath,  a  l i t t l e  more t han  a  q u a r t e r  o f  t he  d iameter  o f  t h e  sheaths used 

i n  t h e  p ro to t ype .  The p r e s t r e s s i n g  w i r e s  had a  y i e l d  s t r e n g t h  ( s t r e s s  

a t  1% s t r a i n )  o f  236 k s i  and an u l t i m a t e  t e n s i l e  s t r e q g t h  o f  264 k s i .  

F u r t h e r  d e t a i l s  o f  t h e  specimens and m a t e r i a l  p r o p e r t i e s  a r e  

g i v e n  i n  Tables 2.1 t o  2.3 and Reference 1. 

2.3 Loading Apparatus 

The l o a d i n g  apparatus employed a  1,400,000 1b c a p a c i t y  MTS 

t e s t i n g  machine t o  app l y  t h e  " c i r c u m f e r e n t i a l "  l oad  t o  t h e  specimen and 

a  s p e c i a l l y  designed l o a d  frame and f ou r ,  200 k i p s  h y d r a u l i c  rams t o  

a p p l y  t h e  " l o n g i t u d i n a l "  l o a d  t o  t h e  specimen. I n  t h e  t e s t s  t h e  spec i -  

men i s  t u r n e d  th rough  90 degrees so t h a t  t h e  c i r c u m f e r e n t i a l  l o a d  ( h o r i -  

z o n t a l  i n  t h e  p r o t o t y p e )  i s  a p p l i e d  v e r t i c a l l y  i n  t h e  l a b o r a t o r y  as 

shown i n  F i g .  l . l b .  T h i s  i s  done t o  make use o f  t h e  l a r g e  c a p a c i t y  o f  



t h e  MTS machine t o  app l y  t h e  l a r g e r  o f  t he  two loads.  Cross-sect ions 

th rough t h e  l o a d i n g  frame a r e  shown as F ig .  2.6 and 2.7. 

The v e r t i c a l  t e s t  loads were c o n t r o l l e d  by t h e  MTS e l e c t r o -  

h y d r a u l i c  l o a d i n g  r a t e  c o n t r o l l e r s .  The h o r i z o n t a l  loads were a p p l i e d  

by t ens ion  rams c o n t r o l l e d  by a  manual ly  operated console which used a i r  

p ressure  t o  app l y  pressure t o  t h e  h y d r a u l i c  f l u i d .  

2 .4  I ns t rumen ta t i on  

Approx imate ly  140 i tems were recorded a t  each l o a d  l e v e l  i n  

t h e  f i r s t  t h r e e  t e s t s ,  i n c l u d i n g  loads, s t r a i n s  and c rack  widths.  Th i s  

was inc reased  t o  about  160 i tems i n  subsequent t e s t s .  B r i e f l y ,  t h e  da ta  

ob ta i ned  and measuring dev ices  inc luded :  

V e r t i c a l  l o a d  - Measured by d i f f e r e n t i a l  pressure t ransducers  i n  

MTS t e s t i n g  machine. 

H o r i z o n t a l  l oad  - Measured by e l e c t r i c  r e s i s t a n c e  s t r a i n  gages 

mounted on c l e v i s e s  between h y d r a u l i c  rams and end f i t t i n g s .  

Forces t r a n s f e r r e d  t o  tendons - Measured by e l e c t r i c  r e s i s t a n c e  

s t r a i n  gages mounted on p u l l  rods between end f i t t i n g s  and 

specimens. 

Forces t r a n s f e r r e d  t o  re in fo rcement  - Measured by e l e c t r i c  r e s i s -  

tance  s t r a i n  gages mounted on s i x  r e i n f o r c i n g  bars  between t h e  

specimen and t h e  end f i t t i q g s  on each end o f  t h e  specimen. 

Reinforcement s t r a i n s  - Measured by twe lve  e l e c t r i c  r e s i s t a n c e  

s t r a i n  gages mounted on t h e  r e i n f o r c i n g  bars  and tendons and 

by  mechanical  extensometers r e f e r e d  t o  as "Demec gages" 



measuring between p o i n t s  mounted on p lugs  welded t o  the  

r e i n f o r c i n g  bars  t o  g i v e  an average s t r a i n  ove r  a  5 i n c h  gage 

1  i ne .  

Concrete s t r a i n s  - Measured by Demec gage p o i n t s  a t t ached  t o  t h e  

sur face o f  t h e  concre te  and, u n t i  1  f i r s t  c rack ing ,  by two, 4 

i n c h  e l e c t r i c  r e s i s t a n c e  s t r a i n  gages on each f ace  o f  t h e  

specimen. 

E longa t i on  - Measured by LVDT d isp lacement  t ransducers and extenso- 

meters bea r i ng  on t h e  ends o f  t h e  specimens. 

Crack w id ths  - Measured u s i n g  a  hand h e l d  microscope. Two v e r t i c a l  

and two h o r i z o n t a l  l i n e s  were marked on each f ace  and a l l  

c racks  c r o s s i n g  these l i n e s  were measured. 

S l i p  o f  Tendons - Measured by d i a l  gages mounted on end coup le rs .  

P res t ress  - The i n i t i a l  p r e s t r e s s  and losses  p r i o r  t o  g r o u t i n g  were 

measured by e l e c t r i c  r e s i s t a n c e  s t r a i n  gage l o a d  c e l l s  between 

t h e  bea r i ng  p l a t e s  and end f i t t i n g s  o f  t h e  tendons. 

The e l e c t r i c  r e s i s t a n c e  s t r a i n  gates and MTS l oad  va lues were 

r e a d  d i r e c t l y  by t h e  Nova computer i n  t h e  l a b o r a t o r y  da ta  a c q u i s i t i o n  

system. Other read ings  were read  and recorded manual ly.  

F u r t h e r  d e t a i l s  on t h e  i ns t rumen ta t i on  and da ta  r e d u c t i o n  a r e  

g i v e n  i n  Reference 1. 

2 . 5  Tes t  Procedure 

A t y p i c a l  t e s t  o f  a  w a l l  segment took  rough l y  6 days t o  s e t  

up, one day t o  r u n  and one day t o  d ismant le .  The s e t  up process inc luded  

p l a c i n g  and a l i g n i n g  t h e  specimen i n  t h e  t e s t i n g  machine and l oad  frame, 



a t t a c h i n g  t h e  i ns t rumen ta t i on ,  connect ing t h e  tendon p u l l  rods and 

r e i n f o r c i n g  bars .  Dur ing  t h i s  process t h e  specimen was loaded t o  

r ough l y  o n e - t h i r d  t he  c r a c k i n g  l o a d  and unloaded a  number o f  t imes w i t h  

ad justments  be ing  made each t ime  t o  t h e  tendon p u l l  rods u n t i l  t h e  f o r c e  

t r a n s f e r r e d  t o  each tendon was approx imate ly  equal.  Fo l l ow ing  t h i s ,  

ang les  welded t o  t h e  r e i n f o r c i n g  bars  were b o l t e d  t o  t he  e n d - f i t t i n g s  t o  

t r a n s m i t  1  oad d i r e c t l y  i n t o  t h e  r e i n f o r c i n g  bars.  

Zero l o a d  read ings  were taken t h e  day o f  t he  t e s t .  T e s t i n g  

t o o k  s i x  t o  e i g h t  hours, each l oad  l e v e l  r e q u i r i n g  about 30-40 minutes.  

The m a j o r i t y  o f  t h i s  t ime  was spent mark ing c racks  and measuring t h e i r  

w idths,  r ead ing  d i a l  gages, and t a k i n g  t h e  Demec s t r a i n  read ings .  

The h o r i z o n t a l  loads  were manual ly  c o n t r o l l e d ,  ca re  be ing  

taken  t o  a p p l y  l oad  a t  an even r a t e  and t o  p reven t  h o r i z o n t a l  d i sp lace -  

ment o f  t h e  specimen due t o  uneven r a t e s  o f  l o a d i n g  a t  t he  two ends. 

The v e r t i c a l  loads  were e i t h e r  manual ly  c o n t r o l l e d  t o  be t he  c o r r e c t  

m u l t i p l e  o f  t h e  h o r i z o n t a l  l o a d  c u r r e n t l y  on t h e  specimen o r  were 

c o n t r o l l e d  by p r e s e t t i n g  t h e  r a t e  o f  l o a d i n g  ad justment  on t h e  machine. 

The magnitude o f  t h e  l o a d  was he ld  cons tan t  d u r i n g  measurement 

i n t e r v a l s  except  a t  t h e  l a s t  one o r  two i n t e r v a l s  p r i o r  t o  t h e  end o f  

t h e  t e s t .  A t  v e r y  h i gh  loads, t h e  de fo rmat ions  con t inued  t o  inc rease  

d u r i n g  t he  measurement i n t e r v a l s  by an amount enough t o  d i s r u p t  t h e  

read ings .  When t h i s  occurred, t h e  e l o n g a t i o n  o f  t h e  specimen was h e l d  

cons tan t  d u r i n g  t h e  measurement i n t e r v a l s  and t h e  loads  tended t o  d rop  

o f f  by  up t o  5  percen t .  

T e s t i n g  was te rmina ted  when t h e  maximum tendon f o r c e s  reached 

95 t o  98 percen t  o f  t h e  b reak ing  s t r e n g t h  o f  t h e  tendons. T h i s  was done 

t o  a v o i d  damage t o  t h e  i ns t rumen ta t i on  on t he  tendon p u l l  rods. 



3. WIDTH AND SPACING OF CRACKS I N  REINFORCED AND PRESTRESSED CONCRETE 

3.1 I n t r o d u c t i o n  

There a r e  many research  r e p o r t s  on c rack  w id ths  i n  r e i n f o r c e d  

and p res t r essed  conc re te  members. The r e s u l t s  r epo r t ed  are,  f i r s t  o f  

a l l ,  h i g h l y  v a r i a b l e ,  and secondly, h i g h l y  dependent on t he  t ype  o f  

specimen t es ted ,  t h e  manner o f  l oad ing ,  and t h e  shape o f  t h e  de fo r -  

mat ions  on t h e  r e i n f o r c i n g  bars  i n  t h e  specimen. As a  r e s u l t ,  no 

u n i v e r s a l l y  accepted t h e o r y  o r  equa t i on  f o r  c rack  w id ths  e x i s t s .  The 

f o l l o w i n g  paragraphs w i l l  r ev i ew  t h e  manner i n  which c racks  form i n  

r e i n f o r c e d  concre te .  T h i s  r ev i ew  i s  based i n  p a r t  on papers by 

Leonhardt  [4], Beeby [5 ]  and Reis  e t  a l .  [6]. Th i s  w i l l  be f o l l o w e d  by 

a  r ev i ew  o f  c rack  w i d t h  equa t ions  i n  t h e  l i t e r a t u r e .  A  f i n a l  s e c t i o n  

w i l l  cons ide r  t h e  s i m i l i t u d e  o f  c rack  w id ths .  The t e s t  da ta  from t h e  

w a l l  segment t e s t s  w i l l  be presented i n  Chapter 4  and compared t o  t h e  

v a r i o u s  t h e o r i e s  i n  Chapter 5. 

3.2 Format ion o f  Cracks i n  Re in fo rced  Concrete 

F i g u r e  3.1 shows an a x i a l l y  loaded p r i sm  w i t h  one a x i a l  r e i n -  

f o r c i n g  bar .  The t e n s i l e  s t r e n g t h  o f  t he  concre te  v a r i e s  a l ong  t h e  

l e n g t h  o f  t h e  b a r  as shown by  t h e  t o p  l i n e  i n  F ig .  3 . l ( b ) .  A t  p o i n t s  

l o c a t e d  some d i s t a n c e  f r om t h e  ends o f  t h e  b a r  the  conc re te  s t r e s s  w i l l  

be u n i f o r m  a t  ft as shown by t h e  shaded a rea  i n  F i g .  3 , l ( b ) .  The s t e e l  

s t r e s s  w i l l  be n f t  where n  i s  t h e  modular r a t i o ,  ES/Ec. The f i r s t  c rack  

w i l l  occur  when t h e  t e n s i l e  s t r e s s  f t  reaches t h e  t e n s i l e  s t r e n g t h  o f  

t h e  conc re te  i n  t h e  weakest p a r t  o f  t h e  bar .  A t  t h e  l o c a t i o n  o f  t h e  

crack,  t h e ' e n t i r e  l o a d  i s  r e s i s t e d  by t e n s i l e  s t r esses  i n  t h e  r e i n f o r c i n g  



bar .  The s t r e s s  d i s t r i b u t i o n  i n  t h e  concre te  w i l l  then be as shown i n  

F i g .  3 . l ( c ) .  W i t h i n  t h e  t r a n s f e r  leng th ,  Rt, t h e  conc re te  s t r e s s  w i l l  

be l e s s  than  ft. 

Because t h e  f i r s t  c rack  occur red  where t h e  conc re te  was 

weakest, t h e  l o a d  must be inc reased  b e f o r e  ano ther  c rack  can form. Th i s  

c rack  w i l l  f o rm  a t  t h e  n e x t  p o i n t  where t h e  a p p l i e d  l o a d  s t r ess ,  ft, 

reaches  t h e  t e n s i l e  s t r eng th ,  f;. T h i s  p o i n t  w i l l  n o t  be c l o s e r  than  Rt 

t o  t h e  f i r s t  c r a c k  as shown i n  F ig .  3 . l ( c ) .  Cracks w i l l  c o n t i n u e  t o  

f o rm  u n t i l  t h e  spac ing between a l l  c racks  i s  l e s s  than o r  equal t o  2Rt. 

A f t e r  t h i s  occurs  t h e  t e n s i l e  s t r e s s  between t h e  c racks  w i l l  n o t  reach 

f;. 
I n  ' t e s t s ,  t h e  f i n a l  c rack  p a t t e r n  i s  reached a t  s t e e l  s t resses  

between 20 and 45 k s i  ( s t r a i n s  o f  0.0007 and 0.001 5 )  [4,5,6]. 

As a  r e s u l t  o f  t h i s  sequence o f  c rack  development, t h e  f i n a l  

c rack  p a t t e r n  w i l l  c o n s i s t  o f  c racks  w i t h  spacing, s, i n  t h e  range: 

R < < 2 R t  
t - s -  

T h i s  extreme v a r i a b i l i t y  i n  c rack  spac ings leads  t o  an e q u a l l y  extreme 

v a r i a b - i l  i t y  i n  c rack  w id ths .  Beeby [7]  has suggested t h e  average c rack  

spac ing  i s  about  1.33Rt. 

Once t h e  c r a c k i n g  has reached a  s t a b i l i z e d  s t a t e  t h e  average 

c r a c k  w id th ,  wm, can be c a l c u l a t e d  as t h e  p roduc t  o f  t h e  average c rack  

spac ing,  'm ' m u l t i p l i e d  by  t h e  average s t r a i n ,  E ~ ,  minus t h e  average 

s t r a i n  i n  t h e  conc re te  a t  t h e  l e v e l  a t  which c racks  a r e  be ing  measured, 

E Thus: 
cm' 



Since  t h e  s t r a i n  i n  t h e  conc re te  w i l l  t end  t o  be smal l ,  i t  i s  

f r e q u e n t l y  ignored  g i v i n g :  

I t  should  be noted, however, t h a t  d u r i n g  t h e  p e r i o d  i n  which c racks  a r e  

s t i l l  fo rming,  wm inc reases  more s l o w l y  than E s i n c e  s  decreases as 
m m 

inc reases .  m  

Immediate ly  p r i o r  t o  c rack i ng ,  t h e  s t r e s s  i n  t h e  s t e e l  can be 

computed f r om t h e  t ransformed area as:  

where t h e  re i n fo r cemen t  r a t i o ,  p, i s  commonly 0.003 t o  0.02 and t h e  

modular  r a t i o ,  n, i s  7  t o  10. The s u b s c r i p t  1  r e f e r s  t o  t h e  uncracked 

s t a t e .  A l t e r n a t i v e l y ,  t h i s  can be c a l c u l a t e d  as 

where E i s  t h e  s t r a i n  i n  t h e  conc re te  immediate ly  p r i o r  t o  c rack i ng .  c r  

S ince  conc re te  c racks  a t  s t r a i n s  o f  0.00015 t o  0.00025, t h e  s t r e s s  i n  

t h e  s t e e l  immediate ly  p r i o r  t o  c r a c k i n g  w i l l  be r ough l y  4500 t o  7500 

p s l .  

Once a  c rack  has formed i n  a  t ens i on  member, t h e  e n t i r e  l o a d  

i s  c a r r i e d  by t h e  re i n fo r cemen t  c r o s s i n g  t h e  c rack  g i v i n g  a  s t r e s s  a t  

t h e  c rack  o f :  



The s u b s c r i p t  2  r e f e r s  t o  t h e  cracked s t a t e .  Immediate ly  a f t e r  c r a c k i n g  

t h i s  s t r e s s  i s  

where Pcr i s  t h e  c r a c k i n g  load .  

A comparison of Eq.  3.4 and 3.6b shows t h a t  t h e  s t e e l  s t r e s s  

a t  a  c rack  w i l l  i n c rease  suddenly and s h a r p l y  when t h e  c rack  forms as 

shown i n  F i g .  3.2 [4]. Thus, t h e  s t e e l  s t r e s s  a f t e r  c r a c k i n g  i s  

( l + l / p n )  t imes  t h e  s t r e s s  be fo re  c rack i ng .  Th i s  jump i n  s t e e l  s t r e s s  

t ends  t o  d e s t r o y  t h e  bond between t h e  s t e e l  and conc re te  ad jacen t  t o  t h e  

c rack .  I n  t h e  case o f  members r e i n f o r c e d  w i t h  p l a i n  bars  o r  p res t r essed  

w i t h  smooth w i r es ,  t h e  bars  w i l l  s l i p  r e l a t i v e  t o  t h e  concre te .  I n  t h e  

case o f  deformed bars  t h e  l o s s  o r  weakening o f  t h e  bond w i l l  occur  due 

t o  i n t e r n a l  c racks  ex tend ing  i n t o  t h e  conc re te  f rom each de fo rmat ion  l u g  

as shown i n  F i g .  3.3 [8]. Gene ra l l y  t h e  r e l a t i v e  s l i p  i s  s m a l l e r  i n  

such a  case t han  f o r  smooth bars  and hence t h e  t r a n s f e r  l e n g t h  

et i s  sma l l e r .  I n  e i t h e r  case, however, t h e  jump i n  s t e e l  s t r e s s  

i nc reases  as  t h e  s t e e l  percentage decreases and as a r e s u l t ,  et ad j acen t  

t o  a  c r a c k  tends  t o  i nc rease  as t h e  s t e e l  percentage decreases. 

The i n t e r n a l  c racks  shown i n  F ig .  3.3 i nc rease  i n  s i z e  through-  

o u t  t h e  l o a d i n g  h i s t o r y  t o  accommodate t h e  d i f f e r e n c e  between t h e  conc re te  

and s t e e l  s t r a i n s .  One r e s u l t  o f  t h i s  i n t e r n a l  c r a c k i n g  i s  t h a t  t h e  

w i d t h  o f  t h e  c r a c k  tends  t o  i nc rease  as one moves r a d i a l l y  f rom t h e  

s u r f a c e  o f  t h e  b a r  t o  t h e  su r f ace  o f  t h e  concre te .  



3.3 Spacing o f  Cracks 

Equa t ion  3.1 gave t h e  c rack  spac ing as f rom 1  t o  2 t imes  t h e  

bond t r a n s f e r  leng th ,  gt. D i f f e r e n t  i n v e s t i g a t o r s  have expressed it i n  

d i f f e r e n t  ways. 

( a )  Bond Sl  i p  Theor ies  

I n  1936 S a l i g e r  [9 ]  assumed t h a t  t h e  f o r ce ,  P, t r a n s f e r r e d  by 

bond i n  a  g i v e n  l e n g t h  gt i s :  

where t h e  average bond s t r e s s  i s  expressed as a  cons tan t  kl t imes  t h e  

maximum bond s t r e s s  sax. The s u r f a c e  area ove r  which t h i s  a c t s  i s  t h e  

pe r ime te r  ndb t imes  t h e  t r a n s f e r  l eng th .  The t r a n s f e r  l e n g t h  gt i s  t h e  

l e n g t h  r e q u i r e d  t o  r a i s e  t h e  conc re te  s t r e s s  t o  t h e  t e n s i l e  s t r e n g t h ,  

f;. Thus: 

and Ac f; = kl umax(ndb)gt (3 .9)  

S u b s t i t u t i n g  t h e  re i n fo r cemen t  r a t i o ,  p = [ ( ~ r d ~ ' / 4 ) / ~ c ] ,  and r e p l a c i n g  

1/4kl w i t h  k2 g i v e s :  

I f  i t  i s  assumed t h a t  pmax i s  r e l a t e d  t o  f i  s i n c e  bond f a i l u r e  i n v o l v e s  

s p l i t t i n g  o f  t h e  conc re te :  



As a r e s u l t ,  S a l i g e r  and many subsequent i n v e s t i g a t o r s  have 

expressed t h e  c r a c k  spacing i n  terms o f :  

The c o n s t a n t  i s  ob ta i ned  e x p e r i m e n t a l l y .  

T h i s  c a l c u l a t i o n  assumes t h a t  p lane  sec t i ons  remain p lane  i n  

t h e  conc re te  so t h a t  t h e  t e n s i l e  s t r e s s  i n  t h e  conc re te  can be c a l c u -  

l a t e d  u s i n g  Eq. 3.8. T h i s  i m p l i e s  r e l a t i v e  s l i p  o f  t h e  conc re te  and 

s t e e l  and i gno res  t h e  St .  Venant e f f e c t  where t h e  loads  a r e  in t roduced .  

( b )  No Sl  i p Theor ies  

A v e r y  d i f f e r e n t  t h e o r y  o f  c rack  spac ing was advanced by Base 

e t  a l .  [ l o ]  and b y  Broms [Ill. T h i s  assumed no s l i p  o f  t h e  bars  and 

assumed t h a t  when a  r e i n f o r c i n g  b a r  ex tend ing  th rough  a  r e i n f o r c e d  

conc re te  p r i sm  i s  loaded as shown i n  F i g .  3.4, t h e  s t r esses  w i l l  spread 

o u t  r o u g h l y  w i t h i n  a 45 degree cone becoming u n i f o r m  where t h i s  cone 

reaches t h e  edges o f  t h e  pr ism. I n  t h i s  t h e o r y  R t  i s  equal  t o  t h e  

minimum cover,  c, measured f r om t h e  s u r f a c e  o f  t h e  bar ,  and: 

where k5 ranges f rom 1  t o  2  as  g i v e n  i n  Eq. 3.1. 

( c )  L o c a l i z e d  Bond S l i p  Theo r i es  

The t r u e  behav io r  i s  somewhere between t h e  extremes i m p l i e d  by 

Eq. 3.12 and 3.13. The loads  do spread o u t  e s s e n t i a l l y  as assumed i n  

Eq. 3.13 b u t  t h e r e  d e f i n i t e l y  i s  some movement o f  t h e  b a r  r e l a t i v e  t o  

t h e  conc re te  due t o  s l i p  o r  i n t e r n a l  c rack i ng .  For  t h i s  reason, 

Ferry-Borges [ I 2 1  expressed t h e  c r a c k  spac ing as t h e  sum o f  Eq. 3.12 and 



3.13 w i t h  t h e  a p p r o p r i a t e  cons tan ts :  

Welch and Janjua [13] assumed t h e  c rack  spacing was t h e  sum o f  

t h e  unbonded l e n g t h  ad jacen t  t o  t h e  c rack  due t o  i n t e r n a l  c r a c k i n g  p l u s  

t h e  t r a n s f e r  leng th ,  et, which was taken equal t o  c. A l l ow ing  f o r  

v a r i a t i o n s  i n  t h e  spacing o f  t h e  c racks  t hey  expressed t h e  c rack  spacing 
I 

as: 

f o r  deformed ba rs  and 

f o r  p l a i n  bars .  The second te rm i n  each express ion  i s  t he  assumed 

unbonded l e n g t h  which i s  sma l l e r  f o r  deformed bars  due t o  t h e  mechanical 

anchorage p rov ided  by t h e  de fo rmat ion  l u g s  as shown i n  F ig .  3.3. 

Leonhardt [4]  expressed t h e  minimum crack  spacing as: 

where Lo i s  t h e  l e n g t h  o f  'almost l o s t  bond" which i s  assumed t o  extend 

e q u a l l y  each way f r om t h e  c rack  as shown i n  F ig .  3.3. For deformed bars  

he es t imated  t h i s  t o  be 

where fS2 i s  t h e  s t r e s s  i n  t h e  s t e e l  a t  t h e  c rack  immediate ly  a f t e r  
¶ c  r 

c r a c k i n g  i n  p s i .  For  normal s t e e l  r a t i o s  to w i l l  be 2 t o  4  db, t h e  

va lue  i n c r e a s i n g  as p decreases. 



Leonhardt [4]  expressed !Lt u s i n g  Eq. 3.14 w i t h  t h e  cons tan t  k7 

dependent on t h e  t ype  of  bars  and t h e  s t r e s s  g r a d i e n t  i n  t h e  reg ion  o f  

t h e  c rack .  For  deformed bars i n  a  r e g i o n  o f  pure  t ens ion :  

Beeby [5,7] has observed t h a t  t h e  crack p a t t e r n  i n  a  beam i s  

t h e  r e s u l t  o f  t h e  i n t e r a c t i o n  between two bas ic  c rack  pa t t e rns .  Near 

t h e  re i n fo r cemen t  t h e  spacing was g i ven  by an equa t i on  s i m i l a r  t o  

Eq. 3.14. I n  beams, t h e  f i r s t  te rm o f  t h i s  equa t ion  predominated, and 

t h e  mean spac ing i n  t h e  v i c i n i t y  of t h e  re i n fo r cemen t  approaches 1.33 c.  

A t  p o i n t s  a t  a  cons ide rab le  d i s tance  f rom t h e  bar,  t h e  c rack  spacing i n  

beams was found t o  be r e l a t e d  t o  hcr, t h e  d i s tance  t h a t  f l e x u r a l  cracks 

i n i t i a l l y  extend i n t o  t h e  beam. For  t e n s i o n  members Beeby concludes 

t h a t  t h e  f i r s t  e f f e c t  (Eq. 3.14) governs t he  c rack  p a t t e r n  and t h e  mean 

c rack  spac ing i s  g i ven  by: 

where p i s  AS/A w i t h  A equal t o  t h e  area o f  conc re te  concen t r i c  w i t h  t h e  

b a r  i n  quest ion.  

For  c racks  measured a t  p o i n t s  n o t  d i r e c t l y  over  t he  ba r  Beeby 

suggests t h e  c r a c k  w i d t h  a t  a  r a d i a l  d i s t ance  acr f rom t h e  bar  i s  acr/c 

t imes  t h a t  d i r e c t l y  over  t h e  b a r  ( a t  a  d i s t ance  c f rom the  b a r ) .  

( d )  E f f e c t  o f  Transverse Reinforcement on Crack Spacing 

A number o f  i n v e s t i g a t o r s  have observed a  s t r o n g  c o r r e l a t i o n  

between t h e  spacing o f  r e i n fo r cemen t  p a r a l l e l  t o  t h e  c racks  and t h e  

spac ing  o f  t h e  c racks  themselves. Beeby [14] concluded t h a t  t r ansve rse  



b a r s  such as s t i r r u p s  i n  beams have some i n f l u e n c e  on c rack  spac ing b u t  

t h a t  t h i s  i n f l u e n c e  i s  o n l y  e f f e c t i v e  where t h e  s t i r r u p  spac ing and t h e  

expected c rack  spac ing a r e  s i m i l a r .  Nawy [ I 5 1  has shown a  s t r o n g  r e l a -  

t i o n s h i p  between c rack  spac ing and t h e  spac ing o f  pe rpend i cu l a r  bars .  

3.4 Width  o f  Cracks 

(a )  Bond-Sl i p Model s  

I n  1936 S a l i g e r  [9 ]  and Thomas [16] presented what a r e  gener-  

a l l y  r e f e r r e d  t o  as  "bond -s l i p "  t h e o r i e s  t o  p r e d i c t  c rack  w id ths .  They 

assume t h a t  p lane  s e c t i o n s  remain p lane i n  t h e  conc re te  and t h a t  r e l a -  

t i v e  s l  i p  o f  t h e  conc re te  and s t e e l  can occur  e i t h e r  due t o  a c t u a l  s l  i p  

o r  some i n t e r n a l  c r a c k i n g  mechanism. A t  a  c rack  i n  t h e  member shown i n  

F i g .  3.5 a l l  t h e  f o r c e  i s  r e s i s t e d  by t e n s i l e  s t r esses  i n  t h e  s t e e l .  

Bond s t r e s s e s  t r a n s f e r  some o f  t h i s  s t r e s s  t o  t h e  conc re te  so t h a t  a  

p o r t i o n  o f  t h e  f o r c e  i s  r e s i s t e d  by t e n s i l e  s t r esses  i n  t h e  conc re te  and 

a  p o r t i o n  by  s t r esses  i n  t h e  s t e e l .  

The t o t a l  change i n  l e n g t h  f rom h a l f  way between two c racks  t o  

h a l f  way between t h e  n e x t  two c racks  i s  equal t o  t h e  e l o n g a t i o n  o f  t h e  

s  t ee1  , ALS, i n  t h e  same 1  ength : 

where cSX= t h e  s t e e l  s t r a i n  a t  any p o i n t  x  

T h i s  change i n  l e n g t h  i s  p a r t i a l l y  accounted f o r  by t h e  c r a c k  

w i d t h  w and p a r t i a l l y  by  t h e  e l o n g a t i o n  o f  the concre te ,  ALc: 



where E~~ = t h e  c o n c r e t e  s t r a i n  a t  any p o i n t  

Thus: w = ALs - ALc (3 .22 )  

E q u a t i o n  3 .2  i s  a  s i m p l i f i e d  v e r s i o n  o f  Eq. 3.23. I f ,  as shown i n  F i g .  

3 . 5 ( b ) ,  t h e  maximum r e d u c t i o n  i n  t h e  s t e e l  s t r e s s  i s  r e f e r r e d  t o  as 

Afs,max' e q u i l i b r i u m  r e q u i r e s  t h a t :  

where ft,max i s  t h e  maximum t e n s i l e  s t r e s s  i n  t h e  c o n c r e t e  and p = ASIAc. 

(No te  t h a t  F i g .  3 .5(b)  and ( c )  a r e  t o  d i f f e r e n t  s c a l e s ) .  

U s i n g  t h e  terms i l l u s t r a t e d  i n  F i g .  3.5, Eq. 3.21 can be 

e v a l u a t e d  as :  

where C i s  a  c o n s t a n t  r e l a t i n g  t h e  a rea  o f  t h e  c o n c r e t e  s t r e s s  d iag ram 

i n  F i g .  3 . 5 ( c )  t o  a  r e c t a n g l e  o f  area ftYmax s. Fo r  t h e  pa rabo l  i c  

d iagrams shown, C = 213, f o r  a  t r i a n g u l a r  d iagram C = 112, e t c .  S i m i l a r l y  



and t h e  c rack  w i d t h  i s :  

The ma jo r  unknowns here a r e  s, A f s Y m a x  and C.  Reference 6 rev iews 

a  number o f  a t tempts  t o  so l ve  t h i s  express ion.  

( b )  No Bond-Sl i p  Model 

Broms [ I 1 1  expressed t he  c rack  w i d t h  as: 

W = S E  
m  m m  (3.29)  

where sm was taken  as 2(c+db/2) and E~ was t h e  average s t r a i n  i n  t h e  

s t e e l .  Un fo r t una te l y ,  no method o f  computing cm was g iven.  

( c )  Local  i z e d  Bond-Sl i p  Theor ies  

The c r a c k  w i d t h  t h e o r i e s  based on l o c a l i z e d  bond s l i p  g e n e r a l l y  

speaking use some form o f  Eq. 3.2, 3.22 o r  3.23 ( a l l  o f  which a r e  essen- 

t i a l l y  t h e  same) t o  compute t he  c rack  w id th .  The va r i ous  t h e o r i e s  

d i f f e r  p r i m a r i l y  i n  t h e  way i n  which s  and cm a r e  de f i ned .  m 

Welch and Janjua [ I 3 1  computed t h e  average c rack  w i d t h  us ing  

where sm i s  g i ven  by Eq. 3.15 and 

fs - 3 k s i  
E = m s  



The te rm 3 k s i  i s  approx imate ly  equal t o  nf;/2 and i s  approx imate ly  t he  

average s t r e s s  i n  t h e  concre te  s t r e s s  diagram i n  F ig .  3 .5 ( c ) .  

For  a  member loaded i n  a x i a l  t ens ion  Beeby [7] a l s o  used 

Eqn. 3.30 t o  p r e d i c t  t h e  average c rack  w i d t h  w i t h  sm g i ven  by Eq. 3.19. 

The t e rm  E~ was g i ven  as [5] :  

K i s  a  cons tan t  depending on t h e  t ype  o f  bar .  

Leonhardt [4] has presented a  d e t a i  1  ed procedure f o r  computing 

t h e  mean s t r a i n s  and c rack  w id ths .  The c rack  spacing i s  assumed t o  be: 

where to i s  t h e  unbonded l e n g t h  nex t  t o  t h e  c rack  (Eq. 3.17) and kt i s  

t h e  bond t r a n s f e r  l e n g t h  (Eq. 3.18).  

F i g u r e  3.6 i s  a  l o a d  de fo rmat ion  diagram f o r  an a x i a l l y  loaded 

r e i n f o r c e d  concre te  pr ism.  The s t e e l  a lone  would develop s t r a i n s ,  cs2 

cor respond ing  t o  t h e  dashed l i n e  (See Eq. 3.6a). The average s t r a i n  

ove r  t h e  e n t i r e  leng th ,  E~ i s  somewhat l ess ,  e s p e c i a l l y  j u s t  a f t e r  

c rack ing .  The d i f f e r e n c e  between E~ and cS2 i s  r e f e r r e d  t o  as " t ens ion  

s t i f f e n i n g " .  I f  t h e  c rack ing  s t r a i n  o f  t h e  concrete,  cCr i s  ignored  as 

be ing  v e r y  smal l ,  E~ can be approximated by: 

The c rack  w i d t h  i s  computed as: 



T h i s  c a l c u l a t i o n  i s  i l l u s t r a t e d  i n  F ig .  3.7. I n  t h e  "a lmost  

unbonded" reg ion ,  ad jacen t  t o  t he  cracks t h e  s t e e l  e longates indepen- 

d e n t l y  o f  t h e  concrete.  Between these reg ions  t he  s t e e l  s t r a i n  i s  

1  ower. 

( d )  Emp i r i ca l  Crack ing Re la t i onsh ips  

Two o t h e r  c rack  w i d t h  s t u d i e s  should be mentioned. 

Gergely and Lu tz  [17] s t a t i s t i c a l l y  s t ud ied  a l l  a v a i l a b l e  beam 

t e s t  r e s u l t s  and concluded: 

1. S tee l  s t r e s s  was t h e  most impo r tan t  v a r i a b l e .  

2. Other  impo r tan t  v a r i a b l e s  a re  t he  e f f e c t i v e  area around t he  

bar ,  A, t h e  s i d e  o r  bot tom cover, c, and i n  beams, t he  r a t i o  

o f  t h e  d i s tance  f rom the  n e u t r a l  a x i s  t o  t h e  bot tom o f  t he  

beam t o  t h e  d i s tance  f rom t h e  n e u t r a l  a x i s  t o  t he  r e i n f o r c e -  

ment, R. 

3. The b a r  d iameter  db was n o t  a  ma jo r  v a r i a b l e .  

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  a l l  o f  t h e  equat ions presented i n  t h i s  

s e c t i o n  i n c l u d e  some o f  these  v a r i a b l e s .  Based on t h e i r  s t a t i s t i c a l  

a n a l y s i s ,  Gergely  and Lu t z  proposed: 

'max ( a t  l e v e l  o f  s t e e l  ) 

= 0.091 ?' (c  + db/2) A ( f S  - 5  k s i )  x  l o m 3  i n .  (3.36) 

Based on s t u d i e s  o f  f l o o r  s labs  w i t h  or thogonal  re in fo rcement  i n  

a  g i ven  face, Nawy [ I 5 1  proposed t h a t  t h e  c rack  w i d t h  be expressed as: 



where I = g r i d  index = (dbl t 2 ) / p e 1  

where 1  r e f e r s  t o  bars  i n  l a y e r  c l o s e s t  t o  sur face,  2  r e f e r s  t o  

ba rs  i n  i n n e r  l a y e r ,  t i s  b a r  spacing. 

T h i s  express ion  i s  o f  i n t e r e s t  s i nce  i t  r e l a t e s  t h e  crack w i d t h  t o  t h e  

spac ing o f  t h e  bars  i n  bo th  d i r e c t i o n s .  

3.5 S i m i l i t u d e  o f  Crack Widths 

I f  models a r e  used t o  s tudy  s t r u c t u r a l  behavior ,  c e r t a i n  r u l e s  

o f  d imensional  a n a l y s i s  must be cons idered i n  des ign ing  t he  t e s t s  and 

i n t e r p r e t i n g  t h e  r e s u l t s .  I f  model and p r o t o t y p e  have t h e  same m a t e r i a l  

p r o p e r t i e s  t h e  two s t r u c t u r e s  a r e  r e l a t e d  o n l y  by a  geometr ic sca le  

f a c t o r  (SF) and l e n g t h s  and d e f l e c t i o n s  sca le  acco rd ing l y .  On t h e  o t h e r  

hand, concen t ra ted  loads sca le  as SF2, w h i l e  s t resses  and s t r a i n s  have a  

s c a l e  f a c t o r  o f  1. 

Ferry-Borges and Lima [12] concluded t h a t  s im i  1  i tude o f  f 1  exu ra l  

c rack  f o rma t i on  does e x i s t  and hence c rack  w id ths  i n  a  r e l a t i v e l y  l a r g e  

s c a l e  model would be SF t imes those i n  t h e  p ro to t ype .  

Kaar [18] t e s t e d  qua r te r ,  h a l f  and f u l l  s ca le  models o f  a  40 

i n c h  deep beam. He r e p o r t e d  t h a t  t h e  t o t a l  number o f  cracks decreased 

w i t h  decreas ing model s i z e  a l t hough  t h e  o v e r a l l  c rack  p a t t e r n s  were o f  

t h e  same genera l  na tu re .  He suggested t h a t  t h e  c rack  w id ths  were p ropor -  

t i o n a l  t o  t h e  square r o o t  o f  SF. 

From t e s t s  o f  s l abs  w i t h  th icknesses  rang ing  4.5 i n .  t o  15 i n . ,  

Beeby [19] concluded t h a t  i f  t h e  e f f e c t s  o f  bond, aggregate i n t e r l o c k  

and i n t e r n a l  c r a c k i n g  a l l  sca le ,  t h e  c rack  w i d t h  should sca le  b u t  t h e  

c rack  spac ing would no t .  



F i l  ho [20] c a r r i e d  o u t  d imensional  analyses o f  Beeby's c rack  

w i d t h  equa t ion  Eq. 3.32 and t h e  Gergely-Lutz  crack w i d t h  equa t ion ,  Eq. 

3.36. I n  bo th  cases t h e  analyses showed t h a t  t h e  c rack  w id ths  were 

p r o p o r t i o n a l  t o  t h e  s c a l e  f a c t o r .  He a l s o  repo r ted  t e s t s  o f  3 /8  sca le  

models o f  b r i d g e  p i e r  caps and concluded t h a t  t h e  c rack  w id ths  sca led  as 

SF and n o t  as t h e  square r o o t  o f  SF. 

A l though t h e  l i t e r a t u r e  i s  somewhat c o n t r a d i c t o r y  on t he  sub- 

j e c t ,  Beeby's t e s t s  o f  c rack ing  s i m i l i t u d e  and F i l h o ' s  work bo th  c o n f i r m  

t h a t  c rack  w id ths  sca le  i n  t h e  same p r o p o r t i o n  as dimensions. F i l h o  

cau t i ons  t h a t  one must cons ider  r e l a t i v e l y  l a r g e  sca le  models, however, 

and Beeby warns t h a t  t h e  re in fo rcement  must be s i m i l a r  t o  t h e  p ro to type .  



4. CRACKING I N  WALL SEGMENT TESTS 

4.1 T y p i c a l  Sequence of  Crack Development i n  Wall Segment Tests  

The development o f  c racks  i n  Specimen 2  w i l l  be descr ibed  i n  

t h i s  sec t i on .  Specimen 2  was b i a x i a l l y  loaded w i t h  a  l o a d i n g  r a t i o  o f  

2:1,  t h e  v e r t i c a l  l oads  be ing  l a r g e s t .  The c rack  development i n  t h i s  

specimens was t y p i c a l  o f  o t h e r  t e s t s .  

P r i o r  t o  t e s t i n g  t h i s  specimen had severa l  sh r inkage  c racks  on 

Face A which was t h e  t o p  su r f ace  d u r i n g  cas t i ng .  These a re  shown i n  

F i g .  4.1. There were no such c racks  on Face B. A t  a  v e r t i c a l  l o a d  of 

287 k i p s  t h e  f i r s t  c racks  developed i n  a  h o r i z o n t a l  d i r e c t i o n  on Face A. 

F i g .  4 .2(a)  and ( b )  show t h e  e x t e n t  o f  c r a c k i n g  a t  a  v e r t i c a l  l o a d  of 

300 k i ps .  The f i r s t  s i g n i f i c a n t  c racks  on each f ace  were r o u g h l y  a long  

r e i n f o r c i n g  bars  and co inc ided  w i t h  t he  l o c a t i o n s  o f  t h e  t h r e e  t r a n s -  

ve rse  tendons. 

V e r t i c a l  c racks  occur red  on Faces A and B a t  h o r i z o n t a l  loads  

o f  183K and 200K, r e s p e c t i v e l y .  These c racks  a l s o  occur red  a long  r e i n -  

f o r c i n g  bars,  e s p e c i a l l y  on Face A as shown i n  F ig .  4 .3 (a ) .  On Face B 

( F i g .  4 .3 (b ) )  t h e  most pronounced v e r t i c a l  c racks  f o l l owed  t h e  two 

o u t s i d e  v e r t i c a l  tendons which were c l o s e  t o  t h i s  face. 

The c rack  p a t t e r n s  a t  t h e  end o f  t h e  t e s t  a r e  shown i n  

F ig .  4.4. V e r t i c a l  and h o r i z o n t a l  c racks  have formed a t  a lmost  every  

r e i n f o r c i n g  bar.  

A l though a  few c racks  extended s t r a i g h t  through t h e  specimens, 

most c racks  tended t o  converge on a  tendon. F igu re  4 .5 (a )  shows a  

s e c t i o n  c u t  through t h e  companion specimen, Segment 1, i n  a  v e r t i c a l  

d i r e c t i o n .  The c racks  c r o s s i n g  t h i s  s e c t i o n  a r e  h o r i z o n t a l  c racks.  Two 



t ypes  of c racks  can be seen. The c racks  ad jacen t  t o  t he  tendons con- 

verged on t h e  tendons and penet ra ted  t h e  segment. A  comparison o f  F ig .  

4 .2(a)  and 4.5(a)  i n d i c a t e s  t h a t  t h e  f i r s t  h o r i z o n t a l  c racks t o  form 

penet ra ted  th rough t h e  w a l l  ad jacen t  t o  t h e  tendons. The c racks  t h a t  

formed away f rom t h e  tendons penet ra ted  i n t o  t h e  segment as f a r  as t h e  

s t e e l  and stopped there .  F i g u r e  4.5(b) shows a  s e c t i o n  c u t  through 

Segment 2  i n  t h e  h o r i z o n t a l  d i r e c t i o n  t o  i n t e r s e c t  t h e  v e r t i c a l  c racks .  

Again, t h e  c racks  converge on t h e  tendons and pene t ra te  t he  w a l l  a t  

r ough l y  t h e  tendon spacing. The c racks  a t  t h e  two end tendons were 

s t r o n g l y  a f f e c t e d  by t he  l o a d  i n t r o d u c t i o n  zone. 

Another c r a c k i n g  phenomenon noted i n  q u i t e  a  few t e s t s  i s  

shown i n  F ig .  4.6. Here t he  i n i t i a l  c rack  has formed p a r a l l e l  t o  t h e  

r e i n f o r c i n g  bar  as shown by t h e  number 350 ( r e f e r r i n g  t o  t he  l oad  a t  

which t h i s  c rack  was f i r s t  observed).  Wi th  f u r t h e r  l oad ing  t he  two 

d iagona l  c racks  marked 550 occurred.  The t r a n s f e r  of f o r c e  f rom a  

deformed b a r  t o  conc re te  i s  accorr~pl ished p r i m a r i l y  by t h e  bea r i ng  of t he  

b a r  de fo rmat ions  on t h e  conc re te  around t h e  bar .  T h i s  r e s u l t s  i n  a  

wedging a c t i o n  which leads t o  s p l i t t i n g  c racks  which i s o l a t e  wedge 

shaped p ieces o f  concre te  as shown i n  F ig .  4.6. A t  ve ry  h i gh  s t r a i n s  

these  p ieces  c o u l d  come loose  f rom t h e  sur face  and f a l l .  Th i s  would be 

e s p e c i a l l y  t r u e  near l a p  s p l i c e s  o r  b a r  c u t o f f s .  

4.2 S t r a i n s  Measured i n  Wall Seqment Tests  

S t r a i n s  were measured i n  t h r e e  ways i n  t h e  w a l l  segment t e s t s .  

Mechanical gages r e f e r r e d  t o  as Demec gages were used t o  measure s t r a i n s  

a t  t h e  sur face  o f  t h e  conc re te  on bo th  faces. These gages had a  5  i n c h  



gage l e n g t h  and hence t h e  " s t r a i n s "  measured i n  t h i s  way i nc l uded  s t r a i n  

i n  t h e  conc re te  i t s e l f  p l u s  t h e  opening o f  t h e  c racks  f a l l i n g  w i t h i n  t h e  

gage l e n g t h s .  I n  a  s i m i l a r  manner Demec gages were used t o  measure 

average s t e e l  s t r a i n s  on a  s e r i e s  o f  5  i n c h  gage l eng ths .  These measured 

t h e  changes i n  l e n g t h  between p lugs  ex tend ing  f rom t h e  su r f ace  o f  t h e  

b a r  t o  t h e  s u r f a c e  o f  t h e  concrete .  I n  a d d i t i o n ,  up t o  12 e l e c t r i c  

r e s i s t a n c e  s t r a i n  gages were mounted on t h e  r e i n f o r c i n g  bars  i n  t h e  

specimens. These gave spo t  measurements o f  t h e  r e i n fo r cemen t  s t r a i n s  i n  

i s o l a t e d  p o i n t s  i n  t h e  specimens. The read ings  f r om t h e  embedded gages 

on  t h e  s t e e l  have n o t  been used i n  t h i s  r e p o r t  a l t hough  a  c o r r e l a t i o n  o f  

t h e s e  read ings  and t h e  Demec read ings  i s  g i ven  i n  Ref. 1. 

The w a l l  segment specimens were 31.5 by 31.5 by 10.5 i n .  i n  

s i z e .  Loads were t r a n s f e r r e d  t o  t h e  edges o f  t h e  specimens th rough  

tendons and r e i n f o r c i n g  bars  ex tend ing  f r om these  edges. To avo id  t h e  

p o s s i b i l i t y  t h a t  s t r e s s  concen t ra t i ons  r e s u l t i n g  f r om  t h e  l o a d  t r a n s f e r  

caused a t y p i c a l  c r a c k i n g  o r  s t r a i n s  i n  t h e  edge reg ions ,  a l l  measure- 

ments taken w i t h i n  h a l f  t h e  t h i c kness  f r om t h e  edges were d is regarded .  

As a  r e s u l t  o f  t h e  Demec s t r a i n  gage placement, o n l y  t h e  c e n t e r  15 by 15 

i n .  area o f  each f a c e  was cons idered  i n  t h e  a n a l y s i s  o f  c rack  w i d t h  and 

s t r a i n  da ta  f o r  specimens 1  t o  3, and t h e  c e n t e r  20 by 20 i n .  area f o r  

specimens 5 t o  13. Specimen 4 had measurements taken on a  15 by 15 i n .  

a rea  on one s i d e  and a  20 by 20 i n .  area on t h e  o t h e r .  

A  t y p i c a l  l o a d  vs s t r a i n  graph i s  shown i n  F i g .  4.7. Severa l  

t h i n g s  should  be noted. The Demec gage had a  d i a l  gage graduated t o  

0.0001 i n .  Readings were reproducab le  by about 5  d i a l  d i v i s i o n s ,  hence 

t h e  s t r a i n s  were r e 1  i a b l e  t o  t h e  nea res t  0.0001 i n / i n  (100 i~ i n / i n  



s t r a i n ) .  The s t r a i n s  on t h e  two faces and on t h e  s t e e l  and concre te  

d i f f e r e d  due t o  t h e  d i f f e r i n g  c rack  p a t t e r n s  on t h e  two faces, r ound -o f f  

e r r o r s  i n  r ead ing  t h e  d i a l  gages, and s l i g h t  e c c e n t r i c i t i e s  i n  t h e  

l o a d i n g  system. A t  a  l oad  o f  380 k ips ,  corresponding rough ly  t o  t h e  

y i e l d  o f  t h e  r e i n f o r c i n g  bars,  t h e  d i f f e r e n c e s  between t he  t h r e e  s e t s  o f  

Demec s t r a i n s  ranged f rom a  low o f  88 percent  t o  a  h i gh  o f  114 percen t  

o f  t h e  average s t r a i n .  

Throughout t h i s  r e p o r t ,  t h e  s t r a i n s  r e f e r r e d  t o  a r e  t he  

averages o f  t h e  conc re te  Demec s t r a i n s  f o r  t h e  two faces based on t h e  15 

o r  20 i n .  spaces r e f e r r e d  t o  i n  t h e  l a s t  paragraph. The procedures used 

t o  con~pute average s t r a i n s  a r e  presented i n  Ref. 1  and ex tens i ve  p l o t s  

o f  these s t r a i n s  a r e  g i ven  there.  

4.3 Crack Widths Measured i n  Wall Segment Tests  

( a )  Method and Loca t i on  o f  Measurements 

Du r i ng  t h e  t e s t s ,  t h e  w id ths  o f  a l l  t h e  c racks  c ross ing  two 

h o r i z o n t a l  and two v e r t i c a l  l i n e s  on each f a c e  o f  each specimen were 

measured u s i n g  a  hand microscope w i t h  a  graduated o p t i c a l  sca le .  The 

microscope used f o r  specimens 1, 2  and 3  was graduated t o  0.1 rnm 

(0.004 i n . ) .  The microscope used i n  t h e  ba lance o f  t h e  t e s t s  was gradu- 

a t e d  t o  0.001 i n .  Readings were es t imated  t o  t h e  neares t  0.5 d i v i s i o n  

f o r  c rack  w id ths  g r e a t e r  than  1  d i v i s i o n  and t o  t h e  neares t  0.2 d i v i s i o n  

f o r  sma l l e r  w id ths .  Tak ing account o f  t h e  crookedness o f  the  c racks  and 

t h e  need f o r  r epea ted l y  measuring a t  t h e  same p o i n t  and i n  t he  same 

d i r e c t i o n ,  i t  i s  b e l i e v e d  t h e  read ings  were reproducable t o  t h e  neares t  

0.5 d i v i s i o n .  



The measur ing l i n e s  used were e i t h e r  d i r e c t l y  ove r  a  r e i n -  

f o r c i n g  b a r  o r  ha l fway  between two bars ,  t y p i c a l l y  a t  5.25 i n .  and 

9.75 i n .  f r om  t h e  t o p  of  t h e  segment o r  a  v e r t i c a l  edge o f  t h e  segment. 

( b )  Reduct ion o f  Crack Width Data 

To remove e f f e c t s  o f  t h e  l o a d  t r a n s f e r  zone f r om t h e  s t r a i n  

da ta ,  average s t r a i n s  were computed f o r  t h e  c e n t e r  15 o r  20 inches o f  

each f ace  o f  each segment as desc r i bed  i n  Sec t i on  4.2. A  s i m i l a r  

techn ique  was used i n  r educ ing  t h e  c r a c k  w i d t h  data.  The techn ique  used 

w i l l  be i l l u s t r a t e d  u s i n g  Segment 2  as an example. 
. - 

The l o c a t i o n s  o f  t h e  c racks  c r o s s i n g  t h e  two h o r i z o n t a l  l i n e s  

and t h e  two v e r t i c a l  l i n e s  on Face A ( t o p  f a c e  when specimen was c a s t )  

o f  Specimen 2  a r e  p l o t t e d  i n  F i g .  4.8 and 4.9, r e s p e c t i v e l y .  The 

c racks  a r e  numbered t o  show t h e  sequence o f  f o rma t i on .  The l e t t e r s  V1 

t o  V10 and Hl t o  H I 0  show t h e  l o c a t i o n s  o f  t h e  v e r t i c a l  and h o r i z o n t a l  

r e i n fo r cemen t .  The shaded areas rep resen t  t h e  tendon l o c a t i o n s .  The 

c l o s e  r e l a t i o n s h i p  between t h e  c racks  and re i n fo r cemen t  l o c a t i o n s  can be 

seen i n  these  f i g u r e s .  

S t r a i n  measurements were made i n  t h e  15 i n c h  spaces between 

bars  V3 and V8 and between H3 and H8. The c rack  w id ths  and spacings 

r e p o r t e d  i n  t h i s  s e c t i o n  a r e  a l s o  r e f e r r e d  t o  t h i s  space. For  c racks  

near  t h e  end o f  t h e  measur ing zone, such as c rack  2  on l i n e  AH2 i n  

F i g .  4.8, o n l y  a  p o r t i o n  o f  t h e  c r a c k  w i d t h  was assumed t o  r e s u l t  f rom 

s t r a i n s  i n  t h e  measur ing zone. I t  was assumed t h a t  s t r a i n s  o c c u r r i n g  i n  

t h e  zone ex tend ing  f rom ha l fway  between c racks  5  and 2 t o  halfway 

between c racks  2  and 3  would c o n t r i b u t e  t o  t h e  w i d t h  o f  c r a c k  2. Th is  

t o t a l  w i d t h  i s  3.1 inches  o f  which 1.53 inches  f a l l s  w i t h i n  t h e  l e n g t h  



over  which s t r a i n s  were measured. Therefore,  i n  computing t h e  t o t a l  

w i d t h  o f  c racks  r e l a t e d  t o  s t r a i n s  i n  t h e  15 i n c h  measuring zone, 

(1.53/3.1) t imes  t h e  w i d t h  o f  c rack  2 was inc luded.  Thus, t he  t o t a l  

w i d t h  o f  c rack  r e l a t e d  t o  t h e  s t r a i n s  was c a l c u l a t e d  by adding t h e  

w id ths  o f :  

Crack 1 + (1.53/3.10) x Crack 2 + Crack 3 + (1.70/5.63) x 

Crack 4 + Crack 6 + Crack 7 + s i m i l a r  q u a n t i t y  f o r  Face B 

The r e s u l t i n g  w i d t h  w i l l  be r e f e r r e d  t o  as t h e  " t o t a l  c rack  w i d t h "  o r  

Cw. The t e rm  Cw/L, where L was t h e  t o t a l  l eng th  cons idered i n  computing 

Cw ( i n  t h i s  case 2 x 15 = 30 i n .  ) i s  r e f e r r e d  t o  as t h e  average "crack 

s t r a i n " .  

The number o f  c racks  i n  t h e  measuring zones, i n  t h i s  case: 

4 + (1.53/3.10) + (1.70/5.63) = 4.8 f o r  Face A p l u s  

a s i m i l a r  q u a n t i t y  f o r  Face B 

T h i s  number w i l l  be r e f e r r e d  t o  as t h e  " t o t a l  number o f  cracks" ,  n. The 

"average spacing" i s  computed as L/n. F i n a l l y ,  t h e  average c rack  w i d t h  

i s  Cw/n. 

( c )  P resen ta t i on  o f  Crack Width Data The c rack ing  loads and 

t e n s i l e  s t r esses  a t  f i r s t  c r a c k i n g  a r e  g i ven  i n  Table 4.1. The method 

of c a l c u l a t i o n  used i s  d iscussed i n  Ref. 2. Values o f  load, average 

Demec s t r a i n ,  c rack  w id ths  and average c rack  s t r a i n  a re  g i ven  i n  Tables 

4.2.1 t o  4.2.13 f o r  each o f  t h e  w a l l s .  A l l  measured c racks  a r e  i nc l uded  

i n  these  t a b l e s  rega rd less  o f  whether c rack  w id ths  were measured d i r e c t l y  

over  a ba r  o r  h a l f  way between two bars.  The t h i r d  number i n  t h e  Table 



number i s  t h e  segment number. Tables 4.2.1, 4.2.2 and 4.2.8 a l s o  r e p o r t  

average c rack  spacing f o r  segments 1, 2  and 8. on t h e  l i n e s  l o c a t e d  

over  t h e  bars  and those measured on t h e  l i n e s  l oca ted  between t he  bars.  

The s t r a i n s  a r e  those ~i ieasured on gage l i n e s  pe rpend i cu la r  t o  t h e  cracks 

i n  each case. 

F i gu res  4.10.1 t o  4.10.13 show t h e  c rack  p a t t e r n s  a t  t h e  end 

o f  t e s t i n g  each o f  t h e  segments. The t h i r d  number i n  t h e  f i g u r e  number 

r e f e r s  t o  t h e  segment number. F igures  4.11.1 t o  4.11.13 a r e  histograms 

o f  t h e  c rack  w id ths  a t  v a r i o u s  s t r a i n s .  Wi th  t he  excep t i on  of Segments 

12 and 13, these diagrams p resen t  t h e  combined da ta  f o r  c racks  measured 

over  t h e  bars  and those between t h e  bars  on Faces A and B. S ince 

Segments 12 and 13 had moment about  one o r  bo th  axes o f  t h e  specimen, 

separa te  p l o t s  a r e  g iven  f o r  Faces A and B f o r  these  segments. The 

r a d i a l  l i n e s  i n  these drawings rep resen t  t h e  50 th  and 75 th  p e r c e n t i l e  

va lues.  



5. DISCUSSION OF CRACK WIDTH DATA FROM WALL SEGMENT TESTS 

Var ious procedures f o r  comput ing c rack  w id ths  and c rack  

spac ings a r e  presented i n  Chapter 3. I n  genera l  these t h e o r i e s  i n d i c a t e  

t h a t  t h e  average c rack  w i d t h  can be computed i f  t h e  average spac ing and 

average s t r a i n s  a r e  known. These two q u a n t i t i e s  a r e  d iscussed i n  

Sec t i ons  5.1 and 5.2. The o v e r a l l  procedure used t o  c a l c u l a t e  c rack  

w i d t h s  i s  g iven  i n  Sec t i on  5.3 where i t  i s  compared t o  t e s t  data.  

5.1 Crack Spacing and Sequence o f  Format ion 

( a )  Cracks a t  Sur face of Specimen 

I n  Sec t i on  3.3 severa l  procedures f o r  e s t i m a t i n g  t h e  c rack  

spac ing  were d iscussed.  These r e l a t e  t h e  mean spac ing t o :  

1 .  t h e  r a t i o  o f  b a r  d iameter ,  db, t o  t h e  r e i n fo r cemen t  r a t i o ,  

p (Eq. 3.12);  

2. t h e  minimum cover  t o  t h e  su r f ace  o f  t h e  bar ,  c, o r  t he  cover  

acr measured r a d i a l l y  f rom the  su r f ace  o f  t h e  b a r  t o  t h e  p o i n t  

where t h e  c racks  a r e  be ing  observed (Eq. 3.13);  

3. some combina t ion  o f  1. and 2. (Eq. 3.15);  

4. t h e  spac ing o f  t h e  bars  which a r e  p a r a l l e l  t o  t h e  d i r e c t i o n  of 

t h e  c racks .  

The two extremes o f  b a r  cover  i n  t h e  t e s t s  were t he  cover  o f  

0.5 i n .  on t h e  v e r t i c a l  ba rs  i n  Segments 1  and 2 and t h e  cover  o f  

1.63 i n .  on t h e  h o r i z o n t a l  ba r s  i n  Segment 8. F i gu re  5.1 shows t h e  

change i n  average c rack  spac ing  i n  these  segments ( d e f i n e d  as n /L  i n  

S e c t i o n  4 .3 (b ) )  as a  f u n c t i o n  o f  s t r a i n .  The average spac ing decreases 

as more c racks  f o rm  u n t i l  t h e  s t r a i n  reaches about  0.0015 t o  0.002 and 



t hen  remains cons tan t  f o r  t h e  r e s t  o f  t he  t e s t .  I n  t he  a n a l y s i s  t h a t  

f o l l o w s  i t  w i l l  be assumed t h a t  t he  c rack  p a t t e r n  has reached i t s  f i n a l  

s tage when E equa ls  0.002. 

F i gu re  5.2 compares t he  average c rack  spac ing a t  0.002 s t r a i n  

f o r  a l l  t h e  specimens w i t h  3  i n c h  spac ing o f  bars .  The h o r i z o n t a l  l i n e  

rep resen ts  t h e  b a r  spac ing and se t s  a  lower  bound on t he  data.  The 

s l o p i n g  l i n e s  a r e  t h e  c rack  spacings p r e d i c t e d  by Eq. 3.19 mod i f i ed  t o  

account f o r  c rack  measurements taken a t  p o i n t s  n o t  d i r e c t l y  over  t he  

bars .  There i s  no r e l a t i o n s h i p  between these  l i n e s  and t he  data.  

F i gu res  5.3 and 5.4 a r e  s i m i l a r  p l o t s  f o r  specimens w i t h  4 i n .  

and 6 i n .  ba r  spacings. Again t h e  ba r  spacing i s  t h e  lower  l i m i t  on the  

c rack  spac ing and aga in  Eq. 3.19 does n o t  f i t  the  data.  

A  r e i n f o r c i n g  bar  has a  modulus o f  e l a s t i c i t y  7 t o  10 t imes 

t h a t  of  t h e  sur round ing  concre te .  When a  ba r  i s  embedded pe rpend i cu la r  

t o  t h e  d i r e c t i o n  o f  a p p l i e d  s t r e s s  i n  a  s o f t e r  e l a s t i c  medium, as shown 

i n  F ig .  5.5, t h e  t e n s i l e  s t resses  a t  A  and B inc rease  and those a t  C and 

D decrease s l i g h t l y .  I f ,  however, t h e  bond i s  broken a t  A and B y  t he  

s t r esses  a t  C and D i nc rease  s i g n i f i c a n t l y ,  approaching those found 

ad jacen t  t o  a  c i r c u l a r  ho le .  T h i s  s t r e s s  concen t ra t i on  probably  tends 

t o  reduce t h e  average t e n s i l e  s t r e s s  r e q u i r e d  t o  c rack  t he  concre te .  As 

a  r e s u l t ,  i f  a  c rack  i s  expected i n  a  g i ven  reg ion ,  i t  w i l l  o f t e n  occur  

a t  a  t r ansve rse  r e i n f o r c i n g  bar .  T h i s  i s  p a r t i c u l a r l y  t r u e  i f  t he  ba r  

spac ing i s  s i m i l a r  t o  t h e  expected c rack  spacing. For ba r  spacings 

between a  h a l f  and one t imes t h e  minimum expected c rack  spacings t h e  

s t r e s s  concen t ra t i ons  a t  t h e  bars  should be enough t o  cause c r a c k i n g  a t  

t h e  b a r  l o c a t i o n s .  For b a r  spacings between one and two t imes t h e  



minimum expected spacings, t h e  fo rmat ion  o f  c racks  a long  t h e  bars  shou ld  

make a d d i t i o n a l  c racks  between t he  bars  u n l i k e l y .  Thus, c racks  should  

be expected t o  f o l l o w  bars  i f  t h e  b a r  spac ing i s  between a  h a l f  and two 

t imes  t h e  expected spacing. 

As shown i n  F i g .  5.2 t o  5.4 t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  

between t h e  c rack  spac ings d i r e c t l y  ove r  t h e  bars  o r  those spacings 

measured h a l f  way between two c racks .  Once a  c rack  has occur red  a t  one 

p o i n t  a l ong  a  t r ansve rse  r e i n f o r c i n g  bar,  say d i r e c t l y  ove r  a  perpen- 

d i c u l a r  bar ,  i t  can be expected t o  propagate a long  t h e  l e n g t h  o f  t h e  

t r ansve rse  bar .  As a  r e s u l t ,  t h e  number o f  c racks  a t  p o i n t s  between t h e  

pe rpend i cu l a r  bars  i s  e s s e n t i a l l y  t h e  same as i t  i s  ove r  these bars .  

( b )  Through-the-Wal 1  Cracks 

The photographs o f  t h e  faces  o f  Segments 1, 2, 4, 5  and 12 and 

t h e  s e c t i o n s  c u t  th rough  them i n  F i g .  4.10.1, 4.10.2, 4.10.4, e t c .  show 

t h a t  r o u g h l y  o n e - h a l f  t h e  c racks  i n  t h e  segments extended th rough  t h e  

segments. I n  most cases t h e  th rough  t h e  w a l l  c racks  d i v i d e d  near  t h e  

s u r f a c e  t o  f o rm  two su r f ace  c racks .  I n  a l l  t h e  w a l l  segments which had 

p r e s t r e s s i n g  tendons p a r a l l e l  t o  t h e  cracks,  t h e  th rough- the-wa l l  

c racks  occu r red  a t  p r e s t r e s s i n g  tendons. 

( c )  Sequence o f  Crack Format ion 

As l o a d  was app l i ed ,  t h e  specimens i n i t i a l l y  c racked a t  one 

l o c a t i o n .  Wi th  f u r t h e r  l o a d i n g  more c racks  occu r red  reduc ing  t h e  c rack  

spac ing as shown i n  F i g .  5.1. The f i r s t  c racks  t o  f o rm  were th rough-  

t h e - w a l l  c racks .  The n e x t  s tage o f  c r a c k i n g  saw these c racks  d i v i d i n q  

t o  fo rm two c racks  a t  t h e  su r face .  A t  t h e  sur face t h e  c racks  c o i n c i d e d  

w i t h  r e i n f o r c i n g  b a r  l o c a t i o n s .  The f i n a l  s tage  o f  c r a c k i n g  i n v o l v e d  



su r face  c racks  between t h e  th rough- the-wa l l  c racks.  The sur face  cracks 

pene t ra ted  r o u g h l y  as f a r  as t h e  re in fo rcement  l a y e r  pe rpend i cu la r  t o  

t h e  c racks .  The su r f ace  c racks  developed a t  s t r a i n s  g r e a t e r  than about 

80 percen t  o f  t h e  y i e l d  s t r a i n  o f  t h e  r e i n f o r c i n g  bars .  

( d )  Assumed Model o f  Crack Format ion and Spacing 

As a  r e s u l t  o f  these  observa t ions ,  a  s e r i e s  o f  r u l e s  were 

developed f o r  use i n  comput ing t h e  mean c rack  w id ths  i n  t h e  w a l l  segment 

specimens. It i s  expected t h a t  t h e  same r u l e s  would app l y  i n  t h e  p ro to t ype  

s t r u c t u r e .  

1. I f  t h e  spac ing o f  t r a n s v e r s e  bars  i s  between 0.5 and 2 t imes 

t h e  c r a c k  spac ing computed f rom Eq. 3.19, c racks  w i l l  fo rm 

a l o n g  each o f  t h e  t r ansve rse  ba rs  by t h e  end o f  t h e  t e s t .  The 

c r a c k i n g  w i l l  be l i m i t e d  t o  these cracks.  

2.  The spac ing o f  c racks  a t  t h e  su r f ace  o f  t h e  specimen i s  

independent o f  t h e  r a d i a l  d i s t a n c e  f rom t h e  l o n g i t u d i n a l  bars  

( b a r s  pe rpend i cu la r  t o  t h e  c racks )  t o  t h e  p o i n t  on t h e  su r f ace  

where t h e  c racks  a r e  observed. 

3. I n  w a l l s  c o n t a i n i n g  p r e s t r e s s i n g  tendons p a r a l l e l  t o  t he  

d i r e c t i o n  o f  c rack ing ,  th rough- the-wa l l  c racks  w i l l  occur  

a t  t h e  same spac ing as t h e  tendons. Each o f  these  c racks  w i l l  

e v e n t u a l l y  subd i v i de  i n t o  two su r f ace  cracks.  

4. I n  w a l l s  w i t h o u t  p r e s t r e s s i n g  tendons p a r a l l e l  t o  t h e  

d i r e c t i o n  o f  c rack ing ,  th rough- the-wa l l  c racks  w i l l  occur  a t  

e v e r y  second r e i n f o r c i n g  b a r  and n o t  f u r t h e r  a p a r t  than t h e  

w a l l  th i ckness .  



5. The number o f  th rough- the-wa l l  c racks w i l l  s t a b i l i z e  by t h e  

t i m e  t h e  s t r a i n  reaches 0.002. A t  any g iven  s t r a i n  l e s s  than  

0.002 t h e  number o f  th rough- the-wa l l  c racks  can be g iven  as: 

where N i s  t h e  number o f  th rough  t h e  w a l l  c racks  a t  t he  load  

i n  quest ion;  Ntwc i s  t h e  f i n a l  number o f  th rough- the-wa l l  

c racks  accord ing  t o  assumptions 3 o r  4; E , ~  i s  t he  s t r a i n  i n  

t h e  r e i n f o r c i n g  bars  a t  t h e  crack; ccr i s  t he  average s t r a i n  

a t  t h e  onset  o f  c rack ing .  

6. A t  a  s t r a i n  o f  0.002, su r f ace  c racks  form so t h a t  t h e  

f i n a l  spac ing agrees w i t h  assumptions 1 and 2. 

5.2 Mean S t r a i n  

As shown i n  F ig .  3.6 t h e  mean s t r a i n ,  E,,,, measured over  a  gage 

l e n g t h  i n c l u d i n g  severa l  c racks  i s  l e s s  than  t he  s t r a i n  i n  t h e  r e i n f o r c e -  

ment a t  t h e  cracks.  Leonhardt [4 ]  has presented Eq. 3.34 t o  c a l c u l a t e  

t h e  mean s t r a i n  a f t e r  c rack ing .  T h i s  i s  compared t o  t h e  measured mean 

s t r a i n s  and t h e  mean s t r a i n s  f r om t h e  BOSOR5 analyses i n  F ig .  5.6.1 

th rough 5.6.11 ( t h e  t h i r d  number r e f e r s  t o  t he  Segment number). As can 

be seen t h e  p r e d i c t i o n  o f  E~ by e i t h e r  method i s  adequate t o  good 

depending on t h e  specimen. I t  i s  i n t e r e s t i n g  t o  no te  t h a t  Eq. 3.34 

g i v e s  a s a t i s f a c t o r y  p r e d i c t i o n  o f  s t r a i n s  f o r  Segments 9 and 11 which 

con ta ined  s p l  i ces .  

For  t h e  purposes o f  comput ing mean c rack  w id ths  i n  t he  segment 

specimens t h e  mean s t r a i n ,  E w i l l  be based on Eq. 3.34. To es t ima te  m ' 



t h e  c rack  w id ths  i n  t h e  p ro to t ype ,  s i m i l a r  c a l c u l a t i o n s  can be c a r r i e d  

o u t  based on t he  s t r a i n s  f rom t h e  BOSOR5 analyses.  

5.3 Mean Crack Widths 

( a )  C a l c u l a t i o n  Procedure 

Al though many au thors  p resen t  r e l a t i o n s h i p s  f o r  t h e  maximum 

c rack  w id ths ,  o n l y  mean c rack  w i d t h  w i l l  be cons idered here. I n  v iew 

o f  t h e  vas t  area o f  conc re te  su r f ace  which would c rack  i n  a  containment 

vessel  t h e  mean w i d t h  bes t  represen ts  t h e  c racks  govern ing p o t e n t i a l  

leakage. I n  t h e  a n a l y s i s  o f  c rack  w id ths  i t  i s  necessary t o  d i s t i n g u i s h  

between th rough- the-wa l l  c racks  which r e s u l t  i n  paths f o r  leakage, 

and su r f ace  c racks  which do n o t .  I n  t h e  c a l c u l a t i o n s  f o r  comparison 

w i t h  t e s t  r e s u l t s  bo th  types  must be cons idered.  I n  leakage c a l c u l a t i o n s  

t h e  su r f ace  c racks  can be ignored .  

The c a l c u l a t i o n  o f  t h e  mean w i d t h  o f  t h e  th rough- the-wa l l  

c racks  i s  based on Eq. 3.35 us ing  t h e  c rack  spac ing model q i ven  i n  

Sec t i on  5 . l ( d ) ,  and t h e  mean s t r a i n  based e i t h e r  on Eq. 3.34 o r  t h e  mean 

s t r a i n s  f rom a  BOSOR5 a n a l y s i s .  For comparison w i t h  t h e  t e s t  da ta  

t h e  f o l l o w i n g  s teps were i nvo l ved :  

1. The t o t a l  number, Ntwc, o f  th rough- the-wa l l  c racks  a n t i c i p a t e d  

a t  t h e  end o f  t h e  t e s t  i n  t h e  gage l eng th ,  L, i n  which c racks  

were observed was taken as: 

where 31.5 i n .  was t h e  t o t a l  w i d t h  o f  t h e  specimen and n  was 

taken as 3  i f  c racks  were deve lop ing  p a r a l l e l  t o  t h e  3  tendon 



d i r e c t i o n  ( v e r t i c a l  c racks) .  I n  specimens w i t h o u t  tendons 

p a r a l l e l  t o  t h e  c racks  n  was taken as 5 i f  t h e  bar  spacing was 

3  i n . ,  4 i f  i t  was 4 i n .  and 3  f o r  6  i n .  ba r  spacings. 

2. The s t r e s s  and load- induced s t r a i n  i n  t h e  r e i n f o r c i n g  bars  a t  

a  th rough- the-wa l l  c rack  a t  t h e  c r a c k i n g  l oad  were computed 

as: 

and 

where Pcr i s  t h e  c r a c k i n g  load, Fse i s  t h e  e f f e c t i v e  p r e s t r e s s i n g  

f o r c e  a f t e r  losses  and As and A  a r e  t h e  areas o f  r e i n f o r c i n g  
P 

ba rs  and p r e s t r e s s i n g  tendons r e s p e c t i v e l y .  Leonhardt ' s  

r e l a t i o n s h i p  (Eq. 3.17) was used t o  c a l c u l a t e  t h e  e f f e c t i v e  

unbonded l e n g t h  o f  ba r  a t  t h e  cracks, Ro. Th i s  was based on 

t h e  d iameter  o f  a  b a r  hav ing  t h e  same c ross -sec t i ona l  area 

as t h e  w i r e s  i n  t h e  tendons (0.73 i n .  f o r  7  w i r e  tendons, 0.68 

f o r  6  w i r e  tendons) .  

The bond t r a n s f e r  leng th ,  it, was taken  as: 

where s  was taken  as t h e  f i n a l  spacing o f  t h e  c racks  a t  t h e  

end o f  t h e  t e s t ,  taken  equal t o  t h e  spacing o f  t h e  tendons 

p a r a l l e l  t o  t h e  c rack  o r ,  i n  specimens w i t h o u t  such tendons, 

a s  two t imes  t h e  su r f ace  ba r  spacing. 



At each load level, P, at which crack widths were computed the 

following steps were carried out: 

4. The stress and load-induced strain in the deformed bar rein- 

forcement at a crack were calculated as: 

and 

If fS2 exceeded the yield strength of the reinforcing bars, 

the stress in the prestressing tendons was calculated from: 

In this case the total strain in the tendons, was calculated 

from the stress-strain curve of the tendons. 

5. The mean strain, E ~ ,  was calculated using E q .  3.34. 

6. The width wtwC, of a through-the-wall crack was calculated 

using E q .  3.35. This width was assumed to be divided evenly 

between the two cracks which converge on a given tendon. 

Surface cracks were assumed to occur after the through-the- 

wall cracks to relieve the tension built up in the concrete between the 

through-the-wall cracks. In the tests these cracks generally did not 

occur until the reinforcing bars had yielded at through-the-wall cracks. 

In the calculation of their width it was assumed that E q .  3.17, 3.34 and 

3.35 would be applied in a slightly modified form: 



6. The t e n s i l e  fo rce  a t  c r a c k i n g  i n  a  r e i n f o r c i n g  b a r  c r o s s i n g  a  

s u r f a c e  c rack  was taken equal  t o  t h e  t e n s i o n  fo rce  r e q u i r e d  t o  

c r a c k  t h e  conc re te  c o n c e n t r i c  t o  t h a t  bar .  Thus: 

where A = (Zc + db) ( b a r  spac ing)  

7. The e f f e c t i v e  unbonded l e n g t h  a t  a  s u r f a c e  c rack  was taken  as: 

where fs,cr i s  i n  p s i  and db i s  t h e  d iameter  o f  a  su r f ace  bar .  

8. The bond t r a n s f e r  l e n g t h  a t  such a  c rack  was taken as :  

R = ( b a r  spac ing)  - 
Y  s  s  

(5.11) 

9. The w i d t h  o f  t h e  su r f ace  c racks  was then  computed u s i n g  

Eq. 3.35: 

u s i n g  E~~ and ern f r om  s teps  4 and 5. 

Once t h e  mean w id ths  o f  t h e  th rough- the-wa l l  c racks  and su r f ace  

c racks  were known f o r  a  g i v e n  load, t h e  t o t a l  w i d t h  o f  c racks  i n  t h e  

gage l e n g t h  L was c a l c u l a t e d  as f o l l ows :  

10. The number o f  th rough- the-wa l l  cracks,  N was c a l c u l a t e d  u s i n g  

Eq. 5.1. 

11. B e f o r e  t h e  r e i n f o r c i n g  bars  y i e l ded ,  t h e  t o t a l  c rack  w i d t h  was 

computed as: 



A f t e r  y i e l d  o f  t h e  r e i n f o r c i n g  bars t he  t o t a l  crack w id th  was 

computed as: 

j b )  Comparison of Computed and Measured Crack Widths 

F igures 5.7.1 t o  5.7.13 compare the  measured and computed 

c rack  widths.  Here, as i n  t h e  case o f  t h e  mean s t r a i n ,  t he  agreement o f  

measured and computed c rack  w id ths  i s  adequate t o  good. I n  the  range o f  

l oad ing  f rom a  s t r a i n  o f  0.0005 t o  0.002, dur ing  t h e  pe r i od  t h a t  cracks 

a r e  growing and extending, t he  mean r a t i o  o f  measured t o  computed Cw/L 

was 1.07 w i t h  a  c o e f f i c i e n t  o f  v a r i a t i o n  o f  0.347 f o r  a x i a l l y  loaded 

specimens w i t h o u t  s p l i c e s  (Segments 1  t o  6 and 8) .  Th is  comparison was 

n o t  made f o r  very  h i g h  s t r a i n s  due t o  y i e l d i n g  o f  t h e  m i l d  s tee l  

r e i n f o r c i n g  a t  s t r a i n s  g r e a t e r  than about 0.0015 and the  gradual l oss  o f  

bond on t h e  p res t ress ing  tendons. 

Segment 7  was n o t  inc luded i n  t h e  average quoted. The computed 

w id ths  f o r  t h i s  specimen were c o n s i s t e n t l y  lower than t h e  measured ones. 

T h i s  i s  due p r i m a r i l y  t o  t h e  ex tens ive  shr inkage c rack ing  i n  t h i s  

specimen p r i o r  t o  t e s t i n g .  Several o f  these cracks d i d  n o t  extend 

d u r i n g  the  t e s t .  I f  t h e  measured c rack  w id th  a t  zero l oad  i s  added t o  

t h e  c a l c u l a t e d  widths,  t he  r e s u l t i n g  values agree q u i t e  w e l l  w i t h  the  

rnea su red  va 1  ues . 



5.4 E f f e c t s  o f  Va r i ab les  on Crack Widths 

The e f f e c t s  of  a  s e r i e s  of v a r i a b l e s  a r e  cons idered i n  t h e  

f o l l o w i n g  sec t ions .  The d i scuss ion  o f  t h e  e f f e c t s  i s  l i m i t e d  t o  t h e  

range  o f  mean s t r a i n s ,  E ~ ,  f rom 0 t o  0.002. The l a t t e r  s t r a i n  co r res -  

ponds w e l l  developed y i e l d i n g  o f  t h e  r e i n f o r c i n g  bars  coupled w i t h  some 

l o s s  of bond on t h e  tendons. S ince t h i s  s tage would represen t  an 

advanced s tage o f  damage t o  t h e  containment i t  was assumed t h a t  des igns 

would be c a r r i e d  o u t  t o  l i m i t  deformat ions t o  l e s s  than t h i s  va lue.  

( a )  E f f e c t  o f  Scale 

The specimens t e s t e d  were one-quar ter  s c a l e  models o f  segments 

c u t  f r om t h e  containment w a l l s .  I n  Sec t i on  3.5, a  number o f  s t u d i e s  t h e  

e f f e c t  o f  s c a l e  on c rack  w id ths  were reviewed. These concluded t h a t  i n  

p r o p e r l y  sca led  models, c rack  w id ths  should sca le  i n  t h e  same r a t i o  as 

t h e  dimensions. 

Segments 4  and 7 were t e s t e d  t o  examine t h e  sca le  e f f e c t .  

W i th  t h e  excep t ion  o f  t h e  o v e r a l l  w i d t h  and h e i g h t  o f  t h e  specimens 

which remained a t  31.5 i n .  i n  b o t h  cases, a l l  dimensions i n  Segment 7 

were 1.5 t imes  t h e  corresponding ones i n  Segment 4. 

F i gu re  5.8 p l o t s  t h e  median c rack  w id ths  i n  Segments 4  and 7 

a s  a  f u n c t i o n  o f  t h e  mean s t r a i n s .  The data e x h i b i t s  a  ve ry  l a r g e  

s c a t t e r ,  p a r t i c u l a r l y  i n  t h e  case o f  Segment 4. L i nea r  r eg ress ion  l i n e s  

t h rough  t h e  da ta  a r e  a l s o  p l o t t e d .  The s lope o f  t h e  l i n e  f o r  Segment 7 

i s  1.46 t imes  t h a t  f o r  Segment 4, suggest ing t h a t  t h e  c rack  w id ths  

i nc rease  i n  p r o p o r t i o n  t o  t h e  s c a l e  as suggested i n  Sec t ion  3.5. 

( b )  E f f e c t  o f  B i a x i a l  S t a t e  o f  S t ress  a t  C rack ing  

Several  o f  t h e  segments had d i f f e r e n t  l e v e l s  of p res t ress  

i n  t h e  two d i r e c t i o n s  and were loaded a t  d i f f e r e n t  r a t e s  i n  t h e  two 



d i r e c t i o n s .  As a  r e s u l t ,  t h e  r a t i o  o f  t h e  s t resses  i n  t h e  two d i r e c t i o n s  

v a r i e d  d u r i n g  t h e  t e s t .  T h i s  was f u r t h e r  compl i ca ted  by d i f f e r e n t  

c r a c k i n g  loads i n  t h e  two d i r e c t i o n s .  When a  c rack  forms t h e  tens ions  

caus ing  t h e  c rack  a r e  d i s s i p a t e d  ad jacen t  t o  t h e  c rack .  

The e f f e c t  o f  t h e  b i a x i a l  s t r e s s  s t a t e  on c rack ing  i s  examined 

i n  F ig .  5.9. The l i n e s  p l o t t e d  i n  t h i s  f i g u r e  a r e  l i n e a r  r eg ress ion  

l i n e s  t o  each s e t  o f  data.  A l though t h e  l i n e s  a r e  rough l y  p a r a l l e l ,  

t h e i r  i n i t i a l  o r d i n a t e s  vary .  The da ta  f a l l s  i n t o  two groups: 

1. The segments represen ted  by s o l i d  p o i n t s  (L ines  2  and 3 )  had 

1  oads para1 1  e l  t o  t h e  c rack  equal t o  0.5 o r  1.0 t imes t h e  

loads  caus ing  t h e  c racks  cons idered i n  t h i s  p l o t .  A t  t h e  t ime  

t h e  f i r s t  c racks  formed, t h e  s t r esses  p a r a l l e l  t o  t h e  c racks  

were t e n s i l e  i n  b o t h  cases and were about 30 percen t  o f  t h e  

c r a c k i n g  s t r e s s  f o r  t h e  segments represen ted  by s o l i d  c i r c l e s  

( L i n e  2 )  and were about  100 percen t  o f  t h e  c rack ing  s t r e s s  f o r  

t h e  segments represen ted  by s o l i d  t r i a n g l e s  ( L i n e  3 ) .  

2. The open symbols represen t  c racks  i n  segments w i t h  zero loads  

and zero  p r e s t r e s s  p a r a l l e l  t o  t h e  c racks  (open t r i a n g l e s ,  

L i n e  I ) ,  and segments i n  which t h e  a p p l i e d  t ens ions  p a r a l l e l  

t o  t h e  c racks  had been d i s s i p a t e d  by p rev ious  c rack ing  pe r -  

pend i cu la r  t o  t h e  c racks  p l o t t e d  i n  F ig .  5.9 (open c i r c l e s ,  

L i n e  4 ) .  

A l though i t  appears t h e  t r ansve rse  s t a t e  o f  s t r e s s  a t  t h e  t ime  

o f  c r a c k i n g  a f f e c t s  t h e  c rack  width,  t h i s  e f f e c t  i s  n o t  l a r g e  and has 

n o t  been exp la i ned  as y e t .  When a  c rack  occurs i n  a  homogeneous e l a s t i c  

body sub jec ted  t o  b i a x i a l  s t ress ,  t h e  s t r a i n  pe rpend i cu la r  t o  t h e  crack,  



which  would c o n t r i b u t e  t o  c rack  opening, changes f rom 

b e f o r e  c r a c k i n g  t o  

a f t e r  c rack ing .  The t o t a l  change i n  s t r a i n  i s  t h e  same regard less  o f  t h e  

v a l u e  o f  a2. The c rack  w i d t h  model presented i n  Eq. 3.35 i s  a  f u n c t i o n  

on t h e  e q u i v a l e n t  unbonded l e n g t h  o f  b a r  ad jacen t  t o  a  crack.  Al though 

t h i s  would be expected t o  be l a r g e r  i f  t h e  t r ansve rse  s t r e s s  i s  t e n s i l e ,  

t h e  c racks  appeared t o  open more s l ow l y  i n  t h i s  case. 

The e f f e c t  o f  t h e  t r ansve rse  s t resses  was ignored  i n  t h e  c rack  

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

( c )  E f f e c t  o f  Bar S p l i c e s  

A t  s t r a i n s  up t o  0.002, t he  presence o f  b a r  s p l i c e s  d i d  n o t  

appear t o  a f f e c t  t h e  c rack  w id ths  s i g n i f i c a n t l y  as shown i n  F ig .  5.10. 

Every h o r i z o n t a l  b a r  i n  Segment 9 was l a p  s p l i c e d  and a l t e r n a t e  h o r i -  

z o n t a l  bars  were l a p  s p l i c e d  i n  Segment 11. The c rack  w id ths  i n  these 

segments a r e  col~lpared i n  F ig .  5.10 t o  t h e  c rack  w id ths  observed i n  

Segments 1  and 2  which were s i m i l a r  i n  c o n s t r u c t i o n  and load ing .  Regres- 

s i o n  l i n e s  a r e  p l o t t e d  i n  F i g .  5.10(b) t o  a i d  i n  t h e  comparison. A t  

h i g h  s t r a i n s ,  l a r g e  c racks  opened up near  t h e  ends o f  t h e  lapped s p l i c e .  

I t  i s  impo r tan t  t o  no te  t h a t  t h e  s p l i c e d  bars  were t h e  i n s i d e  

l a y e r  and, as  a  r e s u l t ,  had a  l a y e r  o f  bars  o u t s i d e  them t o  r e s t r a i n  t he  

opening o f  c racks .  



( d )  E f f e c t  o f  Moments 

Segment 12 was loaded a x i a l l y  i n  t h e  v e r t i c a l  d i r e c t i o n  and 

sub jec ted  t o  an e c c e n t r i c a l l y  a p p l i e d  h o r i z o n t a l  load  which caused 

Face A t o  be i n  t e n s i o n  w h i l e  Face B was near zero s t r a i n .  As a  r e s u l t ,  

v e r t i c a l  c racks  appeared o n l y  on Face A w h i l e  h o r i z o n t a l  c racks  appeared 

on b o t h  faces.  F i g u r e  5.7.12(a) shows t h a t  t h e  c a l c u l a t i o n  procedure 

used i n  t h i s  r e p o r t  g i ves  a  reasonable es t imate  o f  c rack  w id ths  i n  

segments sub jec ted  t o  moment. The w id ths  o f  t h e  h o r i z o n t a l  c racks  a re  

a l s o  c l o s e l y  es t imated  as shown i n  F ig .  5.7.12(b) and ( c ) .  The computed 

c rack  w id ths  p l o t t e d  i n  these diagrams were based on t h e  average Demec 

s t r a i n s .  I t  i s  impor tan t  t o  no te  t h a t  moment about one a x i s  had l i t t l e  

e f f e c t  on t h e  w id ths  o f  c racks  pe rpend i cu la r  t o  t h a t  ax is .  

Segment 13 was loaded w i t h  e c c e n t r i c a l l y  a p p l i e d  loads  i n  b o t h  

d i r e c t i o n s .  The loads  were a p p l i e d  i n  such a  manner t h a t  Face B was i n  

t e n s i o n  and Face A near zero s t r a i n .  Again t he  computed c rack  w id ths  

based on t h e  measured sur face  s t r a i n s  a r e  a  reasonable es t ima te  o f  t h e  

c rack  w id ths  as shown i n  F ig .  5.7.13. 

5.5 C los ing  o f  Cracks on Unloading 

Severa l  o f  t h e  specimens were p a r t i a l l y  unloaded a f t e r  c r a c k i n g  

had occur red  t o  observe t h e  degree t o  which cracks c l osed  on un loading.  

Except a f t e r  t h e  t e s t  was f i n i s h e d ,  t h e  l oad  was never  comple te ly  

removed due t o  t h e  need t o  m a i n t a i n  a l ignment  o f  t h e  specimen, e t c .  I n  

t h e  p res t ressed  specimens, t h e  loads  a f t e r  un load ing  were chosen t o  be 

l e s s  than  t h e  e f f e c t i v e  p r e s t r e s s  f o r c e  so t h a t  compression e x i s t e d  

ac ross  t h e  c racks  a f t e r  un loading.  

I n  no case d i d  a l l  t h e  c racks  c l o s e  complete ly .  Th is  i s  



b e l i e v e d  t o  be a r e s u l t  o f  t h e  i n t e r n a l  c r a c k i n g  ad jacen t  t o  t h e  bars  

and p o s s i b l e  s l i g h t  misa l ignments of t h e  c rack  sur faces.  Cracks o f  

0.0001 t o  0.0057 i n .  were observed a f t e r  un load ing  w i t h  t h e  average 

w i d t h  be ing  r o u g h l y  0.0013 i n .  I f  t h e  specimens had been comple te ly  

un loaded i t  i s  l i k e l y  these  w id ths  would have been sma l le r .  The change 

t h e  c r a c k  s t r a i n ,  Cw/L, corresponding t o  a  change i n  average Demec 

s t r a i n  i s  p l o t t e d  i n  F i g .  5.11. The change i n  c rack  s t r a i n  i s  r ough l y  

equal  t o :  

The r e s i d u a l  c rack  s t r a i n  a f t e r  un load ing  i s  p l o t t e d  i n  F ig .  5.12 as a 

f u n c t i o n  o f  t h e  s t r a i n  be fo re  un load ing .  For average s t r a i n s  up t o  t h a t  

co r respond ing  t o  y i e l d  o f  t h e  re in fo rcement ,  an upper bond t o  t h e  

r e s i d u a l  s t r a i n  was g i ven  by 

AE - A(CW/L) = 
S t r a i n  Be fo re  Unloadinq 

3 

5.6 E f f e c t  o f  Attachments 

A l though t h e  presence o r  absence o f  at tachments was n o t  a  

v a r i a b l e  per  se, Segments 4 t o  13 had 3/8 i n .  d iameter  ho les  ex tend ing  

i n t o  t h e  specimen as f a r  as t h e  re i n fo r cemen t  on Face A. Segments 4, 6, 

7, 10, 11 and 12 cracked f i r s t  on f a c e  A w i t h  t h e  i n i t i a l  c racks  c l o s e  

t o  o r  a t  t h e  ho les.  Segments 1, 2, 3, 5, 8  and 9 developed f i r s t  

c r a c k i n g  i n  r e g i o n s  w i t h o u t  such ho les.  No s i g n i f i c a n t  d i f f e r e n c e  was 

observed a t  t h e  5 percen t  l e v e l  i n  t h e  t e n s i l e  s t resses  a t  t h e  t i m e  o f  

c r a c k i n g  i n  these  two groups o f  specimens. 



6.  CALCULATION OF CRACK WIDTHS I N  CONTAINMENT STRUCTURE 

The c a l c u l a t i o n  procedure used i n  Chapter 5  t o  c a l c u l a t e  c rack  

w i d t h s  i n  t h e  w a l l  segment specimens can be a p p l i e d  w i t h  s u i t a b l e  

m o d i f i c a t i o n s  t o  t h e  p ro to t ype  s t r u c t u r e .  It i s  assumed i n  t he  f o l l o w -  

i n g  t h a t  t h e  s t r a i n s ,  E ~ ,  on t h e  two sur faces  a r e  known f rom a  BOSOR5 

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

would be used t o  es t imate  leakage, t h e  f o l l o w i n g  c a l c u l a t i o n  ignores  

s u r f a c e  cracks.  The f o l l o w i n g  s teps a r e  then r e q u i r e d :  

1. Determine t h e  f i n a l  p a t t e r n  o f  th rough- the-wa l l  c racks  i n  each 

d i r e c t i o n .  T h i s  i n v o l v e s  t h e  f o l l o w i n g  s teps:  

( a )  I n  w a l l s  c o n t a i n i n g  p r e s t r e s s i n g  tendons p a r a l l e l  t o  t h e  

d i r e c t i o n  of c rack ing ,  through- the-wal l  c racks  w i l l  occur  a t  

t h e  same spacing as t h e  tendons b u t  n o t  f a r t h e r  a p a r t  than t h e  

w a l l  th i ckness .  Each o f  these cracks w i l l  e v e n t u a l l y  sub- 

d i v i d e  i n t o  two su r f ace  cracks.  

( b )  I n  w a l l s  w i t h o u t  p r e s t r e s s i n g  tendons p a r a l l e l  t o  t h e  .r 

d i r e c t i o n  o f  c rack ing ,  th rough- the-wa l l  c racks w i l l  occur  a t  

every  second r e i n f o r c i n g  bar  and n o t  f a r t h e r  a p a r t  than t h e  

w a l l  th i ckness .  

( c )  I n  a  G e n t i l l y - 2  t ype  o f  s t r u c t u r e  t h e  " c i r c u m f e r e n t i a l "  

c racks  i n  t h e  dome a r e  assumed t o  form a long  tendons forming 

hexagons c o n c e n t r i c  about  t h e  cen te r  o f  t h e  dome. "Mer i d i ona l "  

c racks  a re  assumed t o  form a long  a l l  o t h e r  tendons i n  t h e  

dome. 

2. Determine t h e  number o f  cracks i n  each r e g i o n  i n  t he  w a l l  as 

E m  N = -  
0.002 x (Number o f  c racks  f rom s tep  1  ) 



b u t  n o t  l e s s  than  one f i f t h  t h e  f i n a l  number o f  cracks f r om 

s t e p  1, where E~ i s  t he  s t r a i n  f rom a  BOSOR5 a n a l y s i s  f o r  t h e  

su r f ace  i n  ques t ion .  I f  t h i s  d i f f e r s  on t h e  two faces, t he  

l a r g e r  number ( l a r g e r  sur face  s t r a i n )  governs, except t h a t  i f  

one f ace  has n o t  cracked t h e r e  a r e  no th rough- the-wa l l  c racks  

i n  t h a t  r eg ion .  

3 .  Compute t he  c r a c k  w i d t h  as 

where E i s  t h e  s t r a i n  f rom a  BOSCtR5 a n a l y s i s  f o r  t h e  su r f ace  m 

hav ing  t h e  sma l l e r  s t r a i n  pe rpend i cu la r  t o  t h e  c rack  d i r e c t i o n  

a t  t h e  l oad  under cons ide ra t i on .  

4. Us ing t h e  numbers o f  c racks  f rom s tep  2 and t h e  w id ths  f rom 

s tep  3, i t  i s  p o s s i b l e  t o  es t ima te  t h e  t o t a l  l e n g t h  o f  c rack  

o f  each w i d t h  t h a t  e x i s t s  a t  each l o a d  l e v e l .  



7.  SUMMARY AND CONCLUSIONS 

The f o l l o w i n g  observa t ions  and conc lus ions  were drawn f rom t h e  

c r a c k i n g  behav io r  i n  t h e  w a l l  segment t e s t s :  

1. The i n i t i a l  load- induced c racks  extend through t he  w a l l .  The 

spac ing of such c racks  i s  governed p r i m a r i l y  by t he  spac ing o f  

tendons p a r a l l e l  t o  t h e  cracks.  

2. The number of th rough- the-wa l l  c racks inc reases  as t h e  s t r a i n  

increases.  A f u l l y  developed p a t t e r n  o f  th rough- the-wa l l  

c racks  i s  reached a t  a  s t r a i n  o f  about 0.002. 

3. When t h e  th rough- the-wa l l  c r a c k i n g  i s  f u l l y  developed subsequent 

l o a d i n g  causes surface cracks which pene t ra te  rough l y  as f a r  

as t h e  surface l a y e r  of re in fo rcement .  The spacing o f  these 

c racks  i s  governed p r i m a r i l y  by t h e  spac ing o f  re in fo rcement  

near  t h e  sur face.  

4. The c r a c k  w i d t h  can be c a l c u l a t e d  us ing  Leonhardt 's  procedure 

u s i n g  a c a l c u l a t e d  mean s t r a i n  o r  t h e  mean s t r a i n  f rom a 

BOSOR5 Ana lys is .  

5. I n  g e o m e t r i c a l l y  s i m i l a r  specimens t h e  c rack  w id ths  sca le  i n  

p r o p o r t i o n  t o  l eng ths .  

6. B i a x i a l  t e n s i o n  s t resses  i n  uncracked conc re te  had a smal l  

e f f e c t  on c rack  w id ths .  Th i s  e f f e c t  was ignored  i n  t h e  c rack  

w i d t h  c a l c u l a t i o n s  w i t h  ve ry  l i t t l e  e r r o r .  

7. Lapped ba r  s p l i c e s  had no e f f e c t  on c rack  w id ths  a t  s t r a i n s  up 

t o  0.002. A t  h i g h  s t r a i n s ,  l a r g e  c racks  developed near t he  

ends o f  t h e  s p l i c e s .  



8. A l though r e l a t i v e l y  l i t t l e d a t a  i s  a v a i l a b l e ,  i n  no case d i d  

a l l  t h e  c racks  c l o s e  comple te ly  on un loading.  The change i n  

c rack  s t r a i n  on un load ing  was about  h a l f  t h e  t o t a l  change i n  

s t r a i n .  The r e s i d u a l  c rack  s t r a i n  t h a t  remained a f t e r  un load ing  

inc reased  as t h e  s t r a i n  b e f o r e  un load ing  increased. 

9 .  Holes i n  t h e  sur face  o f  t h e  specimen had no s i g n i f i c a n t  e f f e c t  

on t h e  t e n s i l e  s t r e n g t h  a t  f i r s t  c rack ing .  
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Table 2.2 P res t ress  i n  Tendons 

Specimen V e r t i c a l  Tendons 
( 4  Tendon D i r e c t i o n )  

- - 

V e r t i c a l  Tendons 
( 3  Tendon D i r e c t i o n )  

I n i t i a l  E f f e c t i v e  a f t e r  Losses I n i t i a l  E f f e c t i v e  a f t e r  Losses 
S t ress ,  k s i  St ress,  k s i  Force, k s i  St ress,  k s i  St ress,  k s i  Force, k i p s  
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Tab le  4.1 Load and T e n s i l e  S t ress  a t  F i r s t  Crack ing 

Segment V e r t i c a l  Load a t  H o r i z o n t a l  Load a t  Tensi  1  e  S t ress  
F i r s t  H o r i z o n t a l  F i r s t  V e r t i c a l  Crack ing  a t  F i r s t  
Cracking, k i p s  k i p s  Cracking, p s i  

Face A Face B Face A Face B 

The u n d e r l i n e d  va lues  i n d i c a t e  t h e  l oads  and f aces  cor respond ing  t o  t h e  
r e p o r t e d  t e n s i l e  s t r esses  a t  f i r s t  c rack i ng .  
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F igu re  2.1 S ide View of Hal l  Segment Specimen 
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F igu re  2.2 Sec t i ons  Through Wall Segment Specimen 



F i g u r e  2.3 Specimen 2 Be fo re  Concre t ing  

F i g u r e  2 .4  Specimen 2 A f t e r  T e s t i n g  



F i g u r e  2.5 Specimen 2 A f t e r  T e s t i n g  
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M.T.S. 

Section A - A 

F igu re  2.7 North-South Sect ion Through Loading Frame 



(a) Prism 

(b) Variation of Tensile Strength and Stress Along Prism 

2nd Crack 

(c) Tensile Stresses after First Crack 

(d) Tensile Stresses after Three Cracks 

F i g u r e  3.1 C r a c k i n g  o f  a n  Axially Loaded P r i s m  
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Load, P 

F i g u r e  3.2 Jump i n  S t e e l  S t r e s s  a t  C r a c k i n g  
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E 

Figure 3.3 Internal Cracks at Bar Deformations 



Figure 3 .4  Spread of Tensile Stresses 
Adjacent to  a Crack 



(a) Cracked Prism 

~ A f s .  max 

(b) Variation of Steel Stress along Bar 

(c) Variation of Concrete Stress along Prism. 

Figure 3 .5  Stresses in Concrete and Steel 
in a Cracked Prism 



(a) Definition of E m  

Strain 

(b) f - Em Diagram 

Figure 3.6 Load-Deformation Diagram for 
an Axially Loaded Reinforced 
Concrete Pri sm 



Figure  3 . 7  S t r a i n  Diagram Assumed in  
Crack Width Ca l cu l a t i ons  











( a )  H o r i z o n t a l  Cracks i n  Segment 1 (Face A Upwards) 

( b )  V e r t i c a l  Cracks i n  Segment 2 (Face A Upwards) 

F i g u r e  4.5 Sec t i ons  th rough Segments 1 and 2 a t  Ends o f  Tests  



F i g u r e  4.6 Development o f  Cracks a l ong  Bars 



H o r i z o n t a l  D i r e c t i o n  

F i g u r e  4.7 Load-Average S t r a i n  Curves, Segment 5 
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F i g u r e  4.8 L o c a t i o n s  o f  Cracks  C r o s s i n g  H o r i z o n t a l  Measu r ing  L ines ,  
Face A, Segment 2 



F i g u r e  4 .9  L o c a t i o n s  o f  Cracks C r o s s i n g  Measur ing  L ines ,  
Face A, Segment 2 









( c )  H o r i z o n t a l  Sec t i on  (Face A Upward) 

F igu re  4.10.4 Cracks i n  Segment 4  a t  End o f  Tes t  





( c )  H o r i z o n t a l  S e c t i o n  (Face A Upward) 

F i g u r e  4.10.5 Cracks  i n  Segment 5 a t  End o f  T e s t  
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( c )  Horizontal Sec t ion  (Face A Upward) 

Figure 4.10.12 Cracks in  Segment 12 a t  End of Test  
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CRACK WIDTH (IN.) 

( d )  V e r t i c a l  Cracks 

F i g u r e  4 .11 .12 D i s t r i b u t i o n  o f  Crack Widths, Segment 12, Face B 
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CRACK WIDTH (IN.) 

( a )  Hor izontal  Cracks 

Figure 4.11.13 D i s t r i b u t i o n  of Crack Widths, Segment 13, Face A 
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Strain 

F i g u r e  5.1 E f f e c t  o f  Cover, Bar Spacing and S t r a i n  
on Crack Spacing 



- -A  
Bar Spacing 

0 

Segments 1,2,3, 5 

Horizontal Cracks c = 0.5 -- 0 Vertical Cracks c = 0.875 

Segment 8 

A Horizontal Cracks c = 1.25 in 
A Vertical Cracks c = 1.63 in 

F i g u r e  5.2 E f f e c t  o f  R a d i a l  D i s t a n c e  t o  Bar, c ,  
on Crack Spac ing 



Segments 4,6 

Horizontal Cracks c = 0.5 in -- 0 Vertical Cracks c = 1.0 in 

C, in. 

F i g u r e  5.3 E f fec t  o f  Rad ia l  D is tance  t o  Bar, c, 
on Crack Spacing 



-A- 
Bar Spacing = 6 

Segment 7 

Horizontal Cracks c = 0.75 in -- o Vertical Cracks c = 0.5 in 

--A- -- 
Bar Spacing = 6 in 

I I 1 

1 .O 1.5 

c, in. 

F i g u r e  5 . 4  E f f e c t  o f  R a d i a l  D i s t a n c e  t o  Bar, c, 
on  Crack Spac inq  



F i g u r e  5.5 B a r  Embedded i n  Concrete 



0.001 0.002 0.003 0.004 

Strain 

(a) Horizontal Strains 

Figure 5 . 6 . 1  Measured and Computed Mean Strain, E ~ ,  Segment 1 



Measured 
e * -0 Eq. 3.34 

BOSOR5 

0.001 0.002 0.003 0.004 0.005 

Strain 

(b) Vertical Strains 

F i g u r e  5 . 6 . 1  Measured and Computed Mean S t r a i n ,  E,,,, Segment 1 



Measured 
0- 4 4 Eq. 3.34 

0.001 0.002 0.003 0.004 0.005 

Strain 

(a) Horizontal Strains. 

F i g u r e  5.6.2 Measured and Computed Mean S t r a i n ,  E ~ ,  Segment 2 



Measured 
0- u Eq. 3.34 

0.001 0.002 0.003 0.004 0.005 

Strain 

(b) Vertical Strains 

F i g u r e  5 . 6 . 2  Measured and Computed Mean S t r a i n ,  E ~ ,  Seament 2 



Measured 
0- -u- -0 Eq. 3.34 
b----a----a BOSOR5 

Strain 

(a) Horizontal Strains 

Figure 5.6.3 Measured and Computed Mean Strain, E . Seoment 3 
rn 



Measured 
0- * 4 Eq. 3.34 
-6OSORS 

0.001 0.002 0.003 0.004 0.005 

Strain 

(b) Vertical Strains 

F i g u r e  5.6.3 Measured and Computed Mean S t r a i n ,  cm, Segment 3 



Measured 
c+ 4 -0 Eq. 3.34 
A+A BOXORS 

0.001 0.002 0.003 0.004 0.005 

Strain 

(a) Horizontal Strains 
F i g u r e  5.6.4 Measured and Computed Mean Strain, cm, Segment 4 



Measured 
. 0- 4 4 Eq. 3.34 

~AA BOSOR5 

0.001 0.002 0.003 0.004 0.005 

Strain 

(b) Vertical Strains 

F i g u r e  5.6.4 Measured and Computed Mean S t r a i n ,  E ~ ,  segment 4 



Measured 
0- -o- -0 Eq. 3.34 
6--a---a BOSOR5 

(a) Horizontal Strains 
Figure  5.6.5 Measured and Computed Mean S t r a i n ,  cm, Segment 5 



Measured 
0- -0- -o Eq. 3.34 - BOSORS 

0.001 0.002 0.003 0.004 0.005 

Strain 

(a) Horizontal Strains 

Figure  5 .6 .6  Measured and Computed Mean S t r a i n ,  E,, Seqment 6 



Measured * -+ -0 Eq. 3.34 - BOSOR5 

0.001 0.002 0.003 0.004 0.005 

Strain 

(a) Horizontal Strains 

F i g u r e  5.6.7 Measured and Computed Mean S t r a i n .  E,, Segment 7 



Measured * -0- -0 Eq. 3.34 - BOSORS 

0.001 0.002 0.003 0.004 0.005 

Strain 

(b) Vertical Strains 

F i g u r e  5.6.7 Measured and Computed Mean S t r a i n ,  E,, Segment 7 



Measured 
o- * 4 Eq. 3.34 - BOSORS 

0.002 0.003 

Strain 

(a) Horizontal Strains 

F i g u r e  5 . 6 . 8  Measured and Computed Mean S t r a i n ,  h, Segment 8 



Measured 
0- 4 -Q Eq. 3.34 
&-A-A BOSOR5 

0.001 0.002 0.003 0.004 0.005 

Strain 

(b) Vertical Strains 

Figure 5 .6 .8  Measured and Computed Mean Strain, E,, Seqment 8 



Measured 
0- * -0 Eq. 3.34 

0.001 0.002 0.003 0.004 0.005 

Strain 

(a) Horizontal Strains 
F i g u r e  5 . 6 . 9  Measured and Computed Mean S t r a i n .  E ~ ,  Segment 9 



Measured 
0- + -0 Eq. 3.34 

Strain 

(b) Vertical Strains 
F igu re  5.6.9 Measured and Computed Mean S t r a i n ,  E,,, Segment 9 



Measured * + -0 Eq. 3.34 

0.001 0.002 0.003 0.004 0.005 

Strain 

(a) Horizontal Strain 

F i g u r e  5.6.11 Measured and Computed Mean S t r a i n ,  cm, Segment 11 



Measured * ̂- -0 Eq. 3.34 

0.001 0.002 0.003 0.004 0.005 

Strain 

(b) Vertical Strains 

Figure 5.6.11 Measured and Computed Mean St ra in ,  em, Segment 11 



Measured 
0- -o- * Eq. 3.34 - BOSOR5 

0.001 0.002 0.003 0.004 0.005 

Strain 

(a) Vertical Stratins (Face A) 

F i g u r e  5 .6 .12 Measured and Computed Mean S t r a i n s ,  E Segment 12 
m ' 



Measured 
* * 4 Eq. 3.34 - BOSORS 

Strain 

(b) Vertical Strains (Face B) 

Figure 5.6.12 Measured and Computed Mean Strains, cm, Seqment 12 



Measured Cw/ t 
o- ++ 4 Computed E w / t  

Strain, Zw/l? 
(a) Vertical Cracks 

F igu re  5.7.1 Measured and Computed Crack Strain,Cw/R, Seqment 1 
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Strain, Zwlf? 

(b) Horizontal Crack 

F igu re  5.7.1 Measured and Computed Crack S t r a i n ,  C w / R ,  Segment 1 



Measured Cw/[ 

O- + 4 Computed Cw/[ 

0.001 0.002 0.003 0.004 0.005 

Strain, Zw/f? 

(a) Vertical Cracks 

Figure 5 . 7 . 2  Measured and Computed Crack Strain, Cw/!L, Segment 2 



Measured Zw/ t  

-Q- 4 Computed Xw/e 

0.001 0.002 0.003 0.004 0.005 

Strain, Zw/E 

(b) Horizontal Cracks 

F i g u r e  5.7.2 Measured and Computed Crack S t r a i n ,  CWIR, Segment 2 



Measured C w / t  

o- + *Computed Z w / t  

Strain, Zw/[ 

Vertical Cracks 

F i g u r e  5.7.3 Measured and Computed Crack S t r a i n ,  C w / R ,  Segment 3 



Measured Zw/e 
* * 4 Computed Z w / t  

0.001 0.002 0.003 0.004 0.005 

Strain, ZwlE 

(a) Vertica,l Crack 

Figure  5.7 .4  Measured and Computed Crack S t r a i n ,  C W / R  , Segment 4 



Measured C w/ t? 
(1- + -o Computed Z w/e 

Strain, C wl f? 

(b) Horizontal Cracks 

F i g u r e  5 . 7 . 4  Measured  a n d  Computed Crack  S t r a i n ,  Cw/E, Segment  4 



Measured Z w/e 
+ -0- -o Computed Z w / t  

0.001 0.002 0.003 0.004 0.005 

Strain, Z w/E 

(a) Vertical Cracks 

F i g u r e  5 . 7 . 5  Measured and Computed Crack S t r a i n ,  L w / L ,  Segment 5 



Measured C w/  f! 
C+ V 4 Computed C w / l  

0.001 0.002 0.003 0.004 0.005 

Strain, C w/ 

(a) Vertical Cracks 
F igu re  5.7.6 Measured and Computed Crack S t r a i n ,  C w I R ,  Segment 6 



Measured C w / e 
o- 4 4Computed C w/e 

0.001 0.002 0.003 0.004 0.005 

Strain, 2 w/[ 

(a) Vertical Cracks 

F igu re  5.7.7 Measured and Computed Crack S t r a i n ,  Cw/k, Segment 7 



Computed C w/ e 
+ -90 Measured C w/  e 

0.001 0.002 . 0.003 0.004 0.005 

Strain, C w/ [ 

(b) Horizontal Cracks 

F i g u r e  5.7.7 Measured and Computed Crack S t r a i n ,  C w / R ,  Segment 7 



Strain, Z w/t 

. . H.orizontal Cracks 
F i g u r e  5.7.8 Measured and Computed Crack S t r a i n ,  C w / R ,  Segment 8 



Measured Z w It 
o-- + -o Computed Z w/ t  

Strain, Z w/e 

(a) Vertical Cracks 
F i g u r e  5.7.9 Measured and Computed Crack S t r a i n ,  C w / R ,  Segment 3 



Measured Z w/ t  

+ 4 Computed Z w/ t  

0.001 0.002 0.003 0.004 0.005 

Strain, C w/e 

(b) Horizontal Cracks 

F igu re  5.7.9 Measured and Computed Crack S t ra in ,  C w / R ,  Segment 9 



Measured C w/ t 
0- + --0 Computed C w/t 

0.001 0.002 0.003 0.004 0.005 

Strain, Z wlf! 

(b) Horizontal Cracks 
F i g u r e  5.7.11 Measured and  Computed Crack Strain, Cw/k, Segment 1 1  



Measured C w/t  
O- + 4 Computed Z w/  t  

Strain Z w/ 

(a) Vertical Cracks (Face A) 

F i g u r e  5.7.12 Measured and Computed Crack  S t r a i n s ,  C w / t ,  Segment 12 
I 



Measured C w / t  

+ -o Computed 2 w / t  

0.001 0.002 0.003 0.004 0.005 

Strain, Z w/[ 

(b) Horizontal Cracks (Face A) 
Figure 5.7.12 Measured and Computed Crack Strain, C w / R ,  Segment 



Measured C w/ t  
+ 4 4 Computed C w/ t  

Strain, C w l t  

(c) Horizontal Cracks (Face B) 

Figure  5.7.12 Measured and Computed Crack S t ra in ,  Cw/P., Segment 12 



Measured C w / t  
O- + 4 Computed C w / t  

Strain, Z w/e 

(a) Vertical Cracks (Face B) 

F i g u r e  5.7 .13  Measured and Computed Crack S t r a i n s ,  i w l t ,  Segment 13 



Measured C w / t 
0- 4 -0Computed C w/ t 

0.001 0.002 0.003 0.004 0.005 

Strain, Z w/e 

(b) Horizontal Cracks (Face 6) 

F i g u r e  5.7.13 Measured and Computed Crack S t r a i n s ,  CW/Q, Segment 13 
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F igu re  5.8 Median Crack Widths i n  Segments 4 and 7 



0 - Line 1, A , Segments 5,6 
Load Parallel to Cracks o o 1 12 - Line 2, a , Segments 1,2,8 
Load Perpendicular to Cracks 1 - Line 2, A , Segment 4 

2 - Line 4, o , Segments 1,2,8 

-0.001 

F i g u r e  5.9 E f f e c t  o f  Transverse Stress on Crack Widths 
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Average Demec Strain, Cm 

(a) Horizontal Cracks 

F i g u r e  5.10 E f f e c t  of Bar S p l i c e s  on Crack Width 
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(b) Vertical Cracks 

F i g u r e  '5 .10  Effect  o f  Bar Sp l ices  on Crack Width 
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Change in Crack strain, A (Cw/e) 

Figure  5 . 1 1  R e l a t i o n s h i p  Between Changes i n  Average 
S t r a i n  and Crack S t r a i n  




