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TESTING OF CONTAINMENT CAPABILITIES OF REINFORCED 
CONCRETE-SHIELDED ENCLOSURES 

by 

S. H. F i s t ed i s , A. H. Heineman, and M. J. Janicke 

ABSTRACT 

A r e i n f o r c e d c o n c r e t e - s h i e l d e d e n c l o s u r e in tended to 
con ta in n u c l e a r r e a c t o r e x p e r i m e n t s was sub j ec t ed to i n t e r n a l 
p r e s s u r e s up to 10 p s i g . The s t r a i n s in r e i n f o r c i n g s t e e l 
w e r e m e a s u r e d with s t r a i n g a g e s a t c r i t i c a l l o c a t i o n s for 
each p r e s s u r e i n c r e m e n t . T h e s e s t r a i n s w e r e c o m p a r e d with 
c a l c u l a t e d s t r a i n s ; good a g r e e m e n t was found if the a p p r o ­
p r i a t e s t r e s s - c o n c e n t r a t i o n f a c t o r s a r e app l ied at l o c a t i o n s 
n e a r r e - e n t r a n t c o r n e r s and wal l o p e n i n g s . 

L e a k a g e - r a t e t e s t s w e r e p e r f o r m e d to d i s c l o s e the 
ab i l i t y of an o r d i n a r y t h i c k - w a l l e d c o n c r e t e ce l l to con ta in 
c o m p r e s s e d g a s e s . O b s e r v e d l e a k r a t e s a r e given for the 
two twin c e l l s , b e f o r e and a f t e r the i n s ide s u r f a c e s w e r e 
p a i n t e d . 

I. SUMMARY 

In o r d e r to s tudy the s t r u c t u r a l r e s p o n s e of a p r e s s u r i z e d , r e i n ­
f o r c e d c o n c r e t e ce l l and e v a l u a t e i t s l e a k t i g h t n e s s , the c e l l s (No. 4 and 
No. 5) of Bui ld ing 315 i n t e n d e d to con ta in c r i t i c a l fas t r e a c t o r e x p e r i m e n t s 
w e r e p n e u m a t i c a l l y t e s t e d . 

E a c h ce l l h a s the f o r m of a r e c t a n g u l a r box, with i n s i d e d i m e n s i o n s 
30 X 40 X 30 ft h igh . To s a t i s f y the r e q u i r e m e n t s of b io log ica l sh i e ld ing , 
the c o n c r e t e t h i c k n e s s of e x p o s e d wa l l s and ce i l ing i s 4 ft. The t h i c k n e s s 
of the n o r t h w a l l , a d j a c e n t to the office bu i ld ing i s 5 ft. The c e l l s p o s s e s s 
no s p e c i a l c o n t a i n m e n t f e a t u r e s , excep t t ha t they a r e r e i n f o r c e d s t r u c t u r ­
a l ly with s t e e l to w i t h s t a n d p r e s s u r e load ing f r o m a l a r g e , sudden e n e r g y 
r e l e a s e and a s u b s e q u e n t i n t e r n a l s t a t i c p r e s s u r e . C o n s t r u c t i o n was c l o s e l y 
i n s p e c t e d but did not involve u n u s u a l m e t h o d s . Al though h i g h - s t r e n g t h s t r u c ­
t u r a l c o n c r e t e (a m i n i m u m c o m p r e s s i v e s t r e n g t h of 4000 ps i at 28 d a y s ) was 
spec i f i ed and ob t a ined , t h e r e w e r e no s p e c i a l a t t e m p t s to m a k e the c o n c r e t e 
l e a k t i g h t . 



The p u r p o s e s of the s t r u c t u r a l t e s t s w e r e to i n v e s t i g a t e the ab i l i t y 
of a c e l l to w i t h s t a n d s t a t i c i n t e r n a l p r e s s u r e s at p r e d i c t a b l e s t r e s s e s and 
s t r a i n s , and to p r o d u c e the b a s i s for a fu tu re e x t r a p o l a t i o n of the b e h a v i o r 
of the ce l l u n d e r d y n a m i c l o a d i n g . L e a k a g e - r a t e t e s t s w e r e a l s o conduc ted 
to d e t e r m i n e the c a p a b i l i t y of the t h i ck c o n c r e t e w a l l s and ce i l ing to r e t a i n 
a i r unde r p r e s s u r e . 

The s t r a i n s in the w a l l s and ce i l ing of Ce l l No . 5 w e r e r e c o r d e d with 
39 SR-4 s t r a i n g a g e s s t r a t e g i c a l l y p l a c e d on r e i n f o r c i n g s t e e l . S t r a i n s w e r e 
r e c o r d e d for i n t e r n a l p r e s s u r e s of 2, 4 , 6, 8, and 10 p s i g . T h e s e s t r a i n s 
w e r e s u b s e q u e n t l y c o m p a r e d with the s t r a i n s d e t e r m i n e d by e l a s t i c a n a l y s i s 
The a n a l y t i c a l s t r e s s e s and s t r a i n s w e r e c a l c u l a t e d for a h o m o g e n e o u s and 
i s o t r o p i c l i n e a r l y e l a s t i c m a t e r i a l . The a n a l y s i s invo lved t y p i c a l 1-ft wide 
l ong i t ud ina l and t r a n s v e r s e f r a m e b e n t s and a r e c t a n g u l a r box f r a m e . E x ­
t r e m e l y c l o s e a g r e e m e n t was ob t a ined for the m a j o r i t y of the l o c a t i o n s . 
T h e r e i s an a p p a r e n t d i s a g r e e m e n t b e t w e e n a n a l y t i c a l and e x p e r i m e n t a l r e ­
su l t s in the v i c in i t y of r e - e n t r a n t c o r n e r s and n e a r the d i s c o n t i n u i t i e s of the 
d o o r s . Mos t of t h e s e d i s c r e p a n c i e s a r e a l l e v i a t e d by a p p l i c a t i o n of the 
p r o p e r s t r e s s - c o n c e n t r a t i o n f a c t o r s to the a n a l y t i c a l r e s u l t s . Tab le I s u m ­
m a r i z e s the c o m p a r a t i v e r e s u l t s wi thout inc lud ing c o r r e c t i o n for s t r e s s 
c o n c e n t r a t i o n s . The g e n e r a l p a t t e r n of ce l l b e h a v i o r at 10 p s i g , a s s u m m a ­
r i z e d in Tab le I, i s shown in F i g s . 10, 11 , and 12. 

Al though no e m p h a s i s w a s p l a c e d on e x c l u s i o n of l e a k s , it w a s d e ­
c ided to conduc t e x p e r i m e n t s to l o c a t e and plug d e t e c t a b l e l e a k s w h e r e 
p o s s i b l e , and f inal ly to a t t e m p t l e a k a g e - r a t e t e s t i n g . By t h i s p r o c e d u r e i t 
w a s hoped to gain g e n e r a l i n f o r m a t i o n with r e s p e c t to the r e s i s t a n c e to 
p e r m e a t i o n of o r d i n a r y c o n c r e t e c o n s t r u c t i o n by c o n t a i n e d g a s e s . L e a k s 
w e r e l o c a t e d by p r e s s u r i z i n g the e n c l o s u r e and app ly ing soap so lu t ion on 
s u s p e c t a r e a s . In i t ia l a t t e m p t s to plug l e a k s w e r e m a d e wi th s o m e s u c c e s s . 
T h e r e a f t e r , the ce l l w a s p r e s s u r i z e d to 10 p s ig and a p r e l i m i n a r y o b s e r v a ­
t ion of the r a t e of p r e s s u r e d e c a y m a d e . Af ter s e v e r a l such a t t e m p t s , it 
b e c a m e obvious tha t the p o r o s i t y of the c o n c r e t e and l a c k of good s ea l i ng 
a r o u n d door f r a m e s and o t h e r p e n e t r a t i o n s a l lowed l e a k a g e a m o u n t i n g to 
s e v e r a l p e r c e n t of the c o n t a i n e d gas p e r h o u r . T h i s l e a k a g e r a t e w a s l a t e r 
m a t e r i a l l y r e d u c e d by pa in t ing the i n s i d e s u r f a c e s of the c e l l s wi th a "non-
p o r o u s " p a i n t . 

I I . D E S C R I P T I O N O F T H E F A C I L I T Y 

The s t r u c t u r e u n d e r c o n s i d e r a t i o n i s p r i m a r i l y the c o n c r e t e c o n ­
t a i n m e n t c e l l s No. 4 and No . 5 c o n s t r u c t e d to h o u s e the A r g o n n e F a s t 
C r i t i c a l E x p e r i m e n t s . A f in i shed ce l l h a s the shape of a r e c t a n g u l a r box . 
I ts i n t e r n a l n o m i n a l d i m e n s i o n s a r e : l eng th 40 ft, width 30 ft, and he igh t 
30 ft. At a l l c o r n e r s , e x c e p t t h o s e a d j a c e n t to the f loo r , l 6 - i n . b e v e l s 



have b e e n p r o v i d e d in o r d e r to m i n i m i z e s t r e s s c o n c e n t r a t i o n s . All w a l l s 
and c e i l i n g , e x c e p t the n o r t h wa l l , a r e 4 ft t h i ck . The no r th wal l ad jacen t 
to Bui ld ing D-315 i s 5 ft t h i ck . The wal l t h i c k n e s s e s w e r e i m p o s e d by the 
r e q u i r e m e n t s of b i o l o g i c a l s h i e l d i n g . The wa l l s and the ce i l ing w e r e d e ­
s igned a s t w o - w a y s l a b s . E a c h face of a s l ab i s r e i n f o r c e d by No. 8 d e -
f o r m e d r e i n f o r c i n g b a r s at 6 - in . c e n t e r s , runn ing in both d i r e c t i o n s . 

F i g u r e s 1 , 2 , and 3 show the twin c e l l s No. 4 and No. 5 unde r c o n ­
s t r u c t i o n . E a c h c e l l p o s s e s s e s a l a r g e , th ick , s t e e l s e r v i c e door on the 

111-9529 

F i g . 1. C o n t a i n m e n t Cel l No. 5 du r ing P l a c e m e n t of Reinforcement 

111-9989 

F i g . 2 . C o m p l e t i o n of F i r s t P o u r and Location of -Construc­
tion Jo in t of Ce l l No. 4 



111-9988 

F i g . 3 . Outs ide View of C o m p l e t e d Cel l No. 5 . To the 
Right , Twin Cel l No. 4 u n d e r C o n s t r u c t i o n 

south wal l and a s m a l l e r a i r l o c k door on the n o r t h wal l connec t ing it to 
Bui lding D - 3 1 5 . The only o t h e r i m p o r t a n t s t r u c t u r a l d i s c o n t i n u i t y i s a 
l a r g e c o n c r e t e we l l , ex tend ing to b a s e m e n t f loor l eve l in one c o r n e r , c o v ­
e r e d with r e m o v a b l e p r e c a s t s l a b s . 

Dur ing c o n s t r u c t i o n an effort was m a d e to e m p l o y t e c h n i q u e s c o n ­
s i s t e n t wi th a c c e p t e d good p r a c t i c e m the m i x i n g , t r a n s p o r t a t i o n , and 
p l a c e m e n t of c o n c r e t e . C o n c r e t e p o s s e s s i n g a c o m p r e s s i v e s t r e n g t h of 
4000 p s i at 28 days was spec i f i ed . To m i n i m i z e p o s s i b l e p l a n e s of w e a k ­
n e s s o r i g i n a t i n g at c o n s t r u c t i o n j o i n t s , two con t inuous p o u r i n g o p e r a t i o n s 
w e r e e m p l o y e d , the only c o n s t r u c t i o n jo in t being l o c a t e d at a p p r o x i m a t e l y 
m i d h e i g h t of the w a l l s . Spec ia l effor t was expended to i n s u r e cont inu i ty at 
the jo in t by p rov id ing e x t r a r e i n f o r c i n g . A l s o , p r i o r to the s econd pou r , 
the f i r s t jo int s u r f a c e was v a c u u m c l e a n e d , we t t ed , and g r o u t e d . S u b s e ­
quen t ly , the t e s t s did not d i s c l o s e a p lane of w e a k n e s s r e s u l t i n g f r o m the 
p r e s e n c e of the c o n s t r u c t i o n jo in t . F i g u r e 3 shows the c o m p l e t e d ce l l 
No. 5 and i t s twin ce l l No. 4 unde r c o n s t r u c t i o n . 

III . P U R P O S E O F T E S T S 

As in a l l c o n t a i n m e n t v e s s e l s hous ing n u c l e a r f a c i l i t i e s , the a i m s 
of t h e s e t e s t s w e r e to a c q u i r e an i n s igh t into the b e h a v i o r of the c e l l s u n d e r 
p r e s s u r e and to d r a w c o n c l u s i o n s r e g a r d i n g p e r f o r m a n c e under s t i pu l a t ed 
i n c i d e n t s . The c e l l s w e r e o r i g i n a l l y d e s i g n e d to w i t h s t a n d d y n a m i c l o a d s 



r e s u l t i n g f r o m a sudden e n e r g y r e l e a s e and a s u b s e q u e n t i n c r e a s e in i n t e r n a l 
s t a t i c p r e s s u r e . Ac tua l f u l l - s c a l e b l a s t t e s t s in a n o n e x p e r i m e n t a l f ac i l i ty 
such a s t h e s e c o s t l y s t r u c t u r e s a r e , for obvious r e a s o n s , n o r m a l l y n e i t h e r 
p r a c t i c a b l e n o r c u s t o m a r y . Any t e s t s which m u s t be conduc ted on the s t r u c ­
t u r e i t s e l f m u s t be of such a n a t u r e a s not to c a u s e s e r i o u s d a m a g e o r o t h e r ­
wi se to i m p a i r i t s fu tu re u s e f u l n e s s . 

A . P u r p o s e of S t r u c t u r a l P r e s s u r e T e s t s 

The s t r u c t u r a l t e s t s w e r e conduc t ed in Cel l No. 5 only . The r e a s o n s 
for p r e s s u r e t e s t i n g the c e l l a t 2, 4 , 6, 8, and 10 ps ig w e r e p r i m a r i l y : 

1. To o b s e r v e and c o m p a r e e x p e r i m e n t a l with a n a l y t i c a l s t r a i n s 
and s t r e s s e s , and to d e t e r m i n e the va l id i ty of the s t a t i c a n a l y s i s , tha t i s , 
to d e t e r m i n e the ab i l i t y of the ce l l to s u s t a i n i n t e r n a l s t a t i c p r e s s u r e s at 
p r e d i c t a b l e s t r e s s e s and s t r a i n s . 

2. To p r o c e e d with an a t t e m p t to e x t r a p o l a t e the pe r fo rnnance of 
the ce l l u n d e r d y n a m i c l o a d s , if a s a t i s f a c t o r y a g r e e m e n t i s ob ta ined b e t w e e n 
a n a l y t i c a l and e x p e r i m e n t a l r e s u l t s . 

As a b y p r o d u c t , t h e s e t e s t s could a l s o offer r e s u l t s of g e n e r a l i n t e r e s t 
in the f ield of s t r u c t u r a l m e c h a n i c s . T h e s e a s p e c t s i nvo lve : 

1. Subjec t ing a f u l l - s c a l e s t r u c t u r e to p e r f e c t l y d i s t r i b u t e d load ing 
( p n e u m a t i c p r e s s u r e ) and o b s e r v i n g i t s p e r f o r m a n c e . 

2 . P r o v i d i n g an o p p o r t u n i t y to the p r a c t i c i n g e n g i n e e r to c o m p a r e 
h i s e v e r y d a y m e t h o d s of a n a l y s i s wi th t e s t r e s u l t s on f u l l - s i z e h e a v y f r a m e s 
and s l a b s . Heavy f r a m e s a r e c o m m o n in the c o n s t r u c t i o n of b r i d g e s , v i a ­
d u c t s , and h e a v y b u i l d i n g s . E x p e r i m e n t a l t r e a t m e n t , h o w e v e r , of such h e a v y 
s t r u c t u r e s i s p r a c t i c a l l y n o n e x i s t e n t . 

B . P u r p o s e of L e a k - r a t e T e s t i n g 

The l e a k - r a t e t e s t w a s an e x p e r i m e n t conduc ted in the c e l l s to e x ­
p l o r e the c a p a b i l i t i e s of a r e i n f o r c e d c o n c r e t e s t r u c t u r e of t h i s type to 
con ta in g a s e s u n d e r p r e s s u r e . Hope for s u c c e s s in t h i s e x p e r i m e n t w a s 
ch ie f ly b a s e d on the m a s s i v e n e s s of the ce l l w a l l s and the r a t h e r m e t i c u l o u s 
c a r e e x e r c i s e d d u r i n g p l a c e m e n t of the c o n c r e t e to i n s u r e high s t r e n g t h and 
h igh d e n s i t y . In o t h e r r e s p e c t s , t h e s e c e l l s w e r e d e s i g n e d and c o n s t r u c t e d 
in the c o n v e n t i o n a l m a n n e r . It w a s n e c e s s a r y , of c o u r s e , to conduc t p r e ­
l i m i n a r y p r e s s u r e t e s t s to d e t e c t and l o c a t e a r e a s of g r o s s l e a k a g e p r i o r 
to a m e a s u r e d l e a k a g e - r a t e t e s t , and to t a k e such m e a s u r e s a s s e e m e d 
r e a s o n a b l e and p r a c t i c a b l e to e l i m i n a t e o r m i n i m i z e such l e a k s . 



IV. P R E S S U R E T E S T S 

F o r a s u c c e s s f u l p e r f o r m a n c e of the p r e s s u r e t e s t s , a r e l a t i v e l y 
l e a k - f r e e ce l l w a s n e c e s s a r y . P r i o r to p r e s s u r i z a t i o n , c o n s i d e r a b l e ef for t 
was expended to l o c a t e p r o b a b l e po in t s of l e a k a g e and apply v a r i o u s t e c h ­
n iques for s ea l ing the l e a k s . Af te r t h e s e g e n e r a l m o d i f i c a t i o n s , a i r was 
p u m p e d in to the c e l l with a l a r g e c o m p r e s s o r , and s e v e r a l d r y r u n s at 
p r e s s u r e s r a n g i n g up to 5 p s ig w e r e p e r f o r m e d . T h e s e a l lowed d e t e c t i o n 
and r e p a i r of r e m a i n i n g l e a k s , and i n s u r e d the a d e q u a c y of the p r e s s u r i z a ­
t ion e q u i p m e n t e m p l o y e d . 

The f i r s t s e t of s t r a i n r e a d i n g s w e r e t a k e n a t a t m o s p h e r i c p r e s ­
s u r e . Th i s c o n s t i t u t e d the 0 - p s i g r e a d i n g . Subsequen t l y , the p r e s s u r e w a s 
i n c r e a s e d in s t e p s of 2 p s i , and a s e t of s t r a i n r e a d i n g s w e r e ob ta ined at 
e a c h s t e p . T h u s , s t r a i n r e a d i n g s for p r e s s u r e s of 2, 4 , 6, 8, and 10 ps i 
w e r e r e c o r d e d . S t r a i n r e a d i n g s a t the s a m e p r e s s u r e l e v e l s w e r e a l so 
t aken d u r i n g the d e p r e s s u r i z a t i o n p r o c e s s . Th i s p r e s s u r e cyc l e w a s r e ­
p e a t e d o n c e . T h u s , for each p r e s s u r e l e v e l , e x c e p t 10 p s i g , four s e t s of 
s t r a i n r e a d i n g s w e r e o b t a i n e d . Th i s was done in o r d e r to o b s e r v e the c o n ­
s i s t e n c y of p e r f o r m a n c e of the s t r a i n g a g e s and to d e t e c t gage d r i f t s and 
any p l a s t i c flow of the c o n c r e t e . 

A. T e s t i n g L i m i t a t i o n s I m p o s e d by the S t r u c t u r e s 

Mos t of the n u c l e a r - c o n t a i n m e n t v e s s e l s h e r e t o f o r e e m p l o y e d a r e 
s t e e l - p l a t e s t r u c t u r e s of c y l i n d r i c a l o r s p h e r i c a l s h a p e s . T h e i r d e s i g n and 
e r e c t i o n p r o c e d u r e s a r e r e l a t i v e l y wel l e s t a b l i s h e d . C l o s e a d h e r e n c e to 
the r e q u i r e m e n t s of the ASME Unf i red P r e s s u r e V e s s e l Code l e n d s the 
benef i t of a c c u m u l a t e d e x p e r i e n c e and p r e d i c t a b l e p e r f o r m a n c e . E x c e p t 
for s o m e a r e a s of l e a k - r a t e t e s t i n g , a c c e p t a n c e t e s t s for t h e s e v e s s e l s a r e 
r e l a t i v e l y s t a n d a r d i z e d . In m o s t c a s e s , r e p a i r s can a l s o be c a r r i e d out 
e a s i l y to sa t i s fy a c c e p t a n c e r e q u i r e m e n t s . 

E m p l o y m e n t of a r e i n f o r c e d c o n c r e t e s t r u c t u r e a s a c o n t a i n m e n t 
v e s s e l i n t r o d u c e s add i t i ona l p r o b l e m s . R e i n f o r c e d c o n c r e t e , un l ike s t e e l , 
i s a n o n h o m o g e n e o u s m a t e r i a l . It d o e s no t p o s s e s s the r e l a t i v e i s o t r o p y 
and duc t i l i t y of s t e e l . C o n c r e t e i s s t r o n g in c o m p r e s s i o n and weak in 
t e n s i o n . S tee l r e i n f o r c e m e n t i s p r i m a r i l y u s e d to t a k e t e n s i l e s t r e s s e s 
beyond the t e n s i l e s t r e n g t h of the c o n c r e t e . 

Al l p r e s s u r e t e s t i n g h a d to be conduc t ed we l l wi th in the t e n s i l e 
s t r e n g t h of the c o n c r e t e e m p l o y e d in o r d e r to avo id c r a c k i n g . Th i s d i f fe r s 
f r o m c o m m o n s t r u c t u r a l p r a c t i c e in which s o m e c r a c k i n g of the c o n c r e t e 
in t e n s i o n i s a l m o s t n e c e s s a r y to deve lop fully the t e n s i l e c a p a b i l i t i e s of 
the r e i n f o r c e m e n t and to a t t e s t to ef f ic ient d e s i g n . C r a c k i n g of the ce l l 
was u n d e s i r a b l e b e c a u s e i t would have i n c r e a s e d the l e a k a g e p r o b a b i l i t i e s 
and would h a v e i n v a l i d a t e d the d e s i g n a p p r o a c h , wh ich w a s b a s e d on the 



p r e c e p t tha t the c o n c r e t e r e s i s t e d t e n s i o n du r ing t e s t i n g . An a r e a of c o n ­
c e r n was the p lane a t the c o n s t r u c t i o n jo in t l o c a t e d at m idhe igh t of the 
w a l l s , b e t w e e n the two p o u r s . 

C o n c r e t e can deve lop a t e n s i l e s t r e s s ^ -' of the o r d e r of o n e - t e n t h 
of i t s c o m p r e s s i v e s t r e n g t h . It can s u s t a i n a g r e a t e r t e n s i l e s t r e s s c a u s e d 
by bending than by d i r e c t t e n s i o n . With t h e s e c o n s i d e r a t i o n s in mind , c o m ­
pu ta t ions w e r e p e r f o r m e d to deve lop safe l i m i t s of i n t e r n a l p r e s s u r e s for 
the s e r i e s of t e s t s . Thus the m a x i m u m of 10 ps ig for i n t e r n a l p r e s s u r e was 
s e l e c t e d in o r d e r to m a i n t a i n the t e n s i l e s t r e s s e s in c o n c r e t e wel l within 
safe l i m i t s . 

B . I n s t r u m e n t a t i o n 

To r e c o r d t e n s i l e and c o m p r e s s i v e s t r a i n s in the wa l l s and the c e i l ­
ing , the r e i n f o r c i n g b a r s w e r e left b a r e a t s t r a t e g i c l oca t i ons by p r o p e r 
b o x - o u t s , both on the i n s i d e and ou t s ide s u r f a c e s . SR-4 s t r a i n gages w e r e 
u s e d for a l l m e a s u r e m e n t s . They had to be appl ied be tween the c o r r u g a ­
t ions of the d e f o r m e d b a r s . The a r r a n g e m e n t of s t r a i n gages was such a s 
to d i s c l o s e the p e r f o r m a n c e of a t r a n s v e r s e r ig id f r a m e ben t , a long i tud ina l 
r i g id f r a m e ben t , and a h o r i z o n t a l r e c t a n g u l a r r ig id f r a m e box at a p p r o x i ­
m a t e l y m i d h e i g h t of the c e l l . 

To m i n i m i z e the p r o n o u n c e d effect of p l a s t i c flow, t h r e e swi tch ing 
and ba l anc ing uni t s w e r e u s e d by t h r e e o p e r a t o r s s i m u l t a n e o u s l y to r e c o r d 
s t r a i n s (see F i g . 4 ) . 

1. THERMOCOUPLE WIRES 5. PRESSURE GAGES 
2. ELECTRONIC DEW POINT RECORDER 6. SWITCHING AND BALANCING UNIT 
3. WALL DEFLECTION INDICATOR 7. TYPE "N" STRAIN INDICATOR 
H. TYPE "K" STRAIN INDICATOR 8. WATER COLUMN 

F i g . 4 . I n s t r u m e n t a t i o n P a n e l 

The p r e s s u r e in the ce l l du r ing the t e s t s was m o n i t o r e d by two p r e s ­
sure g a g e s and a s e p a r a t e 3 0-ft w a t e r c o l u m n connec ted to the ce l l and 



ex tend ing f r o m the b a s e m e n t t h r o u g h an opening m the f i r s t f loor to the 
v i c in i t y of the i n s t r u m e n t a t i o n p a n e l . Both p r e s s u r e g a g e s and w a t e r c o l ­
u m n can be s e e n in F i g . 4 . 

C . T e s t R e s u l t s 

The e x p e r i m e n t a l s t r a i n s , in m i c r o i n c h e s , for the 2, 4, 6, 8, and 
10 ps ig p r e s s u r e s a r e shown in Tab le I. The r e s u l t s w e r e a v e r a g e d for 
the two r u n s . The two r u n s p r o v i d e d four v a l u e s for each of the 2, 4, 6, 
and 8 ps ig p r e s s u r e s and two v a l u e s for the 10 ps ig p r e s s u r e s . Only t hose 
gage r e a d i n g s showing c o n s i s t e n c y for both r u n s w e r e r e t a i n e d . The r e a d ­
ings f r o m one gage w e r e d i s c a r d e d b e c a u s e i t showed e x c e s s i v e d r i f t s , 
i n d i c a t i n g gage m a l f u n c t i o n . S m a l l d r i f t s r e c o r d e d a t the end of each run 
w e r e a p p o r t i o n e d l i n e a r l y to the r e c o r d e d s t r a i n s . In m o s t c a s e s , the gage 
dr i f t w a s so s m a l l t ha t i t could not be a p p o r t i o n e d in whole m i c r o i n c h e s to 
the v a r i o u s p r e s s u r e l e v e l s . In t h e s e c a s e s , in d i s t r i b u t i n g whole m i c r o -
i n c h e s a l a r g e r p r o p o r t i o n w a s a l l o c a t e d to the h i g h e r p r e s s u r e l e v e l s 
(8 and 10 ps ig) to c o m p e n s a t e for m o r e ac t i ve p l a s t i c flow of c o n c r e t e a t 
h i g h e r s t r e s s e s . 

D. A n a l y t i c a l T r e a t m e n t 

The ce l l was t r e a t e d for m o m e n t s , s h e a r s , s t r e s s e s , and s t r a i n s 
by ana lyz ing a long i tud ina l f r a m e ben t , a t r a n s v e r s e f r a m e ben t , and a 
r e c t a n g u l a r box f r a m e , (see F i g . 5) . T h e s e f r a m e s r e p r e s e n t e d 

F i g . 5 

Bui lding Cel l Showing 
Long i tud ina l and T r a n s ­
v e r s e F r a m e s and R e c ­
t a n g u l a r Box F r a m e 

LONGITUDINAL FRAME BOX FRAME 
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Table I- COMPARISON OF ANALYTICAL AND EXPERIMENTAL STRAINS IN MICROINCHES 

(NO STRESS CONCENTRATION EFFECT INCLUDED IN ANALYTICAL STRAINS) 

\ ^ GA6E^ 

PRESSURE""^-^ 

ANAL. 

2 PSI^> 

ANAL. 

4 psi ^> 

""""^ EXP 

ANAL. 

6 PSI J^ 

"""^^ EXP 

ANAL. 

8 PSI J^ 

- ^ EXP 

ANAL. 

10 Psi^> 

^ " ^ ' ' ^ E X P 

1 

+1+ 

10 

2 

-3 

-i+ 

3 

+2 

3 

4 

- I 

- 1 

5 

+5 

8 

+9 

19 

-5 

-7 

+3 -3 

-3 

+9 

16 

-

+13 

30 

-8 

-11 

+5 

9 

_4 

-5 

+14 

24 

+18 

40 

-10 

-14 

+6 

12 

-5 

-6 

+19 

33 

+22 

lf8 

-13 

-17 

+8 

15 

-7 

. 7 

+24 

39 

6 

_4 

-6 

7 

+2 

9 

9 

-3 

-5 

-7 

-10 

+4 

14 

_7 

-8 

-11 

-14 

+6 

21 

-10 

-12 

-15 

-19 

+8 

28 

-14 

-15 

-19 

-23 

+10 

32 

-17 

-18 

11 

- 1 

-3 

13 

+6 

7 

14 

-5 

_4 

-2 

-6 

+12 

12 

-9 

-9 

-4 

-8 

+18 

19 

- l 4 

-11 

-5 

-10 

+24 

26 

-18 

-14 

._ 

-6 

-11 

+31 

32 

-23 

-19 

16 

-2 

_1+ 

17 i b 19 20 

+6 -3 +4 -3 

5 - 4 2 - 4 

_4 

_4 

+12 -7 +7 -5 

11 -5 5 -6 

_7 

-7 

+17 -10 +10 -8 

15 -6 7 -8 

-9 

-9 

+23 -14 +l4 -10 

19 _8 10 -10 

-11 

-11 

+29 -17 +18 -13 

23 -16 12 -13 

21 22 23 

-4 +6 -2 

-3 6 -4 

24 25 

+2 -4 

3 -4 

-8 +12 -3 

-8 12 -3 

+5 -7 

5 -8 

-11 +18 -5 

-11 20 -6 

+7 -11 

8 -14 

-15 +24 -6 

-16 24 -7 

+10 -15 

10 -23 

-19 +31 -8 

-18 27 -9 

+12 -18 

12 -25 

26 27 28 29 30 

+6 -3 +3 +4 -2 

6 - 3 4 5 - 3 

+13 -5 +7 +7 -4 

1 3 - 5 8 7 -6 

+19 -8 +10 +11 -6 

22 -7 13 14 -5 

+25 -10 +14 + i4 -8 

29 -9 l 4 17 -10 

+31 -13 +17 +18 -10 

36 -11 16 23 -16 

31 

+1 

3 

32 

0 

1 

33 34 

+3 -2 

3 -2 

35 

+2 

7 

+2 

4 

0 

0 

+6 -3 

5 -4 

+4 

14 

+3 

8 

- 1 

- 1 

+9 -5 

6 -6 

+7 

19 

+4 

10 

- 1 

- 1 

+13 -7 

8 -8 

+9 

24 

+5 

12 

- 1 

- 1 

+16 -9 

l 4 -11 

+11 

29 

36 

0 

0 

38 39 

+2 -2 

3 -3 

40 

+3 

3 

- 1 

0 

+5 -4 

7 -4 

+6 

6 

- 1 

0 

+7 -6 

12 7 

+8 

10 

_2 

-2 

+10 -8 

15 7 

+11 

13 

-2 

-2 

+12 -10 

15 20 

+14 

14 

h\ 

- 1 

- 2 

42 

+3 

3 

43 44 

-3 +4 

-3 5 

1 

- 2 

- 2 

+5 

6 

-6 +8 

-6 9 

1 

- 3 

- 4 

+8 

10 

-8 +12 

-6 15 

1 

_4 

_7 

+10 

13 

-11 +15 

-9 19 

..._ .̂ ... 

-6 

_9 

+13 

16 

-14 +19 

-12 20 

* Gages numbered 8, 10, 12, 15, and 37 were defective. 
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h y p o t h e t i c a l 1-f t -wide s e c t i o n s cut v e r t i c a l l y or h o r i z o n t a l l y t h r o u g h w a l l s 
and c e i l i n g . The M o m e n t D i s t r i b u t i o n M e t h o d ' ^ ) of a n a l y s i s w a s u s e d . A 
s a m p l e of c o m p u t a t i o n s i s g iven in Append ix C. 

The c o m p o s i t e s e c t i o n s of s t e e l and c o n c r e t e w e r e t r e a t e d a s 
h o m o g e n e o u s . The s t e e l c r o s s - s e c t i o n a l a r e a of the r e i n f o r c e m e n t w a s 
t r a n s f o r m e d in to e q u i v a l e n t c o n c r e t e a r e a . The r e s u l t i n g c r o s s s e c t i o n s 
w e r e t r e a t e d a s t h o s e of a h o m o g e n e o u s m a t e r i a l , c a p a b l e of s u s t a i n i n g 
t e n s i o n and c o m p r e s s i o n . C l o s e i n s p e c t i o n of the s t r u c t u r e i m m e d i a t e l y 
a f te r t he p r e s s u r e t e s t s d i s c l o s e d no v i s i b l e c r a c k s on the i n s i d e o r o u t ­
s ide s u r f a c e s , thus jus t i fy ing the e l a s t i c des ign a p p r o a c h . 

M o i n e n t s , s t r e s s e s , and s t r a i n s w e r e c a l c u l a t e d for e a c h point on 
the s t r u c t u r e w h e r e a funct ioning s t r a i n gage was l o c a t e d (see F i g s . 6 and 
7). The s t r e s s e s ly ing in the p lane of a f r a m e w e r e d e s i g n a t e d by S^, w h e r e 

Su El. 
A 

4-MiC 

The s t r e s s e s a t r i g h t a n g l e s to the p lane of a f r a m e w e r e d e s i g n a t e d by 
S^, w h e r e 
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The s t ra ins were computed from the relation 

1 
-u (S^-MS^) 

where for concrete the modulus of elast ici ty E was taken as 4 x 10 , and 
the Po i s son ' s rat io jd = O.ZO. 

The analytical resu l t s for the geometric proper t ies of the c ros s 
sect ions, reac t ions , moments , S^, S^, and analytical s t ra ins for the 10 psig 
p r e s s u r e a r e given in Table II. Also, graphs depicting analytical s t ra ins 
for some selected gages a r e shown in F igs . 8 and 9. 

no 
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A EXPERIMENTAL 
RESULTS 
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RESULTS 
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0 2 H 6 8 I 0 I Z 2 1 ( 6 8 10 
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Fig. 8. Comparison of Analytical 
and Exper imenta l Strains 
for Strain Gages No. ZZ 
and No. 26, Cor respond­
ing to Locations of Maxi­
mum Computed S t r e s ses 
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and Experimental Strains 
for Strain Gages No. 1 and 
No. 13 
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• » C T , 0 „ A Tab le H — GEOMETRIC PROPERTIES OF SECTIONS AND CALCULATE^EACT lON^I^OMENTS, STRESSES, AND STRAINS FOR 10 PSIG PRESSURE 
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* Gages nuTtoered 8, 10^ 12, I'y, and '^7 were d e f e c t i v e . 



E. C o m p a r i s o n of A n a l y t i c a l and T e s t R e s u l t s 

Of 44 s t r a i n g a g e s e m p l o y e d , 5 p r o v e d defec t ive and w e r e i g n o r e d . 
Of t h e s e f ive , g a g e s No. 10 and 12 w e r e abandoned at the e a r l y s t a g e s of 
i n s t r u m e n t a t i o n due to m o i s t u r e i n t e r f e r e n c e . Gages No. 8 and 37 w e r e 
abandoned du r ing the f inal check p r i o r to the p r e s s u r e t e s t s . R e a d i n g s 
f r o m gage No. 15 w e r e d i s c a r d e d d u r i n g the p r o g r e s s of the t e s t s due to 
g e n e r a l i n c o n s i s t e n c y and l a r g e d r i f t s . 

Of the r e m a i n i n g to ta l of 39 g a g e s that funct ioned p r o p e r l y , m o r e 
than half, a t o t a l of 2 1 , a t the p r e s s u r e of 10 p s i g , showed a m a x i m u m 
v a r i a t i o n b e t w e e n a n a l y t i c a l and e x p e r i m e n t a l s t r a i n s of z e r o to 3 / i i n . , 
( see Tab le l ) . Th i s would i n d i c a t e a c c u r a c y far b e t t e r t han the a c c e p t e d 
10-/ i in. m i n i m u m e r r o r tha t i s u s u a l l y e x p e c t e d in s t r a i n - g a g e m e a s u r e -
ments.^-^' ' F o r the r e m a i n i n g s t r a i n g a g e s , the a n a l y t i c a l r e s u l t s shown in 
Tab le I inc lude no c o r r e c t i o n s for s t r e s s c o n c e n t r a t i o n s no r for d i s c o n t i -
n u i t i e s in the w a l l s due to the s e r v i c e door and the a i r l o c k . 

CEILING 
THICKNESS: U' 

TYPICAL 
BEVEL: I'-U 

F i g u r e 10 shows the p r o x i m i t y of gages No. 1, 3, 5, and 7 to the 
b e v e l e d c o r n e r s b e t w e e n wa l l s and c e i l i n g . If a s t r e s s - c o n c e n t r a t i o n 

factor^'^/ of 1.88 is app l ied to the 
a n a l y t i c a l s t r a i n s of gage No. 1 
( see F i g . 9), a c l o s e r a g r e e m e n t in 
the r e s u l t s i s ob ta ined . As can be 
s e e n in F i g . 9, the e x p e r i m e n t a l r e ­
s u l t s for gage No. 1, which i s typ ica l 
in the fami ly of i n s ide c o r n e r g a g e s , 
a r e s e l f - c o n s i s t e n t , and exhib i t a l ­
m o s t pe r f ec t e l a s t i c b e h a v i o r , lying 
on a s t r a i g h t l ine with an a p p a r e n t 
s t r e s s - c o n c e n t r a t i o n fac tor of 2 .18 . 
It i s s u s p e c t e d that the d i f fe rence 
be tween the r e c o m m e n d e d fac to r of 
1.88 and the a p p a r e n t fac tor of 2.18 
i s due to the r e d u c t i o n of the wal l 
t h i c k n e s s by 4 in . in o r d e r to r e a c h 
the r e i n f o r c e m e n t , to the p l a s t i c 
flow of c o n c r e t e at t h e s e c o m p a r a ­
t ive ly highly s t r e s s e d a r e a s , and 
a l s o to the d i m e n s i o n a l i n a c c u r a c i e s 
t ha t e n t e r the a n a l y s i s of v e r y th ick 

F i g . 10. Loca t ion of Gages No. 1 ,3 , s e c t i o n s . 
5, 7, C l o s e to the Cei l ing 

Even among the r e s u l t s s h o w ­
ing the g r e a t e s t v a r i a t i o n , c o n s i s t e n c y in the sign of s t r a i n s p r e v a i l s , with 
one e x c e p t i o n . H o w e v e r , s e n s i t i v i t y of s t r a i n gages i s i l l u s t r a t e d in the 

STRAIN GAGE t 

TYPICAL WALL THICKNESS: U'-O" 
(EXCEPT NORTH WALL: 6'-0") 

^ ». 
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TRANSVERSE FRAME (SEE FI6. 5) 

ANALYTICAL STRAIN CURVES 
INTERIOR FACES 

EXTERIOR FACES 

EXPERIMENTAL STRAINS 
O INTERIOR FACES 
AEXTERIOR FACES 

S 16 — 

NOTE: I. NO STRESS CONCENTRATION 

CORRECTION APPLIED. 

2. GAGE NOS. ARE SHOWN. 

• SIDES A B AND C D ARE IDENTICAL. 

F i g . 1 1 . C o m p a r i s o n of Ana­
l y t i c a l and E x p e r i ­
m e n t a l S t r a i n s for 
T r a n s v e r s e F r a m e 
a t 10 ps ig 

unique c a s e of gage No. 39. Th i s g a g e , 
l o c a t e d v e r y c l o s e to the c o r n e r of the 
a i r l o c k , w a s conf ron ted with a s t r e s s p a t ­
t e r n to t a l ly d i f fe ren t t h a n the one c o n t e m ­
p la t ed in the a n a l y s i s . It is the only gage 
tha t r e c o r d e d s t r a i n s of oppos i t e s ign to 
t hose a n t i c i p a t e d in the c a l c u l a t i o n s . The 
wal l cu t out to p e r m i t e n t r a n c e to the ce l l 
d e c r e a s e d the c r o s s - s e c t i o n a l a r e a p a r t i c ' 
ipa t ing in r e s i s t i n g the l o a d s . A l s o , the 
p r o x i m i t y of gage No. 3 9 to the c o r n e r of 
the c u t - o u t i n t r o d u c e d s t r e s s c o n c e n t r a ­
t ion, r e s u l t i n g in a t e n s i l e i n s t e a d of a 
c o m p r e s s i v e s t r a i n . 

A c o m p a r i s o n of the r e s u l t s for 
l o c a t i o n s n e a r the m i d s p a n of m e m b e r s 
shows s a t i s f a c t o r y a g r e e m e n t (see F i g . 8). 
T h e s e a r e a s a r e not sub jec t to s t r e s s 
c o n c e n t r a t i o n s due to r e - e n t r a n t c o r n e r s , 
and they a r e affected v e r y l i t t l e by d i ­
m e n s i o n a l i n a c c u r a c i e s in the a n a l y s i s . 
The s t r a i n gages l o c a t e d in the p r o x i m i t y 
of the s e r v i c e door and the a i r l o c k can be 
s e e n in F i g s . 6 and 7. 

All s t r a i n s c o r r e s p o n d i n g to the 
m a x i m u m 10 ps ig p r e s s u r e , a s shown in 
Table I with no c o r r e c t i o n for s t r e s s c o n ­
c e n t r a t i o n , w e r e p lo t t ed for d i r e c t c o m ­
p a r i s o n . The a n a l y t i c a l s t r a i n s for each 
of the t h r e e f r a m e s a r e shown by c u r v e s 
on which the e x p e r i m e n t a l s t r a i n s have 
been i m p o s e d as ind iv idua l p o i n t s . The 
g e n e r a l p a t t e r n of the ce l l r e s p o n s e w i t h ­
out the c o r r e c t i o n for s t r e s s c o n c e n t r a ­
t ion e m e r g e s in F i g s . 11 , 12, and 13. 
Note tha t the app l i ca t i on of the p r o p e r 
s t r e s s - c o n c e n t r a t i o n f a c t o r s wil l b r i n g 
a n a l y t i c a l and e x p e r i m e n t a l r e s u l t s even 
c l o s e r . 
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V. L E A K - R A T E TESTING 

A. G e n e r a l 

Al though the s h i e l d i n g c o n c r e t e w a s c o n s t r u c t e d in the conven t iona l 
m a n n e r , wi th no e m p h a s i s on e x c l u s i o n of l e a k s , e x c e p t for e x t r a c a r e to 
ob ta in h igh d e n s i t y and h igh s t r e n g t h , i t was d e c i d e d to conduc t e x p e r i m e n t s 
to l o c a t e and plug d e t e c t a b l e l e a k s w h e r e p o s s i b l e , and f ina l ly to a t t e m p t 
l e a k a g e - r a t e t e s t i n g of an e n t i r e c e l l to gain g e n e r a l i n f o r m a t i o n with r e ­
s p e c t to the r e l a t i v e i m p e r v i o u s n e s s of o r d i n a r y c o n c r e t e c o n s t r u c t i o n to 
c o n t a i n e d g a s e s u n d e r p r e s s u r e . 

A r e a s of g r o s s l e a k a g e w e r e d e t e c t e d and l o c a t e d by p r e s s u r i z i n g 
the e n c l o s u r e and apply ing s o a p so lu t ion on s u s p e c t a r e a s , j o i n t s , and o p e n ­
ing f r a m e s . Such l e a k s w e r e p lugged by v a r i o u s m e a n s with m o r e or l e s s 
s u c c e s s . F o r i n s t a n c e , a t the s u r f a c e j o i n t s of opening f r a m e s , the c o n c r e t e 
w a s r o u t e d out to f o r m a g r o o v e . Such g r o o v e s w e r e m a d e and f i l led with a 
h i g h - t e m p e r a t u r e m a s t i c a r o u n d a l l n o z z l e s , p i p e s , c o n d u i t s , and d o o r s . 
A l s o , w h e r e l e a k a g e w a s d e t e c t e d o v e r r e l a t i v e l y l a r g e a r e a s , the c o n c r e t e 
c o v e r w a s ch ipped out b a c k to the r e i n f o r c i n g b a r s , and s p e c i a l expand ing 
g r o u t w a s t r o w e l l e d in to the vo ids so c r e a t e d . Al l f o r m t i e s w e r e c a r e f u l l y 
g r o u t e d . W h e r e l e a k s p e r s i s t e d p a s t doo r f r a m e s , epoxy r e s i n w a s p u m p e d 
t h r o u g h t a p p e d h o l e s in an e f for t to fill vo ids b e t w e e n s t e e l and c o n c r e t e . 

B . D e s c r i p t i o n of the T e s t 

1. Befo re any a c t u a l l e a k - r a t e t e s t i n g was done , a p r e l i m i n a r y 
i n v e s t i g a t i o n w a s conduc t ed to e s t a b l i s h r e l a t i o n s h i p s b e t w e e n s u r f a c e t e m ­
p e r a t u r e s of the f a c e s of the c e l l s v e r s u s de f l ec t i ons of the i n n e r s u r f a c e s . 
The two p r i m a r y p u r p o s e s of the i n v e s t i g a t i o n w e r e ( l ) to d e t e r m i n e w h e t h e r 
s ign i f i can t d e f l e c t i o n s o c c u r wi th in the t e m p e r a t u r e r a n g e s to which the c e l l s 
m a y be e x p e c t e d to be e x p o s e d d u r i n g the t e s t ; and (2) to e s t a b l i s h e x p e r i e n c e 
f a c t o r s by m e a n s of which c a l c u l a t i o n s for v o l u m e c h a n g e s due to t e m p e r a ­
t u r e e f fec t s m a y be c o r r e c t e d if t he de f l ec t i ons a r e s i gn i f i can t . T h e s e t e s t s 
i n d i c a t e d tha t t h e r m a l c h a n g e s in v o l u m e a r e of such a s m a l l o r d e r tha t t hey 
m a y be n e g l e c t e d , and a s u b s t a n t i a l p o r t i o n of i n s t r u m e n t a t i o n w a s thus 
e l i m i n a t e d . 

Th i s i n v e s t i g a t i o n w a s conduc t ed on the w e s t wal l of Ce l l No. 5, 
which i s e x p o s e d to the a f t e r n o o n sun , p r o v i d i n g the g r e a t e s t c o n t r a s t s for 
deve lop ing r e p r e s e n t a t i v e d a t a a s r a p i d l y a s p o s s i b l e . Su r f ace t e m p e r a ­
t u r e s , i n s i d e and o u t s i d e , w e r e m o n i t o r e d by m e a n s of t h e r m o c o u p l e s t aped 
to the w a l l , and shaded and i n s u l a t e d wi th 6 x 6 x 1-in. b l o c k s of wood t aped 
o v e r t h e m . The l o c a t i o n and n u m b e r of t h e r m o c o u p l e s a r e shown in F i g . 14. 
The t h e r m o c o u p l e r e a d i n g s w e r e m a d e with an ind ica t ing p o t e n t i o m e t e r of 
h igh a c c u r a c y . Def l ec t ions of the i n n e r s u r f a c e w e r e m e a s u r e d a t the c e n t e r 
poin t of the wa l l by m e a n s of a d i a l gage m o u n t e d on t i gh t ly s t r u n g w i r e s a s 
shown in F i g . 15. D i r e c t c h a n g e s in l eng th and he igh t of the wa l l w e r e 
n e g l e c t e d . 
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West Wall of Cel l No. 5 

2. The l e a k a g e - r a t e t e s t p r o p e r was to have c o n s i s t e d of p r e s ­
s u r i z i n g a c e l l to 10 p s i g , s e a l i n g off the in le t l i ne , and then o v e r a suff ic ient 
p e r i o d to o b s e r v e p r e s s u r e d e c a y and con ta ined a i r t e m p e r a t u r e s f rom which 
l o s s of a i r d u r i n g any p e r i o d could be c a l c u l a t e d . Conta ined a i r t e m p e r a ­
t u r e s w e r e to be m o n i t o r e d by m e a n s of t h e r m o c o u p l e s su spended in the a i r 
s p a c e to ob ta in an a v e r a g e a i r t e m p e r a t u r e for any given o b s e r v a t i o n . The 
n u m b e r , l oca t ion , and a r r a n g e m e n t of the t h e r m o c o u p l e s a r e shown in 
F i g . l 6 . Conta ined a i r p r e s s u r e was to be m e a s u r e d by m e a n s of a s p e ­
c i a l l y deve loped , h igh ly a c c u r a t e , a b s o l u t e m e r c u r y m a n o m e t e r . Two of 
t h e s e i n s t r u m e n t s have been bui l t by ANL for u s e in s i m i l a r t e s t s of the 
c o n t a i n m e n t bu i ld ings for the EBWR and E B R - I I . A c o m p l e t e d e s c r i p t i o n 
of t h e s e i n s t r u m e n t s i s g iven in Sect ion C be low. C o r r e c t i o n s for w a t e r -
v a p o r p r e s s u r e in the con ta ined a i r w e r e to be c a l c u l a t e d f r o m o b s e r v a t i o n s 
of e i t h e r w e t - b u l b and d r y - b u l b t e m p e r a t u r e s in the c e l l , or dew point . The 
l a t t e r m i g h t be ob ta ined f r o m a d i r e c t - r e a d i n g , t r u e dew-po in t i n d i c a t o r . 

When known l e a k s had been r e d u c e d to an expec ted p r a c t i c a b l e 
m i n i m u m , Ce l l No. 5 w a s p r e s s u r i z e d to 10 p s i g , and a p r e l i m i n a r y o b s e r v a ­
t ion of the r a t e of p r e s s u r e d e c a y m a d e . After s e v e r a l such a t t e m p t s , with 
add i t i ona l e f for t s to plug l e a k s du r ing i n t e r i m p e r i o d s , it b e c a m e obvious 
tha t the p o r o s i t y of the c o n c r e t e and l ack of good sea l ing m e a n s a r o u n d door 
f r a m e s and o t h e r p e n e t r a t i o n s a l lowed l e a k a g e amount ing to s e v e r a l p e r c e n t 
of the c o n t a i n e d g a s p e r h o u r . 
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In v i ew of the m a g n i t u d e of the l e a k a g e r a t e f r o m Ce l l No. 5, it 
w a s u n n e c e s s a r y to m a k e m e a s u r e m e n t s with the a c c u r a c y o r i g i n a l l y p l anned . 
H e n c e , a l l i n s t r u m e n t a t i o n , t h e r m o c o u p l e s , e t c . , w e r e d i s m a n t l e d and r e ­
m o v e d f r o m the a r e a . P r e s s u r e d e c a y w a s m e a s u r e d on the w a t e r m a n o m ­
e t e r wi thout c o r r e c t i o n . 

3 . Fo l lowing the fo rego ing a t t e m p t s to p e r f o r m a l e a k a g e - r a t e 
t e s t , a d d i t i o n a l l e a k s u r v e y s of both c e l l s (No. 4 and No. 5) w e r e m a d e , and 
f u r t h e r e f fo r t s m a d e to plug known l e a k s and s u s p e c t a r e a s . After t h e s e r e ­
p a i r s , rough l e a k - r a t e t e s t s at 10 p s ig showed a l o s s of ~23% of con t a ined 
a i r p e r 24 h r f r o m Cel l No . 4, and of ~10% of con ta ined a i r p e r 24 h r f r o m 
Ce l l No. 5.^5) Since t h e s e l e a k a g e r a t e s a r e s t i l l e x c e s s i v e , v a r i o u s m e a n s 
of l in ing the c e l l s w e r e c o n s i d e r e d , and i t was f inal ly dec ided to coat the 
i n t e r i o r of the w a l l s with a phenol ic r e s i n - b a s e paint to i m p r o v e the c a p a ­
b i l i t i e s for g a s c o n t a i n m e n t of both c e l l s . The pa in t c h o s e n was C a r b o -
l ine 305 . When th i s i n t e r i o r pa in t ing w a s c o m p l e t e d , add i t iona l p r e s s u r e 
t e s t s a t 10 p s ig i n d i c a t e d r e d u c t i o n s of l e a k a g e r a t e s to about 8% p e r 24 h r 
for Ce l l No. 4 and to 6% p e r 24 h r for Ce l l No. 5.^^) 

C. I n s t r u m e n t a t i o n 

V o l u m e - c h a n g e Effects due to Temperature Gradients through 
Wal l s 

W a l l - s u r f a c e t e m p e r a t u r e s , i n s i d e and o u t s i d e , w e r e m o n i t o r e d 
by t h e r m o c o u p l e s a s shown in F i g . 14. The de f l ec t ions of the i n n e r wal l 
s u r f a c e a t the c e n t e r w e r e m e a s u r e d by a d ia l g a g e , a s shown in F i g . 15. 

2. L e a k a g e - r a t e T e s t , P r o p e r 

The t e m p e r a t u r e s i n s i d e the ce l l d u r i n g the l e a k a g e - r a t e t e s t 
w e r e to have b e e n m o n i t o r e d by t h e r m o c o u p l e s s u s p e n d e d in the a i r s p a c e 
to p r o v i d e r e a d i n g s for the c a l c u l a t i o n of the a v e r a g e a i r t e m p e r a t u r e . 
T h e i r a r r a n g e m e n t i s shown in F i g . l 6 . 

P r e s s u r e - s a m p l i n g l i n e s w e r e t apped in to c l o s u r e p l a t e s on 
n o z z l e s which a r e p e r m a n e n t l y s e a l e d t h r o u g h a wal l of the c e l l . P r e s ­
s u r i z a t i o n w a s a c c o m p l i s h e d v ia a s i m i l a r n o z z l e and i s o l a t i n g v a l v e . All 
i n s t r u m e n t w i r i n g and t h e r m o c o u p l e l e a d s w e r e led th rough p e r m a n e n t 
condu i t s s e a l e d t h r o u g h the ce l l f loor and l ead ing to the c o n t r o l r o o m . The 
c o n d u c t o r s w e r e s t r i p p e d at s ea l i ng c o n d u l e t s which w e r e s e a l e d off with 
epoxy r e s i n . 

3 . D e s c r i p t i o n of A b s o l u t e M a n o m e t e r 

A c c u r a c y in p r e s s u r e m e a s u r e m e n t s beyond tha t a t t a i n a b l e 
with c o m m e r c i a l l y a v a i l a b l e e q u i p m e n t a r e u s u a l l y r e q u i r e d in c a s e s w h e r e 



l e a k r a t e s a r e v e r y s m a l l . An i n s t r u m e n t was n e e d e d which could be r e a d 
to the r e q u i r e d a c c u r a c y by any of s e v e r a l o p e r a t o r s . A d e s c r i p t i o n of the 
m a n o m e t e r s evo lved fo l l ows . 

T h e s e m a n o m e t e r s a r e d e s i g n e d for p r e s s u r e s up to 70 in . Hg a b s 
for the EBWR t e s t s and 90 in . Hg a b s for the E B R - I I t e s t s . F o r e a s e of f i l l ing 
the top (c losed) end i s s e a l e d by m e a n s of a s t opcock . Below the s topcock a 
g l a s s c a p i l l a r y tube bent in to a g o o s e - n e c k i s fused to the top of the m a i n tube 
and the l ower end of the s t o p c o c k . By p r e s s u r i z i n g the m e r c u r y r e s e r v o i r 
with a r g o n o r n i t r o g e n , the m e r c u r y i s f o r c e d up t h r o u g h the c a p i l l a r y and 
s t o p c o c k unt i l it p a r t i a l l y f i l l s a s m a l l g l a s s r e s e r v o i r above the s t o p c o c k . 
The s t o p c o c k i s then c l o s e d and s e a l e d , and the gas p r e s s u r e r e l e a s e d s lowly 
from, the m e r c u r y r e s e r v o i r . 

The he igh t of the m e r c u r y c o l u m n i s m e a s u r e d by m e a n s of a 
s t a i n l e s s s t e e l rod cut a c c u r a t e l y to a l eng th about 12 in . s h o r t of the e x ­
p e c t e d a v e r a g e p r e s s u r e . S h o r t e r r o d s cut a c c u r a t e l y to l eng th a r e u s e d 
to ex t end th i s l eng th to l o c a t e a s l id ing p l a t f o r m which c l a m p s in p l ace a t 
2 - i n . i n t e r v a l s . A m i c r o m e t e r he igh t gage i s c l a m p e d to th is p l a t f o r m , and 
a r e a d i n g s ight i s s u p p o r t e d by th i s he igh t gage by an a c c u r a t e l y m a c h i n e d 
b r a c k e t . The he igh t gage r e a d s f r o m 0 to 4 in . 

A r e a d i n g s lo t in the s igh t , which c o n s i s t s of a wide p o r t i o n a t 
the c e n t e r and v e r y th in p o r t i o n s at the s i d e s , i s a c c u r a t e l y l o c a t e d . The 
m e n i s c u s i s t hus a b l e to e c l i p s e m o s t of the a p e r t u r e sudden ly a s i t s c r e s t 
r e a c h e s the top of the s lo t (the t ops of the t h r e e p o r t i o n s of the s lo t a r e 
c o i n c i d e n t ) . A s m a l l , c a l i b r a t e d l igh t bu lb s h i n e s t h r o u g h the s lo t , and the 
i n t e n s i t y of the b e a m i s s e n s e d by a p h o t o e l e c t r i c ce l l a t the o p p o s i t e s i d e . 
The s igna l f r o m t h i s ce l l i s r e g i s t e r e d on a s e n s i t i v e g a l v a n o m e t e r which 
i n d i c a t e s the sudden n e a r e c l i p s e of the b e a m by a r a p i d fall of the p o i n t e r 
and g ives a r e a d i n g of the m e n i s c u s l e v e l of h igh p r e c i s i o n . 

To z e r o the l o w e r end of the m e a s u r i n g r o d , a s h a r p point i s 
f o r m e d at i t s l o w e r end . A l o w - v o l t a g e c i r c u i t i nduced t h r o u g h the r e s e r ­
vo i r wa l l and the r o d , v ia an i n d i c a t i n g r e d l ight bu lb , i s m a d e o r opened 
a s the s h a r p point t o u c h e s or l e a v e s the s u r f a c e of the m e r c u r y . The 
u s u a l a d j u s t a b l e p l u n g e r i m m e r s e d in the m e r c u r y i s u s e d to r a i s e o r l o w e r 
the s u r f a c e unt i l the r e d l ight f l i c k e r s out by l ight t app ing on the r e s e r v o i r . 

T h e s e r e a d i n g and z e r o i n g m e a n s p r o d u c e h igh a c c u r a c y and 
are repeatable to v e r y c l o s e l i m i t s by a l m o s t any o p e r a t o r . Thus the h u m a n 
e l e m e n t i s v i r t u a l l y e l i m i n a t e d f r o m p r e s s u r e m e a s u r e m e n t . 



VI. CONCLUSIONS 

A. P r e s s u r e T e s t i n g 

1. P r i o r to the t e s t s , i t w a s a d v i s e d tha t the e x p e c t e d s t r a i n s to 

be r e c o r d e d w e r e so s m a l l t h a t o r d i n a r y e r r o r s and i n s t r u m e n t i n a c c u r a c i e s 
would o v e r s h a d o w the r e s u l t s and no d i s t i n g u i s h a b l e p a t t e r n would e m e r g e . 
An i m p o r t a n t r e s u l t of t h i s i n v e s t i g a t i o n i s tha t with suff ic ient c a r e the 
a c c e p t e d 10-/ i in . m i n i m u m e r r o r of i n s t r u m e n t a t i o n can be m a t e r i a l l y 
r e d u c e d . 

2. The c o m p o n e n t s of the ce l l m a d e up of a n o n h o m o g e n e o u s and 
a n i s o t r o p i c m a t e r i a l ( c o n c r e t e and s t e e l ) b e h a v e e l a s t i c a l l y in a p r e d i c t a b l e 
m a n n e r . 

3 . The e l a s t i c a n a l y s i s of the h e t e r o g e n e o u s m a t e r i a l b a s e d on the 
u n c r a c k e d s e c t i o n s i s va l i d . 

4 . At r e - e n t r a n t c o r n e r s , the r e s u l t s of the e l a s t i c a n a l y s i s m u s t 
be mod i f i ed by the p r o p e r s t r e s s - c o n c e n t r a t i o n f a c t o r s . 

5. With p r o p e r c a r e du r ing c o n s t r u c t i o n , c o n s t r u c t i o n jo in t s can 
be m a d e to s u s t a i n c o n c r e t e t e n s i l e s t r e s s e s at l e a s t a s high a s o n e - t h i r d 
of the t e n s i l e s t r e n g t h of c o n c r e t e . 

6. The n e g a t i v e m o m e n t s a long the e d g e s of the s l a b s canno t be 
p inned down with c e r t a i n t y due to the n e c e s s a r y mod i f i ca t i on of the a n a l y t ­
i c a l r e s u l t s in t h e s e a r e a s by e m p i r i c a l s t r e s s - c o n c e n t r a t i o n f a c t o r s . 
A n o t h e r s o u r c e of e r r o r in t h e edge m o m e n t s i s the a c t i v e p l a s t i c flow 
o b s e r v e d in t h e s e r e l a t i v e l y h i g h - s t r e s s a r e a s . 

B . L e a k - r a t e T e s t i n g 

1. V o l u m e - c h a n g e Ef fec t s due to T e m p e r a t u r e G r a d i e n t s t h r o u g h 
Wal l s 

The r a n g e o v e r which the d i f f e r e n c e b e t w e e n a v e r a g e i n s i d e 
s u r f a c e t e m p e r a t u r e and a v e r a g e ou t s ide s u r f a c e t e m p e r a t u r e on the w e s t 
wa l l v a r i e d d u r i n g a p p r o x i m a t e l y five w e e k s of o b s e r v a t i o n s was ~40°F . 
B a s e d on de f l ec t ion m e a s u r e m e n t s at the c e n t e r point of the i n s i d e s u r f a c e 
of the w a l l , c a l c u l a t i o n s , in wh ich c i r c u l a r c u r v a t u r e and m a x i m u m f ree 
a r c l eng th w e r e a s s u m e d , i n d i c a t e d a v o l u m e change of l e s s than 0 .01% o v e r 
the full t e m p e r a t u r e r a n g e when app l i ed to the t h r e e e x p o s e d w a l l s and the 
roof of the ce l l s i m u l t a n e o u s l y . Th i s r a n g e of At i s p r o b a b l y n e a r the m a x i ­
m u m t h a t cou ld be e x p e r i e n c e d wi th in the p e r i o d of a l e a k a g e t e s t , e s p e ­
c i a l l y for s i m u l t a n e o u s v a r i a t i o n in the e x p o s e d w a l l s and roof. The va lue 
g iven above for AV i s , t h e r e f o r e , p r o b a b l y g r e a t e r than would be e x p e r i e n c e d . 



This va lue i s a s m a l l f r a c t i o n of the e r r o r invo lved in m e a s u r i n g and c a l ­
cu la t ing the v o l u m e l o s s e s . T h e s e v o l u m e - c h a n g e e f fec t s due to t e m p e r a ­
t u r e g r a d i e n t s t h r o u g h the ce l l s t r u c t u r e w e r e , t h e r e f o r e , c o n s i d e r e d 
n e g l i g i b l e . 

2 . L e a k a g e - r a t e T e s t , P r o p e r 

F r o m the f o r e g o i n g d e s c r i p t i o n and t e s t r e s u l t s , i t can be c o n ­
c luded tha t c o n c r e t e e n c l o s u r e s , even w h e r e wal l t h i c k n e s s e s a r e a s g r e a t 
a s 48 in . and 60 in . , when c o n s t r u c t e d in the conven t iona l m a n n e r , even 
though e x t r a c a r e i s e x e r c i s e d to ob ta in h igh d e n s i t y and high s t r e n g t h , 
wi l l l e a k e x c e s s i v e l y t h r o u g h i n h e r e n t p o r o s i t y , c r a c k s , and c r e v i c e s b e ­
tween s t e e l f r a m e s and p e n e t r a t i o n s and the ad j acen t c o n c r e t e . T h i s a p p e a 
to be t r u e a f t e r c o n s i d e r a b l e ef for t to i m p r o v e c o n d i t i o n s at j o i n t s b e t w e e n 
s t e e l f r a m e s and p e n e t r a t i o n s and the c o n c r e t e , and fau l t s in l o c a l a r e a s . 
App l i ca t i on of a good, n o n p o r o u s pa in t to the i n n e r s u r f a c e s r e d u c e s the 
l e a k a g e by a f a c t o r of ~2 to 3; but the l e a k a g e r a t e f r o m the s t andpo in t of 
con ta in ing r a d i o a c t i v e g a s e s m a y s t i l l be e x c e s s i v e . 



Appendix A 

INSTRUMENTATION PROCEDURE FOR STRUCTURAL PRESSURE TESTS 

The ins t rumentat ion procedure had to comply with the requ i rements 
to m e a s u r e very small elongations in a concrete reinforcing bar , l e ss than 
one hundred micro inches per inch (Mil). To those who a r e famil iar with the 
l imitat ions of measur ing techniques with s t ra in gages, it is obvious that one 
can easi ly lose 100 Mil due to equipment pecul iar i t ies and other e r r o r s , if 
sufficient c a r e is not taken to analyze the situation. Briefly stated, the prob­
lem in these t e s t s was to r eco rd very small s t r a ins . All the possible sources 
of e r r o r had to be investigated and their magnitude determined. In this way, 
even if the magnitudes of some e r r o r s could not be reduced, at least they 
were to be accounted for in an intelligent in terpreta t ion of the r e su l t s . 

1. St ra in-gage Selection and Instal lat ion 

The select ion of the s t ra in gage was affected by both the overal l 
physical s t ruc ture to be tes ted and the immediate a r ea in which the gage was 
to be placed. Some of the gage locations were located 30 ft from ground level 
on the face of outside wal ls . This made it difficult to install the gages and 
exposed them to weathering. Also, the reinforcing b a r s to which the gages 
were to be attached were r e c e s s e d and only half exposed in box-outs of the 
concrete wall. A clamping force was requi red for the gages in the ver t ica l 
position. If one or two gages were all that were involved, an inexpensive jig 
could have been devised. However, there were 44 gage locations, and all 
were to be applied in a reasonably short t ime . Usually, when a gage is ce­
mented to a specimen, it can be horizontal ly oriented, and a weight set on 
top of the gage to supply the requi red clamping force during the drying in­
te rva l . To make up for the ver t ica l orientat ion of the gages, a thin paper -
base gage was chosen, the cement was allowed to dry out fast, and a magnet 
with sufficient a t t rac t ion was used to hold the gage fixed to the steel re in­
forcing ba r . A very fas t -dry ing adhesive was t r ied at f i rs t , but be t ter r e ­
sults were obtained with a Duco household cement. 

The problem of selecting the proper s t ra in gage for the ribbed r e ­
inforcing bar was further aggravated by the l imitation placed on its physical 
d imensions . They had to be confined between 0.8 cm x 0,4 cm or 0.6 cm x 
0.6 cm. F o r gages within these dimensions , special equipment to remove 
the r ibs was unnecessa ry . 

For ty- four gage posit ions were to be inst rumented. The number of 
t empera tu re -compensa t ing gages doubles the total number . The accuracy 
required, the availabili ty of the gages at that t ime , and the cost involved in­
dicated that a s tandard gage was preferable to a special gage. On the bas i s 
of this observat ion, an A-8 type SR-4 s t ra in gage was selected. 

For each active gage a compensating gage was installed. The com­
pensating gages inside the cell were placed on slugs mounted on the same 



b o x - o u t s as the c o r r e s p o n d i n g a c t i v e gages ( s e e F i g . 17). T h i s w a s p o s ­
s ib l e b e c a u s e of the l i t t l e v a r i a t i o n in the a i r t e m p e r a t u r e i n s i d e the c e l l 
and the 4-f t t h i c k n e s s of the w a l l s l im i t i ng h e a t conduc t ion . On the ou t s i de 
s u r f a c e s , a s i m i l a r i n s t a l l a t i o n did not p r o v e s a t i s f a c t o r y . Al though the 
gages w e r e i n s u l a t e d , and the b o x - o u t s w e r e t aped and i s o l a t e d , the e x c e s ­
s ive h e a t conduc t ion c a u s e d the t h e r m o c o u p l e s at b o x - o u t s N o s . 2 and 14 to 
r e c o r d s i z a b l e t e m p e r a t u r e d i f f e r e n c e s b e t w e e n r e i n f o r c i n g b a r and s lug . 
Subsequen t ly , t he s lugs w e r e m o v e d and loose ly a t t a c h e d d i r e c t l y on the 
r e s p e c t i v e r e i n f o r c i n g b a r s . T h e r m o c o u p l e r e a d i n g s w e r e aga in r e c o r d e d . 
The r e s u l t s a r e shown in F i g s . 18 and 19 -Th i s s t ep w a s t aken in o r d e r to 
d e t e r m i n e the m o s t a p p r o p r i a t e t i m e i n t e r v a l , du r ing a 2 4 - h r p e r i o d , to 
conduc t the p r e s s u r e t e s t s . 

1 1 2 - 1 1 2 5 

F i g . 17. A r r a n g e m e n t Showing S t r a i n Gage 
on R e i n f o r c e m e n t wi th C o m p e n ­
sa t ing Gage on Slug 
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GAGE LOCATION 

GAGE DIFFERENCE, mv 

t 

2200 
2230 
2300 
2330 
2400 
0030 
0100 
0130 
0200 

mv 

-0.010 
-0.005 
-0.00 it 
-0.003 
-0.002 

0 
+0.001 
•K).00l 
+0.002 

t 

0230 
C300 
0330 
otoo 
01(30 
0500 
0530 
0600 
061(5 

mv 

+0.003 
+{1.00l( 
+0.00l( 
+0.005 
+0.006 
+0.004 
+0.004 
+0.00l( 
+0.007 

TIME ( t ) 

0.028 mv = l°F 

Fig. 18. Thermocouple Readings for Posit ions of Active and 
Compensating Gages at P o r t No. 2, to Establ ish 
Most Desirable Interval for Tests 

1.600 
GAGE LOCATION GAGE DIFFERENCE, mv 

t 
2100 
2130 
2200 
2230 
2300 
2330 
2400 
0030 
0100 
0130 
0200 
0230 
0300 
0330 
0400 
0430 

mv 
+0 0O4 
+0.004 
+0.001 
-0.007 
-0.007 
-a. 006 
-0.007 
-0.008 
-0.007 
-0.007 
-0.008 
-0.009 
-0.008 
-o.Cos 
-0.007 
-0.007 

t 
0500 
0530 
0600 
0645 
0700 
0730 
0800 
0830 
0910 
0945 
1030 
1100 
1 130 
1200 
1300 
1330 
1400 

mv 
-0.0C7 
-0.007 
-0.007 
-0.008 
-0.007 
-0.007 
-0.006 
-0.004 
-0.001 
+0.001 
+0.005 
+0.008 
+0.010 
+0.003 
+0.000 
+0.010 
+0.017 

TIME ( t ) 

* 0.028 mv 

Fig. 19. Thermocouple Readings for Posit ions of Active and 
Compensating Gages at Po r t No. 14, to Establish 
Most Desi rable Interval for Tests 



The s t r a i n gages w e r e app l i ed in a conven t iona l m a n n e r . P r i o r to 
app l i ca t ion , the spec i f ic l oca t i ons of the r e i n f o r c i n g b a r s w e r e sand b l a s t e d 
to r e m o v e s c a l e , dus t , r u s t , pa in t , a n d / o r g r e a s e . A t h r e e - w i r e l ead w a s 
employed for each p a i r of a c t i v e and c o m p e n s a t i n g g a g e s . The gages w e r e 
t r i m m e d of e x c e s s p a p e r and a l lowed to d ry for t h r e e d a y s . The l ead w i r e s 
w e r e s e c u r e l y a t t a c h e d ( s e e F i g . 20) on the ad jacen t w a l l s o r c e i l i ng , m a d e 
into c a b l e s , and b r o u g h t to the i n s t r u m e n t a t i o n pane l ad jacen t to the ce l l . 
All the g a g e s in the i n s i d e b o x - o u t s w e r e b e e s w a x e d . The g a g e s in the ou t ­
s ide b o x - o u t s w e r e p r o t e c t e d by sea l ing the b o x - o u t s by c a r d b o a r d and 
taping i t on the w a l l a long the edges in addi t ion to b e e s w a x . 

112-1124 

F i g . 20. S t r a i n Gage on R e i n f o r c e m e n t wi th 
L e a d W i r e A r r a n g e m e n t 

2. I n v e s t i g a t i o n of Su r f ace S t r a i n s in a Re in fo rc ing B a r 

It Avas d e s i r a b l e to employ a s t a n d a r d s t r a i n gage tha t w a s as long 
as p o s s i b l e . Th i s condi t ion would have b r o u g h t the gage v e r y c l o s e to the 



r i b of the r e i n f o r c i n g b a r . The q u e s t i o n a r o s e - how c l o s e can the gage be 
to the r i b wi thout be ing p e r t u r b e d by the rib*' A t e s t of the s t r a i n p a t t e r n 
in the a r e a a v a i l a b l e for s t r a i n gage p l a c e m e n t w a s m a d e with s t r e s s coa t . 
A photo , F i g . 2 1, of the r e s u l t shows tha t at a v e r y s h o r t d i s t a n c e f r o m the 
r i b the b a r a p p e a r s to have the c h a r a c t e r i s t i c s of a rod wi thout r i b s . Th i s 
fac t i n d i c a t e d tha t a gage , l oca t ed wi th in the full g e o m e t r i c l im i t a t i on , could 
be p l a c e d wi thout s p e c i a l c o n s i d e r a t i o n of the r i b effect. Had the r i b effect 
b e e n suff ic ient ly p r o n o u n c e d to in f luence even the s m a l l e s t of g a g e s , a s p e ­
c i a l d e v i c e would have had to be bu i l t to r e m o v e the r i b s and an add i t iona l 
c o s t added to the f ie ld t e s t i n g . 

112-382 

F i g . 2 1 . S t r e s s Coat for the Study of Surface Strains in 
Ribbed Re in fo rc ing B a r 

The s u r f a c e of the s p e c i m e n shown in the photo was f i r s t p r e p a r e d 
by d r e s s i n g i t wi th a w i r e w h e e l . A magnaf lux S T - 2 th inne r w a s then u s e d 
to c l e a n the s u r f a c e . After the s u r f a c e w a s f r eed of any l int , a l u m i n u m -
p i g m e n t e d l a c q u e r S T - 8 4 0 was s p r a y e d at 20 ps ig p r e s s u r e to p r o v i d e a 
u n i f o r m b a c k g r o u n d . Magnaf lux coa t ing ST-120 5 w a s then s p r a y e d at 
12 ps ig to p r o v i d e the b r i t t l e s u r f a c e . The gas for both s p r a y i n g o p e r a ­
t ions w a s bo t t l ed d r y n i t r o g e n . The s p r a y i n g t e m p e r a t u r e was 75°F and 
60°F, d ry and wet bu lb , r e s p e c t i v e l y ; d ry ing t e m p e r a t u r e was 80°F; t e s t ing 
t e m p e r a t u r e w a s 70°F. C r a c k in i t i a t ion a t a p p r o x i m a t e l y 800 Mil was in 
a g r e e m e n t with the va lue supp l i ed by the m a n u f a c t u r e r . A dye was appl ied 
be fo re pho tog raph ing so tha t a v i s i b l e r e s i d u e would m o r e c l e a r l y ind ica te 
the c r a c k s . 



Append ix B 

ANALYSIS O F STRAIN-GAGE E R R O R S 

Af te r the p r o p e r s e l e c t i o n and i n s t a l l a t i o n of a s t r a i n g a g e , the 
v a r i o u s e r r o r s tha t could inf luence the e x p e r i m e n t a l r e s u l t s w e r e con ­
s i d e r e d . T h e s e involve e r r o r s i n h e r e n t in the m a n u f a c t u r e and s p e c i f i c a ­
t ions of the g a g e s , e r r o r s due to t e m p e r a t u r e f l u c t u a t i o n s , and e r r o r s in 
the r e c o r d i n g i n s t r u m e n t s and in o v e r - a l l i n s t a l l a t i o n . T h e s e v a r i o u s 
s o u r c e s of e r r o r a r e s u b s e q u e n t l y d i s c u s s e d i n d e p e n d e n t l y and the 
m a g n i t u d e s of t h e i r e f fec ts a s c e r t a i n e d . 

1. E r r o r due to T r a n s v e r s e S e n s i t i v i t y of the S t r a i n Gage 

In add i t ion to m e a s u r i n g s t r a i n in a d i r e c t i o n p a r a l l e l to the ax i s 
of the s t r a i n g a g e , the gage a l s o m e a s u r e s a f r a c t i o n of the t r a n s v e r s e 
s t r a i n due to P o i s s o n ' s r a t i o . Th i s f r a c t i o n i s d e p e n d e n t of the e l e c t r i c a l 
c h a r a c t e r i s t i c s of the s t r a i n - g a g e w i r e and the fac t tha t a p p r o x i m a t e l y 
4 p e r c e n t of th i s w i r e i s o r i e n t e d in the t r a n s v e r s e d i r e c t i o n . To c o r r e c t 
for th i s cond i t ion , the m a n u f a c t u r e r s u p p l i e s a gage f a c t o r tha t is c a l i ­
b r a t e d -with u s e of a m a t e r i a l wi th a P o i s s o n ' s r a t i o of /ig = 0 .285. 

The equa t i on tha t c o r r e c t s for the s i t u a t i o n of no t hav ing a m a t e r i a l 
with /-to = 0 .285 i s g iven by MurryC^) a s fo l lows : 

A R / R (1 - 0.285 K) 
^ x " G . F . 1 - M K 

w h e r e 

£x - s t r a i n in the ax i a l d i r e c t i o n 

A R / R ~ f r a c t i o n a l change in s t r a i n - g a g e r e s i s t a n c e 

G . F . = gage f a c t o r . 

V a l u e s of K a r e g iven by He t eny i . l ^ ) The K v a l u e i s an e x p e r i ­
m e n t a l l y d e t e r m i n e d quan t i ty tha t c o r r e c t s for t r a n s v e r s e s e n s i t i v i t y and 
i s d i f f e ren t for e a c h g a g e . T h i s effect w a s p r a c t i c a l l y z e r o in the c a s e of 
the S r - 4 , A - 8 g a g e . A - 0 . 0 5 % e r r o r would h a v e o c c u r r e d if jd w e r e 0.260 
and +0.03% e r r o r if jd e q u a l e d 0.300. 

2. E r r o r due to G a g e - f a c t o r Spec i f i ca t ion A l l o w a n c e 

The s t r a i n i n d i c a t o r d e t e c t s the t r u e s t r a i n only if the c o r r e c t gage 
f a c t o r i s u s e d . If the d ia l i n d i c a t o r i s not s e t for the gage f a c t o r of the 
g a g e , the t r u e s t r a i n i s in e r r o r by the r a t i o of the i n d i c a t e d gage f a c t o r 
r e c o m m e n d e d by the m a n u f a c t u r e r on the p a c k a g e to the a c t u a l gage f a c t o r 



of the gage be ing u s e d , tha t i s . 

^ . / . • , . , • , , . \ i nd i ca t ed gage f a c t o r 
T r u e s t r a i n = ( ind ica ted strain) x ; , 

ac tua l gage f ac to r 

The m a n u f a c t u r e r gave a p o s s i b l e +2 p e r c e n t a l lowance for the 
gage f a c t o r of the gage u s e d ; t h e r e f o r e , a p o s s i b l e e r r o r of +2 p e r c e n t 
could have been i n t r o d u c e d into the t r u e s t r a i n b e c a u s e each gage could 
not be c h e c k e d for i t s gage f a c t o r . Th i s e r r o r is i n h e r e n t in the gage 
and could not be a c c o u n t e d for . 

3. E r r o r due to M i s p l a c e m e n t of Gage f r o m Axial D i r e c t i o n 

The g a g e s w e r e p l a c e d on the c y l i n d r i c a l c o n c r e t e r e in fo rc ing ro 
wi thout the aid of m e c h a n i c a l pos i t i on ing . An i n s t r u m e n t of th is type i s 
s o m e t i m e s u s e d to a l ign a s t r a i n gage p e r f e c t l y . Without such a d e v i c e , 
s o m e m i s a l i g n m e n t is u n a v o i d a b l e . 

F r o m a s m a l l s ampl ing of m a n u a l p l a c e m e n t s of g a g e s , it w a s 
e s t i m a t e d tha t a r e a s o n a b l e m a x i m u m a n g u l a r m i s p l a c e m e n t of 5° could 
be e x p e c t e d . A m i s p l a c e m e n t of th i s m a g n i t u d e for an ac tua l s t r a i n of 
100 Mi l was found to be in e r r o r by only 0.76 MIL The s t r a i n e r r o r for 
such a s m a l l angle w a s a p p r o x i m a t e d by a s s u m i n g tha t the d i a g r a m in 
F i g . 22 w a s r e p r e s e n t a t i v e of the p h y s i c a l s y s t e m . 

- F i g . 22 

D i a g r a m for E r r o r due to a 
M i s p l a c e d S t r a i n Gage 

The t r u e s tra in i s r epresented by 

_ Ax 



and the actual s t ra in seen by the gage misplaced 0 degrees i s given by 

AL 

where 

L = x / cos & 

and 

AL = Ax cos 6 ~ Ax cos 9 , 

which r e su l t s in 

AL Ax 2 ' 

eg = —— cos'^ Q 

L x 

or 

eg = e ĵ cos^ Q 

The resu l t is that the e r r o r c^ is given by the relat ionship 
^e = ^x - ^e = '^x ( 1 - c o s ^ 0) 

and the fractional e r r o r due to an axially misplaced gage is then 
^ e A x =̂  sin^ Q. 

4 E r r o r in Tempera tu re Compensation 

When active and compensating gages are exposed to the same t em­
p e r a t u r e , there is no s t ra in indication from the br idge; that i s , a t e m p e r a t u r e 
compensation c i rcui t is unaffected by t empera tu re as long as both active 
and compensating gages exper ience the same change. However, to be 
completely free from any the rmal var ia t ions would be a lmost impossible 
in a field instal lat ion. Therefore , a m e a s u r e m e n t of the t empera tu re v a r i a ­
tions at the locations of the gages were made . Tempera tu re measu remen t s 
of active and compensating gage locat ions indicated that a maximum differ-
ence of ^ F could be expected in some exposed locations over a 7-hr night 
testing per iod (see F igs . 18 and 19)-

Tempera tu re compensation of active and compensating s t ra in gages 
is composed of two fac to r s . F i r s t , the r es i s t ance of the gage wires change 
with t e m p e r a t u r e , and, second, the the rmal coefficient of expansion of the 
s t ra in gage differs from that of the s t ruc tu re on which it is bonded. To 
evaluate these snaall t e m p e r a t u r e changes, s t ra in gages were affixed to 



s a m p l e s of the r e i n f o r c i n g b a r u s e d in the c o n s t r u c t i o n of the ce l l . T e m ­
p e r a t u r e s of the a c t i v e and c o m p e n s a t i n g g a g e s w e r e then changed in s e p a r a t e 
e n c l o s u r e s t ha t w e r e i s o l a t e d and i n s u l a t e d . The change in a p p a r e n t s t r a i n 
v e r s u s the change in t e m p e r a t u r e w a s a s t r a i g h t - l i n e r e l a t i o n s h i p with a 
s lope of +4.5 M I l / ° F . T h i s v a r i a t i o n m a d e obvious the n e c e s s i t y of n igh t 
t e s t i n g , b e c a u s e i t r e p r e s e n t e d a l a r g e e r r o r for the s m a l l s t r a i n r e a d i n g s 
r e c o r d e d . Some l o c a t i o n s had m a x i m u m r e a d i n g s of about 40 MIL The 
•f- F t e m p e r a t u r e v a r i a t i o n m e a n t t ha t th i s e r r o r for the l a r g e r s t r a i n 
r e a d i n g s could a m o u n t to a m a x i m u m of 4% and to a g r e a t e r p e r c e n t a g e for 
the s m a l l e r s t r a i n s . 

5. E r r o r due to L e a d Wires 

In g e n e r a l , s t r a i n - g a g e l e a d w i r e s a r e th ick , s i n g l e - s t r a n d e d e l e c ­
t r i c c o n d u c t o r s wi th a good qua l i t y of i n s u l a t i o n . The d i a m e t e r of the w i r e 
should be as l a r g e a s p r a c t i c a b l e in o r d e r to offer the l e a s t p o s s i b l e 
r e s i s t a n c e to the p a s s i n g c u r r e n t . By u s e of a t e m p e r a t u r e - c o m p e n s a t i n g 
c i r c u i t , c o n s i s t e n t c h a n g e s in a l l l e a d - w i r e r e s i s t a n c e s due to c o n s i s t e n t 
t e m p e r a t u r e c h a n g e s in a l l w i r e s do not affect the s t r a i n r e a d i n g s of the 
g a g e s . The c o m m o n l e a d is in the b a t t e r y c i r c u i t and m a y be at a s l igh t ly 
d i f f e ren t r e s i s t a n c e than the o t h e r two l e a d s . Th i s fac t i s helpful in 
choos ing the b e s t p o s s i b l e c o m b i n a t i o n of l e a d s , tha t i s , if t h e r e i s a l e a d 
c o n s i d e r a b l y d i f f e ren t than the o t h e r s tha t m u s t be u t i l i z e d , it would be 
w i s e to u s e it a s the c o m m o n l e a d . 

Some r o u g h hand l ing v/as e x p e c t e d in the i n s t a l l a t i o n of the l e a d 
w i r e s , and t h e r e f o r e , a t e s t w a s d e v i s e d so as to i nd i ca t e what e r r o r could 
have b e e n e x p e c t e d f r o m th i s t r e a t m e n t . Twen ty - f ive 180° b e n d s w e r e 
m a d e in a 100-ft l eng th of l e a d w i r e . The w i r e w a s s t r a i g h t e n e d , a n d a 
c h e c k of the change of w i r e r e s i s t a n c e due to cold work ing w a s no t 
m e a s u r a b l e . 

The r o u t e t ha t s o m e of t h e s e l e a d s took b r o u g h t t h e m to the ou t s ide 
of the bu i ld ing . T h e r e f o r e , a c a r e f u l l ayout w a s m a d e to a s s u r e that no 
m e c h a n i c a l s t r a i n could affect the l e a d w i r e s and the r e s u l t i n g s t r a i n 
r e a d i n g s . 

6. E r r o r in the O p e r a t i o n of the Swi tching Unit 

V e r y s m a l l r e s p o n s e s w e r e e x p e c t e d f r o m the ac t ive s t r a i n g a g e s . 
T h i s fac t a lone w a s an i n d u c e m e n t to i n v e s t i g a t e e v e r y p o s s i b l e s o u r c e of 
e r r o r . When a check of the swi tch ing and b a l a n c i n g un i t w a s m a d e , it w a s 
found tha t the r e p e a t e d r e a d i n g s w e r e not suf f ic ient ly a c c u r a t e for the 
s m a l l r a n g e s invo lved . A t y p i c a l r e s p o n s e of the swi tch s e l e c t i o n . No. 6, 
on the swi tch ing un i t (as r e c e i v e d f r o m the f ac to ry ) i s shown on the b a r 
c h a r t of F i g . 23a. An e x a m i n a t i o n of the swi t ch i n s e r t s w a s m a d e in an 
a t t e m p t to c o r r e c t t h i s condi t ion . The c a s e w a s not dus t proof and s o m e t h i n g 
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r e s e m b l i n g a l u b r i c a n t w a s o b s e r v e d on the swi t ch c o n t a c t s . Af ter c lean­
ing the swi t ch , it w a s o b s e r v e d tha t a s l igh t tapping did s e a t the swi tch 
b e t t e r and gave r e a d i n g s r e p r e s e n t e d by F i g . 23b. 

p m 
AS RECEI 

PT 
VED 

i 
R 

K^J 

W 

1 
M ^ W\ 

(b) 

F i g . 23 

S t r a i n Gage E r r o r due 
to Switching Unit 

O t h e r swi t ch s e l e c t i o n s w e r e s i m i l a r to pos i t i on No. 6. Th i s 
s e l e c t i o n w a s chosen at r a n d o m to be r e p r e s e n t a t i v e of the swi tch ing 
b o x e s . 

The p r o b a b l e e r r o r due to a s ingle o b s e r v a t i o n a f t e r c l ean ing w a s 
l e s s than one p e r c e n t of the e x p e c t e d s t r a i n and vv^as a c c e p t a b l e c o n s i d e r ­
ing the o t h e r e r r o r s . 

7. Z e r o - d r i f t E r r o r 

I n s t e a d of t ry ing to s top the s t r a i n - i n d i c a t i o n i n s t r u m e n t s f r o m 
dr i f t ing , a r e f e r e n c e c i r c u i t w a s u s e d w h e r e i n a known condi t ion of z e r o 
s t r a i n e x i s t e d . Once the s y s t e m w a s b a l a n c e d , any s t r a i n r e g i s t e r e d by 
the r e f e r e n c e c i r c u i t w a s a c c e p t e d a s dr i f t in the s t r a i n i n d i c a t o r . The 
f ie ld r e a d i n g s w e r e then ad jus t ed by th i s a m o u n t to a c q u i r e the c o r r e c t e d 
s t r a i n r e a d i n g . 
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Appendix C 

TYPICAL ANALYSIS FOR STRAINS 

F o r purposes of i l lus t ra t ion, the s t ra ins of gage No. 18 are 
considered. The analytical s t ra ins were calculated by Hooke's Law: 

1 / P . M c 

The 10 psig internal p r e s s u r e gave a uniformly distr ibuted load of 
1440 Ib/ft^ acting on the inside surface of the s t ruc ture . According to two-
way slab theory,(9) based on equal deflection of the central s t r ips , the 
(greater) port ion of the load on a one-foot-wide str ip of the wall is c a r r i ed 
in the shor te r of the two di rec t ions : 

w L ^ w (43.25)^ 
Wc- - = = U . 7 4 0 w 

S^ + L'̂  (33.33)* + (43.25)* 

w = Por t ion of the total load w ca r r i ed on the middle str ip of the 
short direct ion of the east wall, i .e. portion of load acting on 
side AB of the f rame in question. 

L = long dimension of eas t wall 

S = short dimension of eas t wall . 

End moments result ing from the continuity of the s t ruc ture •were 
calculated by the Moment Distr ibution Method:\^/ 

FEM = Fixed End Moments 

F E M A B = l / l 2 (ws 30,5 ft*) 33.33 ft 

= l / l 2 (0.740x144 in.Vft^x 10 lb / in .2x30.5 ft) 33.33 ft 

= 90,200 ft-lb = F E M g A 

F E M B C = FEM(3g = 88,500 ft-lb 

K = Moment Distr ibution Constant 

_ I 118,400 in.* _ , c.n • 4 / , , 
^BA - - ^ - 33.33 ft - ^ '^^° ^"- / " 

I = Moment of Iner t ia of 4-ft reinforced concrete wall 

S = Effective length of wall. 

*The actual c lear height of the cell during the tes ts was 30.5 ft. After 
the t e s t s , the final 6 in. of concrete was poured on the floor, reducing 
the height to 30 ft. 
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Similar ly , 

K B C = 3,620 in .y f t 

D = Moment Distribution Fac to r 

K 
D 

BA 
BA 

3,560 
K g ^ + Kg(3 3,560 + 3,620 

- 0.496 

D B C = 0-504 

For all prac t ica l purposes , 

I^BA = ^BC = 0.5 

MOMENT DISTRIBUTION: 

+88.5 

- 0.5 

EI 

+89. I 

rsi 

+88 
- 0 

- + 1 

- 0 

- + 0 

5 
4 

0 

1 

1 

+90.2 

- 0.9-^ 

- 0 . 2 ^ 

+89.1 

+90.7 

+ 0. 1 

A tt\v\^\\ 

+89. I 

m 
m 

+ 0.4 

+90.2 

-90.2 

+ 1 . ^ 

-89.1 

-90.7 

- 0.5 

-90.2 

LOADING: 

90,700 f t lb 

2.83 

1.5' 

89,100 f t lb 

• — 

' 

/ T " W = 0.740 X 1440 - 1066 l b / f t 

' T M M t M M t 1 t « 
^0 Hf k 

R = 16,180 lb 
A 

' 

B 

' — 1 . 3 ' 

R = 16,280 lb 
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MOMENT DIAGRAM: 

Z' '. =o'T^ 

I' 

89,100 + 1066 X 30.5 x 16.75 - 90,700 - 33.3 R = 0 
B 

^ R = 16,280 lb 4 -

R = I«,I80 lb -4-

MA = 0 + ^ 

1 ^ 

'A'-
90,700 + 1066 X 1.33 X 1.33 x 1/2 

- 16,180 x 2.83 - MA = 0 

^"A^ 

The T h r e e S t r e s s C o m p o n e n t s : 

S g = s t r e s s due to bending 

M c _ 550,000 in.- lb X (-20 in. 
>B •92.9 p s i 

^ 118,400 in.* 

c = d i s t a n c e f r o m n e u t r a l ax i s to s t r a i n gage locat ions 

= -20 in. 

S p = t e n s i l e s t r e s s due to uplif t of the ce i l ing 

P _ 16,280 lb 
- —T = 2 7 . 3 p s i 

A 596.6 in.2 

P = Uplift f o r c e on a sec t ion of wa l l , 1 ft wide and 4 ft deep 

A = E q u i v a l e n t c o n c r e t e c r o s s - s e c t i o n a l a r e a 

S/\ = S t r e s s in the d i r e c t i o n of s t r a i n gage 
- Z. + ^̂ c 
~ A • I 

= S u 
27.3 -92 .9 = -65 .6 p s i 

5.̂  - s t r e s s at r i g h t a n g l e s to the d i r e c t i o n of the s t r a i n gage , 
i . e . t e n s i o n in the long i tud ina l d i r e c t i o n of the e a s t wa l l . 



P ' M ' c 11,190 ^ _ ^ . . - . 
Sv =-^f - ^ = - ^ ^ ^ + 0 = + 18.8 p s i 

M' ~ 0 bending of wa l l in l ong i tud ina l d irect ion c l o s e to 
foundat ion a s s u m e d to be n e g l i g i b l e . 

e / \ = A n a l y t i c a l s t r a i n at gage y(^ l oca t i on . 

= — ( S / ( ^ - (J-S^) by Hooke ' s L a w 

E = Modu lus of E l a s t i c i t y of c o n c r e t e , 4 x 1 0 

/i = P o i s s o n ' s Ra t io app l i ed to s e c o n d a r y s t r e s s , 0.20 

£ / { \ = - r^ ( -65 .6 - 0.20 X 18.8) = -17 m i c r o i n c h e s 

The e x p e r i m e n t a l s t r a i n r e c o r d e d a t 10 p s i w a s - 16/i in. 
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