
' A N L - 6 6 6 4 A N L - 6 6 6 4 

Slrgonne Bational laboratorg 
TESTING OF CONTAINMENT 

CAPABILITIES OF REINFORCED 

CONCRETE-SHIELDED ENCLOSURES 

by 

S. H. Fistedis, A. H. Heineman, 

and 

M. J. Janicke 



LEGAL HOTICE 

This report uas prepared as an account of Government sponsored 
uork. neither the United States, nor the Commission, nor any 
person acting on behalf of the Commission: 

A, Hakes any warranty or representation, expressed or implied, 
with respect to the accuracy, completeness, or usefulness 
of the information contained in this report, or that the use 
of any information, apparatus, method, or process disclosed 
in this report may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for 
damages resulting from the use of any information, apparatus, 
method, or process disclosed m this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee 
of such contractor, to the extent that such employee or contractor 
of the Commission, or employee of such contractor prepares, dis­
seminates, or provides access to, any information pursuant to his 
employment or contract with the Commission, or his employment with 
such contractor. 



ANL-6664 
Reactor Technology 
(TID-4500, 19th Ed.) 
AEC Research and 
Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 

Argonne, Illinois 

TESTING OF CONTAINMENT CAPABILITIES OF REINFORCED 
CONCRETE-SHIELDED ENCLOSURES 

by 

S. H. Fis tedis , A. H. Heineman, and M. J. Janicke 

Reactor Engineering Division 

March 1963 

Operated by The University of Chicago 
under 

Contract W-31-I09-eng-38 
with the 

U. S. Atomic Energy Commission 





T a b l . n - GEOMETRIC P R O P E R T I E S OF SECTIONS AND CALCULATED REACTIONS, MOMENTS. S T R E S S E S , AND S T R A I N S FOR 1 0 P S I G PRESSURE 

—-—- —&4ii£ 

1 

J, 

UI 

F 
F

R
A

 

o 
UJ 

- 
IN

 P
L

A
 

Vi 
UI 
Vi 
VI 

OC 

v> 

V9 

•< 
u. 

o 
UJ 
z 
• < 

TO
 

P
L

 

P, lb 

17*. I b / l n . ' 

H/ID*, i b - l n . 

C, tn . 

I , In.* 

a, In.* 

K/s, lb / ln ,» 

"' ' * * a ' 

"^ - A - 8 ' 

•^, l b / I n . ' 

r ' , lb 

P' /A, Ib / ln .* 

H'/lfl*, Ib - ln . 

M'/3, I b / l n . " 

, P ' M" 
'> * A S 

P' H' 

•• - T - T 
Vi 

CO 

1 l-1 '̂  i 
1 ^ f 

I ^ 
1 t— I 

CO 

' 1 ^ - i V C . „ - . 
'— 

-Mii^ 

l b / I n , " 

I b / l n . ' 

I b / l n . ' 

l b / t n , » 

• 

L 

1 ^ 3 - ^ 

l6,Zft) 

» 6 . 6 

27.) 

. j a 6 

BO 

u s , hoc 

5.920 

•6s ,3 

92.^ 

-

• W . 5 

U,190 

18.a 

-

-

i e . 8 

-

18.8 

3.8 

•88.7 

22.2 

16,160 

» 6 . 6 

-,., 

- U i 

» 

US.lMX) 

5,9a) 

- 7 . 1 

— 

1.7.8 

-1.7.e 

11,190 

IB.8 

-

-

18.8 

-

18.8 

3.8 

-51.6 

-12.9 

6,9!D 

,.. 

•ao9 

26 

229,3» 

6,620 

. 2 ^ 6 

33.0 

-

•33.0 

7,3TO 

10,0 

-

-

10.0 

-

10.0 

2,0 

*31.0 

• 7 . 8 

6,950 

Tl«.6 

9. ' ' 

-300 

26 

329,JSO 

8,620 

-Si-.o 

-

21..6 

-21., 6 

7,370 

10.0 

-

-

10.0 

-

10,0 

2.0 

.26.6 

-6 .7 

16,260 

596.6 

2T.J 

•1.17 

20 

118,1MX) 

5,920 

•70.1. 

97.7 

-

•97.7 

U,190 

is.e 

-

-

19.6 

-

i a . 8 

3.8 

•93.9 

•23 .5 

6 •' 9 

16,280 

596.6 

27.3 

-5& 

20 

118,l^O 

5,920 

-98.3 

-

71.0 

-71.0 

11,190 

18.8 

-

18.e 

-

i e .8 

3.8 

-71.. 8 

-18.7 

7,2k) 

595.6 

12.1 

+ 190.3 

20 

ue ,k)c 

5,920 

•32.1 

Ut.2 

-

• W.2 

7,600 

12.7 

-

-

12.7 

-

12.7 

2.5 

•Ul.7 

16,280 

596.6 

27.3 

-622 

20 

118,Uoo 

5,920 

-105.0 

— 

77.7 

-77.7 

10,1.20 

17.1. 

.31.6 

-58.1. 

-

1.1,0 

-1.1.0 

-8.2 

-69.5 

-17 . ' ' 

11 13 ll. 

10,1.20 

596,6 

17.5 

-3U. 

20 

llSiluX) 

5,920 

-56.1 

— 

lK).6 

-lrt>.6 

16,280 

27.3 

-626 

-105.7 

-

78,1. 

-78.1. 

-15.7 

-21..9 

-6.2 

16,280 

596.6 

27.3 

• 582 

20 

118,Uoo 

5,920 

•98.3 

125.6 

-

• 125.6 

11,190 

18.8 

-

-

18.6 

-

18.8 

3.6 

•121.8 

• 30,5 

• 

16,200 

596.6 

27.3 

-687 

20 

118,1«0 

5,920 

-116.0 

-

88.7 

-88.7 

11,190 

18.8 

-

-
16.8 

-
18.8 

3-8 

-92.5 

-23.1 

16 

6,950 

71.0.6 

9.1. 

-1.50 

26 

229,350 

8,820 

-51.0 

— 

Ui.6 

-1.1.6 

7,370 

10.0 

-

-

10.0 

-

10.0 

2.0 

-I13.6 

-ID.9 

17 

16,280 

596.6 

27.3 

•550 

20 

U8 , l«» 

5,920 

•92.9 

120.2 

-

• 120.2 

U,190 

18.6 

-

— 

18.8 

-

18.8 

3-8 

• U6.1. 

•29 .1 

16 

l6,28o 

596.6 

27.3 

-550 

20 

118, too 

5,920 

-92.9 

— 

65.6 

-65.6 

U,190 

18.8 

— 

— 

18.8 

-

18.8 

3.8 

-69." 

-17.>. 

l> 

7,2li0 

596.6 

12.1 

•358 

20 

118,too 

5.920 

•60.u 

72.5 

-

•72.5 

7,600 

12.7 

— 

— 

12,7 

— 

12,7 

2.5 

• 70.0 

•17.5 

^ 

7,2kO 

596.6 

12.1 

-3S6 

20 

116, too 

5,930 

-60.1. 

-

U8.J 

-M.J 

7,600 

12.7 

— 

— 

12,7 

— 

12.7 

2.5 

-50.8 

-12.7 

a ; : . , 2 . 2^ 

16,260 

596.6 

?7.1 

-659 

20 

118, too 

5,920 

- m . j 

-

8k.o 

-8I..0 

u . . . 

ia .8 

-368 

-62.2 

" 
1.3.* 

- t j .k 

-8.7 

-75. J 

-iB.B 

16,260 6,950 

596.6 7W.6 

".. . 

•665 . * « 

2D i6 

110, WO 229,350 

5,930 e.aao 

•112.3 -M. l 

i » . S — 

1.1.7 

• 1B.6 -1.1.? 

11,190 7,370 

iB.e 10.0 

• J76 -515 

•63.5 -58.V 

K , 3 — 

W.* 

82.) -M.k 

16.5 -5.T 

.123.1 -32-0 

. y . ? -a.o 

6,950 

7to.6 

,.. 

•*55 

26 

229,350 

6,620 

• 51.5 

60.9 

-

•60.9 

7,370 

10,0 

•521 

•59.1 

69.1 

69.1 

13.8 

•>.7.l 

•11.e 

16,280 

596.6 

... 

-6U 

20 

118, too 

5,920 

- lO^ . ' 

-

61.u 

-81. k 

11,190 

18.8 

-Jfc 

.60.8 

u . o 

- u . o 

-e.fc 

-73 .* 

- le .k 

* 

16,260 

596.6 

?T.) 

•673 

20 

118,too 

5 , 9 » 

•113.6 

i t o . 9 

-

• i to .9 

11,190 

18.8 

•358 

•60.5 

79.3 

79.3 

15.9 

•125-0 

•31.3 

^ 

7,2M 

596.6 

,-., 

-"•56 

20 

l i e , too 

5,920 

-77.C 

-

61..9 

-61..9 

7,600 

12.7 

-1,91 

-82.9 

~ 
70.2 

-70.2 

- I t .O 

-50.9 

-12.7 

^8 

7,2to 

596.6 

12.1 

• 1.52 

20 

118, too 

5,920 

• 76.3 

88.1. 

-

•88.1. 

7,600 

12.7 

•''77 

•60.6 

93.3 

— 

93.3 

18.7 

•69.7 

• 17.1. 

^ 

11,190 

596.6 

18.8 

+337 

20 

118,too 

5,920 

• 56.0 

75.7 

-

•75.7 

16,280 

27.3 

— 

27.J 

— 

27.3 

5.5 

•70.2 

•17.6 

30 

11,190 

596.6 

18.8 

-318 

20 

I l8 , to0 

5,920 

-53.7 

-

31..9 

-s 't .g 

16,280 

27.3 

— 

— 

27.3 

— 

27.3 

5.5 

- to .k 

-10.1 

31 

7,370 

71.0.6 

10.0 

•86.2 

26 

229,350 

8,820 

+ 10.0 

20.0 

-

•ao.o 

6,950 

9.1. 

— 

— 

— 

9.1. 

1-9 

• I 6 . i 

" • .5 

V 

7,370 

7to .6 

10,0 

-110.0 

26 

229,350 

8,820 

-12.1. 

-

2.1. 

-2.1. 

6,950 

9.'^ 

— 

— 

9.U 

-

g.i. 

1-9 

- ' ' .3 

- I . I 

33 

11,190 

596.6 

18.8 

+295 

20 

118, too 

5.920 

• 1.9.8 

68.6 

-

. « . 6 

16,280 

27.3 

— 

— 

27.3 

-

?7.3 

5.5 

• 6 | . i 

+15.8 

31. 35 

11,190 7,600 

596.6 596.6 

18.8 12.7 

-282 +201 

20 20 

36 JP 37 "* "1 ^ . 

7 600 7,600 
7,600 11,190 7,370 7,370 l l - W " ' l * ' ' 

« 6 . . « 6 . . 7 « . « 7 « . 6 « " « " « " « ' • ' 

12.7 iB.e 10.0 10.0 

.105.2 •350 -515 +518 

20 20 26 26 

18.8 18.8 ^-7 ^ - "^ 

.3U7 05U - W l ^ " ^ 

20 20 £0 20 

i i 8 , t o o i iB , too i ie ,uoo i i 8 , t o o 229,350 229.350 u 8 , W > n 8 , t o o i i 8 , ' « x , n e . u o o 

5,920 5,920 

.1.7.6 +33.0 

— 1.6.6 

28.8 — 

.28.8 +1.6.6 

16,280 7,21.0 

27.3 12.1 

- -

- -

27.3 12.1 

- -

27.3 12.1 

5.5 2.1. 

-3t .3 •U..2 

-6.6 , n . i 

5,920 5,920 8,820 8,82c 

-17.7 +59-1 -58.3 +58.7 

77.9 — 68.7 

5.0 — W.3 — 

-5.0 +77.9 -1^.3 +66.7 

7,2to 16,280 6,950 6,950 

12,1 27.3 9.1, 5_i, 

— +682 -1.53 +1,61 

— • U 5 . 2 -51.1, +52.3 

12.1 IW.5 _ 61.7 

1.2.0 

^ • 1 ll-S-S -1,2.0 61.7 

'•' 2«.5 - 6 , . ^ . 3 

•'•' *'^-'* -39.9 .36.U 

•'•' ^^-^ -10.0 . , , . , 

5,920 5,920 5,920 5,920 

-58.6 +59.7 -01 .2 *S2.U 

— 78.5 9 5 . 1 

39.8 66 .5 

-39.8 +78.5 -68 .5 +95 .1 

16,280 16,280 7,SUo 7,2irt) 

-677 +661 -it6o •i.^it 

- m . i . +111,7 -77 .7 *7f.. • 

— 139.0 — e e . ^ 

S^-l — 6 5 . 6 — 

-8T.1 139.0 . 6 5 . 6 s e . p 

= = d 
-17 .1 27 .8 . 1 3 . 1 1 , „ 1 

- » • ' • • . K . 7 - 5 5 . » » , , . 

-5-6 . 1 2 . 7 . 1 3 . 5 . 1 , 
• . k 1 10* 

*Qtea DUJ^end 8, 10, 12, 15, u d 37 w r e dafect lve. 



TABLE OF CONTENTS 

Page 

APPENDICES '̂̂  

A. Instrumentation Procedure for Structural P r e s s u r e 

Tests 27 

B. Analysis of Strain-gage E r r o r s 32 

C. Typical Analysis for Strains 37 

REFERENCES 41 

ACKNOWLEDGMENTS 42 



LIST OF FIGURES 

No. Title Page 

1. Containment Cell No. 5 during Placement of Reinforcement. 7 

2. Completion of F i r s t Pour and Location of Construction 
Joint of Cell No. 4 7 

3. Outside View of Completed Cell No. 5. To the Right, Twin 

Cell No. 4 under Construction 8 

4. Instrumentation Panel 11 

5. Building Cell Showing Longitudinal and Transverse F rames 
and Rectangular Box Frame 12 

6&7. Arrangements of Strain Gages on Interior and Exter ior 
Surfaces of Cell 14 

8. Comparison of Analytical and Experimental Strains for 
Strain Gages No. 22 and No. 26, Corresponding to Locations 
of Maximum Computed St resses 15 

9. Comparison of Analytical and Experimental Strains for 
Strain Gages No. 1 and No. 13 15 

10. Location of Gages No. 1, 3, S, 7, Close to the Ceiling 17 

11. Comparison of Analytical and Experimental Strains for 
Transve r se F rame at 10 psig 18 

12. Comparison of Analytical and Experimental Strains for Lon­
gitudinal F r ame at 10 psig 19 

13. Comparison of Analytical and Experimental Strains for 
Rectangular Box Franne at 10 psig 19 

14. Location of Thermocouples on Inner and Outer Surfaces of 
West Wall of Cell No. 5 21 

15. Arrangement for Measuring Deflection at Center Point of 
Inside Surface of West Wall of Cell No. 5 21 

16. Location of Thermocouples in Cell No. 5 22 

17. Arrangement Showing Strain Gage on Reinforcement with 
Compensating Gage on Slug 28 

18. Thermocouple Readings for Positions of Active and Com­
pensating Gages at Por t No. 2, to Establish Most Desirable 
Interval for Tests 29 



LIST O F F I G U R E S 

N o . T i t l e P ^ g ^ 

19. T h e r m o c o u p l e R e a d i n g s for P o s i t i o n s of Ac t ive and C o m ­
p e n s a t i n g G a g e s at P o r t No. 14, to E s t a b l i s h Mos t D e s i r a b l e 
I n t e r v a l for T e s t s 29 

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 Wi re A r r a n g e m e n t . 30 

2 1 . S t r e s s Coat for the Study of Su r f ace S t r a i n s in Ribbed R e i n ­
f o r c i n g B a r 31 

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 33 

2 3 . S t r a i n Gage E r r o r due to Swi tch ing Unit 36 

LIST O F T A B L E S 

No . T i t l e P a g e 

1. C o m p a r i s o n of 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 in 
M i c r o i n c h e s 13 

2. G e o m e t r i c P r o p e r t i e s of Sec t i ons and C a l c u l a t i o n s R e a c t i o n s , 
M o m e n t s , S t r e s s e s , and S t r a i n s for 10 p s i g P r e s s u r e 16 



TESTING OF CONTAINMENT CAPABILITIES OF REINFORCED 
CONCRETE-SHIELDED ENCLOSURES 

by 

S. H. Fis tedis , A. H. Heineman, and M. J. Janicke 

ABSTRACT 

A reinforced concrete-shielded enclosure intended to 
contain nuclear reactor experiments was subjected to internal 
p r e s su re s up to 10 psig. The strains in reinforcing steel 
were measured with strain gages at cri t ical locations for 
each pressure increment. These strains were compared with 
calculated s t ra ins ; good agreennent was found if the appro­
priate s t ress-concentra t ion factors are applied at locations 
near re -en t ran t corners and wall openings. 

Leakage-rate tests were performed to disclose the 
ability of an ordinary thick-walled concrete cell to contain 
compressed gases . Observed leak ra tes a re given for the 
two twin ce l ls , before and after the inside surfaces were 
painted. 

I. SUMMARY 

In order to study the s t ructural response of a pressur ized , re in­
forced concrete cell and evaluate its leaktightness, the cells (No. 4 and 
No. 5) of Building 315 intended to contain cri t ical fast reactor experiments 
were pneumatically tested. 

Each cell has the form of a rectangular box, with inside dimensions 
30 X 40 X 30 ft high. To satisfy the requirements of biological shielding, 
the concrete thickness of exposed walls and ceiling is 4 ft. The thickness 
of the north wall, adjacent to the office building is 5 ft. The cells possess 
no special containment features , except that they are reinforced s t ruc tu r ­
ally with steel to withstand p re s su re loading from a la rge , sudden energy 
re lease and a subsequent internal static p re s su re . Construction was closely 
inspected but did not involve unusual methods. Although high-strength s t ruc ­
tural concrete (a minimum compressive strength of 4000 psi at 28 days) was 
specified and obtained, there were no special attennpts to make the concrete 
leaktight. 



The purposes of the s t ructural tests were to investigate the ability 
of a cell to withstand static internal p ressu res at predictable s t r e s s e s and 
s t ra ins , and to produce the basis for a future extrapolation of the behavior 
of the cell under dynamic loading. Leakage-rate tests were also conducted 
to determine the capability of the thick concrete walls and ceiling to retain 
air under p ressu re . 

The strains in the walls and ceiling of Cell No. 5 were recorded with 
39 SR-4 strain gages strategically placed on reinforcing steel . Strains were 
recorded for internal p ressures of 2, 4, 6, 8, and 10 psig. These strains 
were subsequently compared with the s trains determined by elastic analysis. 
The analytical s t r e s ses and strains were calculated for a homogeneous and 
isotropic linearly elastic mater ia l . The analysis involved typical 1-ft wide 
longitudinal and t ransverse frame bents and a rectangular box frame. Ex­
tremely close agreement was obtained for the majority of the locations. 
There is an apparent disagreement between analytical and experimental r e ­
sults in the vicinity of re-entrant corners and near the discontinuities of the 
doors. Most of these discrepancies are alleviated by application of the 
proper s tress-concentrat ion factors to the analytical r esu l t s . Table I sum­
mar izes the comparative resul ts without including correct ion for s t r ess 
concentrations. The general pattern of cell behavior at 10 psig, as summa­
rized in Table I, is shown in Figs. 10, 11, and 12. 

Although no emphasis was placed on exclusion of leaks, it was de­
cided to conduct experiments to locate and plug detectable leaks where 
possible, and finally to attempt leakage-rate testing. By this procedure it 
was hoped to gain general information with respect to the res is tance to 
permeation of ordinary concrete construction by contained gases . Leaks 
were located by pressurizing the enclosure and applying soap solution on 
suspect a r e a s . Initial attempts to plug leaks were made with some success. 
Thereafter, the cell was pressur ized to 10 psig and a prel iminary observa­
tion of the rate of pressure decay made. After several such at tempts , it 
became obvious that the porosity of the concrete and lack of good sealing 
around door frames and other penetrations allowed leakage amounting to 
several percent of the contained gas per hour. This leakage rate was later 
materially reduced by painting the inside surfaces of the cells with a "non-
porous " paint. 

II. DESCRIPTION OF THE FACILITY 

The structure under consideration is pr imari ly the concrete con­
tainment cells No. 4 and No. 5 constructed to house the Argonne Fast 
Critical Experiments. A finished cell has the shape of a rectangular box. 
Its internal nominal dimensions a r e : length 40 ft, width 30 ft, and height 
30 ft. At all corners , except those adjacent to the floor, l6- in . bevels 



have been provided in order to minimize s t ress concentrations. All walls 
and ceiling, except the north wall, a re 4 ft thick. The north wall adjacent 
to Building D-315 is 5 ft thick. The wall thicknesses were imposed by the 
requirements of biological shielding. The walls and the ceiling were de ­
signed as two-way slabs. Each face of a slab is reinforced by No. 8 de­
formed reinforcing bars at 6-in. centers , running in both direct ions. 

Figures 1, 2, and 3 show the twin cells No. 4 and No. 5 under con­
struction. Each cell possesses a large, thick, steel service door on the 

111-9529 

Fig. 1. Containment Cell No. 5 during Placement of Reinforcement 

111-9989 

Fig. 2. Completion of F i rs t Pour and Location of-Construc­
tion Joint of Cell No. 4 



111-9988 

F ig . 3. Outs ide View of Comple t ed Cel l No. 5. To the 
Right , Twin Cell No. 4 unde r C o n s t r u c t i o n 

south wall and a s m a l l e r a i r l o c k door on the no r th wall connec t ing it to 
Building D - 3 1 5 . The only o the r i m p o r t a n t s t r u c t u r a l d i s con t i nu i t y i s a 
l a r g e c o n c r e t e wel l , extending 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 . 

During c o n s t r u c t i o n an effort was m a d e to employ t e c h n i q u e s c o n ­
s i s t e n t with accep ted good p r a c t i c e in the mix ing , 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 psi at 28 days was spec i f ied . 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 ig ina t ing at c o n s t r u c t i o n j o i n t s , two cont inuous pour ing o p e r a t i o n s 
w e r e employed , the only c o n s t r u c t i o n joint being l oca t ed at a p p r o x i m a t e l y 
midhe igh t of the w a l l s . Special effort was expended to i n s u r e cont inu i ty at 
the joint by providing 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 pour , 
the f i r s t joint su r face was vacuum c l eaned , wet ted , and g r o u t e d . S u b s e ­
quent ly , the t e s t s did not d i s c l o s e a plane of w e a k n e s s r e s u l t i n g f rom 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 under c o n s t r u c t i o n . 

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

As in al l con ta inment 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 he se t e s t s w e r e to a c q u i r e an ins ight into the behav io r of the c e l l s unde r 
p r e s s u r e and to d r a w conc lus ions 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 ce l l s were o r ig ina l ly des igned to wi ths tand d y n a m i c loads 



resulting from a sudden energy re lease and a subsequent increase in internal 
static p r e s s u r e . Actual full-scale blast tests in a nonexperimental facility 
such as these costly s t ructures a r e , for obvious reasons , nornnally neither 
practicable nor customary. Any tests which must be conducted on the s t r u c ­
ture itself must be of such a nature as not to cause serious damage or o ther­
wise to impair its future usefulness. 

A. Purpose of Structural P r e s s u r e Tests 

The s tructural tes ts were conducted in Cell No. 5 only. The reasons 
for p re s su re testing the cell at 2, 4, 6, 8, and 10 psig were pr imar i ly : 

1. To observe and compare experimental with analytical s t ra ins 
and s t r e s s e s , and to determine the validity of the static analysis , that i s , 
to determine the ability of the cell to sustain internal static p ressu res at 
predictable s t r e s s e s and s t ra ins . 

2. To proceed with an attempt to extrapolate the performance of 
the cell under dynamic loads, if a satisfactory agreement is obtained between 
analytical and experimental resul t s . 

As a byproduct, these tests could also offer results of general interest 
in the field of s t ructural mechanics . These aspects involve: 

1. Subjecting a full-scale s tructure to perfectly distributed loading 
(pneumatic p ressure ) and observing its performance. 

2. Providing an opportunity to the practicing engineer to compare 
his everyday methods of analysis with test resul ts on full-size heavy frannes 
and s labs . Heavy frames are common in the construction of br idges , v ia­
ducts, and heavy buildings. Experimental t reatment , however, of such heavy 
s t ruc tures is practically nonexistent. 

B. Purpose of Leak-ra te Testing 

The leak- ra te test was an experiment conducted in the cells to ex­
plore the capabilit ies of a reinforced concrete s t ructure of this type to 
contain gases under p r e s s u r e . Hope for success in this experiment was 
chiefly based on the mass iveness of the cell walls and the rather meticulous 
care exerc ised during placement of the concrete to insure high strength and 
high density. In other respec ts , these cells were designed and constructed 
in the conventional manner . It was necessary , of course , to conduct p r e ­
l iminary p r e s su re tes ts to detect and locate a reas of gross leakage prior 
to a measured leakage-ra te test , and to take such measures as seemed 
reasonable and practicable to eliminate or minimize such leaks . 
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IV. PRESSURE TESTS 

For a successful performance of the pressure t e s t s , a relatively 
leak-free cell was necessa ry . Pr ior to pressurizat ion, considerable effort 
was expended to locate probable points of leakage and apply various tech­
niques for sealing the leaks. After these general modifications, air was 
pumped into the cell with a large compressor , and several dry runs at 
p ressures ranging up to 5 psig were performed. These allowed detection 
and repair of remaining leaks, and insured the adequacy of the p re s su r i za ­
tion equipment employed. 

The first set of strain readings were taken at atmospheric p r e s ­
sure . This constituted the 0-psig reading. Subsequently, the p ressu re was 
increased in steps of 2 psi, and a set of strain readings were obtained at 
each step. Thus, strain readings for p ressu res of 2, 4, 6, 8, and 10 psi 
were recorded. Strain readings at the same pressure levels were also 
taken during the depressurization process . This p ressure cycle was r e ­
peated once. Thus, for each pressure level, except 10 psig, four sets of 
strain readings were obtained. This was done in order to observe the con­
sistency of performance of the strain gages and to detect gage drifts and 
any plastic flow of the concrete. 

A. Testing Limitations Imposed by the Structures 

Most of the nuclear-containment vessels heretofore employed are 
steel-plate structures of cylindrical or spherical shapes. Their design and 
erection procedures are relatively well established. Close adherence to 
the requirements of the ASME Unfired P res su re Vessel Code lends the 
benefit of accumulated experience and predictable performance. Except 
for some areas of leak-rate testing, acceptance tes ts for these vessels are 
relatively standardized. In most cases , repairs can also be car r ied out 
easily to satisfy acceptance requirements . 

Employment of a reinforced concrete structure as a containment 
vessel introduces additional problems. Reinforced concrete, unlike steel, 
is a nonhomogeneous mater ia l . It does not possess the relative isotropy 
and ductility of steel. Concrete is strong in compression and weak in 
tension. Steel reinforcement is pr imari ly used to take tensile s t r e s se s 
beyond the tensile strength of the concrete. 

All pressure testing had to be conducted well within the tensile 
strength of the concrete employed in order to avoid cracking. This differs 
from common structural practice in which some cracking of the concrete 
in tension is almost necessary to develpp fully the tensile capabilities of 
the reinforcennent and to attest to efficient design. Cracking of the cell 
was undesirable because it would have increased the leakage probabilit ies 
and would have invalidated the design approach, which was based on the 



11 

precept that the concrete res is ted tension during testing. An area of con­
cern was the plane at the construction joint located at midheight of the 
walls, between the two pours. 

Concrete can develop a tensile stress^ ' of the order of one-tenth 
of its compressive strength. It can sustain a greater tensile s t r ess caused 
by bending than by direct tension. With these considerations in mind, com­
putations were performed to develop safe l imits of internal p ressures for 
the se r ies of t e s t s . Thus the maximum of 10 psig for internal p ressure was 
selected in order to maintain the tensile s t r e s ses in concrete well within 
safe l imi ts . 

B. Instrumentation 

To record tensile and compressive strains in the walls and the cei l ­
ing, the reinforcing bars were left bare at strategic locations by proper 
box-outs, both on the inside and outside surfaces. SR-4 strain gages were 
used for all measurements . They had to be applied between the corruga­
tions of the deformed b a r s . The arrangement of strain gages was such as 
to disclose the performance of a t ransverse rigid frame bent, a longitudinal 
rigid frame bent, and a horizontal rectangular rigid frame box at approxi­
mately midheight of the cell . 

To minimize the pronounced effect of plastic flow, three switching 
and balancing units were used by three operators simultaneously to record 
strains (see Fig. 4). 

I^^H 

1 «MHHi^^^H 

1. THERMOCOUPIE WIRES 
2. ELECTRONIC DEW POINT RECORDER 
3. WALL DEFLECTION INDICATOR 
U. TYPE "K" STRAIN INDICATOR 

PRESSURE GAGES 
SWITCHING AND BALANCING UNIT 
TYPE "N" STRAIN INDICATOR 
WATER COLUMN 

Fig. 4. Instrumentation Panel 

The pressure in the cell during the tests was monitored by two pres­
sure gages and a separate 30-ft water colunnn connected to the cell and 
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extending from the basement through an opening in the first floor to the 
vicinity of the instrumentation panel. Both pressure gages and water col­
umn can be seen in Fig. 4. 

C . Test Results 

The experimental s t ra ins , in microinches, for the 2, 4, 6, 8, and 
10 psig pressures are shown in Table I. The resul ts were averaged for 
the two runs. The two runs provided four values for each of the 2, 4, 6, 
and 8 psig pressures and two values for the 10 psig p re s su re s . Only those 
gage readings showing consistency for both runs were retained. The read­
ings from one gage were discarded because it showed excessive drifts, 
indicating gage malfunction. Small drifts recorded at the end of each run 
were apportioned linearly to the recorded s t ra ins . In most cases , the gage 
drift was so small that it could not be apportioned in whole microinches to 
the various pressure levels. In these cases , in distributing whole mic ro -
inches a larger proportion was allocated to the higher p ressure levels 
(8 and 10 psig) to compensate for more active plastic flow of concrete at 
higher s t r e s ses . 

D. Analytical Treatment 

The cell was treated for moments, shears , s t r e s se s , and strains 
by analyzing a longitudinal frame bent, a t ransverse frame bent, and a 
rectangular box frame, (see Fig. 5). These frames represented 

TRANSVtHSE FR«ME 

Fig. 5 

Building Cell Showing 
Longitudinal and Trans­
verse Frames and Rec­
tangular Box Frame 

LOWGirUDIN.l FH.HE 



T a b l e I -COMPARISON OF ANALYTICAL AND EXPERIMENTAL STRAINS ' ^ MJCRO'NCHES 

(NO STRESS CONCENTRATION EFFECT INCLUDED IN ANALYTICAL STRAINS) 

NO. 
P R F S ' i i i p p ^ ^ 

ANAL 

EXP 

ANAL. 

6 PSI 

EXP 

1 2 3 U 5 

+•* - 3 +fi - 1 +5 

10 -1 , 3 - 1 

••9 - 5 +3 - 3 +9 

19 - 7 5 - 3 16 

6 7 9 

-It +2 -3 

-6 9 -5 

-7 +"• -7 

-10 lit 

+13 - 8 +5 -1* +i i i - 1 1 +6 -10 

30 - 1 1 9 - 5 21* 

ANAL. 

ANAL. 

+18 - 1 0 +6 - 5 +19 

l»0 - l i t 12 - 6 33 

+22 - 1 3 +8 -^ +2'* 

itS - 1 7 15 - 7 39 

-111 2 1 -12 

-15 +8 - l i t 

- 1 9 28 -15 

- 1 9 +10 -17 

- 2 3 32 -18 

11 13 1"* 

- 1 +6 -5 

-3 7 -It 

-2 +12 -9 

-6 12 -9 

-It +18 - l i t 

19 - 1 1 

- 5 +2lt -18 

-10 26 - l i t 

-6 +31 -23 

- 1 1 32 -19 

l 6 17 18 19 20 

-2 +€ -3 +lt -3 

-It 5 -It 2 -It 

-It +12 -7 +7 - 5 

-It 11 - 5 5 -6 

-7 +17 - 1 0 +10 

-7 1 5 - 6 7 - 8 

-9 +23 - l i t +llt -10 

-9 19 - 8 10 -10 

- 1 1 +29 -17 +18 -13 

- 1 1 23 - l 6 12 -13 

22 23 2** 25 

.1, +6 -2 +2 -l* 

-3 6 -It 3 ->* 

-8 +12 -3 +5 - 7 

-8 12 -3 5 

• n +18 -5 +7 - 1 1 

- U 20 -6 8 - l i t 

-15 +2lt - 6 +10 -15 

-16 2lt - 7 ID - 2 3 

26 27 28 29 30 

+6 - 3 +3 +h - 2 

6 - 3 »» 5 - 3 

+13 - 5 +7 +7 - ' t 

1 3 - 5 8 7 - 6 

+19 - 8 +10 +11 - 6 

22 - 7 13 I ' l - 5 

+25 - 1 0 +l l t +l l t - 8 

29 - 9 lit 17 -10 

-19 +31 - 8 +12 - 1 8 

•18 27 - 9 12 -25 

+31 - 1 3 +17 +18 - 1 0 

36 - 1 1 16 23 - 1 6 

31 32 33 i'* 35 39 ItO I t l lt2 It3 't't 

+ 1 0 +3 -2 +2 0 +2 -2 +3 

3 1 3 - 2 7 0 3 - 3 3 

+2 0 +6 -3 +'' .X +5 -It +6 

It 0 5 -It 111 

+3 - 1 +9 -5 +f 

0 7 -'* 6 

. 1 +7 -6 +8 

- 1 6 -6 19 

+lt - 1 +13 -7 +9 

1 0 - 1 8 - 8 S"* 

+5 - 1 +16 -9 +U 

12 7 10 

+10 -8 +11 

15 7 13 

.2 +12 -10 +1'* 

- 1 +3 - 3 +"* 

-2 3 - 3 5 

-2 +5 - 6 +8 

-2 6 - 6 9 

- 3 +e - 8 +12 

-It 10 - 6 15 

-U +10 - 1 1 +15 

-7 13 - 9 19 

- 6 +13 -Ik +19 

12 - 1 11, - U 29 
-2 15 

20 ll* - 9 16 - 1 2 20 

Gages n u m b e r e d 8 , 10 , 12 , 15 , and 37 were d e f e c t i v e . \ 
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h y p o t h e t i c a l 1-ft-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 wa l l s 
and c e i l i n g . The Moment D i s t r i b u t i o n Method(2) of a n a l y s i s was u s e d . A 
s a m p l e of c o m p u t a t i o n s is given in Appendix C. 

The c o m p o s i t e s e c t i o n s of s t ee 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 ee 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 was 
t r a n s f o r m e d into equiva len 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 those of a h o m o g e n e o u s m a t e r i a l , c apab le 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 lose in spec t ion of the s t r u c t u r e i m m e d i a t e l y 
af ter the 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 ib 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 just i fying the e l a s t i c des ign a p p r o a c h . 

M o m 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 each point on 
the s t r u c t u r e whe re a functioning s t r a i n gage was loca ted (see F i g s . 6 and 
7). The s t r e s s e s lying in the plane 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 

Pi .1. MiC 

A I 

The s t r e s s e s at r ight ang le s to the plane of a f r a m e w e r e d e s i g n a t e d by 
Sy, w h e r e 
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Su r faces of Cel l 
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E. Comparison of Analytical and Test Results 

Of 44 strain gages employed, 5 proved defective and were ignored. 
Of these five, gages No. 10 and 12 were abandoned at the early stages of 
instrumentation due to moisture interference. Gages No. 8 and 37 were 
abandoned during the final check prior to the pressure tes t s . Readings 
from gage No. 15 were discarded during the progress of the tests due to 
general inconsistency and large drif ts . 

Of the remaining total of 39 gages that functioned properly, more 
than half, a total of 21, at the pressure of 10 psig, showed a maximum 
variation between analytical and experimental strains of zero to 3^in. , 
(see Table I). This would indicate accuracy far better than the accepted 
10-jLiin. minimum e r r o r that is usually expected in strain-gage measu re ­
ments.^-*' For the remaining strain gages, the analytical resul ts shown in 
Table I include no correct ions for s t ress concentrations nor for disconti­
nuities in the walls due to the service door and the airlock. 

Figure 10 shows the proximity of gages No. 1, 3, 5, and 7 to the 
beveled corners between walls and ceiling. If a s t ress-concentrat ion 

factor''*' of 1.88 is applied to the 
analytical strains of gage No. 1 
(see Fig. 9), a closer agreement in 
the results is obtained. As can be 
seen in Fig. 9, the experimental r e ­
sults for gage No. 1, which is typical 
in the family of inside corner gages, 
are self-consistent, and exhibit a l -
nnost perfect elastic behavior, lying 
on a straight line with an apparent 
s tress-concentrat ion factor of 2.18. 
It is suspected that the difference 
between the recommended factor of 
1.88 and the apparent factor of 2.18 
is due to the reduction of the wall 
thickness by 4 in. in order to reach 
the reinforcement, to the plastic 
flow of concrete at these compara­
tively highly s t ressed a r eas , and 
also to the dimensional inaccuracies 
that enter the analysis of very thick 
sections. Fig. 10. Location of Gages No. 1,3, 

5, 7, Close to the Ceiling 
Even among the resul ts show­

ing the greatest variation, consistency in the sign of strains prevai ls , with 
one exception. However, sensitivity of strain gages is i l lustrated in the 
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TPANSVERSE FRAME (SEE FIG. 5) 
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Fig . 11 . C o m p a r i s o n of Ana­
ly t ica l and E x p e r i ­
men ta l S t r a ins for 
T r a n s v e r s e F r a m e 
at 10 psig 

unique c a s e of gage No. 39. This gage , 
loca ted v e r y c lo se to the c o r n e r of the 
a i r l o c k , was confronted with a s t r e s s p a t ­
t e r n to ta l ly di f ferent than the one c o n t e m ­
pla ted in the a n a l y s i s . It i s the only gage 
that r e c o r d e d s t r a i n s of oppos i t e s ign to 
those an t i c ipa ted in the c a l c u l a t i o n s . The 
wall cut 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 ­
ipat ing in r e s i s t i n g the l o a d s . A l s o , the 
p rox imi ty of gage No. 39 to the c o r n e r of 
the cu t -ou t i n t roduced 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 oca t ions n e a r the m i d s p a n of m e n n 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). 
These 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 loca ted 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 
seen 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 psig 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 , were plot ted for d i r e c t c o m ­
p a r i s o n . The ana ly t i ca l s t r a i n s for e a c h 
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 imposed as individual 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 ­
tion e m e r g e s in F i g s . 11, 12, and 13. 
Note that the app l i ca t ion 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 
ana ly t i ca 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. LEAK-RATE TESTING 

A. General 

Although the shielding concrete was constructed in the conventional 
manner, with no emphasis on exclusion of leaks, except for extra care to 
obtain high density and high strength, it was decided to conduct experiments 
to locate and plug detectable leaks where possible, and finally to attempt 
leakage-rate testing of an entire cell to gain general information with r e ­
spect to the relative imperviousness of ordinary concrete construction to 
contained gases under p ressu re . 

Areas of gross leakage were detected and located by pressur iz ing 
the enclosure and applying soap solution on suspect a r e a s , joints, and open­
ing f rames. Such leaks were plugged by various means with more or less 
success . For instance, at the surface joints of opening f rames , the concrete 
was routed out to form a groove. Such grooves were made and filled with a 
h igh- temperature mastic around all nozzles, pipes, conduits, and doors. 
Also, where leakage was detected over relatively large a r e a s , the concrete 
cover was chipped out back to the reinforcing ba r s , and special expanding 
grout was trowelled into the voids so created. All form ties were carefully 
grouted. Where leaks pers is ted past door frames, epoxy resin was pumped 
through tapped holes in an effort to fill voids between steel and concrete. 

B. Description of the Test 

1. Before any actual leak-ra te testing was done, a prel iminary 
investigation was conducted to establish relationships between surface tem­
pera tures of the faces of the cells versus deflections of the inner surfaces. 
The two pr imary purposes of the investigation were (l) to determine whether 
significant deflections occur within the temperature ranges to which the cells 
may be expected to be exposed during the tes t ; and (2) to establish experience 
factors by means of which calculations for volume changes due to tempera­
ture effects may be corrected if the deflections a re significant. These tests 
indicated that thernnal changes in volume are of such a small order that they 
may be neglected, and a substantial portion of instrumentation was thus 
eliminated. 

This investigation was conducted on the west wall of Cell No. 5, 
which is exposed to the afternoon sun, providing the greatest contras ts for 
developing representat ive data as rapidly as possible. Surface t empe ra ­
tu re s , inside and outside, were monitored by means of thermocouples taped 
to the wall, and shaded and insulated with 6 x 6 x 1-in. blocks of wood taped 
over them. The location and number of thermocouples a re shown in Fig. 14. 
The thermocouple readings were made with an indicating potentiometer of 
high accuracy. Deflections of the inner surface were measured at the center 
point of the wall by means of a dial gage mounted on tightly strung wires as 
shown in Fig. 15. Direct changes in length and height of the wall were 
neglected. 
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MOTE; WALL SURFACES ARE IDEMTIF IEO BY THE 
LETTERS • • " lEKTERIOR) AMD " b " 
( I N T E R I O R ) AS APPLIED TO AM 
INDIV IDUAL THERMOCOUPLE NUMBER ABOVE. 

Fig. 14. Location of Thermocouples 
on Inner and Outer Sur­
faces of West Wall of 
Cell No. 5 

MOUNTING rOR DIAL GAGE 

Fig. 15. Arrangement for Measur­
ing Deflection at Center 
Point of Inside Surface of 
West Wall of Cell No. 5 

2. The leakage-rate test proper was to have consisted of p r e s ­
surizing a cell to 10 psig, sealing off the inlet line, and then over a sufficient 
period to observe pressure decay and contained air temperatures from which 
loss of air during any period could be calculated. Contained air t empera­
tures were to be monitored by means of thermocouples suspended in the air 
space to obtain an average air temperature for any given observation. The 
number, location, and arrangement of the thermocouples are shown in 
Fig. 16. Contained air p ressure was to be measured by means of a spe­
cially developed, highly accurate , absolute mercury manometer. Two of 
these instruments have been built by ANL for use in similar tests of the 
containment buildings for the EBWR and EBR-II. A complete description 
of these instruments is given in Section C below. Corrections for water-
vapor p ressure in the contained air were to be calculated from observations 
of either wet-bulb and dry-bulb temperatures in the cell, or dew point. The 
lat ter might be obtained from a direct-reading, true dew-point indicator. 

When known leaks had been reduced to an expected practicable 
minimum, Cell No. 5 was pressur ized to 10 psig, and a prel iminary observa­
tion of the rate of pressure decay made. After several such at tempts, with 
additional efforts to plug leaks during interim periods, it became obvious 
that the porosity of the concrete and lack of good sealing means around door 
frames and other penetrations allowed leakage amounting to several percent 
of the contained gas per hour. 
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In view of the magnitude of the leakage rate from Cell No. 5, it 
was unnecessary to make measurements with the accuracy originally planned. 
Hence, all instrumentation, thermocouples, etc. , were dismantled and r e ­
moved from the a rea . P r e s s u r e decay was measured on the water manom­
eter without correct ion. 

3. Following the foregoing attempts to perform a leakage-ra te 
test , additional leak surveys of both cells (No. 4 and No. 5) were nnade, and 
further efforts made to plug known leaks and suspect a r e a s . After these r e ­
pa i r s , rough leak-ra te tes ts at 10 psig showed a loss of ~23% of contained 
air per 24 hr from Cell No. 4, and of -10% of contained air per 24 hr from 
Cell No. 5.(5) Since these leakage rates a re still excessive, various means 
of lining the cells were considered, and it was finally decided to coat the 
inter ior of the walls with a phenolic res in-base paint to improve the capa­
bilities for gas containment of both cel ls . The paint chosen was Carbo-
line 305. When this interior painting was completed, additional p ressu re 
tes ts at 10 psig indicated reductions of leakage rates to about 8% per 24 hr 
for Cell No. 4 and to 6% per 24 hr for Cell No. 5 . ' ^ ' 

C. Instrumentation 

1. Volume-change Effects due to Temperature Gradients through 
Walls 

Wall-surface t empera tures , inside and outside, were monitored 
by thermocouples as shown in Fig. 14. The deflections of the inner wall 
surface at the center were measured by a dial gage, as shown in Fig. 15. 

Z. Leakage-rate Test, Proper 

The temperatures inside the cell during the leakage-rate test 
were to have been monitored by thermocouples suspended in the air space 
to provide readings for the calculation of the average air tennperature. 
Their ar rangement is shown in Fig. 16. 

P ressure -sampl ing lines were tapped into closure plates on 
nozzles which are permanently sealed through a wall of the cel l . P r e s ­
surization was accomplished via a sinnilar nozzle and isolating valve. All 
instrument wiring and thermocouple leads were led through permanent 
conduits sealed through the cell floor and leading to the control room. The 
conductors were stripped at sealing condulets which were sealed off with 
epoxy res in . 

3. Description of Absolute Manometer 

Accuracy in p ressu re measurements beyond that attainable 
with commercia l ly available equipment a re usually required in cases where 
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leak rates are very small . An instrument was needed which could be read 
to the required accuracy by any of several operators . A description of the 
manometers evolved follows. 

These manometers are designed for p ressu res up to 70 in. Hg abs 
for the EBWR tests and 90 in. Hg abs for the EBR-II t es t s . For ease of filling, 
the top (closed) end is sealed by means of a stopcock. Below the stopcock a 
glass capillary tube bent into a goose-neck is fused to the top of the main tube 
and the lower end of the stopcock. By pressurizing the mercury reservoi r 
with argon or nitrogen, the mercury is forced up through the capillary and 
stopcock until it partially fills a small glass reservoi r above the stopcock. 
The stopcock is then closed and sealed, and the gas p ressure re leased slowly 
from the mercury reservoi r . 

The height of the mercury column is measured by means of a 
stainless steel rod cut accurately to a length about 12 in. short of the ex­
pected average pressure . Shorter rods cut accurately to length are used 
to extend this length to locate a sliding platform which clamps in place at 
2-in. intervals . A micrometer height gage is clamped to this platform, and 
a reading sight is supported by this height gage by an accurately machined 
bracket. The height gage reads from 0 to 4 in. 

A reading slot in the sight, which consists of a wide portion at 
the center and very thin portions at the sides, is accurately located. The 
meniscus is thus able to eclipse most of the aper ture suddenly as its crest 
reaches the top of the slot (the tops of the three portions of the slot are 
coincident). A small , calibrated light bulb shines through the slot, and the 
intensity of the beam is sensed by a photoelectric cell at the opposite side. 
The signal from this cell is regis tered on a sensitive galvanometer which 
indicates the sudden near eclipse of the beam by a rapid fall of the pointer 
and gives a reading of the meniscus level of high precision. 

To zero the lower end of the measuring rod, a sharp point is 
formed at its lower end. A low-voltage circuit induced through the r e se r ­
voir wall and the rod, via an indicating red light bulb, is made or opened 
as the sharp point touches or leaves the surface of the nnercury. The 
usual adjustable plunger immersed in the mercury is used to r a i se or lower 
the surface until the red light flickers out by light tapping on the reservoi r . 

These reading and zeroing means produce high accuracy and 
are repeatable to very close l imits by almost any operator . Thus the human 
element is virtually eliminated from pressure measurement . 
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VI. CONCLUSIONS 

A. P r e s s u r e Testing 

1. P r io r to the t es t s , it was advised that the expected s t ra ins to 
be recorded were so small that ordinary e r r o r s and instrument inaccuracies 
would overshadow the resul ts and no distinguishable pattern would emerge . 
An important resul t of this investigation is that with sufficient care the 
accepted 10-/iin. minimum e r r o r of instrumentation can be material ly 
reduced. 

2. The components of the cell made up of a nonhomogeneous and 
anisotropic mater ia l (concrete and steel) behave elastically in a predictable 
manner . 

3. The elastic analysis of the heterogeneous nnaterial based on the 
uncracked sections is valid. 

4. At re-entrant corners , the resul ts of the elastic analysis must 
be modified by the proper s t ress-concentra t ion factors . 

5. With proper care during construction, construction joints can 
be made to sustain concrete tensile s t r e s se s at least as high as one-third 
of the tensile strength of concrete. 

6. The negative moments along the edges of the slabs cannot be 
pinned down with certainty due to the necessary modification of the analyt­
ical resul ts in these a reas by empirical s t ress-concentra t ion factors . 
Another source of e r r o r in the edge moments is the active plastic flow 
observed in these relatively h igh-s t ress a r e a s . 

B. Leak-ra te Testing 

1. Volume-change Effects due to Temperature Gradients through 
Walls 

The range over which the difference between average inside 
surface tempera ture and average outside surface tempera ture on the west 
wall varied during approximately five weeks of observations was ~40°F. 
Based on deflection measurements at the center point of the inside surface 
of the wall, calculations, in which ci rcular curvature and maximum free 
a rc length were assumed, indicated a volume change of less than 0.01% over 
the full t empera ture range when applied to the three exposed walls and the 
roof of the cell simultaneously. This range of At is probably near the maxi ­
mum that could be experienced within the period of a leakage test , e spe ­
cially for simultaneous variation in the exposed walls and roof. The value 
given above for AV i s , therefore, probably greater than would be experienced. 
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This value is a small fraction of the e r ro r involved in measuring and ca l ­
culating the volume losses . These volume-change effects due to t empe ra ­
ture gradients through the cell structure were, therefore, considered 
negligible. 

2. Leakage-rate Test, Proper 

From the foregoing description and test resul ts , it can be con­
cluded that concrete enclosures, even where wall thicknesses a re as great 
as 48 in. and 60 in., when constructed in the conventional manner, even 
though extra care is exercised to obtain high density and high strength, 
will leak excessively through inherent porosity, c racks , and crevices be ­
tween steel frames and penetrations and the adjacent concrete . This appears 
to be true after considerable effort to improve conditions at joints between 
steel frames and penetrations and the concrete, and faults in local a r e a s . 
Application of a good, nonporous paint to the inner surfaces reduces the 
leakage by a factor of ~2 to 3; but the leakage rate from the standpoint of 
containing radioactive gases may still be excessive. 
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Appendix A 

INSTRUMENTATION PROCEDURE FOR STRUCTURAL PRESSURE TESTS 

The instrumentation procedure had to comply with the requirements 
to measure very small elongations in a concrete reinforcing bar , less than 
one hundred microinches per inch (Mil). To those who are familiar with the 
l imitations of measuring techniques with s train gages, it is obvious that one 
can easily lose 100 Mil due to equipment peculiari t ies and other e r r o r s , if 
sufficient care is not taken to analyze the situation. Briefly stated, the prob­
lem in these tes ts was to record very small s t ra 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 interpretation of the resu l t s . 

1. Strain-gage Selection and Installation 

The selection of the s train gage was affected by both the overall 
physical s t ructure to be tested and the immediate a rea 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 walls. This made it difficult to install the gages and 
exposed them to weathering. Also, the reinforcing bars to which the gages 
were to be attached were recessed and only half exposed in box-outs of the 
concrete wall. A clamping force was required for the gages in the vert ical 
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 horizontally oriented, and a weight set on 
top of the gage to supply the required clamping force during the drying in­
terval . To make up for the vertical orientation of the gages, a thin paper-
base gage was chosen, the cement was allowed to dry out fast, and a magnet 
with sufficient at traction was used to hold the gage fixed to the steel rein­
forcing bar . A very fast-drying adhesive was tr ied at f irst , but better 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 limitation placed on its physical 
dimensions. They had to be confined between 0.8 cm x 0.4 cm or 0.6 cm x 
0.6 cm. For gages within these dimensions, special equipment to remove 
the r ibs was unnecessary. 

Forty-four gage positions were to be instrumented. The number of 
tempera ture-compensat ing gages doubles the total number. The accuracy 
required, the availability of the gages at that tinne, and the cost involved in­
dicated that a statndard gage was preferable to a special gage. On the basis 
of this observation, an A-8 type SR-4 strain 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 
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box-outs as the corresponding active gages (see Fig. 17). This was pos­
sible because of the little variation in the air temperature inside the cell 
and the 4-ft thickness of the walls limiting heat conduction. On the outside 
surfaces, a similar installation did not prove satisfactory. Although the 
gages were insulated, and the box-outs were taped and isolated, the exces­
sive heat conduction caused the thermocouples at box-outs Nos. 2 and 14 to 
record sizable temperature differences between reinforcing bar and slug. 
Subsequently, the slugs were moved and loosely attached directly on the 
respective reinforcing bars . Thermocouple readings were again recorded. 
The results are shown in Figs. 18 and 19. This step was taken in order to 
determine the most appropriate time interval, during a 24-hr period, to 
conduct the pressure tests. 

112-1125 

Fig. 17. Arrangement Showing Strain Gage 
on Reinforcement with Compen­
sating Gage on Slug 
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Fig. 18. Thermocouple Readings for Positions of Active and 
Compensating Gages at Por t No. 2, to Establish 
Most Desirable Interval for Tests 
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Fig. 19. Thermocouple Readings for Positions of Active and 
Compensating Gages at Port No. 14, to Establish 
Most Desirable Interval for Tests 
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The strain gages were applied in a conventional manner. P r io r to 
application, the specific locations of the reinforcing bars were sand blasted 
to remove scale, dust, rust, paint, and/or grease. A three-wire lead was 
employed for each pair of active and compensating gages. The gages were 
tr immed of excess paper and allowed to dry for three days. The lead wires 
were securely attached (see Fig. 20) on the adjacent walls or ceiling, made 
into cables, and brought to the instrumentation panel adjacent to the cell. 
All the gages in the inside box-outs were beeswaxed. The gages in the out­
side box-outs were protected by sealing the box-outs by cardboard and 
taping it on the wall along the edges in addition to beeswax. 

112-1124 

Fig. 20. Strain Gage on Reinforcement with 
Lead Wire Arrangement 

2- Investigation of Surface Strains in a Reinforcing Bar 

It was desirable to employ a standard strain gage that was as long 
as possible. This condition would hav^ brought the gage very close to the 
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rib of the reinforcing bar. The question arose - how close can the gage be 
to the rib without being perturbed by the rib? A test of the strain pattern 
in the a rea available for strain gage placement was made with s t ress coat. 
A photo. Fig. 2 1, of the result shows that at a very short distance from the 
rib the bar appears to have the character is t ics of a rod without r ibs . This 
fact indicated that a gage, located within the full geometric limitation, could 
be placed without special consideration of the rib effect. Had the rib effect 
been sufficiently pronounced to influence even the smallest of gages, a spe­
cial device would have had to be built to remove the ribs and an additional 
cost added to the field testing. 

112-382 

Fig. 21. Stress Coat for the Study of Surface Strains in 
Ribbed Reinforcing Bar 

The surface of the specimen shown in the photo was first prepared 
by dressing it with a wire wheel. A magnaflux ST-2 thinner was then used 
to clean the surface. After the surface was freed of any lint, aluminum-
pigmented lacquer ST-840 was sprayed at 20 psig pressure to provide a 
uniform background. Magnaflux coating ST-1205 was then sprayed at 
12 psig to provide the britt le surface. The gas for both spraying opera­
tions was bottled dry nitrogen. The spraying temperature was 75°F and 
60°F, dry and wet bulb, respectively; drying temperature was 80°F; testing 
temperature was 70°F. Crack initiation at approximately 800 Mil was in 
agreement with the value supplied by the manufacturer. A dye was applied 
before photographing so that a visible residue would more clearly indicate 
the cracks . 
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Appendix B 

ANALYSIS OF STRAIN-GAGE ERRORS 

After the proper selection and installation of a strain gage, the 
various e r r o r s that could influence the experimental resul ts were con­
sidered. These involve e r ro r s inherent in the manufacture and specifica­
tions of the gages, e r r o r s due to temperature fluctuations, and e r r o r s in 
the recording instruments and in over-al l installation. These various 
sources of e r ro r are subsequently discussed independently and the 
magnitudes of their effects ascertained. 

1. E r ro r due to Transverse Sensitivity of the Strain Gage 

In addition to measuring strain in a direction paral lel to the axis 
of the strain gage, the gage also measures a fraction of the t ransverse 
strain due to Poisson's ratio. This fraction is dependent of the electr ical 
characteris t ics of the strain-gage wire and the fact that approximately 
4 percent of this wire is oriented in the t ransverse direction. To correct 
for this condition, the manufacturer supplies a gage factor that is cali­
brated with use of a material with a Poisson 's ratio of fig = 0.285. 

The equation that correc ts for the situation of not having a material 
with I-LQ = 0.285 is given by Murry(^) as follows: 

e = ^ R (1 - 0.285 K) 
^ G.F. 1 - M K 

where 

Ex = strain in the axial direction 

A R / R = fractional change in s train-gage res is tance 

G.F. = gage factor. 

Values of K are given by Hetenyi.(8) The K value is an experi­
mentally determined quantity that cor rec t s for t r ansverse sensitivity and 
IS different for each gage. This effect was pract ical ly zero in the case of 
the Sr-4, A-8 gage. A -0.05% e r r o r would have occurred if fj. were 0.260 
and +0.03% e r r o r if fi equaled 0.300. 

^- E r r o r due to Gage-factor Specification Allowance 

The strain indicator detects the true strain only if the cor rec t gage 
factor is used. If the dial indicator is not set for the gage factor of the 
gage, the true strain is in e r r o r by the ratio of the indicated gage factor 
recommended by the manufacturer on the package to the actual gage factor 
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of the gage being used, that is , 

„ . ,. ,. , . ^ indicated gage factor 
True strain = (indicated strain) x ; j — : actual gage factor 

The manufacturer gave a possible tZ percent allowance for the 
gage factor of the gage used; therefore, a possible e r r o r of iZ percent 
could have been introduced into the true strain because each gage could 
not be checked for its gage factor. This e r r o r is inherent in the gage 
and could not be accounted for. 

3. E r r o r due to Misplacement of Gage from Axial Direction 

The gages were placed on the cylindrical concrete reinforcing rod 
without the aid of mechanical positioning. An instrument of this type is 
sometimes used to align a strain gage perfectly. Without such a device, 
some misalignment is unavoidable. 

F r o m a small sampling of manual placements of gages, it was 
est imated that a reasonable maximum angular misplacement of 5° could 
be expected. A misplacement of this magnitude for an actual strain of 
100 Mil was found to be in e r ro r by only 0.76 MIL The strain e r r o r for 
such a small angle was approximated by assuming that the diagram in 
Fig. 22 was representative of the physical system. 

Fig. 22 

Diagram for E r r o r due to a 
Misplaced Strain Gage 

The true strain is represented by 

Ax 
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and the actual strain seen by the gage misplaced 9 degrees is given by 

AL 
ê L 

where 

L = x/cos 9 

and 

AL = Ax cos 9 •IT Ax cos 

which results in 

ê 
AL Ax 
L X 

cos^ 

or 

Eg = e ^ COS 9 

The result is that the e r ro r Sg is given by the relationship 

Ee = ^x - ^e = ^x (1 - c o s ' 9) 

and the fractional e r ro r due to an axially misplaced gage is then 
Ee/ex = sin^ 9. 

4 E r r o r in Temperature Compensation 

When active and compensating gages are exposed to the same tem­
perature , there is no strain indication from the bridge; that is , a temperature-
compensation circuit is unaffected by tempera ture as long as both active 
and compensating gages experience the same change. However, to be 
completely free from any thermal variat ions would be almost impossible 
in a field installation. Therefore, a measurement of the temperature varia­
tions at the locations of the gages were made. Temperature measurements 
of active and compensating gage locations indicated that a maximum differ­
ence of ^ F could be expected in some exposed locations over a 7-hr night 
testing period (see Figs . 18 and 19). 

Temperature compensation of active and compensating strain gages 
is composed of two factors F i r s t , the-resistance of the gage wires change 
with tempera ture , and, second, the thermal coefficient of expansion of the 
strain gage differs from that of the s tructure on which it is bonded. To 
evaluate these small tempera ture changes, strain gages were affixed to 
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samples of the reinforcing bar used in the construction of the cell. Tem­
pera tu res of the active and compensating gages were then changed in separate 
enclosures that were isolated and insulated. The change in apparent strain 
versus the change in temperature was a straight-l ine relationship with a 
slope of +4.5 MIl/°F. This variation made obvious the necessi ty of night 
testing, because it represented a large e r r o r for the small strain readings 
recorded. Some locations had maximunn readings of about 40 Mil. The 
•J- F tempera ture variation meant that this e r r o r for the la rger s train 
readings could amount to a maximum of 4% and to a grea ter percentage for 
the smal ler s t ra ins . 

5. E r r o r due to Lead Wires 

In general , s train-gage lead wires are thick, s ingle-stranded e lec­
t r ic conductors with a good quality of insulation. The diameter of the wire 
should be as large as practicable in order to offer the least possible 
res is tance to the passing current . By use of a temperature-compensat ing 
circuit , consistent changes in all lead-wire res is tances due to consistent 
tempera ture changes in all wires do not affect the strain readings of the 
gages. The common lead is in the battery circuit and may be at a slightly 
different resis tance than the other two leads. This fact is helpful in 
choosing the best possible combination of leads, that is , if there is a lead 
considerably different than the others that must be utilized, it would be 
wise to use it as the common lead. 

Some rough handling was expected in the installation of the lead 
wi res , and therefore, a test was devised so as to indicate what e r r o r could 
have been expected from this treatment. Twenty-five 180° bends were 
made in a 100-ft length of lead wire. The wire was straightened,and a 
check of the change of wire resis tance due to cold working was not 
measurable . 

The route that some of these leads took brought them to the outside 
of the building. Therefore, a careful layout was made to assure that no 
mechanical s t rain could affect the lead wires and the resulting strain 
readings. 

6. E r r o r in the Operation of the Switching Unit 

Very small responses were expected from the active strain gages. 
This fact alone was an inducement to investigate every possible source of 
e r r o r . When a check of the switching and balancing unit was made, it was 
found that the repeated readings were not sufficiently accurate for the 
small ranges involved. A typical response of the switch selection. No. 6, 
on the switching unit (as received from the factory) is shown on the bar 
char t of Fig. 23a. An examination of the switch inser t s was made in an 
attempt to cor rec t this condition. The case was not dust proof and something 
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resembling a lubricant was observed on the switch contacts. After clean­
ing the switch, it was observed that a slight tapping did seat the switch 
better and gave readings represented by Fig. 23b. 

1 1
 1 
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1 

:̂  m 
AS tlECEl 

^ 
VEO 

1 
n fi" R 

F^ 

• 2 

CLEANED 

AND 

RESEATED 

w t̂  y ^' 

;< 

;̂  

^ 

i i r 

Fig. 23 

Strain Gage E r r o r due 
to Switching Unit 

Other switch selections were similar to position No. 6. This 
selection was chosen at random to be representative of the switching 
boxes. 

The probable e r ro r due to a single observation after cleaning was 
less than one percent of the expected strain and was acceptable consider­
ing the other e r ro r s . 

7. Zero-drift Er ro r 

Instead of trying to stop the strain-indication instruments from 
drifting, a reference circuit was used wherein a known condition of zero 
strain existed. Once the system was balanced, any strain regis tered by 
the reference circuit was accepted as drift in the strain indicator. The 
field readings were then adjusted by this amount to acquire the corrected 
strain reading. 
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Appendix C 

TYPICAL ANALYSIS FOR STRAINS 

For purposes of illustration, the s trains of gage No. 18 are 
considered. The analytical strains were calculated by Hooke's Law: 

1 / P , Ml. 
= — ! — + II S E V A " I ' - ) 

The 10 psig internal p re s su re gave a uniformly distributed load of 
1440 Ib/ft^ acting on the inside surface of the s t ructure . According to two-
way slab theory,(9) based on equal deflection of the central s t r ips , the 
(greater) portion of the load on a one-foot-wide strip of the wall is car r ied 
in the shorter of the two directions: 

w L ^ w (43.25)^ - =; 0.740 w 
S-" + L'' (33.33)'' + (43.25)" 

w = Portion of the total load w carr ied on the middle strip of the 
short direction of the east wall, i.e. portion of load acting on 
side AB of the frame in question. 

L = long dimension of east v/all 

S = short dimension of east wall. 

End moments resulting from the continuity of the s tructure were 
calculated by the Moment Distribution Method:(^) 

FEM = Fixed End Moments 

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

= l / l 2 (0.740x 144 i n .y f t ' x 10 l b / m . ' x 3 0 . 5 ft) 33.33 ft 

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

F E M B C = f'EMf-g = 88,500 ft-lb 

K = Moment Distribution Constant 

I 118,400 in." , ^.^ . 4/^^ 
^BA - ^ - 33.33 ft - ^'^^^ '"• / ^ ' 

I = Moment of Inertia of 4-ft reinforced concrete wall 

S = Effective length of wall. 

•The actual clear height of the cell during the tes ts was 30.5 ft. After 
the tes t s , the final 6 in. of concrete was poured on the floor, reducing 
the height to 30 ft. 
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Similarly, 

K B C = 3,620 in."/ft 

D = Moment Distribution Factor 

^BA 3,560 

" ^ ^ " K B A + K B C " 3.560 + 3,620 

D B C = 0-504 

For all practical purposes. 

0.496 

D B A = D B C 

MOMENT DISIR I BUT I on: 

*88.5 

* 0.8 »• 

0.5 

0.5 
• 0.3 

-xs.s 
- O.lt 

- t 1.0 

- 0.1 

- « 0. 1 

+89.I 

iOJOO ft lb 89,100 f t lb 

W = 0.71)0 X m w - 1066 l b / f t 

^ ) M M M M H M r 

R : 16,180 lb 

• — 1 . 3 ' 

R = 16.280 lb 



39 

MOMBIT D U 6 I H M : 

-r\ 

! • 

60 

itO 

20 

0 

20 

HO 

60 

•« = 0 ^ 

.100 • 1066 X 30 .5 « 16.75 - 90 .700 - 33 .3 R = 0 
B 

R = 16.280 16 4 -

t 
•> R = 1 6 . 1 8 0 l b 

%=" + 
•^ 90 .700 • 1066 X 1.33 X I .33 x 1/2 

- 16.180 X 2.83 - M A = 

. M A = 45.900 f t lb 
'A'-

The Three Stress Components: 

S B - s t r ess due to bending 

Mc 550,000 in.-lb x (-20 in.) „ , „ 
S B = — r - = — = -92.9 ps i 

1 118,400 in." 

c = distance from neutral axis to strain gage locations 

= -20 in. 

Sp ~ tensile s t ress due to uplift of the ceiling 

P 16,280 lb 
= —; = 27 . 3 psi 

A 596.6 i n ^ 

P = Uplift force on a section of wall, 1 ft wide and 4 ft deep 

A = Equivalent concrete cross - sectional area 

S / j \ = Stress in the direction of strain gage 
^ P_ ^ M c 
" A " I 
= Su = 27.3 -92.9 = -65.6 ps i 

Sy = Stress at right angles to the direction of the strain gage, 
i.e. tension in the longitudinal direction of the east wall. 
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P' , M'c 11,190 
S v = — t — = ^ 9 6 X ^ ° = +18.8 psi 

M' = 0 bending of wall in longitudinal direction close to 
foundation assumed to be negligible. 

e / ^ = Analytical strain at gage ^^ location. 

= Y ^ ^ A - ^S^) ^y Hooke' s Law 

E = Modulus of Elasticity of concrete, 4 x 10^ 

(Li = Poisson's Ratio applied to secondary s t r e s s , 0.20 

e / ^ = - — ^ (-65.6 - 0.20 X 18.8) = -17 micro inches 

The experimental strain recorded at 10 psi was - 16j-i in. 
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