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EXECUTIVE SUMMARY 

I n  October 1983 t h e  Defense Nuclear Agency (DNA) sponsored a h i g h -  
expl o s j  ve b l  a r t  t e s t ,  nicknamed DIRFCP COURSE. Thi  s event sa’mul a t e d  t h e  
b l a s t  e f f e c t s  f rom a o n e - k i l o t o n  nuc lear  de tonat ion  and prov ided an 
environment For t h e  t e s t i n g  of s e l e c t e d  s h e l t e r s  m d  components f o r  
t h e i r  s t r u c t u r a l  i n t e g r i t y  and r e s i s t a n c e  t o  b l a s t .  

Under work f o r  t h e  Federal  Emergency Management Agency (FEMA) ,  t h e  
Oak Ridge Nat iona l  Laboratory  ( O R N E )  f i e l d e d  a s e t  o f  experiments a t  the  
D I R E C T  COURSE event  which were d i r e c t e d  towar t e s t i n g  methods o f  r e -  

duc ing  t h e  c o s t  o f  b l a s t  s h e l t e r  f o r  smal l  groups of  people, such as 
c r i t i c a l  workers. S i x  i tems were tes ted :  t h r e e  1/4-scale models o f  a 
c o r r u g a t e d  metal  b l a s t  s h e l t e r  and t h r e e  f u l l  - s i z e  b l a s t  door c losures  

fcir such a s h e l t e r .  

The ORNL b l a s t  s h e l t e r ,  a low-cost p ro to type,  was f a b r i c a t e d  f rom 
t h e  t y p e  o f  cor rugated  metal  c u l v e r t  w h i c h  can be found i n  dra inage and 
highway c o n s t r u c t i o n  use. The des ign t e s t e d  a t  DIRECT COURSE was a 
m o d i f i c a t i o n  o f  a s h e l t e r  designed by Dclnn Metal  Products ( D o n n ,  Inc., 

Westlake, Ohio).  The ORNL m o d i f i c a t i o n s  were in tended t o  improve t h e  
ease o f  en t ry ,  t h e  p r o t e c t i o n  aga ins t  i n i t i a l  n u c l e a r  r a d i a t i o n ,  and t h e  
hardness o f  t h e  entryway w h i l e  keeping t h e  c o n s t r u c t i o n  cos ts  low. 

Each o f  t h e  t h r e e  s h e l t e r s  t e s t e d  a t  D I R E C T  COURSE was 180 cm ( 6  
ft,) l o n g  by 60 cm ( 2  f t . )  i n  diameter,  was b u r i e d  about 60 cm ( 2  f t , )  
below ground l e v e l  and represented a 1J4-scale r e d u c t i o n  o f  a f u l l  - s i z e  
s h e l t e r  capable o f  s u p p o r t i n g  12 t o  18 occupants. The entryway t o  t h e  
s h e l t e r  was a v e r t i c a l  l e n g t h  o f  metal  c u l v e r t  clamped t o  a TEE-section 
a t  one s i d e  o f  t h e  s h e l t e r  body. One end o f  t h e  s h e l t e r  body was 
f a b r i c a t e d  as a f rus tum o f  a cone; wh i le ,  t h e  o t h e r  was a low-cost 
closure f a b r i c a t e d  f rom a f l a t ,  c i r c u l a r  p i e c e  o f  sheet metal welded t o  

an a n g l e  i r o n  hoop. 
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Three i d e n t i c a l  sca le  model s h e l t e r s  were b u r i e d  a t  f i e l d  l o c a t i o n s  
w i t h  expected overpressures o f  0.35, 0.7, and 1.4 MPa (50, 100, and 200 
p s i ) .  A l l  t h r e e  s h e l t e r s  su rv i ved  t h e  b l a s t ,  even though t h e  ac tua l  
overpressures were 10 t o  20% h ighe r  than were expected. The s h e l t e r  a t  

the expected 1.4 MPa (200 p s i )  l o c a t i o n  was a c t u a l l y  sub jec ted  t o  an 
overpressure o f  1.55 MPa (225 psi)  and s u f f e r e d  a non-ca tas t roph ic  

b u c k l i n g  o f  t h e  low-cost  s h e l t e r  body end c losure .  A s l i g h t ,  concave 
de format ion  o f  t h i s  s h e l t e r  body a t  t h e  entryway TEE-section was t h e  
o n l y  o t h e r  s i g n  of damage f o r  any a f  t h e  s h e l t e r s  tes ted .  The clamped 
j o i n t s  i n  the  s h e l t e r  entryway showed no d i s t o r t i o n  or deformat ion i n  
any o f  t h e  t h r e e  t e s t  i tems, 

The ORNL y i e l d i n g  membrane b l a s t  door i s  a navel concept based rirpon 
the e l a s t i c  behav io r  o f  t h i n  metal membranes, An o r i g i n a l  theory f a r  
t h i s  behav io r  was used success fu l l y  a t  ORML i n  the. e a r l y  1970's i n  the 
des ign  o f  f o i l  b l a s t  gauges. The metal membrane deforms p r e d i c t a b l y ,  

much l i k e  a soap bubble, under shock load ing .  T h i s  design has the po- 
t e n t i a l  t o  save bo th  weight  and cos t  over  t h a t  o f  conventional b l a s t  
doors 

Each o f  t h e  t h r e e  b l a s t  doors tes ted  a t  D IRECT COCJRSE was about 90 

cm (35  in . )  i n  diameter and cons is ted  o f  a f l a t ,  c i r c u l a r  p iece  o f  t h i n  
sheet metal a t tached a t  i t s  c i rcumference t o  an edge beam or sl ipport  
hoop, Each door res ted  upon a frame o r  "suppor t  c o l l a r "  f a b r i c a t e d  f rom 

r o l l e d  ang le  i r o n  hoops. The angle i r o n  geometry p rov ided the approp r i -  

a t e  s i l l s ,  r a i n  l i p s ,  windscreens, and s o i l  suppor t  f o o t i n g .  The door/ 
frame assembly r e s t e d  a top  a 60 cm ( 2  ft.) l e n g t h  o f  76 crn (30 in . )  ID 
cor rugated  metal c u l v e r t ,  which s imu la ted  t h e  en t r yw iy  t o  an ac tua l  

s he1 t e r  . 
Three y i e l d i n g  membrane b l a s t  doors were p a s i t i o n e d  a t  f i e l d  l o c a -  

t i o n s  w i t h  expected overpressures o f  0.35, 0.7, and 1.4 MPa (50, 100, 
and 200 p s i ) .  The t h r e e  test. i tems employed t w o  d i f f e r e n t  designs. For 
the 0.35 and 0.9 MPa (50 and 100 p s i )  doors, t h e  s t a i n l e s s  s t e e l  me 

brane was 1.3 mm (0.050 in . )  t h i c k ,  and the edge beam was a hoop r o l l e d  
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f rom 2.5 by 6.4 cm (1 by 2.5 i n . )  carbon s t e e l  b a r  s tock.  For t h e  1.4 
MPa (200 p s i )  door, t h e  membrane was 2.0 mm (0.080 in . )  t h i c k ,  and t h e  
edge beam was r o l l e d  f rom 5 cm ( 2  in . )  d iameter  s t e e l  p ipe, which was 
subsequent ly f i l l e d  w i t h  concrete f o r  s t rength ,  It was hoped t h a t  these 
v a r i a t i o n s  i n  design and overpressure would b racket  t h e  range over which 
f a i l u r e  might  occur. 

A l l  t h r e e  doors s u r v i v e d  t h e  b l a s t ,  The a c t u a l  overpressures mea- 
sured d u r i n g  t h e  b l a s t  a r e  descr ibed above i n  t h e  d i s c u s s i o n  o f  t h e  
s h e l t e r  t e s t  r e s u l t s .  The measured permanent d e f l e c t i o n  o f  each mem- 

brane door was about h a l f  o f  what had been expected f rom t h e  prev ious 
theory  on f o i l  b l a s t  gauges; however, a computer s i m u l a t i o n  o f  t h e  
membrane's t h e o r e t i  c a l  dynamics showed t h a t  t h i s  pecul i a r  behavior  can 
be exp la ined by t h e  very s h o r t  d u r a t i o n  (approx imate ly  100 ms) o f  t h e  
p o s i t i v e  phase f o r  t h i s  b l a s t .  Al though t h e r e  was no o t h e r  d i s t o r t i o n  
o r  de format ion  i n  t h e  doors or i n  t h e  s u p p o r t i n g  frame, t h e  support  
c o l l a r s  were pushed about 10 cm ( 4  i n . )  i n t o  t h e  ground a t  each l o -  

c a t i o n .  
A summary o f  r e s u l t s  and t h e  conclus ions f rom t h i s  s e t  o f  e x p e r i -  

ments f o l 1  ows: 

a The cor rugated  metal  s h e l t e r  design proved t o  be successfu l  
and showed promise f o r  reduc ing  t h e  cos t  and improv ing t h e  
hardness o f  such s h e l t e r s .  

a S u r v i v a l  o f  t h e  clamped entryway j o i n t s  may i n d i c a t e  t h a t  
expensive f i e l d  weld ing i s  unnecessary. 

a The low-cost end c l o s u r e  f o r  t h e  s h e l t e r  body needs more 
development, s i n c e  t h i s  i t e m  p a r t i a l l y  f a i l e d  a t  t h e  h i g h e s t  
overpressure.  

e The f u l l - s c a l e  y i e l d i n g  membrane b l a s t  door concept was suc- 
c e s s f u l l y  demonstrated. 

I Since none o f  t h e  doors f a i l e d ,  t h e r e  i s  ample room i n  t h e  
des ign f o r  even f u r t h e r  r e d u c t i o n  i n  weight  and cos t .  

e More ref inement  Sn t h e  des ign o f  t h e  support  c o l l a r  (door 
f rame) i s  needed, since i t  was s l i g h t l y  pushed i n t o  t h e  
ground. 
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I t  i s  recommended t h a t  the  nex t  s tep  in t h e  design and t e s t i n g  o f  
t h i s  b l a s t  s h e l t e r  concept should accura te ly  r e f i e c t  a work ing  model. 
E i t h e r  rnegatsn-range blast loading with a long  p o s i t i v e  phase d u r a t i o n  
o r  approprl i  a t e l y  scaled model testi rig w i  11 be reqiii red. Both c’l amped 
and welded j o i n t s  should be tested. Design m o d i f i c a t i o n s  t o  t h e  yield- 
ing membrane b l a s t  door and t o  i t s  suppor t  c o l l a r  (door f rame) shoiild 
i 1x1  ude the n e w s s a r y  thermal  p r o t e c t i o n  hinges , 1 a tches  and other op- 

e r a t i n g  featul-es as r e q u i r e d  in actual service in an occupied b l a s t  
shel ter .  A full-size shel ter  should be buil t  and tested f o r  habitabil- 
i t y .  
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CONVERSION FACTORS FOR SI UNITS 

E n g l i s h  u n i t s  have been r e t a i n e d  i n  t h e  body o f  t h i s  r e p o r t .  The 
r e p o r t  i s  d i r e c t e d  toward t h e  c o n s t r u c t i o n  o f  b l a s t  s h e l t e r s  and t h e i r  
components, and i t  r e f e r s  t o  commercial ly a v a i l a b l e  m a t e r i a l s  and s i zes  
commonly expressed i n  E n g l i s h  u n i t s .  The r e p o r t  makes reference t o  
e a r l i e r  work and t o  c o n s t r u c t i o n  drawings which are expressed e n t i r e l y  

in E n g l i s h  u n i t s .  The conversion f a c t o r s  f o r  SI u n i t s  a re  g i v e n  below: 

To Convert From: - To : M u l t i p l y  By: 
Foot ( f t . )  Meter (rn) 0.3048 
Inch ( i n . )  Meter (m) 0.0254 
Pound-mass (1 b )  K i  1 ograrn ( kg )  0.4536 

Pound-force/ in2 ( p s i  ) Pascal (Pa) 6894.8 





EXPLOSIVE TESTING OF A ~ O ~ ~ ~ ~ A ~ ~ ~  METAL 
BLAST SHELTER WITH ~ E ~ B ~ A ~ ~  BLAST DOORS 

Abs t rac t  

c t o b e r  1983 t h e  Defense e a r  Agency (DNA) sponsored a h i g h -  
exp1 os1 ve b l a s t  t e s t ,  q i  cknamed OIKECT COURSE. Th is  event simesl ated t h e  
b l a s t  e f f e c t s  from a o n e - k i l o t o n  nuc lear  detonat-ion and prov ided an en- 
vii-nnment f a r  the t e s t i n g  o f  s e l e c t e d  b l a s t  and f a l l o u t ;  s h e l t e r s  f o r  
tbiei r s t r u c t u r a l  i n t e g r i t y .  

Under work f o r  t h e  Federal  Emergency Management Agency (FEMA), t h e  Oak 
Ridge Nat iona l  Laboratory  (ORIVL) f i e l d e d  a s e t  o f  exper iments a t  t h e  
D I R E C T  COURSE event which were d i r e c t e d  toward reduc ing  t h e  c a s t  of 
b l a s t  s h e l t e r  f o r  small groups af people, such as worke rs  i n  c r i t i c a l  
i n d u s t r i e s  (keyworkers).  S i x  i tems were t e s t e d :  t h r e e  scale models of a 
cor rugated  metal  b l a s t  s h e l t e r  and t h r e e  fu7 1 -s i ze  b l a s t  door c losures  
f ~ i -  such a s h e l t e r .  

The t h r e e  s h e l t e r s  s u r v i v e d  b l a s t  overpressures up t o  2,55 MPa (225 
p s i ) ,  a l e v e l  whic i s  e q u i v a l e n t  t o  be ing  approx imate ly  800 m (0,s 
m i l e )  f rom a 4 rriegaton nuc lear  de tonat ion .  Each s h e l t e r  model was 180 
cm ( 6  f t , )  long by 60 cui ( 2  ft.) i n  d iameter ,  was bur ied  about ti0 crn ( 2  
6t ) b e l  ow ground 1 eve1 d represented a 1/4-scale v e r s i o n  of a f u l l  - 
si  ze b l a s t  she1 t e r  which o u l d  be capable o f  s u p p o r t i n  12 t o  18 oc- 
cupants. 

The t h r e e  f u l l - s i z e ,  90 cm ( 3 5  i n . )  d iameter,  b l a s t  doors f o r  such a 
s h e l t e r  a l s o  s u c c e s s f u l l y  r e s i s t e d  t h e  same range o f  b l a s t  overpressure, 
Each door  weighed l e s s  than 45 kg  (100 I b )  and i n c o r p o r a t e d  a n o w 1  
y i  el d i  ng-membrane desi  yn. These sheet meta B membranes were between 4 e 3 
and 2,O mm (0.050 and 0,080 i n , )  t h i c k  and were supported by an edge 
beam (hoop) 

I t  i s  a n t i c i p a t e d  t h a t  such s t r u c t u r e s ,  bo th  s h e l t e r s  and b l a s t  doors, 
can be i n c o r p o r a t e d  i n t o  a b l a s t  s h e l t e r  concept which can be con- 
s t r u c t e d  f o r  l e s s  than $500 per  s h e l t e r  occupant, 





H I G H  EXPLOSIVE TESTING OF A CORRUGATED METAL 
BLAST SHELTER WITH MEMBRANE BLAST DOORS 

G .  P. Zimmerman 
C. V. Chester 

1. INTRODUCTION 

1.1 BACKGROUND 
The o b j e c t i v e  o f  p a r t  o f  t h e  work b e i n g  done f o r  t h e  Federal  

Emergency Management Agency (FEMA) by t h e  Oak Ridge Nat iona l  Laboratory  

(ORNL) i s  t o  f i n d  ways t o  reduce t h e  c o s t  of b l a s t  s h e l t e r  f o r  smal l  
groiips o f  people, such as c r i t i c a l  workers. Toward t h i s  end, ORNL ha5 
been developing a des ign concept based on cor rugated  metal  c u l v e r t  
which i s  a m o d i f i c a t i o n  o f  a Donn Metal  Products s h e l t e r  . This  
m o d i f i e d  des ign i s  in tended t o  improve t h e  p r o t e c t i o n  aga ins t  i n i t i a l  
n u c l e a r  r a d i a t i o n ,  ease o f  access, and hardness of t h e  entryway w h i l e  
keeping t h e  c o n s t r u c t i o n  cos ts  down. 

The concept developed a t  ORNL was descr ibed by C. V. Chester and 
D. W .  Hol laday i n  Reference 2. I n  t h a t  r e p o r t t  t h e  authors advocated 
c e r t a i n  s t r u c t u r a l  components which, i f  t e s t e d  and proven, cou ld  be i n -  
corpora ted  i n t o  a b l a s t  s h e l t e r  des ign w i th  an i n s t a l l e d  cos t  o f  ?ess 
than $500 p e r  s h e l t e r  occupant. The i n c l u s i o n  of these s e l e c t e d  t e s t  
i tems i n  t h e  DIRECT COURSE event  was, i n  p a r t ,  in tended as a "proof 
t e s t  "'* 

D I R E C T  COURSE was t h e  nickname g iven t o  a h igh-exp los ive  b l a s t  t e s t  
which exposed s e l e c t e d  s t r u c t u r e s ,  she1 t e r s ,  m i  1 .i tary systems and equip- 

ment t o  b l a s t  and thermal phenomena s i m u l a t i n g  t h e  de tonat ion  of a 
n u c l e a r  weapon. The DIRECT COURSE event  was one o f  a s e r i e s  ( t h e  M I S T Y  
CASTLE s e r i e s )  o f  such large scale,  h igh-exp los i  ve t e s t s  conducted by 
t h e  Defense Nuclear  Agency ( D N A ) .  Other recent  DNA t e s t s  i n c l u d e  DICE 
THROW i n  1976, MISERS BLUFF i n  1978, and MILL RACE i n  198's. 

The DIRECT COURSE event was cl imaxed on October 2 G 9  1983 by t h e  
chemical  e x p l o s i o n  o f  552,000 k g  (609 t o n s )  of ammonium n i t r a t e  fuel  o i l  
(ANFO) con ta ined i n  a 10.5-meter ( 3 5 - f t . )  d iameter  f i b e r g l a s s  sphere 
centered  a t  a h e i g h t  o f  approx imate ly  50 meters (165 Pt.) above t h e  
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W E A T H E R  C O V E R  
16cr C L A Y  T I L E  

5 8 8 1  SCH 40 PlPE 

I I 2 , % I  SCH 80 IPS/  
TAP I N T E R N A L L Y  I I 4 8 8 1  NPT 
FOR 1 I 4  , V I  CLOSE NlPPLE 
) O R  E X T E N S l O N  

PUSH UP I N T A K E  VENT 

SECTION A A 

F i g .  2 ORNL Corrugated Meta l  B1 

W E A l H E R C O V E R  30m81 EMERGENCY 
1 6 , ~  C L A Y  T I L E  S A N D  UOOR 

H 
ONE E N T R A N C E  
FUR THREE M O D U L E S  

A T T A C H M E N T S  FOR 
BUNGEE C O R U S F U R  SHOCK 

TOBLOWER 

9 (1  C U L V E R T  H A S  SLIGHT T I L T  FOR D R A I N A G E  

S E C T I O N  8 B 

a s t  She1 t e r  Conceptual Drawing 

P 
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1.3 SCOPE OF THE EXPERIMENTS 
There were no a c t i v e  da ta  requirements o r  measurements f o r  these 

exper iments.  Dimensional da ta  an any p o s t - t e s t  deformat ion o r  f a i l u r e  
was expected t o  p r o v i d e  s u f f i c i e n t  i n f o r m a t i o n  on t h e  behavior  o f  these 
t e s t  a r t i c l e s .  T h i s  i n f o r m a t i o n  will be used t o  make m o d i f i c a t i o n s  t o  

t h e  t e s t e d  designs so as t o  f u r t h e r  reduce the cos t  f o r  such s h e l t e r s .  
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OF THE EXFEKI  

2.1 SCALE MODEL BLAST SHELTERS 
The design f o r  the scale riwde b l a s t  shelters appears in F i g .  3 ,  

and the parts l i s t  i s  g iven i n  Table 1, Each corrugated inetal tern was 
chosen from a standard set  o f  '' e-she1 f ) ' '  a v a i  lab1 e metal cul v e r t  
as used i n  drainage and highway construction, irhe f u  l-scale 
clesiign2 c a l l s  for a g-foot diameter s h e l t e r  body w i t h  12 gauge 
(0,109 in.)  a l l  thickness; however, Item Number 1 i r s  Table 1 W ~ S  the 
most dimensi onal y-compatible culvert a v a j  l ab l e  %or I/rB-scale t e s t i n g ,  

%e same i s  t r u e  f o r  Items Number 2 and 3 which attempted t o  rno 
f u l l - s i z e ,  30 i n .  i.d, entrance in 1/4-scale. 

The c o n i c a l  end, Item Number 5 i n  Table l 9  was fabricated f r om 
sheet metal t h a t  as thicker than required. The o r i g i n a l  design b.y 

cts '  used a 12 gauge (0.109 i n , )  conical end s f  b o l t e d  
corrugated metal f o r  the 6 112 F t .  diameter shel ter  evld closure, A 
s u i t a b l y  scaled sheet metal  t h i  ckness a s  n o t  a v a i  l a b l e  Lo meet the re- 
quired fabrication schedule fos- the 1/4-scale shelters For t he  DIRECT 

The f l a t  e n d ,  Hte Number 6 .in Table 1, as designed as a yielding 
membrane (see the discussion o f  the b l a s t  door design below) t o  t a k e  ad-  
vantage o f  the soi l  arching behavior ara!ilwd the  shel ter ,  I t  was ant ic i -  
pated t h a t ,  i f  t h i s  design were successfully tested,  t h i s ;  end closure 
could be fabricated a t  a lower  cost t h a n  other closures requiring elab- 
o r a t x  cutting or f o r i n iny  operati ions. 

A I  1 o f  the items in Table 1 were we ded together with the exception 
o f  ( a )  the v e r t i c a l  ~ ~ ~ ~ y w a ~ ~  which was clamped t o  t h e  TEE s e c t i o n  and 
( b )  the f l a t  e d f o r  the shelter, which was at tached with s 
s~crews f o r  ease o f  post-test inspection n f  the shelter i n t e r i o r ,  

Figures 4 and 5 show the shelter models being installed a t  the 
D I R E C T  COURSE t e s t  s i t e ,  The shel ters  were buried about 2 - f t .  below 
ground level e There was no particular backfill ~ ~ q u i ~ e ~ ~ ~ ~ ~  b u t  Fig.  5 
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TABLE 1 

Par ts  L i s t  f o r  1 /4-Scal e Corrugated Metal B1 a s t  She1 t e r  

I t em No. Desc r i  p t  i on 

1 S h e l t e r  body: cor rugated  s t e e l  p ipe, 24 i n c h  i . d .  X 6 
ft. leng th ,  16 gauge (0.064 in . )  w a l l  t h i ckness  w i t h  
2-2/3 X 1/2 i n .  h e l i c a l  co r ruga t ions  

run by 9 i n .  branch, 18 gauge (0.052 in.) w a l l  
t h i ckness  w i t h  1-1/2 X 1 / 4  i n .  h e l i c a l  co r ruga t ions .  

2 TEE sec t i on :  co r ruga ted  s t e e l  p ipe, 8 - i n .  i.d., 18 i n .  

3 V e r t i c a l  entryway: cor rugated  s t e e l  p ipe ,  8- in.  i . d .  X 
30 in. l eng th ,  18 gauge (0,052 in.) w a l l  t h i ckness  
w i t h  1-1/2 X 1 /4  i n .  h e l i c a l  co r ruga t ions .  

4 Two-piece band clamp w i t h  gasket: f o r  8- in.  cor rugated  

5 Conical  end: f a b r i c a t e d  from 12 gauge (0.109 i n . )  

p i  pe. 

sheet metal ,  30" i n t e r i o r  cone angle, 25 i n .  d iameter 
base by 8 i n .  d iameter end, c losed w i t h  same gauge 8 
in. diameter sheet metal.  

F l a t  end: f a b r i c a t e d  from 22 gauge (0.030 i n . )  sheet 
metal cu t  t o  25- in.  diameter, weld t o  23 1 /2  in. I.D. 
hoop o f  1 X 1 X 1/8 i n .  s t e e l  angle i r o n  ( r o l l e d  
f l a n g e - o u t )  

6 

7 Hatch cover: f a b r i c a t e d  from 1/8 i n .  sheet metal cu t  
t o  15 i n .  square. 



& 

F i g .  4 

0 R N L-P H OTO 045 1 -84 

I 

Ins ta l la t ion  of the 1/4-Scale Shelter a t  the 100 psi F i e l d  
Location 
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i l l u s t r a t e s  t h e  l a c k  o f  adequate b a c k f i l l  around t h e  ends o f  t h e  s h e l t e r  
t o  p r o v i d e  any apprec iab le  amount o f  s o i l  a r c h i n g  d u r i n g  t h e  b l a s t  
l oad ing .  However, t h e  b a c k f i l l  around t h e  v e r t i c a l  entryway and t h e  TEE 
s e c t i o n  d i d  appear s u f f i c i e n t  t o  p r o v i d e  some s o i l  a r c h i n g  i n  t h i s  c r i t -  
i c a l  s t r u c t u r a l  region. 

Again, t h e r e  was no a c t i v e  i n s t r u m e n t a t i o n  i n  t h i s  s e t  o f  e x p e r i -  

ments. The p o s t - t e s t  cond i t i on ,  deformat ions, and/or f a i l u r e  modes were 
t h e  pr imary  study o b j e c t i v e s .  

2.2 YIELDING MEMBRANE BLAST DOORS 
The ORNL concept f o r  a l i g h t w e i g h t  b l a s t  door stems from a need t o  

p r o v i d e  r e s i s t a n c e  t o  b l a s t  l o a d i n g  w i t h o u t  t h e  m a t e r i a l  cos t  o r  t h e  bulk  
assoc ia ted  w i t h  a standard, massive b l a s t  door. "Why not," it seemed, 

"des ign  a b l a s t  door which w i l l  g i v e  w i t h  t h e  shock wave l i k e  a w i l l o w  
and n o t  l i k e  an oak t r e e ? "  It appeared t o  be f e a s i b l e  t o  base such a 
des ign  on t h e  behav io r  o f  r u p t u r e  d i s k s  o r  f o i l  b l a s t  gauges, both o f  
whi ch have unique performance c h a r a c t e r i  s t i  cs a t  s p e c i f i e d  pressures. I n  
f a c t ,  t h e  des ign  o f  these novel ,  y i e l d i n g  membrane b l a s t  doors f o l l o w s  
f rom e a r l i e r  work done a t  ORNL on f o i l  b l a s t  g a u g e s . 3 ~ ~ 9 6  

The ORNL y i e l d i n g  membrane b l a s t  door c o n s i s t s  o f  a f l a t ,  c i r c u l a r  
p i e c e  o f  t h i n  sheet metal,  which serves as t h e  membrane, a t tached a t  i t s  
c i rcumference t o  an edge beam o r  support  hoop. Two edge beam designs 
were tes ted .  F igu re  6 shows t h e  b l a s t  door design which was t e s t e d  a t  
t h e  200 p s i  f i e l d  l o c a t i o n ,  w h i l e  Fig.  7 i l l u s t r a t e s  t h e  design f o r  both 
t h e  50 and 100 p s i  t e s t s .  

The permanent p l a s t i c  de format ion  of t h i n  membranes sub jec ted  t o  
b l a s t  overpressure was c a l c u l a t e d  by D r e ~ n e r . ~ , ~  Dresner computed 
t h e  d e f l e c t i o n s  o f  a c i r c u l a r  f o i l  membrane from 

D2 P 
H = 0.138 ( r) 
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OANL-DWG 84-9206 

TOP VIEW 

14 GAUGE (9.080 in.) 
304L STAINLESS STEEL SHEET; 
33-1/8 in. DIAMETER 

2 in. SCH 40 STEEL PIPE; 
ROLLED INTO A HOOP, 
35 in. 0.0. 

CIRCUMFERENTIAL 

SECTION A-A 

F i g .  6 Y i e l d i n g  Membrane Blas t  Door Design f o r  T e s t i n g  a t  200 p s i  



1 4  

TOP u I E W  

1 X 2?/, in. CARBON STEEL 
RECTANGULAR BAR STOCK; 
HQLLED INTO 34 in. O.D. HOOP 

18 GAUGE (0.050 En.) 
304L STAINLESS STEEL SHEET; 
3.3% in. DIAMETER 

CIRCLJJMFERENTIAI 
SEAM Wf LD 

SECTION A-A 

F i g .  7 Yie 
100 

d i n g  Membrane B l a s t  Door Des 
psi 

gn f o r  Testing a t  50 and 



where 
H i s  t h e  maximum permanent d e f l e c t i o n  o f  t h e  

membrane i n  inches, 
i s  t h e  diameter o f  t h e  membrane i n  i n c  

I> i s  t h e  i n c i d e n t ,  normal shock pressure i n  p s i ,  
T is  t h e  membrane's th ickness  i n  inchesg 

and 
s i s  the s t r e s s  developed i n  t h e  membrane i n  p s i .  

~ ~ r t h e ~ m o r e ~  Dresner c a l c u l a t e d  t h e  average l i n e a r  s t r a i n  ( e )  i n  t h e  
m~mbrane t o  be 

I f  one uses t h e  two equat ions above and t h e  p y s i c a l  dimensions o f  a 

g i  ven membrane, i t  becomes poss i b7 e t o  p r e d i  c t  a membrane ' s de f  1 e c t  i on 

d t  a s p e c i f i  overpressure v i a  an i t e r a t i v e  procedure which incorpo-  

r a t e s  t h e  a r o p r i a t e  s t r e s s - s t r a i n  r e l a t i o n  f rom t h e  mechanical 
p r o p e r t i e s  o f  t h e  membrane i n a t e r i a l ,  Th is  method has beers employed w i t h  
g r e a t  success. (See, f o r  example, Reference 6 " )  

By making use o f  Eqn. 1 and t h e  values and dimensions i n  Table 2, 

t h e  ORNh b l a s t  oors were designed t o  r e s i s t  t h e  expected overpressures e 
A y i e l d  s t r e n g t h  a f  33,000 psi was used f o r  each membrane. While t h i s  
i s  a ""bok value"  and no t  an a c t u a l l y  measured data item, i t  represents  

a lower  ~ ~ u n d  on t h e  a c t u a l  y i e l d  s t r e n g t h ,  When i t  i s  used w i t h  Eqn. 

1, i t  then g ives a conserva t ive  ( i  * e w ,  sl ' i gh t ly  exaggerated) es t imate  o f  
t h e  membrane d e f l e c t i o n ,  

The ORNL b l a s t  door concept was based on a diameter near 36 inches, 

necessary t o  cover a 30-in. i .d. s h e l t e r  entrance. The c i r c u l a r  mem- 
branes were c u t  f rom 304L s t a i n l e s s  s t e e l  sheet. Since t h e  th ickness  
a f  t h e  membrane was a c r u c i a l  f a c t o r  i n  i t s  response t o  the b l a s t  
load ing ,  s t a i n l e s s  s t e e l  was chosen t o  prevent  r u s t  o r  c o r r o s i o n  f rom 

a l t e r i n g  t h e  chosen th ickness  e The edge beam supports were f a b r i c a t e d  
f rom m i l d  carbon s t e e l .  A gas tungsten a r c  we ld ing  technique, u s i n g  an 
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Inconel  82T fi I l e r  w i r e ,  was used t o  j o i n  t h e  two m a t e r i a l s .  A more 

d e t a i l e d  s p e c i f i c a t i o n  of t h e  we ld ing  procedure can be found i n  Appendix 
8 ,  

F o r  t h e  200 p s i  overpressure,  a r o l l e d  p i p e  hoop was used. The 

c u r v a t u r e  o f  t h e  p i p e  was expected t o  g i v e  good "angle o f  wrap'l support  
t o  t h e  welded membrane. I n  a d d i t i o n ,  t h e  i n t e r i o r  o f  t h e  p i p e  was f i l -  

l e d  w i t h  concre te  and v i b r a t e d  so as t o  p r o v i d e  increased r e s i s t a n c e  t o  
compression (See Table 3). 

For  t h e  two lower  overpressures,  a r e c t a n g u l a r  bar  was to l le  
a hoop i n  o r d e r  t o  form t h e  edge suppor t  f o r  t h e  membrane, Two 1 / 2 - i n ,  
t h i c k  hoops were r o l l e d  and welded t o  y i e l d  a l - i n .  th ickness .  The f l a t  
edge o f  t h i s  hoop prov ided an e x c e l l e n t  sur face  f o r  t h e  we ld ing  o f  t h e  
membrane, The c ross-sec t iona l  area o f  t h i s  hoop was chosen t o  r e s i s t  
t h e  compressive (hoop s t r e s s )  l o a d  produced by t h e  deforming membrane. 

A membrane t e n s i l e  s t r e n g t h  of 50,000 p s i  and a support  hoop y i e l d  
s t r e n g t h  o f  20,000 p s i  were used i n  these des ign ca lc  l a t i o n s .  The 
c a l c u l a t i o n s  i n d i c a t e d  t h a t  a 1 X 2 1/4- in.  r e c t a n g u l a r  c ross-sec t ion  
would be s u f f i c i e n t ;  however, a 912 X 2 1/2- in .  bar  s tock was a v a i l a b l e  
" o f f - t h e - s h e l f 9 "  and two such p ieces were used i n  t h e  i n t e r e s t  o f  sav jng 
t i m e  and cos t .  The frame o r  support  c o l l a r  on which these b l a s t  doors 

r e s t e d  was a l i g h t w e i g h t  design f a b r i c a t e d  f rom r o l l e d  angle i r o n  as 
shown i n  F i g .  8, Two sec t ions  of 2 X 2 X 1/4- in.  s t e e l  angle i r o n  were 
r o l l e d  i n t o  hoops t o  fo rm t h e  base o f  t h e  suppor t  c o l l a r ,  w h i l e  a hoop 
o f  1 X 1 X 1/8- in.  angle i r o n  served as a r a i n  l i p ,  These hoops were 

j o i n e d  by f u l l  c i rcumferentSa1 seam welds. The c o l l a r  weighted 65 I b s .  
The suppor t  c o l l a r  was designed t o  f i t  over an open-ended 2 f t ,  

l e n g t h  o f  30-in a diameter  cor rugated  metal c u l v e r t ,  wh ich  s imulated the 
v e r t i c a l  entryway t o  an underground b l a s t  s h e l t e r .  A p a i r  of hold-down 
anchors, f a b r i c a t e d  from 4 ft. l e n g t h s  o f  4 X 4-in. angle i r o n e  were a t -  

tached t o  t h e  support  c o l l a r  w i t h  l / 2 - i n ,  t i e  rods and were b u r i e d  
bes ide  t h e  metal  c u l v e r t .  These anchors were in tended t o  keep the b l a s t  
door and support  c o l  a r  f rom moving d u r i n g  t h e  negat ive  phase o f  the 
b l a s t  and were i n c l u d e d  f o r  t h e  purpose o f  t h i s  t e s t  only.  In  an ac tua l  
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TAi3h.E 3 

F i l l  ~ i x t u r c  f o r  Y i e l d i n g  Membrane S u p p o r t  HOOP (P ipe)  

Cons t i t uen t  

P o r t 1  and Cement 

__.--___I- 

Amount 

72 l b .  

Sand 215 l b .  

Water 36 l b .  

Adrni x t u  re 
(Grace WROA 19, p l  a s t i  c i  zer)  

8 oz. 

Grave 1 ,4dded as Needed 
(screened t o  1 / 4  i n .  top  s i z e )  

Notes: (1)  Not a l l  o f  t h i s  t o t a l  volume o f  m i x t u r e  was 
req i i i  red. 

( 2 )  The compressive s t r e n g t h  o f  the cur-ed aggregate 
was measured t o  be 8040 p s i .  



0 R N L -- OW G 84 -9208 

11’4 in. STEEL. ANGLE IRON; 
D TO 35-1/2 in. 1.D. 

X 1 X 118 in. STEEL 
N G L E  IRON; R O L L E D  TO 

29-112 in. 1.0. SECTION A-A 

F i g .  8 Support Collar  Design f o r  Y i e l d i n g  Membrane Blast Doors 
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bl  a s t  she1 t e r  c o n s t r u c t i  on, the suppor t  col 1 a r  wsul d be at tached 

d i  rectly t o  the longer ,  we1 ? -anchored v e r t i c a l  e n t r p ~ a y  sectiora 
T h  re@ i d e n t i  csl suppor t  col1 a m  and ho l  d-down systems were i n -  

s t a l l e d  f o r  the t h ree  b l a s t  doors.  PhoLos o f  these i n s t a l l e d  support 
c o l l a r s  p r i o r  t o  t he  a d d i t i o n  o f  t h e  b l a s t  door appear as F i g s .  9 and 
10. 

Ihe e leva ted  edge around the suppor t  c o l l a r  (See F ig .  8 and 10) 
served as a gu ide f o r  the bii i ldirsg o f  an ear then windscreen. Earth was 
s loped f rom t h e  top o f  t h i s  edge t o  grade leve? f o r  t h e  in tended pui-pose 
o f  d e f l e c t i n g  t h e  d e b r i s  and o t h e r  dynamic e f f e c t s  o f  the! b l a s t .  

Figure 11 i s  a photo o f  the blast .  door i n s t a l l e d  a t  t h e  200 p s i  
f i e l d  l o c a t i o n ,  Note t h a t  e i g h t  hold-down t a b s  have been used t o  a t t a c h  
t h e  b l a s t  dsoi- t o  i t s  support c o l l a r .  Th i s  c o n s t r u c t i o n  was necessary 
s o l e l y  f o r  t h e  purpose o f  t h i s  t e s t  t o  prevent  damage t o  the door d u r i n g  
t h e  nega t i ve  phase o f  t h e  b l a s t .  I n  an ac-tual shel ter  cons t ruc t i on ,  

some d i  f f e r e n t  ho l  d-dowp: mechanism, which a1 1 ows t h e  she1 t e r  occupants 
t o  open and close t he  door from t h e  i n s i d e ,  would have t o  be i n s t a l l e d .  

It should a l s o  he noted t h a t  these b l a s t  doors l a c k  thermal p r o t e c t i o n ,  
which i s  e s s e n t i a l  i n  guard iny aga ins t  t h e  thermal pulse f r o m  nuc lear  
weapons, Futiare t e s t s  o f  these doors w i l l  have t o  i n c l u d e  some type o f  
ab1 a t i  v ~ ?  covesi ng. 

The cos t  o f  f a b r i c a t i n g  each o f  t h e  b l a s t  doors and the accom- 
panying suppor t  c o l l a r  appears i n  Table 4. Even w i t h  t h i s  l i m i t e d  

were no t  t h a t  expensive. It would be expected t h a t  s d i  i tenis cou ld  be 
mass-produced a t  c o s t s  l e s s  than h a l f  o f  those i n  Table 4. 

Once again, these was no a c t i v e  i ns t rumen ta t i on  i n  t h i s  set  o f  ex- 

per iments.  Determinat ion  o f  t h e  p o s t - t e s t  cond i t i on ,  defarmat lsns,  and/ 
o r  f a i l u r e  modes was t h e  pr imary  o b j e c t i v e s .  

- 

p ro to type  production l e v e l  and a $40 per  hour iiabor Chai-SE!?, these ite!lIS 
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TABLE 4 

Shop F a b r i c a t i o n  Costs f o r  ORNL Y i e l d i n g  Membrane B l a s t  Doors 

I tem 
M a t e r i  a1 Labor T o t a l  

c o s t  c o s t *  c o s t  

Y i e l d i n g  Membrane B l a s t  Doors 

- w i t h  r e c t a n g u l a r  support  hoop $ 70 $440 (11 h r )  $510 

- w i t h  p i p e  suppor t  hoop 140 360 ( 9  h r )  500 

Support Col 1 a r  40 300 (7.5 h r )  340 

*Number of hours used i n  f a b r i c a t i o n  i s  shown i n  parentheses; cos ts  
were computed f rom charges o f  $40/hr. 
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3. RESULTS 

The exp los ion  o f  t h e  DIRECT COURSE charge occ r r e d  about noon on 
October 26, 1983. F igures 12  and 13 show a p o r t i o n  of the detonat ion  
sequence. I n  F i g .  13 t h e  b l a s t  wave (shock wave) can Re seen gropa- 
g a t i n g  as a hemisphere centered a t  t h e  p a i n t  o f  explos ion.  The edge of 
t h e  b l a s t  wave i s  v i s i b l e  due t o  t h e  d i f f e r e n c e  i n  t h e  d e n s i t y  of t h e  
a i r  i n  f r o n t  o f  and behind t h e  wave. It i s  t h i s  b l a s t  wave ~ h i c h  c r e -  

a t e s  t h e  sudden pressure increases and causes damage t o  s t r u c t u r e s .  
The DIRECT COURSE b l a s t  was more e n e r g e t i c  than a n t i c i p a t e d .  

Measured overpressures a t  a l l  f j e l d  l o c a t i o n s  were 10 t o  20% g r e a t e r  
t h a n  p r e d i  c t e d  . 
3,1 TEST RESULTS FOR THE SCALE MODEL BLAST SWELTERS 

The t h r e e  l / 4 - s c a l e  s h e l t e r s  were t e s t e d  a t  f i e l d  l o c a t i o n s  w i t h  
expected overpressures o f  50, 100, and 200 p s i  (I AB1 t h r e e  s h e l t e r s  sur -  

v i  ved t h e  b l a s t  . Fi gure 14 i 11 u s t r a t e s  the  t y p i c a l  p o s t - t e s t  c o n d i t i o n  
o f  t h e  s h e l t e r s .  

Other than a s l i g h t ,  concave deformat ion o f  t h e  s h e l t e r  body a t  t h e  
e n t r y  j o i n t  of t h e  200 psi s h e l t e r  as shown i n  Fig.  15, no darnage o r  
d i s t o r t i o n  t o  t h e  entryway o r  t o  i t s  connect ions was observed at> any of 
t h e  t h r e e  overpressures.  As can be seen .in F i g s .  16 and 17, t h e r e  was 
no damage t o  t h e  low-cost end enc losure a t  50 psi ;  however, a t  t h e  200 
psi f i e l d  l o c a t i o n ,  t h e  angle i r o n  support  had buck led as shown i n  F ig ,  

18. Th is  end enc losure had moved approx imate ly  one-quarter s h e l t e r  d i a -  
meter (i.e., 6 i n c h e s )  i n t o  t h e  s h e l t e r ,  p a r t i a l l y  b l o c k i n g  t h e  e n t r y -  
way. There was no o t h e r  damage t o  t h e  200 p s i  s h e l t e r ;  most o f  t h e  oc- 
cupants of such a f u l l  sca le  s h e l t e r  would n o t  have been i n j u r e d  by t h i s  
degree o f  s t r u c t u r a l  damage. 

F i g u r e  19 shows t h a t  t h e  c o n i c a l  end o f  t h e  s h e l t e r  s u r v i v e d  as ex- 
pected due t o  i t s  excess ive th ickness ,  The a c t u a l  t h i c k n e s s  (0,109 
i n c h )  of t h i s  end of t h e  1/4-scale s h e l t e r  would represent  l / 2  i n c h  
p l a t e  i n  f u l l  s ize .  
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F i g .  13 B l a s t  Wave Propagat ing f rom DIRECT COURSE Explos ion 
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3.2 TEST RESULTS FOR THE YIELDING MEMBRANE BLAST DOORS 

The t h r e e  f u l l - s i z e  b l a s t  doors were a l s o  t e s t e d  a t  f i e l d  l o c a t i o n s  
w i t h  expected overpressures of 50, 100, and 200 p s i .  Each o f  these 
doors and t h e i r  suppor t  c o l  l a r s  success fu l l y  r e s i s t e d  t h e  a c t u a l  b l a s t  
load ing .  The p o s t - t e s t  c o n d i t i o n  of t h e  t h r e e  b l a s t  doors and support  
c o l l a r s  i s  shown i n  F igures  20 through 25. 

Table 5 i n d i c a t e s  t h e  observed b l a s t  e f f e c t s  on t h e  y i e l d i n g  mem- 
brane doors and t h e i r  suppor t  c o l l a r s .  An i n i t i a l  examinat ion o f  t h e  
observed membrane d e f l e c t i o n s  revealed t h a t  they  were about h a l f  o f  what 
had been expected from t h e  t h e o r y  (Eqn. 1). I n  seeking an e x p l a n a t i o n  
f o r  t h e  d iscrepancy between t h e  t h e o r y  and t h e  observed membrane d e f -  

l e c t i o n s ,  t h e r e  a r e  two p o s s i b l e  l i n e s  of reasoning: (1) t h e  t h e o r y  i s  
i n  e r r o r  o r  i t s  assumptions do n o t  apply  t o  t h i s  s e t  o f  t e s t s  and (2 )  
t h e  mechanical p r o p e r t i e s  of t h e  m a t e r i a l  ( y i e l d  s t r e n g t h )  were much 
s t r o n g e r  than expected. 

The y i  e l  d i  ng membrane t h e o r y  has been repeated ly  proven i n b l a s t  
gauges; however, these s t r u c t u r e s  are  t y p i c a l l y  t h i n  f o i l s  o f  a few m i l s  
t h i c k n e s s  and are  o n l y  a few inches i n  diameter.  One of t h e  assumptions 
i n  t h e  t h e o r y  s t a t e s  t h a t  t h e  b l a s t  pressure has an i n f i n i t e  dura t ion .  

T h i s  assumption i s  exceedingly  adequate f o r  smal l  membranes w i t h  d e f o r -  
mat ion t imes i n  t h e  order  o f  microseconds; t h e  b l a s t  overpressure e f f e c -  
t i v e l y  remains t h e  same d u r i n g  t h i s  per iod .  However, t h e  l a r g e r  mem- 
branes on these b l a s t  doors should t a k e  severa l  m i l l i s e c o n d s  t o  deform. 
Dur ing  t h i s  p e r i o d  t h e  overpressure, p a r t i c u l a r l y  a t  t h e  h i g h e r  pressure 
1 eve1 s ,  decreases s i  gn i  f i c a n t l y  . Possi b l y  then, these b l a s t  doors r e -  

sponded n o t  t o  a constant ,  maximum overpressure b u t  t o  some lesser ,  
t ime-averaged value. 

Furthermore, t h e  mechanical p r o p e r t i e s  of t h e  y i e l d i n g  membrane 
m a t e r i a l s  were no t  a c c u r a t e l y  known. Using Eqn. 1 and t h e  values o f  t h e  
observed overpressure and deformat ions,  one can compute t h e  y i e l d  
s t r e n g t h  r e q u i r e d  f o r  such observed behavior.  Per forming t h i s  computa- 
t i o n  f o r  each door r e s u l t s  i n  y i e l d  s t r e n g t h s  which a r e  h igher  than one 
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TABLE 5 

Resu l ts  o f  B l a s t  Tests on Membrane Doors 

Pred ic ted  overpressure ( p s i  ) 

Reported overpressure ( p s i  ) 

Membrane t h i c k n e s s  ( in . )  

Edge support  hoop ( d  

Door OD ( i n . )  

Maximum depress ion o f  
membrane ( i  n. ) 

Downwind e c c e n t r i c i t y  o f  
d imple ( i n . )  

Depressi on f suppor t  c o l  1 a r  
i n t o  s o i l ? d )  ( i n . )  

50 

.050 

1 X 2.5" t a l l  
M i  1 d S tee l  

34 

2.5 

3.0 

3.75 

100 

118(b) 

.050 

1 X 2.5" t a l l  
M i l d  Steel  

34 

5.2 

3.5 

3.875 

200 

225(C) 

.080 

2"sch 40 s t e e l  pipe, 
Grouted 

35 

4.25 

3.5 

4.0 

NOTES: ( a )  Source: Reference 8 (BRL/WES) 
( b )  Source: Reference 8 (WES) 
( c )  Source: Reference 8 ( I n t e r p o l a t e d  f rom BRL d a t a )  
( d )  There was no observable p o s t - t e s t  d i s t o r t i o n  o f  edge 

suppor t  o r  o f  suppor t  c o l l a r s .  
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would expect f o r  s t a i n l e s s  s t e e l  sheet; a range o f  65,000 t o  95,000 p s i  
i s  obtained. It i s  d o u b t f u l  t h a t  t h e  unknown s t r e n g t h  o f  these mate- 
r i a l s  i s  t h e  s o l e  exp lanat ion  f o r  t h e  discrepancy between t h e o r y  and 
observat ion.  

A simple, mathematical model u s i n g  t h e  equat ions of mot ion was used 
i n  o r d e r  t o  s tudy t h e  e f f e c t  o f  t h e  r a p i d l y  decreas ing overpressure.  

From t h e  f a m i l i a r  equat ions o f  dynamics, 

and 

where 

and 

v = Ja d t ,  

H =  p d t ,  

a i s  t h e  a c c e l e r a t i o n  of t h e  membrane, 

v i s  t h e  v e l o c i t y  o f  t h e  membrane, 

H i s  t h e  membrane's displacement. 

Once t h e  t i m e  dependence o f  t h e  a c c e l e r a t i o n  i s  known, t h e  above 
equat ions can be employed ( u s i n g  numerical  i n t e g r a t i o n ,  f o r  example) t o  
f i n d  t h e  membrane d e f l e c t i o n  as a f u n c t i o n  o f  t ime. 

The a c c e l e r a t i o n  can be r e l a t e d  t o  t h e  f o r c e  on t h e  membrane: 

where m i s  t h e  mass o f  t h e  membrane, 

and F i s  t h e  n e t  f o r c e  a p p l i e d  t o  t h e  membrane, 

The a c c e l e r a t i o n  can t h e r e f o r e  be expressed as 

a = F .  - 
m 

The f o r c e s  on t h e  membrane r e s u l t  f rom t h e  sudden a p p l i c a t i o n  of 
t h e  overpressure ( i n  t h e  d i r e c t i o n  o f  mot ion)  and t h e  r e s i s t i n g  t e n s i l e  
f o r c e  i n  t h e  membrane i t s e l f .  A t  any i n s t a n t  i n  t h e  d e f l e c t i o n  of t h e  
membrane, such as t h e  one shown i n  F ig .  26, these fo rces  can be combined 
i n t o  a n e t  fo rce :  

F = W P  ~2 -70 s T ( s i n a l ,  (Eqn. 7) 
P 
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F i g .  26 Mathemat ica l  Model of Membrane D e f l e c t i o n  
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where those v a r i  ab1 es no t  de f  i ned irnrnedi a t e l y  above may be determl tied 

Prorri F i g .  26 and Sect ion  2.2. The f i r s t  term above comes from t h e  de- 
c a y i n g  overpressure;  the second represents  t h e  r e s i s t i n g  t e n s i  l e  f o r c e  
i n  the  y i e l d i n g  membrane. The n e t  f o r c e  obv ious ly  v a r i e s  w i t h  t ime, 
s i n c e  bo th  t h e  overpressure and t h e  angle &change as t h e  membrane de- 
f l e c t s .  

The decay i n  t h e  i n c i d e n t  overpressure can be found i n  Reference 5 .  

That i s ,  

For  any change i n  the membrane d e f l e c t i o n ,  the angle&, may be found 
f rom t h e  geometry o f  Fig.  26: 

R 2  = ( R  - + (D/2)*, (Eqn. 10) 

o r  

R 2  = R 2  - 2RH + H2 + (D/2)2, 

f rom which 

R = 4H2+D2 
8H 

(Eqn. 11) 

(Eqn. 12) 

Also, 

(Eqn. 14) 

Having t h e  pressure- t ime r e l a t i o n  as i n  Eqn. 3 and t h e  p h y s i c a l  de- 

t e r m i n a t i o n  o f  t h e  angle i n  Eqn. 14, one can compute t h e  ne t  f o r c e  
causing t h e  mot ion o f  t h e  membrane f r o m  E q n ,  7. Th is  v a r i a t i o n  i n  t h e  
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f o r c e  prov ides  t h e  means by which t h e  t i m e  dependence o f  t h e  accele-  
r a t i o n  can be determined; hence, t h e  membrane o t i o n  can be i n v e s t i -  
gated e 

The use o f  t h e  force as g iven i n  Eqn. 7 and t h e  a p p l i c a t i o n  o f  Eqn. 
6 t o  t h i s  problem i n v o l v e s  t h e  assumption t h a t  t h e  iwmbrane moves as 
s i n g l e  mass; t h a t  i s ,  no e f f e c t  o f  the  c u r v a t u r e  o f  t h e  membrane on t h e  
d i s t r i b u t i o n  o f  i t s  moving mass has been i n c l u d e d  i n  t h i s  a n a l y s i s .  

Whi le t h i s  i s  most c e r t a i n l y  a s i m p l i f y i n g  assumptian, i t  should g i v e  a 
good f i  r s t - o r d e r  approx imat ion t o  t h i s  compl icated dynamic behavior.  

T h i s  method was a p p l i e d  t o  each o f  t h e  t h r e e  doors through t h e  use 
o f  a compzitsr program. F i g .  27a shows t h e  overpressure decay, as ob- 
t a i n e d  from Reference 5, f o r  both t h e  expected i n c i d e n t  overpressure and 
t h e  measured i n c i d e n t  overpressure.  The area bounded by these two 
cuwes f a r  each f i e l d  l o c a t i o n  represents  an i d e a l i z a t i o n  o f  t h e  pres- 
sure decay as observed a t  t h e  DIRECT COURSE event.  

F i g u r e  27b c o n t a i n s  the  r e s u l t s  o f  t h e  a n a l y s i s  u s i n g  t h e  above 
method, and Table 6 summarizes these r e s u l t s .  Membrane y i e l d  s t r e s s  

t h e  deformat ion o f  each o f  these membranes was t h e o r e t i c a l l y  completed 
w i t h i n  about 3 ms froin t h e  a r r i v a l  o f  t h e  b l a s t  wave. 

Table 6 shows t h a t  t h e  pl-evious t h e o r y  (Eqn. 1) o v e r p r e d i c t e d  t h e  
membrane d e f l e c t i o n s ,  p a r t i c u l a r l y  a t  t h e  h i g h e r  pressure l e v e l  where 
the overpressure i s  decreasi  ng r a p i d l y .  The computer model , which 
i ncl udes t h i s  decayi  ng overpressure, can inore c l o s e l y  e x p l a i n  t h e  
behav io r  o f  t h e  membranes; however, t h i s  i s  n o t  an i n d i c a t i o n  o f  f a i l u r e  
f o r  t h e  t h e o r y  b u t  i s  i n s t e a d  an i n d i c a t i o n  o f  t h e  l i m i t a t i o n s  o f  t h e  

t h e o r y  i n  h a n d l i n g  overpressure v a r i a t i o n s  d u r i n g  t h e  me 
d e f l e c t i o n .  FOP weapons i n  t h e  megaton range, t h e  longer  d u r a t i o n  of 
t h e  overpressure would r e s u l t  i n  a very  n e a r l y  constant  va lue o f  
p ressure  d u r i n g  t h e  s h o r t  d e f l e c t i o n  t i m e  f o r  these etnbranes. In t h a t  
case, t h e  t h e o r y  ( E q n .  1) would be f u l l y  adequate f o r  des ign purposes, 

o f  t h e  door and frame i n t o  the ground (See Tab le  5).  

values o f  50,OBQ p s i  e r e  used i n  t h e  ana lys is .  It should be noted t h a t  

A l s o  o f  concern i n  t h e  results o f  t h e  b l a s t  t e s t  was t h e  depression 
Whi le t h e r e  was no 
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observed deformat ion of t h e  support  c o l l a r ,  a wider  “shoi i lder ’ f i  i s  ob- 

v i o u s l y  needed t o  p r o v i d e  g r e a t e r  r e s i s t a n c e  t o  be ing  pushed i n t o  the 
s o i  1 . The corrugated metal cul v e r t  which s imulated a she1 t e r  entryway, 
was damaged a t  t h e  200 p s i  l o c a t i o n  (F ig .  24). No such damage was ob- 
served a t  e i t h e r  of t h e  o t h e r  two  f i e l d  l o c a t i o n s .  It i s  not  known f o r  
c e r t a i n  whether t h e  observed damage was caused by the a c t u a l  b l a s t  e f -  
f e c t s .  

Apparent ly,  t h e  downwind displacement of the  support  c o l l a r  a t  t h e  
200 p s i  l o c a t i o n  (Fig.  24) was not  caused by t h e  i n i t i a l  a i r  shock. The 
t i e - r o d s  connect ing t h e  support  c o l l a r  t o  t h e  deadman anchors were ex- 
tended, i n d i c a t i n g  t h a t  t h e  b l a s t  door had been p a r t i a l l y  l i f t e d  by the 
n e g a t i v e  phase of t h e  b l a s t .  The h o r i z o n t a l  mevement apparent ly  occur-  

r e d  a f t e r  t h i s  t ime, s ince  any mot ion d u r i n g  this  p e r i o d  would have been 
i n  an upwind d i r e c t i o n  w i t h  t h e  accompanying n e g a t i v e  phase b l a s t  winds. 

A l a r g e  amount o f  water  f rom an experiment l o c a t e d  upwind from t h i s  door 
was p r o p e l l e d  i n  t h e  d i r e c t i o n  o f  t h e  door and support  co l la r -  by t h e  
b l a s t .  The t i m e  l a g  necessary f o r  t r a n s p o r t i n g  t h i s  amount o f  water i s  
commensurate w i t h  t h e  apparent t i m e  o f  t h e  suppor t  c o l l a r ’ s  downwind 
displacement . 

No o t h e r  f a i l u r e  o r  deformat ion t o  t h e  support  hoops f o r  t h e  mem- 

branes or t o  t h e i r  welds was observed. The s t r u c t u r a l  i n t e g r i t y  of 
these s t r u c t u r e s  was grea ter  than a n t i c i p a t e d ,  e s p e c i a l l y  a t  the 200 p s i  
1 ocat  i on. 
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4. CONCLUSIONS AND RECBM 

The entryway des ign f o r  t h e  cor rugated  i i ietal b l a s t  s h e l t e r  proved 
success fu l  and showed grea t  promise f o r  improv ing  bo th  t h e  cos t  and 
hardness of such s h e l t e r s .  The clamped j o i n t  o f  t h e  v e r t i c a l  s e c t i o n  o f  
t h e  entr.yyway d i d  no t  f a i l  o r  d i s t o r t ,  i n d i c a t i n g  t h a t  f i e l d  we ld ing  o f  
such s t r u c t u r e s  i s  p o s s i b l y  unnecessary. The welded j o i n t s  o f  t h e  TEE 
s e c t i o n  h e l d  t o g e t h e r  superb ly ;  however, based on t h e  observed d i s -  

t o r t i o n  a t  t h e  s h e l t e r  body, the apparent f a i l u r e  mode will be f o r  the 
s h e l t e r  body t o  y i e l d  a t  t h e  TEE s e c t i o n  j o i n t .  Ph is  i s  t o  be expected, 

s i n c e  t h e  entryway d i s t u r b s  t h e  s o i l  a r c h i n g  phenomenon which g ives 
s t r e n g t h  t o  t h e  cy1 i n d r i  c a l  she1 t e r  body. 

The blast. shelter's low-cost end c losure,  which was f a b r i c a t e d  from 
r o l l e d  angle i r o n  and sheet metal  , surv ived t h e  65 p s i  b l a s t  but, f a i l e d  
by b u c k l i n g  under t h e  225 p s i  overpressure.  h i l e  i t  i s  no t  c e r t a i n ,  
t h i s  f a i  l u r e  might  have been caused by inadequate ly  compacted b a c k f i  11 
and t h e  absence of s u f f i c i e n t  s o i l  a r c h i n g  t o  p r o v i d e  t h e  necessary 

s t r e n g t h .  This  des ign concept9 which appears t o  be promising, should be 
f u r t h e r  developed. I n  p a r t i c u l a r ,  t h e  suppor t  r i n g ,  when sealed t o  f u l l  
s i z e  would be made f rom a 4 X 4 X 1 /2  i n c h  angle i r o n  rolled t o  9 f e e t  

d iameter ,  Th is  i s  a r a t h e r  l a r g e  s t r u c t u r e  which might have many d i s -  

advantages ( t ranspore,  e r e c t i o n ,  ete.)  over t h e  b o l t e d  end s t r u c t u r e  o f  
t h e  Donn Metal  Products design. 

The y i e l d i n g  membrane b l a s t  door concept proved t o  he remarkably 
success fu l .  Not only d i d  t h e  t h r e e  doors s u r v i v e  t h e  b l a s t  
d e f l e c t i o n s  than expected , b u t  t h e y  a1 so r e s i  s t e d  h i  gher overpressure 
than was a n t i c i p a t e d  -in t h e i r  design. 

The novel ,  1-01 l e d  angle i r o n  des ign f o r  t he  f rame (suppor t  601 l a r )  
f o r  each b l a s t  door a l s o  proved to be successfu l .  It i s  p o s s i b l e  t h a t  
shop f a b r i c a t i o n ,  t r a n s p o r t  and f i e l d  i n s t a l l a t i o n  o f  t h i s  s t r u c t u r e  
c o u l d  be accomplished i n  l e s s  t ime and a t  l e s s  cos t  than e r e c t i n g  a form 
and p o u r i n g  a concrete f o o t i n g  t o  serve as such a door frame. 
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T h e  observed problem w i t h  the &pi-ession O F  t h e  door drid i t s  sup- 
p o r t  c o l l a r  i n t o  the ground uycrn b l a s t  l o a d i n g  cou ld  be reduced by 
c r e a t i n g  a wider s h o u l d e r  f o r  t h e  s u p p o r t  c o l l a r  and/or- by p r o v i d i n g  
some c i  r c u m f e r e n t i a l  support  f o r  L R t .  su r round iny  s o i  1. A I  t e r n a t i  vely, 
t h i s  collar design cou ld  be elevated on a low berm o f  e a ~ t h  so t h a t  even 
i f  i t  i s  depressed, i t  will not allow w & ~ r  t o  pool and d r i p  i n t o  the  

she1 ter .  
It i s  recommended t h a t  the next  step i n  t h e  design o f  t h i s  b l a s t  

s h e l t e r  and b l a s t  door should a c c u r a t e l y  reflect- a wn3rkiny itiode1. A 
ful l -s i re  shelter should be b u i l t ,  tested f o r  h a b i t a h i l i t y ,  m d  sub-  
j e c t e d  t o  b l a s t  l oad ing .  B o t h  clamped and w l d e d  j o i n t s  should be 
t e s t e d .  Design modi f ica t ions  t o  the b l a s t  door and i t s  ~ p p o r t  c o l l a r  
shou ld  i n c l u d e  t h e  necessary thermal pro tec t  i o n  hinges , 1 atehes and 
o the r  operat ing f ea tu res  as r e q u i r e d  i n  a c t u a l  se rv i ce  i n  a b l a s t  
s h e l t e r .  
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Appendix A 

Melding Procedure Speci f ica t ions  
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Adapted f r o m  Oak Ri dcje National Laboratory's  ""wl d i n g  Procedure 
S p e c i f i c a t i o n ,  No. MPS-2102;" Rev is ion  0, December 1969," 

GAS TUNGSPEN-ARC .__.I.._--.- ~ WELDING OF CARBON STEEL TO CHRO -Î 

STAINLESS STEEL 

PROC E n UR E QUAL I F ..........-...__I i C A T I ON 
_p 

Spec! f i  cat.i on .... : 

A I  1 oy o r  Grade: ...... 1_1_1 

Specf f i  c a t ;  on I 

F i%.B.EK METAL 

C l a s s i f i c a t i o n :  

I d e n t i  f i  cat !  on .. .- : 

..... F i  1 l e r  Surface: 
--.-__1 

JOINT BACKING - 

Backing Gas: 

ASME Code S e c t i o n  I X .  

Steels h a v i n g  L m s i l e  

72,000 p s i ,  
s t r e n g t h  between 45,000 and 

Sect ion  I1  

P - l  

Any 0.035-0.5-,i i?. 

BASE METAL 

Same 

P-8 

Same 

€ R M i C r - ?  (Inconel 82T) .  

SR - 384 

F -43 

S t r a i g h t  bare we ld ing  rod. 

Complete, o r i g i n a l  l abe l  on can- 
t a i  ner .  C1  a s s i  F i  c a t i  on mark on 
each rad. 

B r i g h t  smooth surface, f r e e  of p i t s  
grooves, ox ide,  and f a r e i g n  m a t e r i a l .  

I n  seal  ed o r i  g i  n a l  u n i t  con ta i   ne^, 

99.995% (minimum) argon. 
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Arc S t a r t e r :  H i  gh- f  requency o s c i  11 a t o r  i f  avai  1 ab1 e .) 

We1 d i n g  Torch: S u i t a b l e  manual gas tungsten-arch t o r c h ,  

Ell e c t  rode: 
ASTM-B297. 

T h s r i a t e d  tungsten C l a s s i f i c a t i o n  EWTH-2, 

F low Meters: 

Gas Lines:  Metal o r  p l a s t i c  tub ing ,  S u b s t i t u t e  back ing gas 

S u i t a b l e  argon f low meters. 

l i n e s  may be l a t e x  rubber t u b i n g  i n  new 
condi t i  on. 

PREHEAT AND INTERPASS TEMPERATURE 

Preheat 
Temwrature:  
-- 

60-1OO"F. 

Preheat Equipment : 

Temperature Check: 

WELDING OF JOINT 

Joi n t  We1 d i  ng 

Torch Lead Angle: 

E l  e c t  rode T i  p : 

E l  e c t  rode Extension : 

Travel  D i  r e c t i  on : 

Bead Type: 

Technique: 

Gas t o r c h ,  r e s i s t a n c e  heater  or s i m i l a r  
equi pment . 
Contact pyrometer o r  s i m i l a r  equipment. 

One (1) l a y e r ,  one (1) bead; use 48 amp 
(negat ive  DC c u r r e n t )  w i t h  0.045 i n c h  diameter 
rob,  Torch: 1/16 i n c h  d iameter  tungsten, 0.5 
i n c h  nozz le  diameter,  15 cub ic  f e e t  per  hour 
argon gas f low.  Backing gas: 15 c u b i c  f e e t  per  
hour requ i  red. 

0 - 1 5 O  

Conical  w i t h  40°-60' i n c l u d e d  angle;  minimum 
rad ius  i n s t e a d  o f  p o i  n t  . 
1/4  t o  3/8 i nch .  

Forehand; upward when weld a x i s  i s  no t  l e v e l .  

S t  r i  nger . 
P o s i t i o n  to rch .  S t a r t  gas p r e f l o w  and purge a i r  
f rom gas l i n e s ,  to rch ,  and a r c - s t r i k e  area. 

S t a r t  a r c  a t  low c u r r e n t ;  when a r c  i s  s tab le ,  
upslope c u r r e n t  t o  we ld ing  l e v e l .  S t r i k e  arc by 
means o f  h igh-frequency spark o r  l i g h t  touch o f  
e lec t rode.  
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Move t o r c h  a t  a u n i f o r m  r a t e ,  O s c i l l a t e  to rch  
on ly  i f  necessary. Regr i  nd e l e c t r o d e  t o  mai n t a i n  
r e q u i r e d  t i p  shape and t o  reiiiove metal p ickup and 
ox ide  

Hold rod a t  a low angle  w i t h  end i n  the  s h i e ? d i n g  
gas. 
l e a d i n g  edge o f  t h e  weld pool. Add rod  d u r i n g  a l l  
welding. Remove a x i d i z e d  ends o f  used rods. 

Feed rod  a t  a u n i f o r m  r a p i d  r a t e  i n t o  the 

Before break ing  arc ,  f i l l  c r a t e r  and reduce weld 
pool t o  smallest p o s s i b l e  s i z e  by downsloping 
c u r r e n t .  

Ma in ta in  gas psstflow t h a t  w i l l  produce b r i g h t  
sur faces on weld and e lec t rode.  

CLEANING OF WELD BEADS - Remove ox ide  and o t h e r  depos i ts  ( p a r t i c l e s  and 
f rom each weld bead and ad jacent  base meta l .  

PEENING 

DEFECTS 

Bo n o t  peen. 

Examine each weld bead and each c r a t e r  f o r  c racks3 h o l e s ,  incomplete 
fus ion,  p a r t i a l  j o i n t  penet ra t ion ,  o v e r l a p p  undercut,  u n d e r f i l l ,  
tungs ten  i n c l u s i o n s ,  heavy oxide, and o t h e r  defects,  

Check s i z e  and re in forcement  o f  weld. Check t h a t  each bead has 
normal smooth sur face  and contour, and merges smcdsthly w i t h  ad jacent  
beads o r  base metal .  

Remove weld de fec ts  by g r i n d i n g  o r  F i l i n g .  

Before d e p o s i t i n g  each bead, examine weld groove and adjacent  hasp 
metal  f o r  cracks, laminat ions ,  holes, and other  defects ,  

POSTWELD HEAT TREATMENT 

Do n o t  heat  t r e a t .  
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In October 1983 t h e  Defense Nuc lea r  Agency (DNA) sponsored a h i g h - e x p l o s i v e  b las t  
t e s t ,  nicknamed DIRECT COURSE. T h i s  even t  s imu la ted  the  b l a s t  e f f e c t s  from a one 
k i l o t o n  nuclear de tona t ion  and  p r o v i d e d  an environment f o r  t he  t e s t i n g  o f  s e l e c t e  
b l a s t  and fa1 l o u t  she1 ters f o r  their  structural  integrity.  

J n d e r  work f a r  t he  Federal Emergency Management Agency (FEMA) the Oak Ridge 
U a t i a n a l  L a b o r a t o r y  (GRNL) f i e l d e d  a s e t  of exper iments a t  t h e  DIRECT COURSE 
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event which were directed toward reducing the cost of blast  shelter. fo r  small  
groups o f  people, such as  workers incri t ical  industries (keyworkers). S i x  
items were tested: three scale models of a corrugated metal blast  shelter a n d  
three ful l -s ize  b l a s t  door  closures for such a shelter.  

The three she1 t e r  survived blast overpressures up t o  2.55 MPa (225 p s i )  a 
level which i s  equivalent to being approximately 800 m (0.5 mile) from a 1 
megaton nuclear detonation. Each shel ter  model was 180 cm ( 6  f t . )  l o n g  by 60 ciii 
( 2  ft.) indiameter, was buried a b o u t  60 cm ( 2  f t . )  below ground level,  and  
represented a 1/4-scale version o f  a ful l -s ize  blast  shel ter  which would be 
capable of supporting 12 t o  18 occupants. 

The three ful l -s ize ,  90 cm (35 i n . )  diameter, blast  doors for such a shel ter  
also successfully resisted the same range o f  blast  overpressure. Each door 
weighed less than 45 kg (100 1 6 )  and  incorporated a novel yielding-membrane 
design. These sheet metal iwmbranes w r e  between 1.3 and  2,O mm (0.050 and 
0.080 i n . )  thick a n d  were supported by an edge beam (hoop) .  

I t  i s  anticipated t h a t  such structures,  b o t h  shelters and blast  doors, can 
be incorporated into a blast  shel ter  concept which can be constructed for 
less t h a n  $500 per shel ter  occupant. 
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