
OAK RIDGE 
NATIONAL 
LABORATORY 

ORNL-6252 

C til Defense She :ers 
A State-of-the-Art Assessment- 1986 

C. V. Chester 
G. P. Zimmerman 

Interagency Agreement DOE 40-1 457-84 
and FEMA EMW-84-E-1737, Work Unit 1616C 

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED 

ENERGY SYSTEMS, INC. 



Printed in the United States of America. Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

NTlS price codes-Printed Copy: A 1 5  Microfiche A01 

This report was prepared as an account of work sponsored by an agency of the 
United StatesGovernment Neither theU nited StatesGovernment nor any agency 
thereof, nor any of their employees makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or 
represents that its usewould not infringe privately owned rights Reference herein 
to any specific commercial product, process, or service bfr trade name, trademark, 
manufacturer, or otherwise. does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United StatesGovernment or 
any agency thereof The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency 
thereof 



10. SUPPLEMENTARY NOTES 

19. K E Y  WORDS (Contlnue on reveree midm i f  necea#uy  and ldentlfy by block number) 

CIVIL DEFENSE 
BLAST SHELTER NUCLEAR WAR SURVIVAL 
SHELTER COSTS FALLOUT PROTECTION 
POLICY OPTIONS 

NATURAL AND TECHNOLOGICAL HAZARDS 

I 
7. AUTHOR(#) 0. CONTRACT OR GRANT NUMBER(#) 

!Ob ABSTRACT ( C u & h u m  D mmru .fd* I;t ..pd idemtlfy by block number) 

The l i t e r a t u r e  on the  design, cons t ruc t ion ,  t es t i ng ,  and cos t  o f  b l a s t  and 
f a l l o u t  s h e l t e r s  was reviewed and a b ib l i og raphy  o f  over 1000 documents was 
assembled, It was found t h a t  nuc lear  weapon e f f e c t s  and s h e l t e r  design are 
we l l  understood, The p r i n c i p a l  t echn ica l  b a r r i e r  t o  cons t ruc t i on  o f  permanent 
she l te rs  i s  cost ,  Single-pu.rpose b l a s t  she l te rs  cos t  i n  the  h igh  hundreds t o  
low thousands o f  d o l l a r s  per  space, depending on s ize,  hardness, l o c a t i o n ,  and 
whether the  s h e l t e r  i s  p a r t  o f  new cons t ruc t i on  o r  r e t r o f i t ,  The r i s k  area 

(con t I d ) 
F QRY 

I ,All 73 1473 EDITION OF * YOY 65 IS OBSOLETE 

Conrad V, Chester 
Gregory P o  Zimmerman 

REPORTDOCUMENTATION PAGE 
1. REPORT NUMBER 12. GOVT ACCESSION NO. 

FEMP, EMW-84-E-1737 

READ MSTRUCTIONS 
BEFORE COMPLETING FORM 

3. RECIPIENT'S CATALOG NUMBER 

ORNL-6252 
1. T I T L E  (and Subtltle) 

CIVIL DEFEIiSE SHELTERS; 
A STATE-OF-THE-ART ASSESSMENT -- 7986 

Federal Emergency Management Agency 
Washington, DC 20472 

5 .  TYPE O F  REPORT It PERIOD COVERED 

F ina l  Report 
6. PERFORMING ORG. REPORT NUMBER 

December 1986 
13. NUMBER OF PAGES 

3. PERFORMING ORGANIZATION NAME AND ADDRESS 

Oak Ridge Nat ional  Laboratory 
P,O, Box X 
Oak Ridge, TN 37831-6190 

1 1 .  CONTROLLING OFFICE NAME AND ADDRESS 

10. PROGRAM ELEMENT. PROJECT, TASK 
AREA h WORK UNIT NUMBERS 

Work U n i t  #1616C 

12. REPORT D A T E  

Unc lass i f i ed  
(Sa.  DECLASSIFICATION/DOWNGRADING 

scn EDULE 

14. MONITORING AGENCY NAME h ADDRESS(1f d l f f e rmt  fmm Controlling Of f l ce )  

1 
16. DISTRIBUTION STATEMENT ( o f  thle Report) 

286 
IS. SECURITY CLASS. (o f  thi8 report) 

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED 

17. DISTRIBUTION STATEMENT (o f  the abmtract entered In Block 20, If d l f farmt  from Report) 

SECURITY CLASSlFICATlOU OF TntS PACE (Imm Data Entered) 



- _- -__- - - 
20. Abstract (contld) 

p o p u l a t i o n  requiring blast  protection i s  approximately 160 mill ion .  

The very low cost ( a n d  less effect ive)  options open t o  the U.S. Government, 
w i t h  i t s  present c iv i l  defense budget, remain: ( 1 )  maintain the inventory on 
fa l lout  shel ter  and  identify space w i t h  some blast  protection potential ; 
( 2 )  p l a n  for "c r i s i s  upgrading" t o  improve existing space in a c r i s i s ,  a n d  
( 3 )  plan for construction of expedient shel ter  i n  a c r i s i s .  
might be mandated in appropriate new construction outside risk areas a t  l i t t l e  
cost t o  the government. 

Fallout shelter 

Options i n  the mid-range of  expense, a few tens t o  a few hundreds o f  dollars 
per space include: ( 1 )  requiring modified 1 imestone mining practices, where 
appropriate, t o  generate useable she1 t e r  space near c i t i e s ;  ( 2 )  encouraging 
the construction of earth-sheltered housing and other buildings, a n d  (3)  
requiring and /o r  subsidizing the construction of dual-use basement shelter in 
new construction. A program based on these options would require an annual 
budget approximating 1 per cent of  the yearly defense budget for  the next 20 
years. 

S E C U R I T Y  C L A S S I F I C A T I O N  O F  THIS PAGEfWhen Data Entered) 



ORNL-62 5 2 
D i s t .  Category UC-41 

Energy D i v i s i o n  

C I V I L  DEFENSE SHELTERS 

A STATE-OF-THE-ART ASSESSMENT -- 1986 

C.  V .  Ches t e r  
G. P. Zimmerman 

Date Pub l i shed  - February 1987 

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED 

Prepared f o r  t he  
F ED E RAL EMERGENCY MANAGEMENT AGENCY 

Washington, DC 20472 
In te ragency  Agreement; FEMA No. EMW-84-E-1737 
(Work Uni t  No. 1616 C )  and DOE No. 40-1457-84 

Prepared  by t h e  
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37831 
ope ra t ed  by 

MARTIN MARIETTA ENERGY SYSTEMS, Inc. 
f o r  the 

U.S. DEPARTMENT OF ENERGY 
under  Con t rac t  No. DE-AC05-840R21400 





CONTENTS 

Page 

. 0 . . . ACKNOWLEDGMENTS . . vii 

. . b . . . . EXECUTIVE SUMMARY . . ix 

CONVERSION FACTORS FOR SI UNITS . . xiii 
. LIST OF FIGURES . 0 xv 

LIST OF TABLES . . . . . . . . xvii 
. . 0 . . . . . . ABSTRACT. . xxi 

. . . . . . 1. INTRODUCTION 1 
1.1 What Are We Trying To Do? . . . 1 
1.2 Why Bother?. . . . . . . 1 
1.3 Work Statement . . 2 
1.4 Approach . . . . . 3 
1.5 State of Knowledge . . 4 

2. NATURAL AND TECHNOLOGICAL THREATS . . . . 9 
2.1 Tornadoes, Hurricanes, and High Winds . . . 9 
2.2 Nuclear Accidents . . e . . . 10 
2.3 Toxic Aerosols and Vapor . . . . . 10 
2.4 Large Fires. . . . . . . . 11 

3. NUCLEAR WEAPONS EFFECTS . . . b . 13 
3.1 Blast . . . . . . 13 

3.1.1 Shock Filling of Shelter. . . . 17 
3.1.2 Risk Areas . . . . . 1 7  

3.2 Initial Nuclear Radiation . . . . . 19 
3.3 Ground Motion . . . . . . 19 
3.4 Thermal Effects. . . . . 22 
3.5 Fire. . . e * . . 23 
3.6 Rubble . . e . . 25 
3.7 Fallout. . e . . . . . 26 
3.8 Climatological Effects . . . . . 28 

4. SHELTER DESIGN COMPONENTS . . . . . 33 
4.1 Overpressure Protection. . . . 33 

4.1.1 Strong Buildings. . . . 0 34 
4.1.2 Yielding Structures and Earth Arching . . 36 
4.1.3 Foundations . . . . . 38 

iii 



CONTENTS 
(Continued) 

Page 

4.2 

4.3 

4.4 

4.5 
4.6 
4.7 
4.8 
4.9 

4.10 
4.11 

Radiation Protection . . . 39 
4.2.1 Barrier Shielding . 39 
4.2.2 Geometry Shielding . 43 
Entrances, Exits, and Closures . . . 45 
4.3.1 Entrances . . . 45 
4.3.2 Radiation Protection for Entryways . 46 
4.3.3 Doors . . . . 49 
4.3.4 Emergency Exits . . 50 
4.3.5 Expedient Closures . . . 52 
4.3.6 Blast Valves. . . . 52 
Ventilation. . 65 
4.4.1 Ventilating Equipment . . . 65 
4.4.2 Cooling . . . 69 
4.4.3 Closed Systems . . . . . 6 9  
4.4.4 Chemical and Biological Protection . 7 0  
Food . . . . . 70 
Water Supply . . . 7 1  
Sanitation . . 7 2  
Shelter Lighting . . 7 3  
Electric Power . . 7 5  
Shelter Space Requirements and Overcrowding. . 77 
Shelter Furnishings. . . 78 

5.  SHELTER TESTING . . 81 
5.1 Weapon Effects Testing . . 81 

5.1.1 Nuclear Tests . . . 8 1  
5.1.2 High-Explosive Field Tests . . . 87 
5.1.3 Laboratory Simulation Testing . . 8 9  

5.2 Habitability Testing . . . 90 
5.2.1 Engineering Aspects of Habitability . . 9 0  
5.2.2 Psychological Aspects of Habitability . 94 
5.2.3 Ventilation Tests . . . 95 

6 .  SHELTER NEEDS: SYSTEM STUDIES . . 99 
6.1 Theoretical Studies. . e . . 9 9  
6.2 System Design Studies . . . 100 

6.2.1 Shelter Incentive Programs . . 107 

6.2.2 Construction Resource Availability and 
Surge Shelter Programs. . . 1 0 9  

6.3 Active-Passive Defense Interaction . . 114 
6.2.3 Costs of Single-Purpose Shelter Systems . 110 

7 .  SHELTER OPTIONS . . 117 
7.1 Best Available Shelter . . 117 
7.2 Crisis Upgrading . . 121 
7.3 Expedient Shelter . . . . 123 

7.3.1 Expedient Shelter Designs . . . 123 
7.3.2 Construction and Occupancy Experiments . 124 

iv 



CONTENTS 
(Continued) 

Page 

7.4 Caves, Mines, and Tunnels . . . . 134 
7.5 Dual-Use Shelter . . . . . 135 

7.5.1 Dual-Use Fallout Shelter. . . 136 
7.5.2 Dual-Use Blast Shelters . . 138 
7.5.3 Earth-Sheltered Residences . . 149 
7.5.4 Dual-Use Tunnel Systems . . 152 

7.6 Dedicated Shelters . . . 153 
7.6.1 Swiss Basement Shelters . . 154 
7.6.2 Retrofit Family Shelters. . . 157 

7.6.2.1 Family Fallout Shelters. . . 157 
7.6.2.2 Family Blast Shelters . . 162 
7.6.2.3 Corrugated Metal Blast Shelters. . 166 

7.6.3 Retrofit Critical Worker Shelters . . 1 7 1  
7.6.4 Dedicated Tunnel Systems . . 174 

8. CONCLUSIONS . . 179 

8.2 Shelter Program Options. . . 181 
8.1 Summary. . . . . 179 

9. RESEARCH AND DEVELOPMENT RECOMMENDATIONS. . 189 
9.1 Adaptations of Mines for Shelter . . 189 
9.2 Slanting Shelter Building Experience . 189 
9.3 Plans for Private Citizens . . . 190 
9.4 Habitability Testing . . . . . 190 
9.5 Blast Testing . . 190 

B I BL IOGRAP HY . . . B-1 

V 





Obviously, for a report of this size, the authors were 
assisted in several important areas by other members of the ORNL 
staff and their consultants. In particular, these areas include 
the content, organization, and assembly of not only this report 
but also its prodigious bibliography. 

Several persons contributed toward the assembly of the 
working bibliography from an overwhelming amount of bibliographic 
material on "civil defense shelter." Elaine Llewellyn of ORNL 
provided essential support in the identification, accumulation, 
and cataloging of the most important documents. Dr. Ralph Rotty 
of Oak Ridge Associated Universities undertook the ambitious task 
of reviewing most of these documents for their technical merit, 
and his contributions are evident in the organization of this 
report. The final bibliography could not have been compiled and 
organized without the outstanding contribution of Jeni Riordan and 
Kay Chen formerly of the ORNL Information Services Division. 
Judy Coleman deserves special recognition for her much-needed 
assistance in performing the word processing and in helping with 
the final assembly of this report. 

D r .  Ralph Swisher, FEMA project officer, provided excellent 
support and guidance throughout the entire course of this study. 

In addition, the authors wish to thank those persons listed 
below for sharing their comments and constructive criticisms about 
the content of this report. Their reviews of and contributions to 
the report were greatly appreciated and are hereby acknowledged: 
Wayne Blanchard, David Benson, Nicholas DiTullo, and James Jacobs 
of FEMA; Robert Ehrlich of George Mason University; Julian 
Hamilton and Paul LaHoud of the U.S. Army Corp of Engineers in 
Huntsville; Cresson Kearny of ORNL (retired); Sam Kiger and Stan 
Woodson of the U.S. Army Engineer Waterways Experiment Station; H. 
L. Murphy of H. L. Murphy Associates; Walmer E. (Jerry) Strope of 
the Center f o r  Planning and Research, Inc.; and Chuck Wilton, 
Roger Tansley,and James Zaccor of Scientific Service, Inc. 

L. Joe Deal, former Director of the Division of Radiological 
Controls, U.S. Department of Energy, and previously the Civil 
Effects Branch of the U . S .  Atomic Energy Commission, was respon- 
sible for much of the work reviewed here. His stalwart support 
over the past 22  years of first the Oak Ridge Civil Defense 
Research Project and then the Emergency Technology Program at ORNL 
is largely responsible for the technology of expedient shelter, 
the ORNL civil defense document collection, and a portion of this 
assessment. 

vi i 





EXECUTIVE SUMMARY 

This  r e p o r t  i s  a comprehensive review of what i s  known about  
s h e l t e r s  from t h e  a v a i l a b l e  l i t e r a t u r e  i n  t h e  United S t a t e s .  An 
a t tempt  has  been made t o  concen t r a t e  on the.  in format ion  which  
should be known by a U.S. planner .  S h e l t e r  a g a i n s t  a number of 
n a t u r a l  and t e c h n o l o g i c a l  hazards  i s  cons ide red ,  b u t  t h e  most  
impor tan t  t h r e a t ,  and t h e  one about which t h e  most in format ion  
e x i s t s ,  is s h e l t e r  a g a i n s t  n u c l e a r  weapons e f f e c t s .  

The most impor tan t  fac t  t o  recognize  i s  t h a t  t h e r e  i s  a very 
w e l l  developed technology f o r  t h e  p r o t e c t i o n  of c i v i l i a n s  a g a i n s t  
t h e  e f f e c t s  of n u c l e a r  weapons. It i s  p o t e n t i a l l y  very e f f e c t i v e  
and has  been e x t e n s i v e l y  t e s t e d  a g a i n s t  real  nuc lea r  weapons i n  
t h e  1950s and, subsequent ly ,  b l a s t  t e s t e d  w i t h  l a r g e  high-explo- 
s i v e  charges and shock s i m u l a t i o n  techniques .  Design techniques  
a r e  covered i n  a v a r i e t y  of manuals, and a l l  such techniques  w i l l  
produce s h e l t e r s  t h a t  w i l l  be very h i g h l y  e f f e c t i v e .  I n  t h e  
p a s t ,  t h e  r e l i a b i l i t y  of des ign  w a s  o f t e n  a t t a i n e d  a t  t h e  c o s t  of 
g r e a t  conserva t i sm and excess ive  expense. The p r e s e n t  s t a t e  of 
t h e  a r t  i n  s t r u c t u r a l  des ign  of b l a s t  s h e l t e r s  i s  comprehensively 
desc r ibed  i n  t h e  1985 update  of t h e  American Soc ie ty  of C i v i l  
Engineers  ' Manual No. 4 2 ,  Design of S t r u c t u r e s  t o  Resist Nuclear 
Weapon E f f e c t s .  

The t h r e a t  t o  t h e  American p u b l i c  from n u c l e a r  weapons i s  now 
be l i eved  t o  be of such magnitude t h a t  a f u l l  s h e l t e r  program would 
have t o  i n c l u d e  160 m i l l i o n  b l a s t - s h e l t e r  spaces and approximately 
80 m i l l i o n  f a l l o u t - s h e l t e r  spaces. Blast p r o t e c t i o n  i s  be l i eved  
t o  be r e q u i r e d  i n  t h e  areas sur rounding  m i l i t a r y  t a r g e t s  and 
u r b a n - i n d u s t r i a l  areas. F a l l o u t  p r o t e c t i o n  i s  b e l i e v e d  t o  be 
r e q u i r e d  over  t h e  e n t i r e  country.  

E x i s t i n g  s t r u c t u r e s ,  p a r t i c u l a r l y  l a r g e  masonry o r  c o n c r e t e  
b u i l d i n g s ,  can provide  s i g n i f i c a n t ,  though vary ing ,  amounts of 
f a l l o u t  p r o t e c t i o n .  An e f f o r t  by t h e  U.S. Government t o  i d e n t i f y  
such s t r u c t u r e s  i n  t h e  1960s and 1970s, has  i d e n t i f i e d  an inven- 
t o r y  of 245 m i l l i o n  spaces  which can provide  p r o t e c t i o n  f a c t o r s  of 
40 o r  more a g a i n s t  f a l l o u t  r a d i a t i o n .  Unfor tuna te ly ,  most of t h e s e  
spaces  are i n  what a r e  p r e s e n t l y  b e l i e v e d  t o  be r i s k  a r e a s ,  
and many of them are i n  t h e  upper s t o r i e s  of m u l t i s t o r y  b u i l d i n g s ,  
which are vu lne rab le  t o  b l a s t  e f f e c t s .  The basements of c o n c r e t e  
b u i l d i n g s  provide  some p r o t e c t i o n  a g a i n s t  b l a s t  e f f e c t s  but  only 
a t  low ove rp res su res .  There i s  not  n e a r l y  enough of t h i s  "bes t  
a v a i l a b l e "  space t o  p r o t e c t  more than a very small f r a c t i o n  of t h e  
r i s k  a r e a  popula t ion .  With today ' s  r e s o u r c e s ,  t h e  only hope of 
s u r v i v a l  of t h e  r i s k  area popu la t ion  i n  an  a l l - o u t  a t t a c k  would be 
a l a rge - sca l e  evacua t ion  of t h e  t a r g e t  areas d u r i n g  t h e  d a y s  
preceding  t h e  a t t a c k .  
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I f  s e v e r a l  hours  ' o r  days warning of an  a t t a c k  are a v a i l -  
a b l e ,  h igh ly  e f f e c t i v e  f a l l o u t  s h e l t e r  can be improvised. This  
p r o t e c t i o n  can inc lude  improvisa t ion  of s h e l t e r  i n  a basement by 
s t a c k i n g  books, f u r n i t u r e ,  bags and boxes of e a r t h ,  and o t h e r  mass 
on and around a t a b l e  i n  a p r o t e c t e d  corner .  

I n  t h e  1970s, a technology f o r  producing e f f e c t i v e  s h e l t e r  
from t o o l s ,  materials, and l a b o r  a t  hand was developed. This  
technique  c a l l e d  "expedient  s h e l t e r "  involved  t h e  c o n s t r u c t i o n  of 
covered foxho les  o r  covered t renches .  A l l  t h e s e  s h e l t e r s  provide  
f a l l o u t  p r o t e c t i o n  f a c t o r s  i n  excess  of 100. I n  t h e  D e f e n s e  
Nuclear  Agency's 600-ton, high-explosive f i e l d  tests, t h e  des igns  
u s i n g  unshored t r enches  su rv ived  b l a s t  ove rp res su res  i n  t h e  r eg ion  
o f  5 t o  7 p s i .  L igh t ly - shored  v e r s i o n s  su rv ived  15 o r  more 
p s i  and one des ign  has  r e p e a t e d l y  su rv ived  ove rp res su res  i n  excess  
of 50 p s i .  I f  t h e  informat ion  on c o n s t r u c t i o n  of t h e s e  s h e l t e r s  
can be d isseminated  t o  t h e  p u b l i c ,  and 24 t o  48 hours  are a v a i l -  
a b l e  f o r  c o n s t r u c t i o n ,  very good p r o t e c t i o n  can be developed f o r  
very l a r g e  numbers of people.  For t h e  f o r e s e e a b l e  f u t u r e ,  t h i s  
exped ien t ,  s e l f - h e l p  a l t e r n a t i v e  i s  a l l  they are l i k e l y  t o  have. 

F a r  more people  would s u r v i v e  a rap id ly-developing  n u c l e a r  
w a r  i f  s h e l t e r  were a l r e a d y  i n  p l a c e  be fo re  t h e  onse t  of a nuc lea r  
crisis.  One of t h e  major d e t e r r e n t s  t o  a program t h a t  would 
provide  s h e l t e r  f o r  a l l  Americans i s  i t s  c o s t  which w i l l  be t h e  
product  of t h e  c o s t  p e r  space times t h e  number of spaces needed. 
I n  t h e  case of b l a s t  s h e l t e r s ,  t h e  number of spaces  needed is  
approximately 160 mi l l i on .  F a l l o u t  s h e l t e r  spaces  needed  a r e  
approximately 80 mi l l i on .  Single-purpose,  small b l a s t  s h e l t e r s  
can c o s t  from $500 t o  $2500 o r  more p e r  space ,  w i th  $1000 be ing  
r e p r e s e n t a t i v e .  Blast s h e l t e r s  b u i l t  i n t o  t h e  basements of new 
c o n s t r u c t i o n  can be cons t ruc t ed  f o r  $250 t o  $500 per  space ,  w i t h  
$300 be ing  a good r e p r e s e n t a t i v e  f i g u r e .  F a l l o u t  s h e l t e r  b u i l t  
i n t o  new masonry c o n s t r u c t i o n  may c o s t  only about  $50 per space.  
S l i g h t l y  a l t e r i n g  new c o n s t r u c t i o n  t o  make maximum use  of f e a t u r e s  
which would have been cons t ruc t ed  i n  any case, s u c h  as  b a s e -  
ments,  is  c a l l e d  " s l an t ing . "  This  technique  i s  by f a r  t h e  most 
c o s t - e f f e c t i v e  approach t o  developing s h e l t e r .  

Cons t ruc t ion  wi th  t h e  p o t e n t i a l  f o r  b l a s t  s l a n t i n g  inc ludes  
basements of masonry b u i l d i n g s  wi th  conc re t e  f i r s t  f l o o r s ,  s choo l s  
and r e s idences  designed p a r t i a l l y  o r  wholly underground f o r  energy 
conse rva t ion ,  a e s t h e t i c s ,  o r  to rnado p r o t e c t i o n ,  and underground 
m i n i n g  o p e r a t i o n s  f o r  t h e  product ion  of conc re t e  aggrega te  o r  
a g r i c u l t u r a l  l imestone.  

A s h e l t e r  program based on b l a s t  and f a l l o u t  s l a n t i n g  i n  new 
c o n s t r u c t i o n  would e n t a i l  an annual  expend i tu re  of approximately 
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1% ( con t inued  over  t e n  or  more y e a r s )  of t h e  annual  Department of 
Defense budget. Funding a t  t h i s  l e v e l  might be cons idered  i f  t h i s  
count ry  were t o  adopt  a de fens ive  s t r a t e g i c  pos tu re .  However, f o r  
t h e  p r e s e n t ,  wh i l e  w e  know how t o  b u i l d  s h e l t e r s ,  w e  have no t  
s o l v e d  t h e  p o l i t i c a l  problem of a l l o c a t i n g  t h e  r e sources  t o  g e t  
them b u i l t .  
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CONVERSION FACTORS FOR S I  UNITS 

Eng l i sh  u n i t s  have been r e t a i n e d  i n  t h e  body of t h i s  r e p o r t .  
The r e p o r t  r e f e r s  t o  commercially a v a i l a b l e  materials and s i z e s  
commonly expressed  i n  Engl i sh  u n i t s .  The r e p o r t  reviews e a r l i e r  
work expressed  e n t i r e l y  i n  Eng l i sh  u n i t s .  Conversion f a c t o r s  f o r  
S I  u n i t s  a r e  g iven  below: 

To conver t  from: To : - 
atmosphere (14.7 p s i )  k i  l opas  cal  (kPa) 
c u b i c  f e e t  ( f t 3  o r  cu f t )  c u b i c  meter (m3) 
f o o t  ( f t )  meter ( m )  
f o o t c a n d l e  lumen/me t e r 2 (  lm/m2> 
g a l l o n  ( g a l )  c u b i c  meter (m3) 
g r a v i t y  (32.174 f t / s e c 2 )  meter / sec2(m/s2)  
inch  ( i n . )  meter (m) 
m i l e  (mi) meter (m) 
pound-f o r c e / i n 2  ( p s i )  k i l o p a s c a l  (kPa) 
q u a r t  ( q  t. c u b i c  meter  (m3) 
squa re  f o o t  ( f t 2 ,  sq f t >  squa re  meter (m 2 
s q u a r e  m i l e  (mi2) squa re  meter (m2) 
t o n  (nuc lea r  e q u i v a l e n t  j o u l e  (J) 

of TNT) 
t on  (2000 pounds) ki lograms ( K g )  

Mul t ip ly  By: 

101.325 
0.0283 
0.3048 

0.003785 
9.80665 
0.0254 

6.8948 
9.464X10’4 
0.0929 
2.59XlO6 
4.2OX1O9 

10.764 

1609.3 

907.185 
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The l i t e r a t u r e  on t h e  d e s i g n ,  c o n s t r u c e i o n ,  tesc i r ig ,  arid 
c o s t  of b l a s t  and f a l l o u t  s h e l t e r s  was reviewed, and a b i b l i o g r a -  
phy of ove r  1000 documents was assembled. I t  w a s  touiid thar  
n u c l e a r  weapon e f f e c t s  and s h e l t e r  des ign  are  w e l l  uuuersrood. 
The d e f i n i t i v e  s tace of t he  a r c  i n  s c r u c c u r a l  des ign  of b l a s c  
s h e l t e r s  i s  conqieheris ively d e s c r i b e d  i n  t h e  1985 updace of rhe  
Amer ican  S o c i e t y  of C i v i l  Engineers  Manual No. 4 2 ,  Design of 
S t r u c t u r e s  t o  Ues i sc  Nuclear  Weavons E f f e c t s .  

An imporrrant b a r r i e r  t o  c o ~ i s ~ ~ u c ~ i o n  o€  pernidrieric s h e l t e r s  i s  
cosc .  Single-puipose s h e l t e r s  cosc i n  ttle tligtl huriaieds co Low. 
thousarids of d o l l a r s  p e r  occupant (or  p e r  s p a c e ) ,  deperidirig oil 
s i z e ,  ha rdness ,  l o c a t i o n ,  and whether t h e  s h e l t e r  i s  p a r t  of new 
c o n s t r u c t i o n  o r  r e t r o f i t .  M u l t i p l i e d  by a r i s k  area popu la t ion  of 
approximately 160 m i l l i o n ,  t h e  c o s t  of a b l a s t  s h e l t e r  conscruc- 
t i o n  program would r i v a l  t h a t  of a major s c r a c e g i c  weapon s y s c e m .  

Opcioris i n  t h e  mid-range of expense,  a fed ceus  K O  a f e w  
hundreds of d o l l a r s  p e r  space  i n c l u d e  ( 1 )  r e q u i r i n g  n i o d i t i e d  
linieseone mining p r a c t i c e s ,  where a p p r o p r i a c e ,  t o  gerierare u s a b l e  
s h e l t e r  space  near  c i t i e s ;  ( 2 )  encouraging t h e  cooscruccion o t  
e a r t h - s h e l t e r e d  housing and o t h e r  b u i l d i n g s ;  and ( 3 )  requi r i r ig  
and /o r  s u b s i d i z i n g  t h e  c o n s t r u c t i o n  of dual-use basenlent shelKer 
i n  ne* c o n s t r u c t i o n .  A program u s i n g  t h i s  approach would r e q u i r e  
a n  annua l  e x p e n d i t u r e  of approximately 1% of t h e  anriual de fense  
budget f o r  10 o r  more y e a r s .  

The ve Iy  low-cost (and less e t f ec r r ive )  o p t i o n s  open L O  t h e  
U.S. government, w i t h  i t s  p r e s e n t  c i v i l  de fense  budget ,  renialn ds 
f o l l o w s :  ( 1 )  m a i n t a i n  t h e  i n v e n t o r y  of t a l l o u t  s h e l t e r s  arid 
i d e n t i f y  space  wi th  some b l a s t  p r o t e c t i o n  p o t e n t i a l ,  ( 2 )  p l a n  f o r  
“cr is is  upgrading” t o  improve e x i s t i n g  space i n  a c r i s i s ,  arid ( 3 )  
p lan  f o r  c o n s t r u c t i o n  of exped ien t  s h e l t e r s  i n  a c r i s i s .  l h e  
cr is is- implemented o p t i o n s  r e q u i r e  s e v e r a l  days ‘  warning i n  o r u e r  
t o  be e f f e c t i v e .  

While much of t h e  technology f o r  p ro recc ing  people  a g a i n s t  
n u c l e a r  weapons e f f e c t s  o r i g i n a t e d  i n  t h i s  councry,  w e  h a v e  not 
s o l v e d  t h e  p o l i t i c a l  p r o b l e m  of  a l l o c a t i n g  t h e  resources t o  
p r o t e c t  ou r  own popu la t ion .  
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C I V I L  DEPBNSE SHELTERS - 1986 
STAlZ-OF-THE-ART ASSESS"T 

C. V. Ches ter  
G. P. Zimmerman 

1. INTRODUCTIOIV 

1.1 UEAT ARE WE TRYING TO W? 

This  l i t e r a t u r e  review is  one of s e v e r a l  being sponsored by 
t h e  Fede ra l  Emergency Management Agency (FEMA). The purpose of 
t h e s e  reviews i s  s e v e r a l  f o l d :  

1. To summarize i n  a u s e f u l  form t h e  most important  r e s u l t s  of 
r e s e a r c h  sponsored by FEMA and i t s  p redecesso r  agenc ie s  over  
t h e  p a s t  f o u r  decades .  I n  p a r t i c u l a r ,  i t  would provide 
unders tanding  of t h e  most important  r e s u l t s  f o r  r e c e n t l y  
appoin ted  c i v i l  defense  d e c i s i o n  makers. 

2. Where a p p r o p r i a t e ,  t o  i d e n t i f y  and h i g h l i g h t  r e s u l t s  which 
could be,  but are not  be ing ,  u t i l i z e d  i n  t h e  p r e s e n t  FEMA 
programs and p o l i c i e s .  R e s u l t s  which suppor t  ( o r  oppose) 
t h e  c r e d i b i l i t y  of FEMA programs are examples. 

3 .  To i d e n t i f y  impor tan t  ques t ions  which are not  addressed by 
t h e  p r e s e n t  body of r e sea rch  and f o r  which answers are 
needed. 

I n  t h e  p r e s e n t  (mid-1980s) p o l i t i c a l  and economic climate, 
investment  i n  a major s h e l t e r  bu i ld ing  program is  very u n l i k e l y .  
Wi th  t h e  U.S. Congress and t h e  Adminis t ra t ion  s t r u g g l i n g  wi th  
d e f i c i t s  of $200 b i l l i o n  and a t t empt s  t o  s u s t a i n  or i n c r e a s e  t h e  
de fense  budget ,  under tak ing  a program which could l e a d  t o  expenses  
i n  excess  of $100 b i l l i o n  t o  d e a l  w i th  an  even t  cons idered  t o  be 
of v e r y  low p r o b a b i l i t y  is u n l i k e l y ,  s o  why bother  w i t h  t h i s  
s t u d y ?  

0 Nuclear  weapons are no t  l i k e l y  t o  go away. 

0 A g r e a t  d e a l  of money w a s  i n v e s t e d  by t h e  Fede ra l  
government i n  developing t h e  technology f o r  p r o t e c t i n g  
p e o p l e  a g a i n s t  weapons e f f e c t s .  We should t r y  t o  
p re se rve  t h a t  technology. 

1 



We (FEMA and  ORNL)  r e c e i v e  a c o n t i n u i n g  stream of 
r e q u e s t s  by c i t i z e n s  f o r  i n f o r m a t i o n  on s h e l t e r .  

0 The p o l i t i c a l  climate may change. I n t e r e s t  i n  p ro tec -  
t i o n  of ou r  c i v i l i a n  popu la t ion  a g a i n s t  n u c l e a r  weapons 
e f f e c t s  may be s h a r p l y  i n c r e a s e d  by a n y  o n e  of a 
p o s s i b l e  number of e v e n t s .  

0 Nuclear weapons may be used i n  c o u n t r i e s  o t h e r  t h a n  t h e  
United S t a t e s  and t h e  S o v i e t  Union. E f f o r t s  t o  a c q u i r e  
n u c l e a r  weapons on t h e  p a r t  of some of t h e  less s t a b l e  
d e v e l o p i n g  n a t i o n s  i n  p l a c e s  l i k e  t h e  M i d e a s t  a r e  
c o n t i n u i n g .  A c t u a l  u s e  of s u c h  weapons by e i t h e r  
r e c o g n i z e d  g o v e r n m e n t s  o r  t e r r o r i s t s  c o u l d  a l t e r  
A m e r i c a n  v i e w s  on t h e  v a l u e  of h a v i n g  p r o t e c t i o n  
a g a i n s t  prompt n u c l e a r  weapon e f f e c t s  f o r  ou r  c i t i z e n s .  

The U n i t e d  S t a t e s  could s u f f e r  a massive d i p l o m a t i c  
d e f e a t  a t  t h e  hands of t h e  S o v i e t  Union due t o  t h e  l a c k  
o f  p r o t e c t i o n  t h e  American c i v i l i a n  p o p u l a t i o n  has ,  
compared t o  t h a t  of t h e  S o v i e t  Union. An example might 
be a c o n f r o n t a t i o n  i n  t h e  P e r s i a n  Gulf o r  Western 
Europe r e so lved  i n  f a v o r  of t h e  S o v i e t  Union because of 
i t s  pe rce ived  c a p a b i l i t y  t o  pu t  i t s  c i t i z e n s  i n  a more 
p r o t e c t e d  p o s t u r e  t h a n  i s  f e a s i b l e  i n  t h e  U n i t e d  
States .  

The P r e s i d e n t ‘ s  e f f o r t  t o  f i n d  a t e c h n o l o g i c a l  fix t o  
t h e  arm race  through t h e  S t r a t e g i c  Defense I n i t i a t i v e  
may be s u c c e s s f u l .  S h e l t e r  deployment i n  c o n j u n c t i o n  
with a n  a c t i v e  de fense  which i s  ove r  90% e f f e c t i v e  can 
i t se l f  be more c o s t - e f f e c t i v e  a t  the  margin t h a n  t h e  
a c t i v e  de fense  i n  i n c r e a s i n g  t h e  number of s u r v i v o r s  of 
a l a r g e  a t t a c k .  

1.3 WORK STATEHENT 

The work s t a t emen t  f o r  t h i s  program is :  

“Topics f o r  which s t a t e - o f  - t h e - a r t  assess-  
m e n t s  of a v a i l a b l e  r e s e a r c h  w i l l  b e  conducted 
i n c l u d e  . . . s h e l t e r ,  t o  i n c l u d e  r e q u i r e -  
ments f o r  a l l  haza rds  t h a t  may r e q u i r e  s h e l -  
t e r i n g  f o r  e lements  of t h e  c i v i l  popu la t ion  
f o r  r o t e c t i o n  from b l a s t ,  f a l l o u t ,  n u c l e a r  
a c c i d e n t s ,  hazardous materials, o r  weather  
h a z a r d s ,  and f u r t h e r  i n c l u d i n g  d e d i c a t e d ,  
mult iple-use and s p e c i a l  purpose s h e l t e r s .  
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The assessment  s h a l l  cover permanent, expe- 
d i e n t  c o n s t r u c t i o n ,  upgrading and modif ica-  
t i o n  of e x i s t i n g  s t r u c t u r e s ,  p o t e n t i a l  u s e  
of n a t u r a l  s h e l t e r  such as caves and mines, 
and in fo rmar ion  concerning performance of 
s t r u c t u r a l  componencs of s h e l t e r s .  Aspec t s  
of t h e  s h e l t e r  problem covered s h a l l  i n c l u d e  
as a v a i l a b l e  i n  t h e  r e s e a r c h  l i t e r a t u r e ,  re- 
quireruencs, c u r r e n t  i n v e n t o r i e s ,  o p t i o n s  f o r  
i n c r  eas irig a v a i l a b l e  s h e 1  t e r  c a p a c i t y  , and 
cosc estimates a s s o c i a t e d  w i t h  d i f f e r e n t  
s h e l t e r  op t ions . "  

The l i t e r a t u r e  on  S h e l t e r  is  l a r g e  and d i f f u s e .  It c o n s i s t s  
p r i n c i p a l l y  of government r e p o r t s  s p o n s o r e d  by FEMA a n d  i t s  
p r e d e c e s s o r s ,  t h e  Atomic Energy  Commission, and t h e  Defense 
Nuclear Agency and i t s  p redecesso r s .  There i s  no comprehensive 
b i b l i o g r a p h y  of r e p o r t s  on s h e l t e r .  A s e a r c h  of t h e  Defense 
Techn ica l  In fo rma t ion  Cen te r  under t h e  t i t l e  of " S h e l t e r "  produces 
a l i s t i n g  of a p p r o x i m a t e l y  3,000 e n t r i e s ,  most of which are 
t a n g e n t i a l  t o  ou r  coricern--shelters € o r  c i v i l i a n s  a g a i n s t  n u c l e a r  
a t I: ack . 

FLMA h a s  a c o m p u t e r i z e d  l i s t  of t h e i r  r e s e a r c h  r e p o r t s  
exuending back t o  1972. U n f o r t u n a t e l y ,  much o f  t h e  work o n  
weapons t e s t i n g  of pe r sonne l  s h e l t e r s  w a s  done l a t e  i n  t h e  1950s 
and e a r l y  1960s p r i o r  t o  t h e  Test  Ban T r e a t y  i n  1963, and most of 
t h e  work on s h e l t e r  development and s h e l t e r  system a n a l y s i s  was 
done from 1963 t o  1972 wi th  t h e  r e l a t i v e l y  l a r g e  c i v i l  de fense  
budgets  a t  t h a t  t i m e .  

A ve ry  u s e f u l  s o u r c e  of documents i s  t h e  r e c e n t l y  computer- 
i z e d  c a r d  c a t a l o g  of t h e  Emergency Technology L i b r a r y  a t  t h e  Oak 
R i d g e  N a t i o n a l  Labora to ry .  Th i s  l i b r a r y  c o n t a i n s  a l l  of t h e  
ho ld ings  accumulated by t h e  Oak Ridge C i v i l  D e f e n s e  R e s e a r c h  
P r o j e c t  f r o m  1 9 6 4  t o  1 9 7 2  and  i t s  o r g a n i z a t i o n a l  s u c c e s s o r s  
ex tend ing  t o  t h e  p r e s e n t  t i m e .  T h i s  c o l l e c t i o n ,  w h i l e  n o t  
complete,  c o n t a i n s  many documents which are a v a i l a b l e  i n  ve ry  few 
o t h e r  p l aces .  I t  i n h e r i t e d  t h e  documents  c o l l e c t e d  by t h e  
l i b r a r y  of P r o j e c t  Harbor i n  1%3 which i n c l u d e s  a se t  of t h e  
United S t a t e s  S t r a t e g i c  Bombing Survey documents and t h e  Atomic 
Energy Weapons Test Report  Series. 

Documents s e l e c t e d  from t h e  v a r i o u s  b i b l i o g r a p h i c a l  s o u r c e s  
were p h y s i c a l l y  o b t a i n e d  and reviewed f o r  p e r t i n e n c e .  Cards were 
made out  on them and they  were a s s i g n e d  t o  one or more s e c t i o n s  
of t h e  o u t l i n e  of t h e  f i n a l  r e p o r t .  
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No a t t e m p t  h a s  been made i n  t h i s  r e p o r t  t o  d e s c r i b e  each of 
t h e  more t h a n  1000 documents i n  t h e  b ib l iog raphy .  I n s t e a d  an  
e f f o r t  has  been made t o  d e s c r i b e  on ly  t h e  most impor tan t  docu- 
ments on t h e  most impor tan t  t o p i c s  i n  s h e l t e r .  Other  documents 
b e a r i n g  on t h e  s u b j e c t  are l i s t e d  a t  t h e  end of each s e c t i o n .  We 
have a t t empted  t o  p rov ide  a key t o  most of  t h e  U.S. s h e l t e r  
l i t e r a t u r e .  

We have a t tempted  t o  produce a b r i e f  document which can be 
read  by a d e c i s i o n  maker i n  a r e a s o n a b l e  amount  o f  t i m e  t o  
i n t r o d u c e  h im ( o r  h e r )  t o  t h e  most impor tan t  a s p e c t s  of t h e  
s u b j e c t  of s h e l t e r  f o r  c i v i l i a n s  a g a i n s t  h a z a r d s ,  e s p e c i a l l y  
n u c l e a r  weapons  e f f e c t s .  Where p o s s i b l e ,  we have t r i e d  t o  
r e f e r e n c e  summaries and su rveys  r a t h e r  t h a n  a l l  of t h e  o r i g i n a l  
sou rces .  I f  t h e  r e a d e r  wants more d e t a i l  he can refer  t o  t h e  
documents l i s t e d  i n  t h e  b ib l iography.  

The l o g i c  of t h e  r e p o r t  i s  t o  d e s c r i b e  t h e  s t a t e  of knowl- 
edge about  t h e  t h r e a t  (Chapters  2 and 31, t h e  technology to  d e a l  
w i t h  i t  (Chapters  4 and 5 ) ,  t h e  requi rements  f o r  s h e l t e r s  (Chapter  
61, and t h e  cho ices  t h e  decision-maker (or i n d i v i d u a l )  h a s  t o  
s a t i s f y  t h e  s h e l t e r  r equ i r emen t s  and what t h e  t r a d e - o f f s  are 
(Chapter  7 and 8). 

1.5 STATE OF KN0WLEM;E 

Seeking  or  c o n s t r u c t i n g  s h e l t e r  a g a i n s t  a l e t h a l  environment 
i s  a n  a c t i v i t y  of man t h a t  i s  o l d e r  t h a n  r e c o r d e d  h i s t o r y .  
S e e k i n g  s h e l t e r  i n  c a v e s  f r o m  human and animal  p r e d a t o r s  o r  
weather  p r e d a t e s  s t o n e - a g e  t e c h n o l o g y .  The c o n s t r u c t i o n  of 
c a s t l e s ,  f i e l d  f o r t i f i c a t i o n s ,  and e a r t h  works a g a i n s t  p ro j ec -  
t i l e s  (arrows and s t o n e s )  e x i s t e d  be fo re  t h e  age  of gunpowder. 

The c o n c e p t  of  e n g i n e e r e d  s t r u c t u r e s  t o  p r o t e c t  a g a i n s t  
a r t i l l e r y  can be s a i d  t o  have begun i n  t h e  l a t e  1 7 t h  c e n t u r y  by 
t h e  M a r q u i s  d e  V a u b a i n .  F i e l d  f o r t i f i c a t i o n s  u s i n g  overhead 
p r o t e c t i o n  a g a i n s t  h i g h - t r a j e c t o r y  a r t i l l e r y  f i r e  were u s e d  t o  
some e x t e n t  i n  t h e  Amer ican  C i v i l  War. I n  World War I t h e  
i n t e n s e  use  of a r t i l l e r y  and t h e  beginning of ae r i a l  bombardment 
l e d  t o  t h e  e x t e n s i v e  u s e  of f i e l d  f o r t i f i c a t i o n s  w i t h  massive 
overhead p r o t e c t i o n .  Development between t h e  wars l e d  t o  t h e  
r e f i n e m e n t  of  modern p r o t e c t i v e  c o n s t r u c t i o n  a g a i n s t  modern 
conven t iona l  weapons. T h i s  t echno logy  made e x t e n s i v e  u s e  o f  
armor p l a t e  and r e i n f o r c e d  c o n c r e t e  which was developed l a t e  i n  
t h e  19th  cen tu ry .  The d e s i g n  procedures  f o r  r e i n f o r c e d  c o n c r e t e  
a l s o  u n d e r w e n t  a great d e a l  of development between t h e  world 
wars. 

Well-known examples of t h i s  technology were t h e  Maginot L ine  
between France and Germany and t h e  F o r t  of Eban E m a e l  on t h e  
Belg ian  f r o n t i e r .  Although t h e s e  f o r t i f i c a t i o n s  were ou t f l anked  

4 



and n e u t r a l i z e d  by b r i l l i a n t  unconvent iona l  t ac t ics  and a u d a c i t y  
i n  t h e  German B l i t z k r i e g  i n  1940, t h e i r  a b i l i t y  t o  p r o t e c t  t h e i r  
i n h a b i t a n t s  a g a i n s t  bombardment was never  chal lenged.  Indeed t h e  
mani fes t  s t r e n g t h  of t h e  f o r t i f i c a t i o n s  e f f e c t i v e l y  d e t e r r e d  
f r o n t a l  a s s a u l t .  

S h e l t e r s  t o  p r o t e c t  c i v i l i a n s  a g a i n s t  b l a s t  and fragments  
became h i g h l y  developed i n  World War 11. G e n e r a l l y  known a s  
"bomb s h e l t e r s "  t h e  s t r u c t u r e s  inc luded  blast door s ,  p r o t e c t i o n  
a g a i n s t  chemical  a g e n t s ,  and t h e  use  of subsu r face  c o n s t r u c t i o n .  
Germany i n  p a r t i c u l a r  developed some very e f f e c t i v e  technology 
against  ae r i a l  weapons s i n c e  i t  w a s  s u b j e c t e d  t o  v e r y  heavy  
bombing (U.S. S t r a t e g i c  Bombing Survey, October 1945, January  
1947). Notably e f f e c t i v e  were t h e i r  d e s i g n s  f o r  c i v i l i a n  s h e l t e r s  
c a l l e d  " b u n k e r s "  and  t h e i r  c o n s t r u c t i o n  of massive c o n c r e t e  
p r o t e c t i v e  s t r u c t u r e s  f o r  t h e i r  submarine pens. 

The German "Sonnenbunker s"  were aboveground  r e i n f o r c e d  
conc re t e  b u i l d i n g s  des igned  t o  resist d i r e c t  h i t s  f r o m  a e r i a l  
bombs; o r i g i n a l l y  500-lb. and e v e n t u a l l y  2000-lb. and up. These 
s h e l t e r s  were expens ive ,  r e q u i r i n g  up t o  3 m3 of conc re t e  p e r  
occupant i n  t h e  smallest s i z e  (500-man) and 1.8 m3 of c o n c r e t e  i n  
t h e  l a r g e r  s i z e  (40 t o  4800-man) even crowded t o  5 people  p e r  
squa re  meter. 

It was decided e a r l y  on t h a t  bunkers could  n o t  be a f fo rded  
f o r  t h e  e n t i r e  popu la t ion  but  would be r e s t r i c t e d  t o  5% of t h e  
p o p u l a t i o n  of some 70 c i t ies  des igna ted  as s t r a t e g i c  t a r g e t s .  
However, by 1944 bunker  s p a c e  e x i s t e d  f o r  a b o u t  15% of t h e  
p o p u l a t i o n  of  t h o s e  c i t ies .  Crowding f a c t o r s  of 4 o r  5 are 
repor t ed  (which d o e s n ' t  seem p o s s i b l e  i f  t h e  des ign  c a p a c i t y  were 
5 p e o p l e  p e r  s q u a r e  meter ) .  The rest of t h e  popu la t ion  had 
r e i n f o r c e d  basements o r  belowground t u n n e l  s h e l t e r s .  

Few improvements had t o  be added t o  t h e  World War 11 bomb 
s h e l t e r s  t o  make them e f f e c t i v e  a g a i n s t  n u c l e a r  weapons. The 
massive c o n c r e t e  and underground c o n s t r u c t i o n  provided i n h e r e n t  
p r o t e c t i o n  a g a i n s t  nuc lea r  r a d i a t i o n .  High performance s h e l t e r s  
against  n u c l e a r  weapons e f f e c t s  r e q u i r e d  the a d d i t i o n  of r ad ia -  
t i o n  p r o t e c t i o n  of t h e  en t r ances  e i t h e r  t h r o u g h  more m a s s i v e  
d o o r s  o r  e n t r y w a y s  wi th  one o r  more t u r n s  i n  them. The long 
d u r a t i o n  of t h e  b l a s t  p r e s s u r e  from l a r g e  n u c l e a r  weapons r e q u i r e d  
t h e  a d d i t i o n  of shock i s o l a t i o n  i n s i d e  t h e  s h e l t e r s  t o  p r o t e c t  
a g a i n s t  ground motion and t h e  i n s e r t i o n  of b l a s t  va lves  i n  t h e  
v e n t i l a t i o n  a i r  i n t a k e s  t o  p r e v e n t  t h e  s h e l t e r s  from being 
f i l l e d  w i t h  h igh  p r e s s u r e  a i r .  F i l t e r s  were g e n e r a l l y  inc luded  
t o  keep ou t  r a d i o a c t i v e  d u s t  and f a l l o u t .  

T e s t s  of s h e l t e r s  a g a i n s t  l o w  and i n t e r m e d i a t e  range y i e l d s  
( t e n s  t o  hundreds of k i l o t o n s )  a t  more than  1 atmosphere over- 
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p r e s s u r e  q u i c k l y  showed t h a t  i n i t i a l  n u c l e a r  r a d i a t i o n  w a s  a n  
important  d e s i g n  pa rame te r  r e q u i r i n g  s e v e r a l  f e e t  of e a r t h  cover  
on the s h e l t e r  f o r  s h i e l d i n g .  

C o i n c i d e n t  w i t h  t h e  c e s s a t i o n  of n u c l e a r  t e s t i n g  i n  t h e  
e a r l y  1960s, t e c h n i c a l  developments i n  s h e l t e r  f o r  c i v i l i a n s  were 
d i r e c t e d  a t  ways of reducing t h e  c o s t s  of s h e l t e r  rather than  
improving i t s ,  p r o t e c t i o n .  I t  was a c c e p t e d  t h a t  i t  w a s  n o t  
c o s t - e f f e c t i v e  t o  s e e k  s h e l t e r  d e s i g n s  f o r  t h e  c i v i l i a n  popula- 
t i o n  t h a t  could s u r v i v e  a v e r y  c l o s e  d e t o n a t i o n  o f  n u c l e a r  
weapons. 

With t h e  d i s c o v e r y  of f a l l o u t  from t h e  t e s t i n g  of l a r g e -  
y i e l d  weapons, i t  w a s  recognized t h a t  any system of p r o t e c t i o n  
would r e q u i r e  t ha t  the f a l l o u t  r a d i a t i o n  p r o t e c t i o n  be provided 
t o  t h e  e n t i r e  p o p u l a t i o n  o u t s i d e  of t h e  t a r g e t  a r e a s .  

"S lan t ing"  began t o  be exp lo red  i n  t h e  1960s as a means of 
reducing t h e  c o s t  of s h e l t e r  f o r  c i v i l i a n s .  T h i s  t e c h n i q u e  
c o n s i s t s  of s l i g h t l y  modifying c o n s t r u c t i o n  in t ended  p r i m a r i l y  
f o r  o t h e r  purposes  i n  such a way tha t  p r o t e c t i o n  a g a i n s t  n u c l e a r  
e f f e c t s  is developed. Basements, subways, and t u n n e l s  t h a t  are 
being b u i l t  f o r  o t h e r  purposes  are  c a n d i d a t e s  f o r  s l a n t i n g .  

E x p l o r a t i o n s  of t h e  p o t e n t i a l  of "bes t  a v a i l a b l e "  s h e l t e r  
were c a r r i e d  out  i n  t h e  1960s and 1970s. It w a s  d i scove red  t h a t  
t h e  b a s e m e n t s  o f  b u i l d i n g s ,  e s p e c i a l l y  those  w i t h  r e i n f o r c e d  
conc re t e  f i r s t  f l o o r s ,  could p rov ide  s i g n i f i c a n t  p r o t e c t i o n  (12 
o r  more p s i )  a g a i n s t  b l a s t  as w e l l  as r a d i a t i o n  wi thou t  any 
mod i f i ca t ion .  People  would have t o  s t a y  o u t  of t h e  entryways 
where h igh  v e l o c i t y  winds could p r o p e l  them w i t h  l e t h a l  v e l o c i -  
t i e s  a g a i n s t  t h e  f l o o r  o r  w a l l .  

T h i s  l e d  l o g i c a l l y  t o  "upgrading" i n  which s u i t a b l y  con- 
s t r u c t e d  f l o o r s  were r e i n f o r c e d  w i t h  movable columns d u r i n g  a 

%crisis.  A d d i t i o n a l  s h i e l d i n g  i n  t h e  form of e a r t h  can a l s o  be 
added t o  t h e  f i r s t  f l o o r  and p i l e d  a g a i n s t  exposed w a l l s .  Given 
time, t h e  p r o t e c t i v e  c a p a b i l i t y  of a s t r u c t u r e  not  designed as a 
s h e l t e r  could be c o n s i d e r a b l y  improved. 

"Exped ien t  S h e l t e r "  became h i g h l y  developed i n  t h e  1970s. 
This t e r m  has been adopted t o  mean s h e l t e r  t h a t  i s  c o n s t r u c t e d  
d u r i n g  a crisis from materials a v a i l a b l e  w i t h  t h e  r e sources  of 
t o o l s  and l a b o r  a t  hand. Most e x p e d i e n t  s h e l t e r  d e s i g n s  a r e  
c o v e r e d  t r e n c h e s  w i t h  e i t h e r  shored o r  unshored e a r t h  walls.  
There are aboveground and semiburied v e r s i o n s  f o r  r eg ions  of h i g h  
water t a b l e .  Most are c o n s t r u c t e d  from wood, and a l l  are covered 
wi th  e a r t h  t o  p r o v i d e  s i g n i f i c a n t  r a d i a t i o n  p r o t e c t i o n .  The 
c o v e r e d  t r e n c h  v e r s i o n s  u s u a l l y  p r o v i d e  f a l l o u t  p r o t e c t i o n  
f a c t o r s  above 200. Some v e r s i o n s  of e x p e d i e n t  s h e l t e r s  h a v e  
d e m o n s t r a t e d  s u r v i v a l  of b l a s t  ove rp res su res  i n  excess  of 100 
p s i .  
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The a b i l i t y  of b u r i e d  t imber  s h e l t e r s  and b u r i e d  c o r r u g a t e d  
metal c u l v e r t  t o  s u r v i v e  ve ry  h i g h  o v e r p r e s s u r e s  i s  due t o  t h e  
phenomenon of e a r t h  a rch ing .  When t h e s e  t y p e s  of s t r u c t u r e s  are 
b u r i e d  i n  t h e  r i g h t  t y p e  of s o i l ,  t h e  a p p l i e d  b l a s t  l oad  i s  
p a r t l y  c a r r i e d  by t h e  s o i l .  The unde r s t and ing  of t h i s  phenomenon 
was improved i n  t h e  1960s a n d  1970s, and  m o d e l s  u s e f u l  f o r  
two-dimensional c a l c u l a t i o n s  have been developed. They are no t  
u s e f u l  f o r  p r e d i c t i n g  f a i l u r e  p r e s s u r e s  excep t  t o  r ecogn ize  t h a t  
t h e s e  p r e s s u r e s  are l a r g e .  

S h e l t e r  a g a i n s t  t h e  e f f e c t s  o f  n u c l e a r  weapons can be 
cons ide red  a q u i t e  mature technology.  S h e l t e r s  can be des igned  
from a v a r i e t y  of materials a t  a v a r i e t y  of c o s t s  and can be 
expected t o  f u n c t i o n  r e l i a b l y  w i t h  h i g h  confidence.  The c e n t r a l  
p r o b l e m  of s h e l t e r  c o n s t r u c t i o n  programs i s  t h a t  any c o s t  p e r  
space must be m u l t i p l i e d  by a p p r o x i m a t e l y  240  m i l l i o n  s p a c e s  
(160 m i l l i o n  w i t h  b l a s t  p r o t e c t i o n  and 80 m i l l i o n  w i t h  f a l l o u t  
p r o t e c t i o n ) .  Even t h e  most c l e v e r  d e s i g n s  s t i l l  e n t a i l  s i g n i f i -  
c a n t  cos t  f o r  permanent b l a s t  s h e l t e r .  We know how t o  b u i l d  
s h e l t e r  but  w e  have n o t  so lved  t h e  p o l i t i c a l  problem of a l l o c a t -  
i n g  the r e s o u r c e s  t o  g e t  i t  b u i l t .  
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2. NATURAL AND TECBROLOGICAL THREATS 

A d i s c u s s i o n  of s h e l t e r  must addres s  t h e  q u e s t i o n :  " s h e l t e r  
a g a i n s t  what?" Th i s  s tudy  i s  concerned w i t h  s h e l t e r  from l i f e -  
o r  h e a l t h -  t h r e a t e n i n g  c o n d i t i o n s  i n  t h e  environmevt.  Although 
t h e  bulk of t h e  examined l i t e r a t u r e  is concerned w i t h  p r o t e c t i o n  
a g a i n s t  t h e  e f f e c t s  of n u c l e a r  weapons, t h e r e  a r e  a v a r i e t y  of 
p e a c e t i m e  h a z a r d s  which  c a n  r e s u l t  i n  l a r g e - s c a l e  d i s a s t e r s  
(Fede ra l  Emergency Management Agency, 1984).  C o l l i n s  (1972) and 
Q u a r a n t e l l i  (1982) have addressed  t h e  problems which accompany 
s h e l t e r i n g  t h e  popu la t ion  a f t e r  such  d i s a s t e r s .  

2.1 TORNADOES, WBBICAWES, AND HIGE WINDS 

Atmospheric,  weather - re la ted  d i s t u r b a n c e s  produce some of t h e  
most  s p e c t a c u l a r  p e a c e t i m e  d i s a s t e r s .  They a r e  capable  of 
producing d rama t i c ,  l o c a l  p r o p e r t y  damage anywhere i n  t h e  e n t i r e  
United S t a t e s .  An average of 150 f a t a l i t i e s  p e r  year are produced 
by tornadoes  which can have winds approaching 300 mph (Ab.bey, 
1976) .  These s h o r t - l i v e d  s torms are t h e  most v i o l e n t  and de- 
s t r u c t i v e  of a l l  a t m o s p h e r i c  phenomena. S t o r m  c e l l a r s  and  
covered dugouts  have been t r a d i t i o n a l  f i x t u r e s  on farms i n  t h e  
U.S. c e n t r a l  p l a i n s ,  p r i n c i p a l l y  f o r  p r o t e c t i o n  a g a i n s t  tornadoes.  
F a t a l i t i e s  of 150 people  per  y e a r  are t r i v i a l  compared t o  t h e  
f a t a l i t i e s  from automobile  a c c i d e n t s ;  however,  t h e  e f f e c t s  of  
t o r n a d o e s  a re  so  d r a m a t i c  t h a t  people  have made cons ide rab le  
inves tments  i n  p r o t e c t i o n  a g a i n s t  them. Ea r th - she l t e red  homes and 
schoo l s  (Defense C i v i l  Preparedness  Agency, 1973) i n  t h e  c e n t r a l  
r eg ion  of t h e  United S t a t e s ,  from Texas t o  Minnesota,  are q u i t e  
common. Oklahoma, which is  t h e  s t a t e  t h a t  has  t h e  h i g h e s t  tornado 
f requency ,  i s  a l s o  t h e  s t a t e  wi th  t h e  l a r g e s t  number of e a r t h -  
s h e l t e r e d  schoo l s  (Oklahoma S t a t e  Department of Educat ion,  1978).  

It is  v i r t u a l l y  imposs ib l e  t o  b u i l d  a frame re s idence  t h a t  
w i l l  s u r v i v e  a s e v e r e  t o r n a d o .  S t r o n g ,  r e i n f o r c e d  c o n c r e t e  
b u i l d i n g s  provide  inc reased  r e s i s t a n c e  (Defense C i v i l  Preparedness  
Agency, 1976; Federa l  Emergency Management Agency, 1980b, 1982) .  
E a r t h - s h e l t e r e d  h o u s i n g  ( s e e  S e c t i o n  7 . 5 . 3 1 ,  and any  o t h e r  
belowgrade s t r u c t u r e ,  is  v i r t u a l l y  immune t o  t h e  high winds and 
t h e  very low i n t e r n a l  p r e s s u r e s  which are r e s p o n s i b l e  f o r  t h e  
d e s t r u c t i o n  of conven t iona l  s t r u c t u r e s .  F a l l o u t  s h e l t e r s  w i th  300 
l b / f t 2  of c o n c r e t e  or e a r t h  c o v e r i n g  t h e  roof a r e  l i k e w i s e  
u n l i k e l y  t o  be damaged by tornadoes .  

H u r r i c a n e  damage i s  l i m i t e d  t o  t h e  U.S. c o a s t a l  reg ions .  
Adequate p r o t e c t i o n  from h u r r i c a n e  winds can be provided (Spangler  
and Jones ,  1984) ,  but  t h e  p o s s i b i l i t y  of f lood ing  p rec ludes  t h e  
use  of belowground s h e l t e r s .  
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2.2 NUCLEAR ACCIDENTS 

A s  e v e n t s  a t  Chernobyl i n  A p r i l  1986 demonstrated,  it is  
p o s s i b l e  f o r  a nuc lea r  r e a c t o r  t o  undergo a c c i d e n t s  which release 
l a r g e  amounts of r a d i o a c t i v i t y  t o  t h e  environment. While t h e  
r a d i o a c t i v i t y  r e l e a s e d  a t  Chernobyl w a s  a minute f r a c t i o n  of t h a t  
expec ted  from a ground-burst  megaton weapon, i t  d i d  r e s u l t  i n  t h e  
e v a c u a t i o n  of n e a r b y  c i v i l i a n  p o p u l a t i o n s  as  a p r e c a u t i o n .  
Because  of o r g a n i z a t i o n a l  and  m a n a g e r i a l  d e f i c i e n c i e s ,  the 
sur rounding  popu la t ion  was no t  made aware of t h e  s e r i o u s n e s s  of 
t h e  a c c i d e n t  from some time. Had they  been n o t i f i e d ,  they  could 
have taken  s h e l t e r  i n  basemen t s ,  f a l l o u t  s h e l t e r  a r e a s ,  and  
i n t e r i o r  p o r t i o n s  of t h e i r  mul t i fami ly  dwel l ings  and s i g n i f i c a n t l y  
reduced t h e  gamma r a d i a t i o n  dose t o  which they were exposed. Even 
t h e  most s e v e r e  h y p o t h e t i c a l  r e a c t o r  a c c i d e n t  s c e n a r i o s  p o s t u l a t e  
environmental  contaminat ion which i s  a very small f r a c t i o n  of t h a t  
which could be produced by widespread nuc lea r  weapon f a l l o u t  from 
a w a r  (Nuclear  Regulatory Commission, 1976) .  Any f a l l o u t  s h e l t e r  
u s e f u l  a g a i n s t  weapons e f f e c t s  w i l l  p rovide  more than  adequate  
p r o t e c t i o n  a g a i n s t  e x t e r n a l  gamma r a d i a t i o n  doses  from any r e a c t o r  
acc iden t .  

2.3 TOXIC AEBOSOLS AND VAPOR 

Unless  equipped w i t h  a p p r o p r i a t e l y  designed f i l t e r s ,  f a l l o u t  
and b l a s t  s h e l t e r s  provide  very l i t t l e  p r o t e c t i o n  a g a i n s t  a i r b o r n e  
t o x i c  a e r o s o l s  and t o x i c  vapors.  These t o x i c  materials, whether 
they  a r e  t o x i c  chemical v a p o r s  f rom a B h o p a l - l i k e  i n c i d e n t ,  
r a d i o l o g i c a l  a e r o s o l s  comlng from a damaged n u c l e a r  r e a c t o r ,  o r  
chemical o r  b i o l o g i c a l  weapons d isseminated  by t e r r o r i s t s ,  a r e  
drawn i n t o  t h e  s h e l t e r  w i th  t h e  v e n t i l a t i o n  a i r  and brea thed  by 
t h e  occupants .  P a r t i c u l a t e  f i l t e r s  a r e  a v a i l a b l e  which  w i l l  
remove any t o x i c  a e r o s o l ;  cha rcoa l  f i l t e r s  are a v a i l a b l e  which 
w i l l  remove moderate amounts of most t o x i c  chemical  vapors.  The 
b e t t e r  Swiss  s h e l t e r s  are equipped wi th  such f i l t e r s .  P a r t i c u l a t e  
f i l t e r s  are r e l a t i v e l y  inexpens ive  and are p robab ly  a p r u d e n t  
i n v e s t m e n t  t o  anyone  b u i l d i n g  a f a l l o u t  o r  b l a s t  s h e l t e r .  
Charcoal f i l t e r s  are much more expens ive  and are probably  unjus-  
t i f i e d ,  u n l e s s  one i s  b u i l d i n g  a s h e l t e r  downwind of a known 
chemical hazard.  

P r o t e c t i o n  a g a i n s t  t o x i c  a e r o s o l s  and vapors  can be obta ined  
i n  a w e l l  cons t ruc t ed  modern house,  if i t  i s  p r e s s u r i z e d  by a 
blower drawing a i r  through a f i l t e r  e f f e c t i v e  a g a i n s t  t h e  expected 
t o x i c  agent .  The blower c a p a c i t y  must exceed t h e  i n f i l t r a t i o n  
rate of t h e  house when t h e  doors  and windows are c losed .  (Some 
p r o t e c t i o n  a g a i n s t  t o x i c  a e r o s o l s  can be o b t a i n e d  by u s i n g  a 
household vacuum cleaner as a b l o w e r / f i l t e r  f o r  t h i s  purpose.)  

10  



Belowground f a l l o u t  and b l a s t  s h e l t e r s  are more e a s i l y  p r o t e c t e d  
a g a i n s t  t o x i c  a e r o s o l s  because they  g e n e r a l l y  have much s lower  
(almost  z e r o )  i n f i l t r a t i o n  rates w i t h  t h e  doors  and v e n t i l a t i n g  
openings c losed  o f f .  

2.4 LARGE FIRES 

F i r e s  of e x t e r n a l  o r i g i n s  such as f o r e s t  f i res  or those  from 
a i r c r a f t  c r a shes  o c c a s i o n a l l y  t h r e a t e n  t h e  g e n e r a l  p u b l i c  i n  
r e s i d e n t i a l  areas. Human c a s u a l t i e s  are u s u a l l y  very low but  
p rope r ty  d e s t r u c t i o n  can be q u i t e  e x t e n s i v e .  D e s t r u c t i o n  o f  
r e s i d e n t i a l  areas due t o  w i l d f i r e s  is almost  an annual  occur rence  
i n  t h e  wes tern  p a r t  of t h e  United S t a t e s .  Ea r th - she l t e red  houses ,  
and  v i r t u a l l y  any underground s h e l t e r ,  p rovide  almost  complete 
p r o t e c t i o n  a g a i n s t  t h i s  hazard ,  provided t h a t  t h e  a i r  s u p p l y  t o  
t h e  s h e l t e r  area is not  contaminated by smoke o r  t o x i c  fumes 
(Broido and McMasters, 1960; Earp,  1953; I r v i n g ,  1964; M i l l e r  and 
Kerr, 1965; and Murakoa, 1961). 

Well-designed nuc lea r  s h e l t e r s  provide  f i r e  p r o t e c t i o n  a t  a 
l e v e l  which exceeds f i r e  codes.  This  i s  because f i r e  codes assume 
t h e  con t inu ing  a v a i l a b i l i t y  of p r o f e s s i o n a l  f i r e  f i g h t e r s  and a 
r e l i a b l e  water supply ,  wh i l e  t h e  l a c k  of such s e r v i c e s  must be 
assumed i n  s u r v i v a l  s h e l t e r  c o n s t r u c t i o n  (Murphy, Rempel, and 
Beck, 1975). 
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This  rev iew i s  p r i n c i p a l l y  concerned wi th  s h e l t e r  a g a i n s t  t h e  
e f f e c t s  of n u c l e a r  weapons. The v a s t  l i t e r a t u r e  on s h e l t e r  w a s  
l a r g e l y  s t i m u l a t e d  by t h e  n u c l e a r  deve lopmen t  p rogram i n  t h e  
United S t a t e s .  I n  o r d e r  t o  adequa te ly  d i s c u s s  s h e l t e r ,  a b r i e f  
rev iew of t h e  most impor tan t  e f f e c t s  of n u c l e a r  weapons w h i c h  
have a b e a r i n g  on t h e  d e s i g n  of s h e l t e r  i s  r equ i r ed .  The fol low- 
i n g  d i s c u s s i o n  of such  e f f e c t s  i s  based on in fo rma t ion  t aken  from 
The E f f e c t s  of Nuclear Weapons (Glass tone  and Dolan, 1977). The 
i n f o r m a t i o n  con ta ined  i n  t h i s  volume i s  based on e x t e n s i v e  U.S. 
weapons  t e s t s  i n  t h e  1950s and e a r l y  1960s. The E f f e c t s  of 
N u c l e a r  Weapons i s  u n i v e r s a l l y  recognized  as t h e  a u t h o r i t a t i v e  
s o u r c e  on a l l  weapons e f f e c t s .  For o t h e r  background in fo rma t ion  
on t h e  e f f e c t s  of n u c l e a r  weapons, t h e  fo l lowing  r e f e r e n c e s  are  
sugges ted :  Brode (1968);  Jordan  (1984);  Jo rdan  and Welsh (1984);  
S a r t o r i  (1983);  and U.S. Department of t h e  Army (1984a). A more 
s p e c i f i c  d i s c u s s i o n  of weapons e f f e c t s  as they re la te  t o  s t r u c -  
t u r e s  i s  conta ined  i n :  Brode (1964);  Heierli  and Jund t  (1982);  
M i t c h e l l  (1961);  Wiehle and Durbin (1966).  

The on ly  in fo rma t ion  on t h e  d i r e c t  e f f e c t s  of n u c l e a r  weapons 
on popula ted  c i t i e s  comes from t h e  a tomic  bombings of J apan  du r ing  
World War 11. These e f f e c t s ,  bo th  upon s t r u c t u r e s  and  upon 
p e o p l e ,  a r e  d e s c r i b e d  i n :  D a v i s ,  Baker ,  and Summers (1966a, 
1966b);  Manhattan Engineer  District  (1946);  Commit tee  f o r  t h e  
Compilat ion of Materials on Damage Caused by t h e  Atomic Bombs i n  
Hiroshima and Nagasaki (1981);  M i x t e r  ( 1 9 6 7 ) ;  U.S. S t r a t e g i c  
Bombing Survey (1946, May 1947, June  1947);  White, Bowen, and 
Richmond (March 1964, August 1964). 

3.1 BLAST 

When a n u c l e a r  weapon explodes ,  a h igh-pressure  w a l l  of a i r  
( t h e  " b l a s t  wave") i s  d r i v e n  away from t h e  p o i n t  of t h e  exp los ion .  
The b l a s t  wave t r a v e l s  f a s t e r  t han  t h e  speed of sound i n  a i r ;  i t s  
e f f e c t  a t  some d i s t a n c e  from t h e  e x p l o s i o n  w i l l  n o t  be observed 
f o r  s e v e r a l  seconds  a f t e r  t h e  n u c l e a r  d e t o n a t i o n  has  occurred .  
The p r e s s u r e  of t h i s  b l a s t  wave ( t h e  "ove rp res su re" )  decays as t h e  
wave t r a v e l s  away from t h e  exp los ion ;  n e v e r t h e l e s s ,  t h e  b l a s t  wave 
w i l l  f l a t t e n  s t r u c t u r e s  i n  i t s  p a t h  i f  they h a v e n ' t  been con- 
s t r u c t e d  w i t h  s u f f i c i e n t  s t r e n g t h .  Th i s  mass d e s t r u c t i o n  of 
p r o p e r t y  i s  the  u s u a l  e f fec t  d e s i r e d  from t h e  m i l i t a r y  use  of 
n u c l e a r  weapons; i t  de te rmines  t h e  cho ice  of weapon s i z e ,  b u r s t  
h e i g h t ,  and aiming p o i n t .  

Blast  p r o t e c t i o n  is s o  c e n t r a l  t o  s h e l t e r  des ign  t h a t  i t  i s  u s e f u l  
t o  expres s  t h e  l o c a t i o n  of o t h e r  weapon e f f e c t s  i n  terms of t h e  
co r re spond ing  b l a s t  wave ove rp res su re  ra ther  than  i n  terms of t h e  
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d i s t a n c e  from t h e  explosion.  Th i s  has been done e x t e n s i v e l y  i n  
t h i s  r e p o r t .  

F i g u r e s  3.1 and 3.2 g i v e  t h e  o v e r p r e s s u r e  as a f u n c t i o n  of 
d i s t a n c e  from va r ious - s i zed  weapons f o r  a i r b u r s t s  and f o r  ground- 
b u r s t s .  The a i r b u r s t s  i n  these f i g u r e s  were assumed t o  occur  a t  
t h a t  a l t i t u d e  which s u b j e c t s  t h e  l a r g e s t  p o s s i b l e  area t o  t h e  
s p e c i f i e d  b l a s t  ove rp res su re ;  t h i s  i s  c a l l e d  an "optimum height--  
of -bu r s t "  exp los ion .  

The b l a s t  wave i s  accompanied by a high wind. For example, a 
b l a s t  wave w i t h  a 5 0 - p s i  o v e r p r e s s u r e  ( 3 . 3  a t m o s p h e r e s )  i s  
accompanied by a 1000 mph wind (1600 km/hr). Even a 5-psi  over- 
p r e s s u r e  (0.3 atmospheres)  i s  accompanied by a 160-mph peak wind. 
T h i s  h igh -ve loc i ty  wind i s  r e s p o n s i b l e  f o r  much of t h e  d e s t r u c t i v e  
e f f e c t  of n u c l e a r  weapons on aboveground, d rag  s e n s i t i v e  s t r u c -  
t u r e s ,  such as o r d i n a r y  frame houses. The h igh  wind can a l s o  blow 
b u i l d i n g  d e b r i s  i n t o  hardened s t r u c t u r e s  , s u c h  as  s h e l t e r  a i r  
i n t a k e s ,  t he reby  producing a much more d e s t r u c t i v e  e f f e c t  t han  t h e  
wind alone.  I n  a bu i l t -up  environment,  t h e  p r e s e n c e  of s u c h  
d e b r i s  must be t aken  i n t o  account  when des ign ing  those  p o r t i o n s  of 
a s h e l t e r  which extend i n t o  t h e  open a i r .  

When t h e  b l a s t  wave s t r i k e s  a f l a t  s u r f a c e  d i r e c t l y  i n  
i t s  p a t h  ( t h a t  i s ,  when i t  s t r i k e s  i t  h e a d - o n ) ,  a r e f l e c t e d  
o v e r p r e s s u r e  i s  produced as t h e  r e s u l t  of a n  almost t o t a l  s toppage 
of t h e  a i r f l o w .  This  r e f l e c t e d  o v e r p r e s s u r e  can i n c r e a s e  t o  a 
v a l u e  up t o  8 times as l a r g e  as t h e  o v e r p r e s s u r e  of t h e  i n c i d e n t  
b l a s t  wave. The e f f e c t  of t h i s  p r e s s u r e  a m p l i f i c a t i o n  upon 
s u r f a c e s  can be c a t a s t r o p h i c .  For example, a 100-psi (6.9-atmos- 
p h e r e )  shockwave r e f l e c t e d  from a f l a t  s u r f a c e  w i l l  momentarily 
produce a p r e s s u r e  on t h e  s u r f a c e  of 500 p s i  ( 3 4  atmospheres.)  

I f  t h e  b l a s t  e n t e r s  what i s  c a l l e d  a " re -en t r an t  co rne r "  ( f o r  
example, where a v e r t i c a l  w a l l  meets a h o r i z o n t a l  s u r f a c e )  t h e  
i n c i d e n t  o v e r p r e s s u r e  can be a m p l i f i e d  by a f a c t o r  of 10  o r  more 
w i t h  a c o r r e s p o n d i n g  i n c r e a s e  i n  d e s t r u c t i v e  e f f e c t  (Dresner,  
1969). The phenomenon can be ve ry  troublesome i n  t h e  d e s i g n  of 
e n t r a n c e s ,  p a r t i c u l a r l y  i f  a s u r f a c e  e n t r a n c e  employing a v e r t i c a l  
door i s  d e s i r e d .  

Another consequence of t h e  motion of t h e  a i r  a s s o c i a t e d  wi th  
a b l a s t  wave is  t h e  "nega t ive  phase." A f t e r  t h e  b l a s t  wave has  
passed t h e r e  w i l l  be a r e v e r s e  f low of t he  wind, and f o r  a s h o r t  
t i m e  t h e  p r e s s u r e  w i l l  drop below normal by about two-tenths of 
an  atmosphere ( 3  p s i ) .  T h i s  n e g a t i v e  p r e s s u r e  i s  u s u a l l y  n e g l i -  
g i b l e  compared t o  t h e  i n i t i a l  b l a s t  ove rp res su re ;  however ,  i t  
w i l l  p r o d u c e  f o r c e s  i n  t h e  o p p o s i t e  d i r e c t i o n  f o r  which t h e  
s t r u c t u r e  i s  normally designed. These are  t h e  f o r c e s  € o r  which 
h i n g e s  and  b l a s t  d o o r  l a t c h e s  must be designed. A n e g a t i v e  
p r e s s u r e  of 3 p s i  can l i f t  a 3- f t - th i ck  s l a b  of c o n c r e t e  i f  i t  
i s  no t  s e c u r e l y  anchored. 
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For a d d i t i o n a l  i n fo rma t ion  on b l a s t  e f f e c t s ,  t h e  fo l lowing  
r e f e r e n c e s  a r e  sugges ted :  Avise (1971);  Brode (1980);  Bro therson ,  
Wright,  and Pecora (1968);  Crowley e t  a l .  (1968);  Fede ra l  Emer-  
gency Management Agency (May 1982b); Hickman and Meier (1983);  
Hobbs and Wetmore (1980); Longinow (1980);  Longinow, Gura ln ick ,  
and Mohammadi (1982);  Longinow, Hahn, Wiedermann, and C i t k i  
( 1974) ;  Longinow, Watermann, and Napadensky (1982); Longinow, 
Watermann, and Takata  (1982);  P i c k e r i n g  and  B o c k h o l t  ( 1 9 7 1 ) ;  
P i n k s t o n  ( 1 9 6 4 ) ;  Richmond, Damon, Bowen, F l e t c h e r  and White 
(1966); Richmond, F l e t c h e r  and Jones (1971); Schmidt (1971);  TOY. 
L i n  and Assoc ia t e s  (1964a, 1964b); Wiehle (1974). 

3.1.1 Shock Filling of Shelter 

The h igh  p r e s s u r e  a i r  i n  a b l a s t  wave w i l l  f low v i o l e n t l y  
i n t o  any s h e l t e r  opening. C a s u a l t i e s  can be produced  i n  t h e  
s h e l t e r  by t h e  j e t  of a i r ,  o f t e n  accompanied by wind-borne d e b r l s ,  
which e n t e r s  t h e  door even though t h e  s t r u c t u r e  i t s e l f  i s  not  
damaged by t h e  b l a s t  overpressure .  This  phenomenon has  been 
e x t e n s i v e l y  s t u d i e d  by Cou l t e r  and h i s  a s s o c i a t e s  a t  Ba l l i s t i c  
R e s e a r c h  L a b o r a t o r i e s  (Cou l t e r ,  1969, 1970, 1971 , 1972, 1974, 
1975, 1976; Kucher and Har r i son ,  1977). 

For a d d i t i o n a l  i n fo rma t ion  on b l a s t  f i l l i n g  i n  s h e l t e r  and 
t h e  consequences f o r  s h e l t e r  occupants ,  t h e  fo l lowing  r e f e r e n c e s  
a r e  sugges t ed :  Ch i lde r s ,  Vansant, and Mokrauer (October 1968);  
Ch i l ton  (1958);  Duff and Hol lyer  (1950); Ingram (1963);  Kr i ebe l  
( 1 9 7 2 ) ;  Longinow, Hahn, Wiedermann, and C i t k i  (1974);  Melichar  
(1968, January  1969, November 1969, 1970); P inks ton  (1964);  White 
e t  a l .  (1956). 

3.1.2 Risk Areas 

The p r e s e n t  Sov ie t  a r s e n a l  i s  l a r g e  enough t o  a t t a c k  a l l  
s t r a t e g i c a l l y  impor tan t  t a r g e t s  i n  t h e  United S t a t e s .  F igu re  3.3 
shows a map of t h e  area which could  be covered w i t h  2 p s i  o r  
greater b l a s t  ove rp res su re  i n  one h y p o t h e t i c a l ,  very l a rge - sca l e  
(1444  weapons ,  6559 m e g a t o n s )  a t  t a c k  (Haaland ,  Ches t e r ,  and 
Wigner, 1976). Other a s s e s s m e n t s  of t h e  r i s k  a r e a s  f rom a 
l a r g e - s c a l e  n u c l e a r  exchange have been p resen ted  by t h e  Defense 
C i v i l  Preparedness  Agency ( 1 9 7 5 )  and by S a g e r ,  H u l b e r t ,  and 
S u l l i v a n  ( 1 9 7 9 ) .  B la s t  s h e l t e r s  would be r e q u i r e d  f o r  t h e  
s u r v i v a l  of t h e  popu la t ion  i n  those  r i s k  areas which could not  be 
evacuated  be fo re  t h e  a t t a c k .  F a l l o u t  shelters would be r e q u i r e d  
f o r  t h e  ba lance  of t h e  U.S. popu la t ion  ( s e e  S e c t i o n  3.7). 
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3.2 INITIAL NUCJJiAR RADIATION 

I n i t i a l  n u c l e a r  r a d i a t i o n  i s  t h a t  n e u t r o n  and gamma r a d i a t i o n  
which i s  e m i t t e d  by a n u c l e a r  weapon w i t h i n  one minute of i t s  
de tona t ion .  The source  of t h e  neu t ron  r a d i a t i o n  i s  p r i n c i p a l l y  
t h e  f i s s i o n  o r  f u s i o n  r e a c t i o n s  o c c u r r i n g  i n  t h e  weapon, i n c l u d i n g  
de layed  neu t rons  emi t t ed  by some f i s s i o n  p roduc t s .  The source  of 
gamma r a d i a t i o n  is  t h e  f i s s i o n  r e a c t i o n ,  decay of f i s s i o n  prod- 
u c t s ,  i n e l a s t i c  c o l l i s i o n  of neut rons ,and  neu t ron  c a p t u r e  reac- 
t i o n s ,  p a r t i c u l a r l y  t h o s e  w i t h  n i t r o g e n  i n  t h e  a t m o s p h e r e  and  
w i t h i n  t h e  s h e l t e r  s t r u c t u r e .  I n i t i a l  n u c l e a r  r a d i a t i o n  i s  
a t t e n u a t e d  by t h e  atmosphere and i s  of l i t t l e  consequence from 
l a r g e - y i e l d  (megaton-range) weapons a t  l o w  ove rp res su res .  It 
begins  t o  become an  impor tan t  c o n s i d e r a t i o n  i n  s h e l t e r  d e s i g n  a t  
o v e r p r e s s u r e s  above 30 p s i  and f o r  weapon y i e l d s  i n  t h e  range a 
few t e n s  of k i l o t o n s  t o  a few hundred k i l o t o n s  (See Fig.  3 . 4  and 
3.5). For shal low-buried s t r u c t u r e s  des igned  t o  resist 30 t o  50 
p s i  from weapons up t o  300 kT, i n i t i a l  n u c l e a r  r a d i a t i o n  d e t e r -  
m i n e s  t h e  t h i c k n e s s  of  t h e  r o o f  s l a b  and t h e  des ign  of t h e  
e n t r a n c e  more than  does t h e  r e q u i r e d  r e s i s t a n c e  t o  b l a s t  over- 
p re s su re .  

The p roduc t ion  of i n i t i a l  n u c l e a r  r a d i a t i o n  i s  wel l  under- 
s tood ,  as is i t s  i n t e r a c t i o n  wi th  matter and s h i e l d i n g  geometr ies .  
The a c t u a l  r a d i a t i o n  which would be exper ienced  i n  a n u c l e a r  
a t t a c k  depends on weapon y i e l d  and weapon d e s i g n ,  va ry ing  by as 
much as a f a c t o r  of 5 f o r  a g iven  y i e l d .  

The t r e n d  toward  smaller weapons ,  t h e  u s e  of m u l t i p l e  
warheads on i n t e r c o n t i n e n t a l  b a l l i s t i c  missiles, and t h e  advent  of 
sma l l -y i e ld  c r u i s e  missiles w i l l  make i n i t i a l  n u c l e a r  r a d i a t i o n  a 
more impor tan t  d e s i g n  c o n s i d e r a t i o n  i n  t h e  f u t u r e .  Gasten (1980) 
has  shown t h a t  i n i t i a l  n u c l e a r  r a d i a t i o n  from small warheads i n  a 
l a r g e - s c a l e  a t t a c k  on a c i t y  c a n  s i g n i f i c a n t l y  i n c r e a s e  t h e  
c a s u a l t i e s ,  i f  t h e r e  i s  inadequa te  p r o t e c t i o n  a g a i n s t  i t .  Design 
f o r  i n i t i a l  n u c l e a r  r a d i a t i o n  would be ve ry  impor tan t  i n  s h e l t e r  
f o r  c r i t i c a l  workers i n  h igh - r i sk  a r e a s .  

For  a d d i t i o n a l  i n fo rma t ion  on i n i t i a l  n u c l e a r  r a d i a t i o n ,  t h e  
fo l lowing  r e f e r e n c e s  are sugges ted :  Abbott (1973);  A l b e r t ,  Huszar 
and Simmons (1977);  Auxier ,  Burson, French, Haywood, Mooney and 
S t r a k e r  (1972);  F e d e r a l  Emergency Management Agency ( O c t o b e r  
1980); French and Mooney (1972). 

3.3 GROUND MOTION 

I f  a n u c l e a r  weapon explodes nea r  t h e  ground ( t h a t  i s ,  a low 
a i r b u r s t ) ,  t hen  t h e  h igh  b l a s t  o v e r p r e s s u r e s  w i l l  c a u s e  t h e  
s u r f a c e  of t h e  ground t o  move downward a b r u p t l y ,  t h e  magnitude and 
speed be ing  a f u n c t i o n  of t h e  o v e r p r e s s u r e  and i t s  d u r a t i o n  and 
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t h e  n a t u r e  of t h e  so i l .  I f  t h e  weapon i s  i n  c o n t a c t  w i t h  t h e  
s u r f a c e  ( t h a t  i s ,  a s u r f a c e  b u r s t ) ,  some of t h e  b l a s t  energy i s  
t r a n s m i t t e d  d i r e c t l y  i n t o  t h e  ground, and produces compression and 
s h e a r  motions which propagate  r a d i a l l y  outward from t h e  explos ion .  
A t  c lose- in  ranges  t h e  ground- t ransmi t ted  shock a r r i v e s  a f t e r  t h e  
a i r -s lap o r  a i r - induced  ground motion. A t  g r e a t e r  d i s t a n c e s  t h e  
ground- t ransmi t ted  motion o f t e n  a r r i v e s  f i r s t .  The exac t  circum- 
s t a n c e s  depend on t h e  seismic v e l o c i t y  of t h e  e a r t h  ( s o i l  and rock 
l a y e r s ) .  a t  t h e  g e n e r a l  l o c a t i o n .  S ince  t h e r e  can be s e v e r a l  
l a y e r s  i n  t h e  e a r t h  w i t h  d i f f e r e n t  seismic v e l o c i t i e s ,  t h e  motion 
can be q u i t e  complex. 

A t  very  h igh  o v e r p r e s s u r e s  (hundreds of p s i ) ,  ground motions 
can be s e v e r a l  f e e t  i n  ampli tude r e q u i r i n g  c a r e f u l  c o n s i d e r a t i o n  
of shock i s o l a t i o n  a p p a r a t u s  i n s i d e  s h e l t e r s .  Care is  r equ i r ed  t o  
provide  t h e  necessa ry  " r a t t l e  space" i n  t h e  s h e l t e r .  This  i s  a 
major concern i n  m i l i t a r y  command p o s t s  and missile s i l o s  designed 
f o r  t h e  h igh-overpressure  reg ions .  

F o r  c i v i l i a n  s h e l t e r s ,  ground motion i s  a minor problem 
u n l e s s  a person is  s t a n d i n g  on a conc re t e  f l o o r ;  l e g s  could be 
b r o k e n  by t h e  g r o u n d  m o t i o n  wh ich  accompanies  ove rp res su res  
g r e a t e r  t han  75 p s i .  During t h e  h igh  a c c e l e r a t i o n s  which accom- 
pany l a r g e  ground motions,  heads could be badly i n j u r e d  i f  they  
are nea r  a c e i l i n g  o r  a w a l l .  Rempel (1967) reviewed t h e  s u b j e c t  
e x t e n s i v e l y  and concluded t h a t  t h e  problem w a s  minor below 50 p s i ,  
except  f o r  people  l o s i n g  t h e i r  balance.  

U l l r i c h  ( 1 9 7 8 )  h a s  p r e s e n t e d  a review of ground motion 
estimates. For a d d i t i o n a l  i n fo rma t ion  on ground motion and shock 
i s o l a t i o n ,  t h e  f o l l o w i n g  r e f e r e n c e s  a r e  sugges ted :  Amman and 
Whitney (1963); C o l l i n s ,  Dan ie l s ,  and Overbeck (1978);  D a n i e l s  
( 1 9 7 9 ) ;  D a v i s  ( 1 9 6 5 ) ;  H a d a l a  (1973);  Jackson (1982);  L ipner ,  
Anderson, and D a i  (1975);  Merritt and Newmark (1964);  Morrison 
( 1 9 6 4 ) ;  Murphy (1967);  Murphy, Shaw, and Tzeng (1982);  P e r r e t  
(1960);  Sevin,  Shenkman, and Welch (1961). 

3.4 TBERMAL EFFECTS 

A n u c l e a r  weapon e x p l o d e d  i n  t h e  lower  atmosphere w i l l  
produce approximate ly  35% of i t s  energy a s  thermal  r a d i a t i o n .  
While t h i s  energy c a n  i g n i t e  combust ible  materials t o  about  20 
miles away from a l a r g e - y i e l d  exp los ion ,  i t  i s  g e n e r a l l y  n o t  a 
m a j o r  d e s i g n  c o n s i d e r a t i o n  f o r  u n d e r g r o u n d  s h e l t e r s  (Davis ,  
Miller, E ly ,  Basso, and Pea r se ,  1959). 

The most impor t an t  c o n s i d e r a t i o n  of thermal  r a d i a t i o n  f o r  
s h e l t e r .  des ign  i s  t h e  consequence of i g n i t i n g  t h e  c o n t e n t s  of a 
b u i l d i n g  through windows and s e t t i n g  t h e  b u i l d i n g  on f i r e .  This  
has  g rave  i m p l i c a t i o n s  f o r  t h e  des ign  of s h e l t e r s  i n  b u i l d i n g  
basements; wh i l e  t h e  basement s h e l t e r s  may n o t  burn,  t h e  c o n t e n t s  

22 



of t h e  b u i l d i n g  above them might,  thereby  producing h e a t ,  smoke, 
and t o x i c  fumes which might endanger s h e l t e r  occupants .  

F igu re  3.6 shows t h e  thermal  energy from a range of weapon 
s i z e s  which would be i n c i d e n t  upon va r ious  ove rp res su re  l o c a t i o n s  
on a clear day. Even a t  ove rp res su res  as low as 10 p s i ,  from 
i n t e r m e d i a t e  y i e l d  weapons ,  t h e  thermal  f l u e n c e  (cal /cm2) i s  
enough t o  i g n i t e  most combust ible  materials. 

A t  l o c a t i o n s  exposed t o  a h igh  thermal  f l u e n c e ,  metal b l a s t  
doors  and v e n t i l a t i o n  i n t a k e s / o u t l e t s  a t  t h e  s u r f a c e  may be  
s u f f i c i e n t l y  hea ted  by t h e  thermal  r a d i a t i o n  be fo re  t h e  a r r i v a l  of 
a b l a s t  wave t o  l o s e  s i g n i f i c a n t  amounts of t h e i r  s t r e n g t h .  The 
weakened metal may not  permi t  t h e  b l a s t  door o r  v e n t i l a t i o n  i n t a k e  
t o  develop i t s  des ign  r e s i s t a n c e  t o  t h e  subsequent  a i r  b l a s t  and 
may even r e s u l t  i n  f a i l u r e .  

3.5 FIRE 

N u c l e a r  weapons can be cons idered  incend ia ry  weapons over  
much of t h e  a r e a  they  a f f e c t .  F igure  3.6 shows t h a t  e a s i l y  
i g n i t a b l e ,  d ry  materials can be i g n i t e d  a t  ove rp res su res  as low as 
2 t o  3 p s i ,  r e s u l t i n g  i n  f i r e s  (from a 1 MT s u r f a c e b u r s t )  t o  about  
4 t o  5 miles from a s u r f a c e  b u r s t .  From a 1 MT a i r b u r s t ,  t h i s  
maximum i g n i t i o n  d i s t a n c e  i s  6 t o  8 miles. I n  a d d i t i o n  t o  t h e  
thermal  p u l s e  i g n i t i n g  combust ib le  material, t h e  b l a s t  wave i t se l f  
can i n i t i a t e  f i r e s  by o v e r t u r n i n g  f u r n a c e s ,  s t o v e s ,  and h e a t e r s ,  
and by producing e l e c t r i c a l  s h o r t  c i r c u i t s  and broken gas  l i n e s .  

The f i r e  problem is  a compl ica t ion  i n  t h e  des ign  of s h e l t e r s  
i n  h i g h l y  b u i l t - u p  areas. Burning d e b r i s  can compl ica te  t h e  
des ign  of a i r  i n t a k e s .  I n  p a r t i c u l a r ,  f i r e s  and carbon monoxide 
p r o d u c t i o n  c a n  be haza rdous  t o  a s h e l t e r  i n  t h e  basement of 
bu i ld ings  u n l e s s  very  c a r e f u l  p r o v i s i o n  has  been made t o  supply  
f r e s h  a i r  from f a r  o u t s i d e  t h e  bu i ld ing .  Bui ld ings  t h a t  have 
l a r g e  amounts of combust ible  material i n s i d e  can c o l l a p s e  i n t o  
basements. 

Much h a s  been  made by opponents of c i v i l  defense  of t h e  
dea ths  of people  i n  basement s h e l t e r s  i n  Hamburg, Germany i n  World 
War XI. It i s  o f t e n  a s s e r t e d  t h a t  s h e l t e r s  would be converted t o  
c rema to r i a  by f i r e s t o r m s .  These a s s e r t i o n s  are based on ignorance  
o r  d i s t o r t i o n  of t h e  f a c t s  sur rounding  t h e  r a i d s  on Hamburg. 
Although over  40,000 people  d i e d  i n  Hamburg, 85% of t h e  popu la t ion  
of t h e  burned-out area su rv ived ,  and no one was k i l l e d  i n s i d e  
s p e c i a l l y  des igned  s h e l t e r s  ("bunkers")  ( s e e  S e c t i o n  1.5 and Earp,  
1953). The f a t a l i t i e s  came p r i m a r i l y  from people  i n  basements of 
m u l t i s t o r y  b u i l d i n g s ,  from bomb damage, and from being caught i n  
t h e  open by f i r e  and smoke ( M i l l e r ,  1972).  However, t h e r e  i s  
ample ev idence  t h a t  t h e  t h r e a t  t o  basement  s h e l t e r s  l a c k i n g  
adequate  means of v e n t i l a t i o n  i s  from h e a t  as w e l l  as from carbon 
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monoxide and o t h e r  t o x i c  gases  ( I r v i n g ,  1964; Keller, 1966; Miller 
and Kerr, 1965; Murakoa, 1961; Vodvarka and Sa lzbe rg ,  1969).  

A g r e a t  d e a l  of f i r e  r e s e a r c h  has  been sponsored by t h e  
F e d e r a l  Emergency Management Agency and  i t s  p r e d e c e s s o r s .  
However, most of i t  i s  only  p e r i p h e r a l l y  r e l a t e d  t o  s h e l t e r  o t h e r  
t h a n  t o  r ecogn ize  t h a t  people  could  probably  no t  s u r v i v e  i n  t h e  
v a s t  m a j o r i t y  of t h e  des igna ted  f a l l o u t  s h e l t e r  spaces  i n  t h e  
even t  t h a t  f i r e  swept t h e  a r e a .  Enough i s  known t o  p e r m i t  
c o n f i d e n t  des igns  of s h e l t e r s  which would p r o t e c t  t h e i r  occupants  
a g a i n s t  mass f i r e s  t h a t  were burning over  them. 

F o r  a d d i t i o n a l  i n f o r m a t i o n  on  f i r e s  as  t h e y  r e l a t e  t o  
s h e l t e r s  and on t h e  i n t e r a c t i o n  of b l a s t  and f i r e ,  t h e  fo l lowing  
r e f e r e n c e s  a r e  s u g g e s t e d :  A v i s e  (1971); Broido and McMasters 
(1960);  Crowley e t  al .  (1968);  Goodale (1971a, 1971b); Hedge and 
Watermann (1969);  Hickman and Meier (1983);  Lee et al .  (1966);  
Longinow, Waterman, and Napadensky (1982);  Longinow, Waterman and 
Takata  (1982);  Smith,  Cousins ,  and Newman (1964);  Stubbs (1965);  
Takata  and Waterman (1972);  Waterman (1966, 1973,1974). 

3.6 RUBBLE 

I n  h igh ly  b u i l t - u p  areas, such  a s  i n  h i g h - r i s e  d i s t r i c t s  i n  
c e n t r a l  c i t i e s ,  t h e  p o t e n t i a l  g e n e r a t i o n  of g r e a t  dep ths  of rubb le  
compl i ca t e s  s h e l t e r  des ign  i n  t h e s e  areas. The d e s i g n  of en- 
t ranceways,  emergency escape  passages ,  and v e n t i l a t i o n  i n t a k e s  
must t a k e  i n t o  c o n s i d e r a t i o n  t h e  q u a n t i t y  and probable  l o c a t i o n  of 
rubb le  a f t e r  a n u c l e a r  a t t a c k .  Rubble i s  one of t h e  f a c t o r s  t h a t  
makes t h e  d e s i g n  of s h e l t e r s  i n  h i g h - r i s e  b u i l d i n g s  very  d i f f i c u l t  
(Bernard and Wil ton,  1983). A good way of d e a l i n g  w i t h  t h e  rubb le  
problem, a s i d e  from evacua t ing  t h e  bu i l t -up  areas of t h e  c i t y ,  i s  
t h e  c o n s t r u c t i o n  of r a t h e r  long  escape  t u n n e l s  from s h e l t e r s  i n  o r  
n e a r  b u i l d i n g s ,  ou t  t o  open areas expec ted  t o  be r e l a t i v e l y  f r e e  
of rubble .  Most c i t i e s ,  even though h i g h l y  b u i l t  up,  w i l l  have 
o c c a s i o n a l  open areas i n  t h e  form of major s t r ee t  i n t e r s e c t i o n s ,  
pa rks ,  and pa rk ing  l o t s  (Bech te l  C o r p o r a t i o n ,  1967;  H a a l a n d ,  
1970). 

A g r e a t  d e a l  of work h a s  b e e n  done on t h e  movement of 
b u i l d i n g  d e b r i s  i n c l u d i n g  t h a t  by C o u l t e r  (1978);  B e r n a r d  and  
Wil ton (1983);  Heugel and F e i n s t e i n  (1967); and Longinow, Wider- 
mann, C i tko ,  and Iwankiw (1976). 

There has  been a l o t  of r e s e a r c h  done on t h e  format ion  and 
propagat ion  of d e b r i s  from bu i ld ings .  Much of t h i s  h a s  b e e n  
d i r e c t e d  toward p r e d i c t i n g  d e b r i s  dep ths  i n  streets as an o b s t a c l e  
t o  re -en t ry  i n t o  t h e  area and as a c o n t r i b u t o r  t o  t h e  f i r e  hazard.  
It w a s  recognized  e a r l y  (Rotz ,  19671, t h a t  o rd ina ry  commercial 
b u i l d i n g s  are conver ted  t o  d e b r i s  somewhere above 10 t o  12 p s i ,  
depending s l i g h t l y  on y i e l d .  
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Much e f f o r t  has  been made t o  develop codes t o  p r e d i c t  d e b r i s  
format ion  and o t h e r  codes t o  p r e d i c t  d e b r i s  t r a j e c t o r i e s  (Rempel, 
1 9 8 0 ) .  Whi le  b u i l d i n g  breakup i s  reasonably w e l l  understood,  
d e b r i s  t r a j e c t o r i e s  are n o t ,  w i t h  t h e  e x i s t i n g  codes t end ing  t o  
ove res t ima te  t h e  t r a v e l  d i s t a n c e s .  Debris  depths  are e s t ima ted  by 
assuming t r a v e l  l eng ths  which are s u f f i c i e n t l y  long wi th  respect 
t o  v a r i a t i o n  i n  b u i l d i n g  d e n s i t y  t o  provide  a uniform l a y e r  of 
rubble  (Longinow, Kalinowski,  Kot, and Sa lzbe rg ,  1970) .  T h i s  
depth  can be a few t e n t h s  of a f o o t  i n  suburban r e s i d e n t i a l  areas, 
ranging t o  s e v e r a l  t e n s  of f e e t  i n  dense h i g h - r i s e  a r e a s  i n  t h e  
c e n t e r s  o f '  major c i t i e s .  

A t  ove rp res su res  under 15 p s i ,  and e s p e c i a l l y  i n  t h e  neigh- 
borhood of 5 t o  10 p s i ,  bu i ld ing  rubble  i s  not  s c a t t e r e d  but i s  
depos i t ed  downwind of t h e  b u i l d i n g  i n  a space not  much larger than  
t h e  he igh t  of t h e  bui ld ing .  This  p o s s i b i l i t y  must be kep t  i n  mind 
when s p e c i f y i n g  t h e  l o c a t i o n  and e n t r a n c e s  of s h e l t e r s  f o r  
i n d i v i d u a l  r e s idences  o r  mul t i f ami ly  r e s idences  i n  suburban areas. 

3.7 FALLOUT 

When a n u c l e a r  weapon explodes s u f f i c i e n t l y  c l o s e  t o  t h e  
ground, par t ic les  of s o i l  and d e b r i s  a r e  d r a w n  up i n t o  t h e  
f i r e b a l l  and subsequent  c loud,  where f i s s i o n  products  from t h e  
weapon a r e  d e p o s i t e d  i n  and upon them. These  c o n t a m i n a t e d  
p a r t i c l e s  s e t t l e  by g r a v i t y  out  of t h e  atmosphere a t  a ra te  
depending on t h e i r  s i z e  and weight ,  t h e  he igh t  t o  which they  were 
r a i s e d ,  and t h e  wind speed. The ma jo r i ty  of p a r t i c l e s  s e t t l e  out  
i n  24 hours ,  but very  f i n e  par t ic les  f a l l i n g  from extreme a l t i -  
tudes  can se t t le  out  weeks, months, o r  even y e a r s  l a te r .  These 
l a t e - a r r i v i n g  par t ic les  r ep resen t  b u t  a v e r y  minor  h a z a r d  t o  
h e a l t h ,  b e c a u s e  t h e  r a d i a t i o n  dose ra te  from f a l l o u t  qu ick ly  
decays.  Compared t o  t h e  r e f e r e n c e  dose ra te  one hour a f t e r  an 
a t t a c k ,  t h e  dose r a t e  decays t o  1% i n  about  two days,  t o  0.1% i n  
about  two weeks, and t o  0.01% (1/10,00Oth) i n  about t h r e e  months. 
The danger is p r i n c i p a l l y  from t h e  f a l l o u t  a r r i v i n g  w i t h i n  t h e  
f i r s t  day o r  two a f t e r  t h e  explos ion .  

I n  terms of t h e  popula t ion  p u t  a t  r i s k  o r  t h e  area covered, 
r a d i o a c t i v e  f a l l o u t  i s  by f a r  t h e  most i m p o r t a n t  e f f e c t  o f  
ground-burst  n u c l e a r  weapons. An a t t a c k  c o n s i s t i n g  of s e v e r a l  
thousand ground-burst  megatons can cover v i r t u a l l y  a l l  o f  t h e  
United States  wi th  l e t h a l  f a l l o u t  ( s e e  Fig. 3.7). (An accumu- 
l a t e d  dose of about  450R w i l l  produce f a t a l i t i e s  i n  approximately 
50% of t h e  exposed popu la t ion . )  I n  an a c t u a l  a t t a c k ,  t h e r e  would 
be some areas t h a t  would no t  be covered a t  a l l  by f a l l o u t  and 
o t h e r  a r e a s  t h a t  would be exper ience  very high dose rates. 

Haaland, C h e s t e r ,  and Wigner ( 1 9 7 6 )  h a v e  e v a l u a t e d  t h e  
q u a n t i t a t i v e  t h r e a t  t o  t h e  U.S. popu la t ion  from an a t t a c k  of 6559 
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megatons, most of which are ground-burst .  I n  t h i s  s c e n a r i o ,  over  
80% of t h e  U.S. popu la t ion  would be i n  danger  of r e c e i v i n g  l e t h a l  
doses  from f a l l o u t  r a d i a t i o n  u n l e s s  some p r o t e c t i v e  a c t i o n  had 
been taken.  F igure  3.8 i s  a graph  of t h e  un i t - t ime  r e f e r e n c e  dose 
ra te  t o  which t h e  popu la t ion  would be exposed ve r sus  t h e  f r a c t i o n  
of popu la t ion  exposed t o  t h a t  dose ra te  or g r e a t e r .  I n  many 
c a s e s ,  t h e  dose accumulated ove r  a few days w i l l  be  numer ica l ly  
e q u a l  t o  t h r e e  times t h e  r e f e r e n c e  dose  rate. For  example, a 
r e f e r e n c e  dose ra te  of 160 R/hr w i l l  r e s u l t  i n  an  accumulated dose  
of about  500R i n  a few days ( f o r  d e t a i l s ,  see Haaland, Ches t e r ,  
and Wigner, 1976). 

P r e d i c t i o n  of exac t  f a l l o u t  p a t t e r n s  p r i o r  t o  a n  a t t a c k  i s  
imposs ib l e ,  s i n c e  t h e  f a l l o u t  depends on wind d i r e c t i o n s  a t  t h e  
t i m e  o f  a t t a c k .  Schmidt (1981) h a s  demonstrated t h i s  by t h e  
c a l c u l a t i o n  of 12 f a l l o u t  p a t t e r n s  r e p r e s e n t a t i v e  of  w e a t h e r  
c o n d i t i o n s  i n  each of t h e  12 months of a p a r t i c u l a r  year .  

Research on f a l l o u t  has  been a c c o r d e d  t h e  a t t e n t i o n  a n d  
r e s o u r c e s  t h a t  i t  dese rves  and i s  s u f f i c i e n t l y  w e l l  unders tood  f o r  
any p r a c t i c a l  c i v i l  de fense  program. A f a l l o u t  s h e l t e r  i s  needed 
e v e r y w h e r e  o u t s i d e  t h e  areas exposed t o  t h e  r i s k  of b l a s t .  
Moderate r a d i a t i o n  p r o t e c t i o n  would save  n e a r l y  everyone and would 
s i g n i f i c a n t l y  reduce t h e  amount of i n j u r y  from f a l l o u t  r a d i a t i o n  
as w e l l  as i n c r e a s e  t h e  t o l e r a n c e  of t h e  s u r v i v i n g  popu la t ion  f o r  
any subsequent  r a d i a t i o n  exposure acqu i r ed  d u r i n g  cleanup.  

The f a l l o u t  phenomenon has  been e x c e p t i o n a l l y  w e l l  covered by 
t h e  F e d e r a l  Emergency Management Agency (June 1973a);  F e r l i c  
(1983);  and Glass tone  and Dolan (1977). For a d d i t i o n a l  informa- 
t i o n  on f a l l o u t ,  t h e  fo l lowing  r e f e r e n c e s  are sugges ted :  Burson 
(1963);  French and Olmeno (1966);  French, P r i c e ,  and  Tompkins 
(1968);  Harvey and Serduke (1979); Lacayo and S u l l i v a n  (1967);  
Mather (1968);  Miller (1958); Read (1967) ;  Shumway and  F r a n k  
(1968). 

3.8 CLlMATOLOGICAL EFFECTS 

I n  t h e  p a s t  few y e a r s  a tmospher ic  s c i e n t i s t s  have r a i s e d  t h e  
p o s s i b i l i t y  t h a t  t h e  exp los ion  of l a r g e  numbers  of h i g h -  and  
in t e rmed ia t e -y i e ld  n u c l e a r  weapons could produce changes i n  t h e  
atmosphere. A t  t h e  p r e s e n t  t i m e ,  two p o s s i b l e  e f f e c t s  are of 
concern.  

The f i r s t  is t h e  p o s s i b i l i t y  t h a t  n i t r o g e n  ox ides  produced by 
t h e  h igh  tempera tures  i n  t h e  n u c l e a r  f i r e b a l l s  w i l l  be c a r r i e d  
i n t o  t h e  s t r a t o s p h e r e  where they  w i l l  react  t o  d e p l e t e  t h e  ozone 
a t  t hose  a l t i t u d e s .  The l o s s  of t h e  ozone would permi t  more of 
t h e  short-wave u l t r a v i o l e t  r a d i a t i o n  from t h e  sun t o  p e n e t r a t e  t o  
t h e  s u r f a c e  of t h e  e a r t h ,  t hus  i n c r e a s i n g  t h e  ra te  a t  which people  
could  be sunburned as w e l l  as t h e  long-term p o s s i b i l i t y  of s k i n  

28 



100 

90 

80 

70 z 
Q 
5 r 
E50 - 
LL 
0 

$ 40 
w 

w 2 
a 30 

20 

10 

0 

ORNL-DWG 75- 15833 

0 2000 4000 6000 8Ooo 10.000 
ffo, UNIT-TIME REFERENCE DOSE- RATE (R/hr) 

Fig. 3.8. Cumulative population exposed as a function of 
fallout radiation dose rate. 

29 



c a n c e r .  I n c r e a s e d  u l t r a v i o l e t  r a d i a t i o n  would be of l i t t l e  
concern t o  anyone i n s i d e  a s h e l t e r .  I f  ozone d e p l e t i o n  were 
s e v e r e  enough, i t  might r e q u i r e  people  working i n  t h e  open a f t e r  
t h e  a t t a c k  t o  wear h a t s ,  long-sleeved s h i r t s ,  and g loves .  

Some estimates of t h e  p o t e n t i a l  f o r  ozone d e p l e t i o n  have gone 
as h igh  as an  80% removal of t h e  ozone l a y e r ,  r e q u i r i n g  many 
l a r g e - y i e l d  weapons t o  produce t h i s  e f f e c t .  The t r e n d  toward 
l o w e r - y i e l d  weapons i s  e x p e c t e d  t o  d r a m a t i c a l l y  r e d u c e  t h e  
p o t e n t i a l  e f f e c t  on t h e  ozone l a y e r ;  t h e  f i r e b a l l s  from interme- 
d i a t e - y i e l d  weapons do n o t  r i se  h igh  enough i n  t h e  atmosphere t o  
r each  t h e  main c o n c e n t r a t i o n s  of ozone. 

The second,  and more a c u t e ,  concern about  t h e  c l i m a t o l o g i c a l  
e f f e c t s  of n u c l e a r  war i s  t h e  p o s s i b i l i t y  t h a t  m i l l i o n s  of tons  of 
smoke and dus t  might be i n j e c t e d  i n t o  t h e  atmosphere and might 
prevent  s u n l i g h t  from reach ing  t h e  s u r f a c e  of t h e  e a r t h .  This  i s  
t h e  "nuclear  w i n t e r "  t heo ry ;  i t  i s  p o s t u l a t e d  t o  cause  a 20 t o  
3OoC c o o l i n g  of t h e  e a r t h ' s  s u r f a c e  i f  t h e  n u c l e a r  w a r  occurs  i n  
summertime (Na t iona l  Research C o u n c i l ,  1985) .  T h e r e  would be 
l i t t l e  c o o l i n g  e f f e c t  i f  t h e  n u c l e a r  war occurred  i n  t h e  w i n t e r  
t i m e .  

The expec ted  coo l ing  i n  a s p r i n g  o r  summer n u c l e a r  war could 
r e s u l t  i n  tempera tures  i n  t h e  m i d - l a t i t u d e s  of t h e  n o r t h e r n  
hemisphere,  c h a r a c t e r i s t i c  of w in te r t ime ,  but  o c c u r r i n g  i n  J u l y  o r  
August. These tempera tures  would p r e s e n t  no t h r e a t  t o  p e o p l e  
l i v i n g  i n  s h e l t e r s  e s p e c i a l l y  i f  t hey  had brought w i n t e r  c l o t h i n g  
wi th  them. 

The p r i n c i p a l  e f f e c t  of n u c l e a r  w i n t e r  would be t h e  des t ruc -  
t i o n  of t h e  summer c rops  i n  t h e  mid - l a t i t udes  of t h e  n o r t h e r n  
hemisphere.  Loss of a c rop  y e a r  i s  n o t  a new t h r e a t  t o  e i t h e r  t h e  
United S t a t e s  o r  t h e  Sov ie t  Union, s i n c e  both  c o u n t r i e s  expec t  
massive damage t o  a g r i c u l t u r a l  p r o d u c t i v i t y  from f a l l o u t  i n  t h e  
event  of a n u c l e a r  w a r .  Both c o u n t r i e s  have a t  l eas t  one y e a r ' s  
supply  of g r a i n  s t o r e d  which w i l l  enab le  them t o  s u r v i v e  t h e  loss  
of a c rop  year .  I n  t h e  Sov ie t  Union t h e  s t o r e d  g r a i n  i s  i n  t h e  
form of s t a t e  food r e se rves .  I n  t h e  United S t a t e s  i t  i s  i n  t h e  
form of unsold  g r a i n  on farms o r  i n  commercial s t o r a g e  s i l o s  i n  
fa rming  areas. 

Even wi thou t  n u c l e a r  w i n t e r  t h e  d i s r u p t i o n  of g r a i n  produc- 
t i o n  i n  t h e  Sov ie t  Union, Canada, and t h e  United States  could 
s e v e r e l y  a f f e c t  food-importing c o u n t r i e s ,  r e s u l t i n g  i n  famine i n  
areas o u t s i d e  t h e  warr ing  na t ions .  I f ,  i n  a d d i t i o n ,  t h e  postu-  
l a t e d  e f f e c t s  of smoke and d u s t  i n  t h e  atmosphere ex tend  t o  low 
l a t i t u d e s  o r  even i n t o  t h e  s o u t h e r n  h e m i s p h e r e  as  h a s  b e e n  
sugges ted  by some, t h e  r e s u l t  could be a s e v e r e  famine i n  those  
c o u n t r i e s  which do n o t  produce l a r g e  food s u r p l u s e s .  
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Nuclear winter does not present any new, qualitative problems 
for Soviet and U.S. civil defense programs. There are already a 
number of difficulties for the surviving population in those 
countries. It would require that careful attention be given to 
nationwide planning and management of food reserves. It would 
make it advisable that any nationwide shelter program be accom- 
panied by a carefully planned food storage and food distribution 
program if the shelter program is to have credibility. 
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4. SHELTER DESIGN COMPONENTS 

The technology f o r  d e s i g n i n g  s h e l t e r s  t o  p r o t e c t  p e o p l e  
a g a i n s t  combined n u c l e a r  weapon e f f ec t s  has  been s t e a d i l y  maturing 
s i n c e  t h e  1950s. One approach t o  s h e l t e r  d e s i g n  i s  t o  c o n s i d e r  
each  component of t h e  s h e l t e r  i n  terms of t h e  weapon e f f ec t  t h a t  
i t  p r o t e c t s  a g a i n s t ;  however, t h e r e  are impor tan t  synergisms.  
F o r  example ,  some t h i n g s  done t o  improve r a d i a t i o n  p r o t e c t i o n  
(e.g., t h i c k e r  c o n c r e t e  or deeper  b u r i a l )  w i l l  a l s o  improve t h e  
p r o t e c t i o n  a g a i n s t  b l a s t  overpressure .  

Many d e s i g n  s t u d i e s ,  guide books,  a n d  m a n u a l s  h a v e  b e e n  
w r i t t e n  t o  provide  in fo rma t ion  on s h e l t e r  component design.  The 
American S o c i e t y  of C i v i l  Eng inee r s '  Manual No. 42 (ASCE 1985),  
D e s i g n  of  S t r u c t u r e s  t o  R e s i s t  Nuc lea r  Weapon E f f e c t s ,  1985 
e d i t i o n ,  w a s  found t o  be most a u t h o r i t a t i v e ,  u p - t o - d a t e ,  and  
complete.  Th i s  manual should  be ob ta ined  by anyone f aced  w i t h  t h e  
t a s k  of des ign ing  a b l a s t  s h e l t e r .  

The f o l l o w i n g  r e f e r e n c e s  i n c l u d e  o t h e r  a s p e c t s  o f  t h e  
problem and are  sugges ted  f o r  t h e  i n t e r e s t e d  r e a d e r :  A l b r i g h t  
(1961);  American S o c i e t y  of C i v i l  Engineers  (1985);  Ammann and 
Whitney ( A p r i l  1965);  Anderson e t  a l .  (1961);  Cal lahan ,  Rosenblum, 
and Coombe (1961);  Crawford, Higgins ,  and Bultman (1974);  Defense 
C i v i l  Preparedness  Agency (November 197213, February  1976, November 
1976, February 1978);  F e d e r a l  Emergency Management Agency (1979, 
January  1980a, September 1980, 1981, August 1982, October 1982, 
January  1985, March 1985);  F in l ayson ,  Fugelso,  and Shulman (1965);  
Holmes and Narver,  Inc.  (1965b);  Home O f f i c e  and  t h e  C e n t r a l  
O f f i c e  of Informat ion  (1982);  Huddleston, Doty, and Ingold  (1968);  
Merritt and Newmark (1958);  Newmark (1956); Newmark and H a l t i -  
wanger (1962);  Norde l l  (1969);  O f f i c e  of C i v i l  Defense (August 
1962b, August 1962c, November 1962a, November 1962b, 1968, January  
1969); Ormerod (1983);  Oster (1985b); S i b l e y  (September/October 
1984);  U.S. Army Corps of Engineers  (1946, 1957a, 1957b, 1957c, 
J a n u a r y  1 9 5 8 ,  1959 ,  J u l y  1959 ,  J a n u a r y  1960a ,January  1960b, 
January  1960c, January  1961, A p r i l  1961) ;  U.S. Army E n g i n e e r  
S c h o o l  (no d a t e ) ;  U.S. Department of t h e  Army (October  1983a, 
October 1983b, December 1983, June  1984, J u l y  1984a, J u l y  1984b, 
Augus t  1 9 8 4 ) ;  U.S. Department  of t h e  Navy (1961);  Will iamson 
(1960).  

4.1 OVERPRESSURE PROTECTION 

B l a s t  o v e r p r e s s u r e  i s  u s u a l l y  t h e  most impor tan t  weapon 
e f f e c t  t o  be cons idered  i n  s h e l t e r  des ign .  Most s h e l t e r s  f o r  
c i v i l i a n s  can be d i v i d e d  i n t o  one of two classes of approach t o  
t h i s  problem. The f i r s t  approach i s  t o  c o n s t r u c t  a b u i l d i n g  o r  
b u i l d i n g  component which i s  s t r o n g  enough t o  d i r e c t l y  resist t h e  
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b l a s t  o v e r p r e s s u r e .  The c o n s t r u c t i o n  material of cho ice  i s  
u s u a l l y  r e i n f o r c e d  conc re t e .  Examples are hardened basements and 
s h a l l o w - b u r i e d  r e i n f o r c e d  c o n c r e t e  s t r u c t u r e s .  The second  
approach i s  t o  c o n s t r u c t  a y i e l d i n g  s t r u c t u r e  which i s  r e l a t i v e l y  
weak w i t h  r e s p e c t  t o  h i g h  ove rp res su re  b l a s t  r e s i s t a n c e  ( f o r  
example co r ruga ted  metal c u l v e r t )  and t o  bury i t  deep enough i n  a 
g r a n u l a r ,  u n s a t u r a t e d  s o i l  s o  t h a t  t h e  s o i l  a t t e n u a t e s  t h e  b l a s t  
load.  

4.1.1 Strong Buildings 

S h e l t e r  i s  most economical ly  produced when i t  i s  a n  i n t e g r a l  
component of a new b u i l d i n g ;  u s u a l l y  a basement  l o c a t i o n  i s  
chosen. Such s h e l t e r s  can be c o n s t r u c t e d  o u t  of c o n c r e t e  i n  t h e  
form of a r e c t a n g l e ,  p i p e ,  a r c h ,  o r  dome. Arches and domes have 
been cons ide red  f o r  s h e l t e r  f o r  c i v i l i a n s  but  are g e n e r a l l y  no t  
economical s o l u t i o n s  due t o  t h e i r  forming c o s t s  (Behr and Kies- 
l i n g ,  1985). 

To p r o t e c t  a g a i n s t  i n i t i a l  n u c l e a r  r a d i a t i o n  a t  p r e s s u r e s  
g r e a t e r  t h a n  one atmosphere from in t e rmed ia t e -y i e ld  weapons, a 
b a r r i e r  of c o n c r e t e  3 o r  more f e e t  t h i c k  or  a l a y e r  of e a r t h  4 o r  
more fee t  t h i c k  i s  r equ i r ed .  This  c o n c r e t e  o r  e a r t h  i n h e r e n t l y  
p rov ides  h igh  ove rp res su re  p r o t e c t i o n .  Usual ly  above one atmos- 
phere  t h e  des ign  of t h e  s t r u c t u r e  w i l l  be dominated by p r o t e c t i o n  
a g a i n s t  i n i t i a l  n u c l e a r  r a d i a t i o n  r a t h e r  t han  ove rp res su re .  

The dynamic e f f e c t s  of t h e  b l a s t  load  should  a l s o  be consid-  
e r e d  i n  p r o t e c t i v e  s t r u c t u r e  des ign .  Dynamic l o a d s  double  t h e  
e f f e c t i v e  stress i n  those  s t r u c t u r e s  which remain i n  t h e i r  e l a s t i c  
response  range ( such  as most r e i n f o r c e d  conc re t e  members). I f  a 
load i s  a b r u p t l y  a p p l i e d  t o  a s t r u c t u r e  and  t h a t  l o a d  h a s  a 
d u r a t i o n  which i s  long  compared t o  t h e  n a t u r a l  f requency  of t h e  
s t r u c t u r e ,  t hen  t h e  s t r u c t u r e  w i l l  d i s t o r t  twice as much as if t h e  
load  had been a p p l i e d  g r a d u a l l y .  Hence, a s t r u c t u r e  which i s  t o  
be des igned  f o r  a-50 p s i  b l a s t  ove rp res su re  must be des igned  t o  
wi ths t and  a 100-psi s t a t i c  l o a d ,  i f  i t  i s  t o  remain i n  t h e  e l a s t i c  
response range under  long  d u r a t i o n  loading.  Should t h e  overpres-  
s u r e  be l a r g e  enough t o  deform t h e  s t r u c t u r e  i n t o  i t s  p l a s t i c  
range ,  t hen  t h e  s t r u c t u r e  w i l l  suppor t  a b l a s t  load  a t  least  e q u a l  
t o  t h e  s t a t i c  l oad  f o r  which i t  was des igned  (Denton 1967; Guice 
and Kiger ,  1984) .  

I f  a load  i s  a p p l i e d  t o  a s t r u c t u r e  f o r  a d u r a t i o n  which i s  
s h o r t  compared t o  t h e  n a t u r a l  f requency  of t h e  s t r u c t u r e  and t h a t  
l oad  i s  i n  t h e  e l a s t i c  range f o r  t h e  s t r u c t u r e ,  t hen  t h e  s t r u c t u r e  
w i l l  f i r s t  deform and then  v i b r a t e  back t h r o u g h  i t s  o r i g i n a l  
p o s i t i o n ,  damping o u t  q u i c k l y .  Stresses which are equa l  i n  
magnitude t o  those  produced by t h e  l o a d  bu t  i n  t h e  o p p o s i t e  
d i r e c t i o n  will be developed i n  t h e  s t r u c t u r e .  Th i s  r e v e r s e  stress 
is c a l l e d  “rebound.“ The p r e s e n t  “rule-of-thumb‘‘ i n  d e s i g n  i s  t o  
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assume t h a t  t h e  rebound load  is  one-half of t h e  i n c i d e n t  peak 
load.  Rebound i s  no t  u s u a l l y  an  impor tan t  c o n s i d e r a t i o n  f o r  
n u c l e a r  weapons, which have b l a s t  ove rp res su re  d u r a t i o n s  t h a t  are 
very long compared w i t h  t h e  n a t u r a l  f r e q u e n c i e s  of most r e i n f o r c e d  
c o n c r e t e  s t r u c t u r e s .  It i s  of more importance t o  t h e  m i l i t a r y  
des igne r  who is  des ign ing  t o  resist t h e  b l a s t  e f f e c t s  of conven- 
t i o n a l  h igh  e x p l o s i v e  weapons. 

For r e i n f o r c e d  c o n c r e t e  s l a b s ,  which may be used f o r  s h e l t e r  
walls,  f l o o r s ,  and r o o f s ,  t h e  s l a b  t h i c k n e s s  and i t s  re inforcement  
( s t e e l  b a r  s i z e ,  number of b a r s ,  and b a r  placement)  are t h e  
p r i n c i p a l  des ign  parameters. These parameters  are determined from 
c o n s i d e r a t i o n  of t h e  bending moments which are expec ted  w i t h i n  t h e  
s l a b  as i t  resists t h e  des ign  overpressure .  Accura te  determina-  
t i o n  of t h e  maximum e x p e c t e d  bending moment is  e s s e n t i a l  i n  
s e l e c t i n g  t h e  proper  amount of s t r u c t u r a l  material which  w i l l  
p rovide  t h e  necessary  r e s i s t a n c e ;  t h i s ,  i n  t u r n ,  d i r e c t l y  i n f l u -  
ences  t h e  c o s t  of such  s t r u c t u r e s .  

S ince  i t  i s  d e s i r e d  t h a t  t h e  r e i n f o r c e d  conc re t e  s l a b  no t  
f a i l ,  t h e o r i e s  of f a i l u r e  may be used  t o  d e s i g n  s u c h  s l a b s .  
S e v e r a l  d i f f e r e n t  f a i l u r e  t h e o r i e s  may be used  (Park and Gamble, 
1980). The s i m p l e s t  des ign  procedure assumes t h a t  t h e  s l a b  acts  
as a one-way member; i t s  two-dimensional behavior  is  neglec ted .  
The requi rements  f o r  t h e  s l a b  th i ckness  and s tee l  re inforcement  
are based on t h e  bending moments developed i n  t h e  s h o r t  span of 
t h e  s l a b .  

Y ie ld - l ine  theory  (Hognestad, 1953) t a k e s  two-way behavior  
i n t o  account.For a uniformly loaded ,  squa re  s l a b  which is  simply 
s u p p o r t e d  ( i . e . ,  one wh ich  i s  no t  r i g i d l y  r e s t r a i n e d  a t  i t s  
edges ) ,  y i e l d - l i n e  theory  p r e d i c t s  approximately o n e - t h i r d  t h e  
maximum b e n d i n g  moment as  t h a t  f rom one-way c o n s i d e r a t i o n s .  
Furthermore,  des ign ing  a c o n c r e t e  s t r u c t u r e  s o  t h a t  t h e  roof s l a b  - i s  r i g i d l y  connected t o  t h e  wal l s  reduces t h e  bending moment a t  
t h e  c e n t e r  of t h e  s l a b  even  f u r t h e r  below t h a t  of a simply 
suppor ted  s l a b .  

R e c e n t l y ,  a d d i t i o n a l  mechanisms have been d i scove red  t o  
provide  i n c r e a s e d  f l e x u r a l  c a p a c i t y  i n  r e i n f o r c e d  c o n c r e t e  s l a b s .  
These mechanisms seem t o  be expla ined  by t h e  compressive-membrane 
theory  (Kiger ,  Eag le s ,  and Bay lo t ,  1984; Kiger, Slawson, and Hyde, 
1984; Park and Gamble, 1980; Woodson, 1985; Woodson and Garner,  
1985). The theo ry  s ta tes  t h a t  i f  t h e  edges of t h e  s l a b  a r e  
r e s t r a i n e d  a g a i n s t  l a t e ra l  movement by s t i f f  boundary e lements ,  
t hen  in-plane (compressive membrane) f o r c e s  are induced as t h e  
s l a b  d e f l e c t s .  Changes of geometry then  cause  t h e  s l a b  edges t o  
tend  t o  move outward and t o  r e a c t  a g a i n s t  t h e  bounding elements .  
These compressive membrane f o r c e s  enhance t h e  f l e x u r a l  s t r e n g t h  of 
t h e  s l a b .  Compressive membrane a c t i o n  can i n c r e a s e  t h e  f l e x u r a l  
c a p a c i t y  of r i g i d l y  suppor ted  s l a b s  t o  2 o r  3 times t h a t  p r e d i c t e d  
by y i e l d - l i n e  theory.  
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O b v i o u s l y ,  s u b s t a n t i a l  r e d u c t i o n s  i n  t h e  des ign  bending 
moment can be ob ta ined  by i n c l u d i n g  t h e  most complete f a i l u r e  
t h e o r i e s  i n  t h e  des ign  procedure.  These reduced bending stresses 
can then  be d i r e c t l y  t r a n s l a t e d  i n t o  reduced s l a b  t h i c k n e s s e s  and 
reduced requi rements  f o r  t h e  r e i n f o r c i n g  s t ee l  w i t h i n  t h e  s l a b ,  
t h u s  keeping  t h e  c o s t  of t h e  s t r u c t u r e  t o  a minimum. 

Tunnels i n  rock can be cons idered  a s p e c i a l  case of s t r o n g  
bu i ld ings .  Rock tunne l ing  i s  very  expensive p e r  cub ic  f o o t  of 
s p a c e  produced. It i s  very u n l i k e l y  t o  be used f o r  c i v i l i a n  
s h e l t e r s  u n l e s s  t h e  t u n n e l  has  been cons t ruc t ed  f o r  some o t h e r  
purpose,  which w i l l  bear  t h e  c o s t  of i t s  c o n s t r u c t i o n ,  and t h e n  
conver ted  i n t o  a c i v € l i a n  s h e l t e r .  Examples are l imes tone  mines 
and  v e h i c l e  t unne l s .  See S e c t i o n s  7.4, 7.5.4, and 7.6.4 f o r  
a d d i t i o n a l  d i s c u s s i o n  of t unne l  s h e l t e r s .  

F o r  a d d i t i o n a l  i n f o r m a t i o n  on t h e  d e s i g n  of r e i n f o r c e d  
conc re t e  s t r u c t u r e s  and o t h e r  s t r o n g  b u i l d i n g s ,  t h e  f o l l o w i n g  
r e f e r e n c e s  are sugges ted :  Bagge (1972);  Bro therson ,  Wright,  and 
Pecora (1968);  Bro tch ie ,  Jacobson,  and Okubo (1965);  Brown and 
Black (1973);  C r i s w e l l  (1970, 1972);  Fedorkiw and Sozen (1968);  
F i o r a t o ,  Sozen, and Gamble ( 1 9 7 0 ) ;  F l a t h a u ,  S a g e r ,  and L u z i  
(1962);  Gabr i e l sen ,  Cuzner, Hendricks,  and Z s u t t y  (1982);  Gabr ie l -  
s e n ,  Wil ton,  and Kaplan (1975);  Gior lami ,  Sozen, Gamble, and Flug  
(1970);  Havers (1963);  Hobbs and Wetmore (1980);Huff (1975);  Lamb 
and Dembo (1967);  Longinow and Widermann (1977);  McVay (1981);  
P e t e r s o n ,  B e r n a r d ,  T a n s l e y ,  W i l l o u g h b y ,  and  W i l t o n  ( 1 9 8 2 ) ;  
Romualoi and Ramey (1965);  Schuman ( 1 9 6 5 ) ;  S e l h e i m e r  ( 1 9 7 1 ) ;  
Slawson, Taylor ,  Da l l r iva ,  and Kiger  (1985);  Wiehle and Bockholt  
(1973);  Woodson (1984). 

4.1.2 Yielding Structures and Earth Arching 

S o i l s  composed of d i s c r e t e  g r a i n s ,  such as sand o r  g r a v e l ,  
are s a i d  t o  posses s  t h e  p rope r ty  of "d i l a t ancy . "  Th i s  means t h a t  
t h e  i n d i v i d u a l  s o i l  par t ic les  normally i n t e r l o c k  and t h a t  i f  a 
s h e a r  stress i s  a p p l i e d  t o  t h e  s o i l  then  t h e  s o i l  must expand 
s l i g h t l y  i f  t h e  g r a i n s  are t o  r i d e  over  each o t h e r  and move. When 
s u b j e c t e d  t o  p r e s s u r e  t h e s e  s o i l s  t h u s  develop a s i g n i f i c a n t  s h e a r  
s t r e n g t h .  I f  a r e l a t i v e l y  f l e x i b l e  c o n t a i n e r  i s  b u r i e d  d e e p  
enough i n  such s o i l  and t h e  s o i l  is sub jec t ed  t o  p r e s s u r e  such 
as from b l a s t  o v e r p r e s s u r e ,  t h e  c o n t a i n e r  w i l l  d e f l e c t  s l i g h t l y  
( y i e l d )  and t h e  load  w i l l  be p a r t i a l l y  t r a n s f e r r e d  t o  t h e  s o i l .  
The s o i l  is s a i d  t o  "arch" and p a r t i a l l y  carry t h e  load  around 
t h e  con ta ine r .  The c o n t a i n e r  can be a b l a s t  s h e l t e r  made ou t  of 
cor ruga ted  metal p i p e ,  wood, o r  f i b e r g l a s s ,  o r  e v e n  r e i n f o r c e d  
conc re t e .  Buried c o n c r e t e  box s t r u c t u r e s  a l s o  e x h i b i t  t h i s  same 
s o i l - s t r u c t u r e  i n t e r a c t i o n .  
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The ear l ies t  i n v e s t i g a t i o n s  i n t o  s o i l - s t r u c t u r e  i n t e r a c t i o n  
were conducted on t h e  type  of bu r i ed  p i p e  and condui t  used f o r  
d ra inage  i n  r a i l r o a d  and highway c o n s t r u c t i o n .  It was observed 
t h a t  f l e x i b l e ,  bu r i ed  condu i t  was capab le  of s u p p o r t i n g  l o a d s  w e l l  
i n  excess  of t h e  loads  which t h e  same condui t  could suppor t  i n  t h e  
unburied case .  Iowa S t a t e  Co l l ege  i n  coope ra t ion  w i t h  t h e  U.S. 
Bureau of P u b l i c  Roads demonst ra ted  t h a t  f l e x i b l e  condui t  and a 
compacted e a r t h  b a c k f i l l  a c t e d  as a complex, composite s t r u c t u r e  
(Marston, 1930). From t h e s e  e a r l y  tests, s imple  t h e o r i e s  of e a r t h  
a r c h i n g  were developed. 

D u r i n g  t h e  1950s  many b u r i e d  s t r u c t u r e s  were des igned ,  
c o n s t r u c t e d ,  and t e s t e d  as p a r t  of t h e  U.S. n u c l e a r  weapons t es t  
program (See S e c t i o n  5.1.1). The r e s u l t s  of t h e  knowledge gained 
i n  t h e s e  tests and i n  l a b o r a t o r y  s i m u l a t i o n s  were p resen ted  a t  t h e  
Symposium on S o i l - S t r u c t u r e  I n t e r a c t i o n  i n  1964 ( U n i v e r s i t y  of 
Arizona,  September 19€;). Many s t a t i c  tests had been performed 
p r i o r  t o  t h i s  symposium; however, only i n  t h e  las t  few y e a r s ,  has  
a wel l - ins t rumented  set of dynamic f i e l d  t es t s  been conducted on 
b u r i e d  s t r u c t u r e s  ( G e t c h e l l  a n d  K i g e r ,  1980, February 1981, 
December 1981; Kiger and G e t c h e l l ,  1980, 1982; Kiger  and Slawson, 
1977; Slawson, Taylor ,  D a l l r i v a ,  and '  Kiger ,  1985). 

The s ta te  of knowledge w i t h  respect t o  a c c u r a t e  d e s i g n  o f  
b u r i e d  s t r u c t u r e s  i s  s t i l l  evolv ing;  however, r e c e n t l y  proposed 
computa t iona l  t echn iques  (Kiger ,  Eag le s ,  and Bay lo t ,  1984; Kiger ,  
S l a w s o n ,  and  Hyde, 1984)  seem t o  a c c o u n t  f o r  t h e  phenomena 
observed du r ing  e a r t h  a rch ing .  These t echn iques  are summarized 
i n  u s e f u l  form i n  the ASCE Manual No. 4 2 ,  1985 e d i t i o n  (American 
S o c i e t y  of C i v i l  Eng inee r s ,  1985). 

Experiments on f l e x i b l e ,  bu r i ed  t u b e s  have shown t h e  d rama t i c  
d i f f e r e n c e  between a sandy b a c k f i l l  and a b a c k f i l l  of s o f t  c l a y  
( D o r r i s ,  1965). For t ubes  b u r i e d  i n  sand (even f o r  r a t h e r  sha l low 
dep ths  of b u r i a l )  t h e  o v e r p r e s s u r e  s u f f i c i e n t  t o  cause f a i l u r e  i s  
much greater t h a n  f o r  a s imilar  tube  bur ied  i n  c l ay .  Granular ,  
sandy s o i l s  develop cons ide rab le  s h e a r  s t r e n g t h  t o  res i s t  t h e  
a p p l i e d  load.  On t h e  o t h e r  hand, s o f t  c layey  s o i l s  l ack  s u f f i -  
c i e n t  s t r e n g t h  t o  bea r  a s i g n i f i c a n t  p o r t i o n  of t h e  load.  

The "rule-of-thumb" which has  r e s u l t e d  from such  tests c a l l s  
f o r  t h e  depth  of e a r t h  cover  above t h e  s t r u c t u r e  t o  be no t  less 
t h a n  one-half of t h e  minimum span  of t h e  s t r u c t u r e .  Fo r  bur ied  
c y l i n d e r s ,  t h i s  depth  equa l s  one-half t h e  d i ame te r ;  f o r  bur ied  
r e c t a n g u l a r  box s t r u c t u r e s ,  t h i s  depth  i s  one-half t h e  s h o r t  span 
of t h e  roof s l a b .  

I n  o r d e r  t o  t ake  advantage of t h e  i n c r e a s e d  load-car ry ing  
c a p a b i l i t y  of bur ied  s t r u c t u r e s  due  t o  e a r t h  a r c h i n g ,  t h r e e  
e lements  must be p re sen t :  ( 1 )  t h e  s t r u c t u r e  m u s t  be bur ied  in a 
g r a n u l a r  s o i l  a t  a depth  e q u a l  t o  a s i g n i f i c a n t  f r a c t i o n  of t h e  
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minimum span  of the s t r u c t u r e ,  ( 2 )  t h e  s t r u c t u r e  i t s e l f  must be 
f l e x i b l e  enough t o  y i e l d  under t h e  a p p l i e d  load  a n d ,  ( 3 )  t h e  
s t r u c t u r e  must  n o t  be  l o c a t e d  below t h e  water t a b l e ,  and/or  
t h e  sur rounding  s o i l  must no t  be allowed t o  become water s a t u -  
r a t e d .  It i s  impor tan t  f o r  t h e  s t r u c t u r e  t o  be f l e x i b l e ;  t h e  
d e f l e c t i o n  of t h e  s t r u c t u r e  under load  a l lows  t h e  soil t o  r e d i s -  
t r i b u t e  i t s e l f  i n t o  "arches"  which are a b l e  t o  t r a n s f e r  t h e  load  
away from t h e  s t r u c t u r e .  A r i g i d ,  uny ie ld ing  s t r u c t u r e  w i l l  tend 
t o  " a t t r a c t "  load;  t h a t  is, t h e  s o i l  w i l l  t r ansmi t  more load  
d i r e c t l y  t o  t h e  s t r u c t u r e .  

The e a r t h  a r c h i n g  phenomenon does not  work i n  s o i l s  which 
are: ( 1 )  s a t u r a t e d  o r  below t h e  water t a b l e  o r  (2 )  of nongranular  
c h a r a c t e r  such as c l a y ,  p e a t ,  o r  s i l t .  I f  t h e  l o c a l  soil does not  
have good p r o p e r t i e s  f o r  s o i l - a r c h i n g ,  then  an imported b a c k f i l l  
of sand o r  crushed rock  can be used around t h e  s h e l t e r ;  

S h e l t e r s  des igned  f o r  b l a s t  ove rp res su res  of two t o  t h r e e  
a t m o s p h e r e s  f r o m  s m a l l -  o r  i n t e r m e d i a t e - y i e l d  weapons would 
r e q u i r e  f o u r  t o  f i v e  feet of e a r t h  cover  as s h i e l d i n g  t o  p r o t e c t  
t h e  s h e l t e r  occupants  a g a i n s t  i n i t i a l  n u c l e a r  r a d i a t i o n .  For most 
reasonably-s ized s h e l t e r s ,  such p r o t e c t i o n  a g a i n s t  i n i t i a l  nuc lea r  
r a d i a t i o n  a l s o  p rov ides  adequate  cover  t o  develop e a r t h  a rch ing ,  
provided t h a t  a s u i t a b l e  s o i l  i s  used. 

Allgood (1972) h a s  produced t h e  most complete d i s c u s s i o n  of 
t h e  e a r t h  a r c h i n g  phenomenon, i n c l u d i n g  a working c a l c u l a t i o n a l  
technique.  Perhaps more u s e f u l  i s  h i s  obse rva t ion  f o r  one-half 
span of e a r t h  cove r  employing g r a n u l a r  s o i l s :  " . . . v i r t u a l l y  
any c losed  s t r u c t u r e  t h a t  w i l l  w i ths t and  t h e  b a c k f i l l  s t r e s s e s  
w i l l  resist 200 p s i  overpressure ."  

For a d d i t i o n a l  in format ion  on e a r t h  a rch ing ,  s o i l - s t r u c t u r e  
i n t e r a c t i o n ,  and t h e  b l a s t  r e s i s t a n c e  of bur ied  s t r u c t u r e s ,  t h e  
fo l lowing  r e f e r e n c e s  are suggested:  A l b r i t t o n  and Balasara (1980);  
A l b r l t t o n ,  K i r t l a n d ,  Kennedy, and Dor r i s  (1966);  Allgood, White, 
S w a l l e y ,  and  G i l l  ( 1 9 6 3 ) ;  Amer ican  I r o n  and S t e e l  I n s t i t u t e  
(1973); Canada and McVay ( 1 9 8 5 ) ;  DaDeppo and Werner ( 1 9 6 2 ) ;  
F l a t h a u  and  Balsara  ( 1 9 7 8 ) ;  H a r r e n s t e i n  e t  a l .  (May 1965); 
I senberg  (1975);  I s enbe rg ,  Wojcik, and Hikooyeh (1975); J e s t e r  
(1970);  Karagozian and T s a i  (1979);  Kennedy (1971);  Kennedy and 
Ba l l a rd  (1967);  L u s c h e r  (1965 ,  1 9 6 8 ) ;  McNulty ( 1 9 6 5 ) ;  Mason 
( 1 9 6 5 ) ;  Nakamo (1970) ;  P a l a c i o u s  and Kennedy (1967);  Schuman 
(1965);  Shorne and Berglund (1968);  Walker and Bultman (1984);  
Wiehle (1965);  Wil l iamson and Huff (1961); Wong and Weidl inger  
(1983). 

4.1.3 Foundations 

Blast loads  a p p l i e d  t o  t h e  roof of a s h e l t e r  are t r a n s f e r r e d  
t o  t h e  wal ls  and through t h e  founda t ions  t o  t h e  s o i l  beneath t h e  
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s h e l t e r .  I n  s o i l  w i t h  good b e a r i n g  p r o p e r t i e s  ( d r y ,  noncohe- 
s i v e ) ,  t h e  dynamic b e a r i n g  s t r e n g t h  is  very  high. Under t h e s e  
c i r cums tances ,  w a l l  f o o t i n g s  are o f t e n  des igned  f o r  an a l lowab le  
s t a t i c  load. 

Most b l a s t  t e s t s  on s t r u c t u r e s  u s i n g  n u c l e a r  weapons o r  l a r g e  
h igh-explos ive  b l a s t s  have been conducted i n  t h e  Uni ted  S t a t e s  i n  
areas of dry soil w i t h  very good b e a r i n g  s t r e n g t h .  Many c i t i e s  on 
t h e  o t h e r  hand are b u i l t  nea r  water on a l l u v i a l  o r  f i l l e d  s o i l s  
c o n t a i n i n g  l a r g e  amounts of water over  a sha l low water t a b l e .  
Under ea r thquake  c o n d i t i o n s  s o i l s  of t h i s  type have been observed 
t o  undergo l i q u e f a c t i o n  and l o s e  a l l  of t h e i r  b e a r i n g  s t r e n g t h .  
It has  been sugges t ed  t h a t  similar e f f e c t s  could  be produced by 
n u c l e a r  weapons  (Mason a n d  W a l t e r ,  1968; Edmunds, 1968; URS 
Research Company, 1970). 

The s o l u t i o n  t o  t h i s  problem i s  t o  suppor t  t h e  w a l l s  of t h e  
b u i l d i n g  u s i n g  t h e  f l o o r ,  des igned  as a mi r ro r  image of t h e  r o o f ,  
as a founda t ion  (Anderson, e t  a l . ,  1961). Using t h e  f l o o r  as a 
sp read  f o o t i n g  i s  recommended procedure  i n  any area where s o i l s  
have poor b e a r i n g  s t r e n g t h s .  Convent iona l ly  des igned  f o o t i n g s  can 
be used i n  s o i l s  of good bea r ing  s t r e n g t h  where t h e r e  i s  a b s o l u t e  
a s s u r a n c e  t h a t  t h e  s o i l s  a r e  w e l l  drained.  

4 . 2 RADIATION PROTECTION 

Achieving adequate  r a d i a t i o n  p r o t e c t i o n  i s  t h e  major ob jec-  
t i v e  of f a l l o u t  s h e l t e r  c o n s t r u c t i o n .  Blast s h e l t e r s  must  a l s o  
p r o v i d e  r a d i a t i o n  p r o t e c t i o n  i n  a d d i t i o n  t o  b l a s t  p r o t e c t i o n .  
Rad ia t ion  p r o t e c t i o n  i n  f a l l o u t  s h e l t e r s  i s  concerned only w i t h  
f a l l o u t  gamma r a d i a t i o n  and not  w i t h  t h e  l e s s - p e n e t r a t i n g  b e t a  
component of f a l l o u t  r a d i a t i o n .  Rad ia t ion  p r o t e c t i o n  i n  b l a s t  
s h e l t e r s  i s  concerned p r i m a r i l y  w i t h  i n i t i a l  n u c l e a r  r a d i a t i o n :  
t h e  h i g h l y  p e n e t r a t i n g  n i t r o g e n  c a p t u r e  gamma r a y s ,  f i s s i o n  
p r o d u c t  gamma r a y s ,  and  n e u t r o n s .  T h e r e  are  two methods of 
p rov id ing  r a d i a t i o n  p r o t e c t i o n :  b a r r i e r  s h i e l d i n g  and  g e o m e t r y  
s h i e l d i n g ,  as i l l u s t r a t e d  i n  Fig. 4.1. 

4.2.1 Barrier Shielding 

The p r i n c i p l e  of r a d i a t i o n  p r o t e c t i o n  i s  t o  i n t e r p o s e  mass 
and /o r  d i s t a n c e  between t h e  p r o t e c t e d  people  and t h e  sou rce  of t h e  
r a d i a t i o n .  The mass can be any m a t e r i a l :  e a r t h ,  c o n c r e t e ,  s t ee l ,  
water, o r  even a i r ( q u i t e  a l a r g e  mass of a i r  can be i n t e r p o s e d  
between a person  and a source  of r a d i a t i o n  when l a r g e  d i s t a n c e s  
are invo lved) .  A c o n c i s e  d e s c r i p t i o n  of  t h e  i n t e r a c t i o n  of  
r a d i a t i o n  w i t h  s h i e l d i n g  matter i s  g iven  i n  Glas s tone  and Dolan 
(1977). 
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Fig. 4.1. Barrier shielding and geometry shielding. 



I n  p r o v i d i n g  s h i e l d i n g  from f a l l o u t  r a d i a t i o n ,  t h e  d e c r e a s e  
i n  r a d i a t i o n  i n t e n s i t y  i s  dependent upon t h e  mass of material p e r  
u n i t  area t h a t  i n t e r v e n e s  between t h e  sou rce  of t h e  r a y s  and t h e  
p o i n t  of o b s e r v a t i o n .  The e f f e c t i v e n e s s  of  t h e  mater ia l  i n  
a t t e n u a t i n g  gamma r a y s  can be measured i n  two ways. The f i r s t  
measure invo lves  t h e  concept  of " t e n t h - v a l u e  t h i c k n e s s  ; " t h e  
second invo lves  t h e  " p r o t e c t i o n  f a c t o r "  concept .  

A " ten th-va lue  t h i c k n e s s "  is  d e f i n e d  as t h a t  t h i c k n e s s  of t h e  
s p e c i f i e d  material  which t r a n s m i t s  a r a d i a t i o n  dose ( o r  dose r a t e )  
one-tenth of t h a t  which f a l l s  upon i t .  I n  o t h e r  w o r d s ,  o n e  
t en th -va lue  t h i c k n e s s  of t h e  material would dec rease  t h e  r a d i a t i o n  
by a f a c t o r  of t en .  Each succeeding  ten th-va lue  t h i c k n e s s  would 
b r i n g  about  a f u r t h e r  r e d u c t i o n  by a n  a d d i t i o n a l  f a c t o r  of ten .  
For f a l l o u t  gamma r a y s ,  t h e  ten th-va lue  t h i c k n e s s  i s  approximate ly  
8 i n .  of c o n c r e t e  o r  12 in .  of s o i l .  These t h i c k n e s s e s  can a l s o  
be t r a n s l a t e d  i n t o  t h e  barr ier ' s  mass p e r  squa re  f o o t  of exposed 
area; t h u s ,  any s h i e l d  weighing about  100 l b / f t 2  would a l s o  have a 
t h i c k n e s s  e q u i v a l e n t  t o  one t e n t h - v a l u e  t h i c k n e s s .  A s h i e l d  
w e i g h i n g  a b o u t  200 l b / f  t 2  ( t w o  ten th-va lue  t h i c k n e s s e s )  w i l l  
r educe  t h e  r a d i a t i o n  by a f a c t o r  of 100, and 300 l b / f t 2  ( t h r e e  
ten th-va lue  t h i c k n e s s e s )  w i l l  reduce t h e  r a d i a t i o n  by a f a c t o r  of 
about  1000. 

A " p r o t e c t i o n  f a c t o r "  (PI?) o r  " f a l l o u t  p r o t e c t i o n  f a c t o r "  
(FPF) i s  t h a t  f a c t o r  by which r a d i a t i o n  i n t e n s i t y  i s  decreased  a s  
i t  p a s s e s  through a s h i e l d .  One ten th-va lue  t h i c k n e s s  obvious ly  
p rov ides  a PF e q u a l  t o  10. The p r o t e c t i o n  f a c t o r  concept  can be 
a p p l i e d  t o  e n t i r e  s h e l t e r  s t r u c t u r e s ,  as w e l l  a s  i n d i v i d u a l  
b a r r i e r s  o r  s h i e l d s .  For f a l l o u t  s h e l t e r  des ign ,  t h e  minimum 
recommended PF i s  40 (which i s  about  1.6 t i m e s  t h e  ten th-va lue  
t h i c k n e s s ) .  E i t h e r  of these two measures of e f f e c t i v e n e s s  can be  
used t o  d e s c r i b e  t h e  l e v e l  of p r o t e c t i o n  from f a l l o u t  r a d i a t i o n .  

For i n i t i a l  n u c l e a r  r a d i a t i o n ,  t h e  s i t u a t i o n  i s  much more 
complicated i n v o l v i n g  t h e  energy of t h e  r a d i a t i o n ,  i t s  i n t e r a c t i o n  
wi th  t h e  s h i e l d ,  s c a t t e r i n g  w i t h i n  t h e  s h i e l d ,  and t h e  s h i e l d ' s  
geometry. F igu re  4.2 i s  a graph from Spencer  (1975) showing t h e  
b a r r i e r  a t t e n u a t i o n  of n i t r o g e n  c a p t u r e  gamma r a y s  and f i s s i o n  
p r o d u c t  gamma r a y s  from a s imula t ed  source  of i n i t i a l  n u c l e a r  
r a d i a t i o n  a s  a f u n c t i o n  of t h e  b a r r i e r  t h i ckness .  

Table  4.1 i s  a n  a p p l i c a t i o n  of Spencer ' s  methods by J. 0. 
Buchanan ( r e p o r t e d  i n  S t rope  e t  a l . ,  1985) t o  a f u l l y - b u r i e d  
basement w i t h  a conc re t e  f i r s t  f l o o r  of va ry ing  th i ckness .  Doses 
f r o m  f i s s ion -p roduc t  gamma r a y s ,  n i t r o g e n  c a p t u r e  gamma r a y s ,  
s t r u c t u r a l  c a p t u r e  gamma r a y s  and  n e u t r o n s  were c a l c u l a t e d  
independent ly  and summed. 
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Table 4.1.  I n i t i a l  r a d i a t i o n  dose ( R )  i n  a f u l l y  
bu r i ed  basement wi th  vary ing  conc re t e  th i ckness  

of t h e  f i r s t  f l o o r  

I n i t i a l  r a d i a t i o n  dose ( R )  i n s i d e  s h e l t e r  
w i t h  a f l o o r  t h i c k n e s s  of ( i n c h e s )  

Weapon y i e l d /  
Overpressure  12 14 16 18 24 

1 MT, 20 p s i  47 29 19 12 5 

1 MT, 30 p s i  166 104 70 46 1 7  

100 kT, 20 p s i  284 189 130 88 30 

200 kT, 30 p s i  974 6 58 457 3 10 104 

SOURCE: S t r o p e  e t  a l . ,  1985. 

4.2.2 Geometry Shielding 

The d i f f i c u l t y  of c a l c u l a t i n g  t h e  r a d i a t i o n  p r o t e c t i o n  
o f f e r e d  by a s h e l t e r  space invo lves  more than  j u s t  t h e  complexi ty  
of t h e  r a d i a t i o n  energy spectrum, t h e  type  of r a d i a t i o n ,  and i t s  
i n t e r a c t i o n  wi th  d i f f e r e n t  t ypes  of matter. It a l s o  invo lves  t h e  
n o n u n i f  o r m i t y  o f  t h e  s h i e l d i n g ,  b e c a u s e  t h e  a r r angemen t  of 
b a r r i e r  s h i e l d i n g  around t h e  s h e l t e r  volume i s ,  i n  g e n e r a l ,  no t  of 
uniform th i ckness .  

The t echn ique  of a n a l y s i s  i nvo lves  d i v i d i n g  t h e  s h i e l d  i n t o  
f a i r l y  uniform s e c t i o n s  and c a l c u l a t i n g  what  f r a c t i o n  of t h e  
r a d i a t i o n  g e t s  through each  element of t h e  s h i e l d .  The penet ra -  
t i o n  of each e l emen t  i s  by e n g i n e e r i n g  e s t i m a t i o n  f o r  mass 
t h i c k n e s s e s  o r  by computer o r  hand c a l c u l a t i o n s .  

Convenient g r a p h i c a l  techniques  e x i s t  f o r  doing t h e s e  c a l c u l a -  
t i o n s .  F i g u r e  4.3  i s  a g r a p h i c a l  method of e s t i m a t i n g  t h e  
s o l i d  a n g l e  subtended by a r e c t a n g u l a r  element.  The s o l i d  a n g l e  
i s  o f t e n  expressed  as t h e  f r a c t i o n  of a hemisphere sur rounding  t h e  
d e t e c t o r .  To de termine  t h e  t o t a l  exposure a t  some p o i n t  i n s i d e  
t h e  s h e l t e r ,  t h e  s o l i d  ang le  subtended by each element of t h e  
s h i e l d  i s  c a l c u l a t e d  and m u l t i p l i e d  by t h e  r a d i a t i o n  coming 
through each  element;  then ,  t h e  whole i s  added up t o  g e t  t h e  t o t a l  
amount of r a d i a t i o n  e n t e r i n g  t h e  p r o t e c t e d  space. 

The l i t e r a t u r e  on r a d i a t i o n  s h i e l d i n g  i s  v e r y  l a r g e .  The l i t e r a -  
t u r e  on s h i e l d i n g  of people  by s h e l t e r s  i s  only s l i g h t l y  less 
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l a r g e .  Much of i t  was gene ra t ed  i n  t h e  n u c l e a r  weapons tes ts  i n  
t h e  1950s, but  a g r e a t  d e a l  w a s  done w i t h  f a l l o u t  s i m u l a t i o n  and 
c a l c u l a t i o n  i n  t h e  1960s and 70s. The d a t a  t h a t  were developed 
i n  t h a t  t i m e  have been reduced t o  r e l a t i v e l y  s i m p l e  g r a p h i c a l  
c a l c u l a t i o n  t echn iques  a v a i l a b l e  i n  t h e  v a r i o u s  s h e l t e r  handbooks 
and i n  s h i e l d i n g  manuals. (Abbott ,  1973; Beer and Cohen, 1975; 
C a i n ,  1964; D e f e n s e  C i v i l  P r e p a r e d n e s s  Agency, Februaryl976,  
February  1978; Donovan and  C h i l t o n ,  1961; E i s e n h a u e r ,  1964; 
F e d e r a l  Emergency Management Agency, September 1980, 1981; LeDoux 
and Donovan, 1961; McDonnell a n d  V e l l e t r i ,  1966; M a r t i n  and  
Latham, 1963; Owen, 1962; Spencer ,  1962; Spencer ,  C h i l t o n ,  and 
E i senhaue r ,  1980; Spr ing  and McDonnell, 1967). 

F o r  v e r y  complex  g e o m e t r i e s  where much more accuracy  i s  
d e s i r e d ,  l a r g e  c o m p u t e r  c a l c u l a t i o n s  u s i n g  f a i r l y  e l a b o r a t e  
s h i e l d i n g  codes can  be employed. The Rad ia t ion  S h i e l d i n g  I n f o r -  
mat ion Center  a t  t h e  Oak Ridge Na t iona l  Labora tory  i s  t h e  n a t i o n a l  
r e p o s i t o r y  of a l l  s h i e l d i n g  codes developed i n  t h i s  count ry  and i n  
most of t h e  wes te rn  world.  

For  a d d i t i o n a l  i n fo rma t ion  on s t r u c t u r e  s h i e l d i n g  from both 
f a l l o u t  and i n i t i a l  n u c l e a r  r a d i a t i o n ,  t h e  fo l lowing  r e f e r e n c e s  
a re  sugges ted :  American I n s t i t u t e  of A r c h i t e c t s  (1970); Beer and 
Cohen (1973); Brusse  (1964); Burson (1963); Burson and B o r e l l a  
(1961); Cameron a n d  Huff  (1962); C l a r k e ,  Batter,  and Kaplan 
(1959); Defense C i v i l  Preparedness  Agency (November 1972b, 1977, 
September 1978): Federa l  Emergency Management Agency ( J u l y  1982, 
September 1983); French,  P r i c e ,  and  Tompkins (1965); H a a l a n d  
(1983); Holmes and  N a r v e r ,  Inc .  (1965b); Hubbel l  and Spencer  
(1964); Huddleston,  Doty, and Ingold  (1968); LeDoux (1959, 1960); 
McDonnell and V e l l e t r i  (1967); Reynolds,  Faw, and Robinson(l971); 
Robinson, Reynolds,  B u r r e ,  and  Faw (1969); Schmoke and  P o s t  
(1974); S t a r b i r d ,  Vel le t r i ,  MacNeil, and Batter (1963). 

4.3 E A " C E S ,  EXITS, AND CLOSURES 

This  s e c t i o n  is  concerned w i t h  e n t r a n c e s ,  e x i t s ,  and c l o s u r e s  
f o r  belowground c i v i l i a n  b l a s t  s h e l t e r s  des igned  f o r  o v e r p r e s s u r e s  
g e n e r a l l y  under 100 p s i .  

4.3.1 Entrances 

Ent rances  must be c o n s t r u c t e d  s o  t h a t  people  can g e t  i n t o  t h e  
s h e l t e r  as e f f i c i e n t l y  ( q u i c k l y )  as p o s s i b l e  and s o  t h a t  b l a s t  
o v e r p r e s s u r e  and r a d i a t i o n  ( e s p e c i a l l y  i n i t i a l  nuclear r a d i a t i o n )  
w i l l  be k e p t  o u t  of t h e  s h e l t e r - - a l l  t h i s  must be done a t  t h e  
least  p o s s i b l e  c o s t .  The most e f f e c t i v e  t echn iques  f o r  accom- 
p l i s h i n g  t h e s e  o b j e c t i v e s  are f a i r l y  w e l l  understood.  
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The des ign  of en t r ances  is d i scussed  thoroughly by Newmark 
(1963),  Stevenson and Havers (1965) ,  and F e r r i t o  (1971b). Many 
t y p e s  of entranceways are possible--ramps from t h e  s u r f a c e  or  from 
basements,  s ta i r s ,  c o r r i d o r s  o f f  basements,  o r  v e r t i c a l  ha t ches  
w i t h  l adde r s .  Most of t h e  emphasis has  been on stairs and ramps 
which have t h e  h i g h e s t  c a p a c i t y ,  permi t  people  t o  c a r r y  t h i n g s  
i n t o  t h e  s h e l t e r ,  and are g e n e r a l l y  a c c e s s i b l e  t o  anyone who can 
walk. The v e r t i c a l  ha t ch  entryway i s  much less expensive.  It has  
t h e  d isadvantage  t h a t  i t s  throughput  is  much lower t h a n  stairs. A 
ha t ch  entryway r e q u i r e s  a b l e - b o d i e d  p e o p l e  t o  n e g o t i a t e  t h e  
descending l a d d e r ;  fur thermore ,  i t  r e q u i r e s  t h a t  t h e  person use  
both hands,  s e v e r e l y  l i m i t i n g  t h e  a b i l i t y  t o  c a r r y  o b j e c t s .  

Wiehle (1967) i n c l u d e s ,  i n  a c o s t  s tudy ,  d e t a i l e d  s h i e l d i n g  
ana lyses  ( f o r  bo th  f a l l o u t  and i n i t i a l  n u c l e a r  r a d i a t i o n )  of 
c o n c r e t e  b l a s t  s h e l t e r s  w i t h  c o n c r e t e  s t a i rway  en t r ances .  An 
entryway capable  of handl ing  200 persons  p e r  minute,  accord ing  t o  
t h i s  s t u d y ,  would have c o s t  $10,000 i n  1967 and approximately 
$20,000 i n  1986. 

There seems t o  be some disagreement  on t h e  c a r r y i n g  c a p a c i t y  
of stairs. Newmark u s e s  40 people  pe r  minute as an  average  load ing  
ra te  p e r  l a n e  of s ta i rs ,  wi th  a peak of 60. Stephensen and Havers 
use  50 i n  agreement wi th  Newmark. Wiehle has  numbers ranging  from 
45 t o  180 people  p e r  minute coming down what he r e f e r s  t o  as a 
s i n g l e  s ta i r .  

For a d d i t i o n a l  in format ion  on s h e l t e r  e n t r a n c e s ,  t h e  follow- 
i n g  r e f e r e n c e s  are suggested:  Ch l l ton  (1958); Cohen and Weismann 
(1965);  C r i s t y  (1967b): F e r r i t t o  (September 1971a, October 1971): 
Hal t iwanger ,  Tung, Feng, and Schnorbrich (1965); P inks ton  (1964);  
Sinnamon, Aus t in ,  and Newmark (1955). 

4.3.2 Radiation Protection for Entryways 

The entryway of a s h e l t e r  must a t t e n u a t e  r a d i a t i o n .  For a 
b l a s t  s h e l t e r ,  t h e  most d i f f i c u l t  entryway des ign  problem i s  o f t e n  
p r o t e c t i o n  from i n i t i a l  nuc lea r  r a d i a t i o n ;  f a l l o u t  can a l s o  be 
troublesome i n  some areas. Very o f t e n  p r o t e c t i o n  f a c t o r s  of 100 
o r  h ighe r  are r e q u i r e d ,  depending on t h e  t h r e a t  t o  t h e  s h e l t e r .  

The p e n e t r a t i o n  of r a d i a t i o n  through entryways has  been t h e  
s u b j e c t  of much exper imenta t ion .  Some of t h e  more c a r e f u l  and 
u s e f u l  measurements on entryways were made by Cain,  C l i f f o r d ,  and 
Holland (1964). A s i m p l i f i e d  procedure f o r  a n a l y z i n g  s h e l t e r  
e n t r a n c e  passageways f o r  f a l l o u t  r a d i a t i o n  a t t e n u a t i o n  i s  con- 
t a i n e d  i n  p u b l i c a t i o n s  by t h e  Defense C i v i l  Preparedness  Agency 
(February 1978);  Wiehle (1967);  Stevenson and Havers (1965);  and 
Newmark (1963). F igu res  4.4 and 4.5 c o n t a i n  i n f o r m a t i o n  f o r  
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g r a p h i c a l l y  e s t i m a t i n g  t h e  amount of r a d i a t i o n  coming through an 
entryway. 

A t t e n u a t i o n  o f  r a d i a t i o n  by t h e  g e o m e t r y  of t h e  e n t r y  
passageways i s  u s u a l l y  t h e  most economical approach,  p a r t i c u l a r l y  
i f  t h e  entranceway must have enough l e n g t h  t o  go from t h e  s u r f a c e  
t o  an underground s h e l t e r .  

A l t e r n a t i v e  approaches inc lude  t h e  use  of a massive b l a s t  
door ( 1  f t  o r  more t h i c k ) ,  a s h i e l d i n g  w a l l  j u s t  i n s i d e  t h e  b l a s t  
d o o r  o r ,  f o r  v e r y  small  f a m i l y  s h e l t e r s ,  moveable s h i e l d i n g  
s t acked  i n  t h e  entryway. The l a t t e r  can be c o n c r e t e  b locks  s t o r e d  
i n s i d e  t h e  s h e l t e r  o r  s h e l t e r  s u p p l i e s  ( p a r t i c u l a r l y  water). 
Entryways a r e  b e t t e r  a t t e n u a t o r s  if they are long  and narrow and 
have one o r  more r i g h t  ang le  t u r n s  i n  them. A f a l l o u t  p r o t e c t i o n  
f a c t o r  of approximately 10 would be  a c h i e v e d  by a n  e n t r y w a y  
c o n s i s t i n g  of two r igh t - ang le  l e g s  each 7 f t  long ,  7 f t  h igh,  
and 3 f t  wide ( fo l lowing  t h e  method of Mar t in  and Latham, 1963). 

Add i t iona l  i n fo rma t ion  on provid ing  p r o t e c t i o n  f o r  entryways 
and s h e l t e r  openings may be found i n :  Auxier ,  Buchanan, Eisen- 
h a u e r ,  and  Menker ( 1 9 5 8 ) ;  B i g g e r ,  C r e w ,  and  F u l l e r  (1965);  
Cal lahan ,  Rosenblum, and Coombe (1961);  Chapman (1962); Ch i l ton  
( 1 9 6 1 ) ;  Cond i t  ( 1 9 6 2 ~ ) ;  Fowler and Dorn (1962);  Green (1962); 
LeDoux and Ch i l ton  (1961);  Mart in  and Latham (1963);  T e r r e l l ,  
J e r r i ,  and Lyday (1.962). 

4.3.3 Doors 

Doors can be h o r i z o n t a l ,  v e r t i c a l ,  o r  i n c l i n e d  and can be 
hinged o r  r o l l i n g .  They must be designed n o t  on ly  t o  resist t h e  
b l a s t  l oad ,  but  a l s o  t o  t r ansmi t  t h a t  load  t o  a door frame which 
can u l t i m a t e l y  resist t h e  e n t i r e  l o a d .  A s t r u c t u r e  made of  
f i b e r g l a s s  o r  co r ruga ted  metal i s  not  s t r o n g  enough t o  resist t h i s  
concen t r a t ed  load;  t h e  door  w i l l  s imply be blown i n t o  t h e  s t r u c -  
t u r e .  A s t r o n g  f l a n g e  o r  c o l l a r  must be c o n s t r u c t e d  around t h e  
door frame which must resist t h e  t o t a l  b l a s t  l oad  on t h e  door. 

Doors are almost  always designed t o  open outward i f  hinged. 
I n  t h i s  ca se ,  t h e  door h inges  and l a t c h e s  must be designed t o  t a k e  
whatever rebound f o r c e s  are developed by t h e  door  as w e l l  as t h e  
p r e s s u r e  load  of t h e  nega t ive  phase (approximate ly  3 p s i ) .  The 
r ebound  f o r c e s  a r e  u s u a l l y  assumed t o  be  one-half  t h e  peak 
i n c i d e n t  p re s su re .  

I n  t h e  e a r l y  days of n u c l e a r  t e s t i n g ,  many ingenious  door 
concepts  were proposed, (Cohen and Weismann, 1965;  F o r r e s t a l ,  
1963). For r e c t a n g u l a r  entryways,  r e i n f o r c e d  c o n c r e t e  cons t ruc-  
t i o n  is  very common, a l though bu i l t -up  s teel  doors  of v a r i o u s  
t y p e s  have a l s o  been des igned  and cons t ruc t ed .  T e s t s  of a hinged 
r e c t a n g u l a r  membrane door ,  developed by t h e  Fede ra l  Republ ic  of 
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Germany, a r e  r e p o r t e d  by Cummins (1976). This  door appa ren t ly  
does not  f a i l  a t  100 p s i .  Newmark (1963) d e s c r i b e s  a v a r i e t y  of 
d o o r s  i n c l u d i n g  a f l u s h  r o l l i n g  door. Hyde and Kiger (1984) 
r e p o r t  a v e r t i c a l  door  designed w i t h  s tee l  r e in fo rced  concre te .  
This  des ign  i s  very l i g h t  f o r  a conc re t e  door and r a t h e r  economi- 
c a l ,  c o s t i n g  $1000 ( i n  1984) i n  small l o t s .  

Doors  c a n  be  c o n s t r u c t e d  v e r y  economically f o r  circular 
entryways.  A 30-in.-diam by 3/8-in.-thick s t ee l  dome has been 
s u c c e s s f u l l y  t e s t e d  as a ha tch  cover  a t  100 p s i  ( P e t r a s  e t  a l . ,  
1979a, 1979b). Zimmerman and Ches te r  (1984) of ORNL r e p o r t  t h e  
s u c c e s s f u l  t es t  of a very t h i n  (2-mm) membrane-type door a t  200 
p s i .  This  34-in.-diam door ,  supported a t  i t s  edge by a 2-in. p i p e  
hoop which was f i l l e d  wi th  conc re t e  (see Fig. 4 .6) ,  d e f l e c t e d  5 
i n .  a t  i t s  c e n t e r  y e t  maintained i t s  s t r u c t u r a l  i n t e g r i t y .  I n  
more r e c e n t  ORNL tests, a s i m p l e r  des ign  c o n s i s t i n g  of a 1/8-in.- 
t h i c k  c i r c u l a r  s teel  membrane, suppor ted  a t  i t s  edge by a 1/2-in. 
x 2- in .  s t e e l  b a r  r o l l e d  i n t o  a hoop, surv ived  50 p s i  whi le  
d e f l e c t i n g  only 1-1/2 i n .  i n  a s imula ted  1-MT explos ion .  

FitzSimons (1958) r epor t ed  on t h e  s u c c e s s f u l  tests of plywood 
and i n d u s t r i a l  doors  a t  low o v e r p r e s s u r e s  i n  a c t u a l  n u c l e a r  
weapons tests. 

For a d d i t i o n a l  in format ion  on doors  and c l o s u r e s  f o r  s h e l -  
ters ,  t h e  fo l lowing  r e fe rences  are suggested:  B a r n e t t  ( 1 9 5 8 ) ;  
C a r r o l l  e t  a l .  ( 1 9 8 5 ) ;  Cou l t e r  (1982); Johnston (1959); Long 
(1959);  O f f i c e  of C i v i l  Defense ( January  1963a); Porteous (1962);  
Sandoval (1958). 

4.3.4 Erergency Exits 

Any s h e l t e r  t h a t  has only one entryway should be equipped 
wi th  a t  least  one o t h e r  emergency e x i t .  The e x i t  s h o u l d  be 
designed t o  b r ing  peop le  from t h e  s h e l t e r  i n t o  an area t h a t  i s  
not  l i k e l y  t o  be covered by rubble .  Swis s  s h e l t e r s  s p e c i f y  
emergency e x i t s ;  t h e i r  small ,  s ing le-door  s h e l t e r s  con ta in  a 
v e r t i c a l  ha tch- type  escape  e x i t  ( C r i s t y ,  1973; Wiehle, 1967). 

By f a r  t h e  c h e a p e s t  emergency escape e x i t  f o r  an underground 
s h e l t e r  i s  a 30-in.-diam piece of cor ruga ted  metal p ipe  wh ich  
connec ts  t h e  s h e l t e r  t o  t h e  su r face .  This  escape  e x i t  i s  f i l l e d  
wi th  sand--if i t  i s  v e r t i c a l  o r  n e a r l y  v e r t i c a l  i t  s h o u l d  be  
e n t i r e l y  f i l l e d ;  i f  i t  is  h o r i z o n t a l ,  only t h e  l a s t  few f e e t  nea r  
t h e  s u r f a c e  need t o  be f i l l e d .  This  type of c l o s u r e  w a s  demon- 
s t r a t e d  i n  an a c t u a l  nuc lea r  weapons t e s t  (FitzSimons, 1957). 
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ver t ica l  entryways.  

Y i e l d i n g  membrane b l a s t  door  ( h a t c h )  f o r  u s e  on 
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4.3.5 Expedient Closures 

An " e x p e d i e n t  c l o s u r e "  i s  a semipermanent cove r ing  f o r  a 
b l a s t  s h e l t e r  opening (e.g., entryway o r  a i r  i n t a k e ) .  I t  i s  
i n s t a l l e d  as p a r t  of a n  upgrading a c t i v i t y  and i s  des igned  t o  keep 
t h e  b l a s t  ove rp res su re  ou t  of t h e  s h e l t e r  area. 

C o u l t e r  (Augus t  1979 ,  1983, 1984) has  done a n  e x t e n s i v e  
series of shock-tube tests on des igns  of wooden c l o s u r e s  f o r  
openings i n  walls. Various combinat ions of lumber and plywood 
were t e s t e d  amd 5-in.-square oak beams a c r o s s  a 48-in. span  were 
a b l e  t o  resist 50 p s i .  Various combinat ions of plywood were used 
t o  resist p r e s s u r e s  from 20 t o  80  p s i  on a 16-in. span. 

Open ings  i n  wal l s  can a l s o  be c losed  by p i l i n g  sandbags 
a g a i n s t  them i n  a s u f f i c i e n t l y  d e e p  mound. E a r t h  which  i s  
r e s t r a i n e d  by a r e l a t i v e l y  l i g h t  door can be used t o  c l o s e  an  
entryway, i f  t h e r e  i s  adequate  dep th  t o  develop e a r t h  a rch ing .  

D u r i n g  a n  a c t u a l  h i g h - e x p l o s i v e  t es t ,  Wilton and Zaccor 
(1984) t e s t e d  expedient  c l o s u r e s  which employed e a r t h  a r c h i n g .  
They found t h a t  t h r e e  l a y e r s  of 12- f t  co r ruga ted  metal s h e e t  (22- 
gauge t h i c k n e s s ;  0.0299 i n . )  could  be used s u c c e s s f u l l y  as a n  
e x p e d i e n t  b l a s t  c l o s u r e  f o r  a h o r i z o n t a l ,  g rade - l eve l  entryway 
wi th  a 4 - f t  span ,  i f  such s h e e t s  were covered wi th  a t  l eas t  18 i n .  
of s o i l .  Scale model tests i n d i c a t e  t h a t  t h i s  type  of c l o s u r e  
w i l l  w i ths t and  r epea ted  b l a s t  l oad ings  of 50 t o  60 p s i .  

For  a d d i t i o n a l  i n fo rma t ion  about  expedient  b l a s t  c l o s u r e s ,  
t h e  fo l lowing  r e f e r e n c e s  are sugges ted :  Cou l t e r  (1982);  Kearny  
(1979);  Tans l ey  (1985);  Tansley and Bernard (1981);  Tansley and 
Zaccor (1982);  Wil ton,  Gabr i e l sen ,  and Tansley (1980, 1981). 

4.3.6 Blast Valves 

Blast  v a l v e s  are mechanical  dev ices  i n s t a l l e d  i n  t h e  a i r  
i n t a k e  and exhaus t  d u c t s  of s h e l t e r s .  They are used t o  p r o t e c t  
t h e  o c c u p a n t s  and equipment i n s i d e  t h e  s h e l t e r  from t h e  h igh  
p r e s s u r e  a i r  of t h e  e x t e r n a l  b l a s t  wave. 

The s h e l t e r  system components which need t h e  most p r o t e c t i o n  
a r e  dus t  and p a r t i c u l a t e  f i l t e r s ,  blowers ,  and s h e e t  metal d u c t i n g  
i n s i d e  t h e  s h e l t e r .  I f  t h e  v e n t i l a t i o n  l i n e s  are small compared 
t o  t h e  c r o s s - s e c t i o n a l  area of t h e  s h e l t e r  and are no t  po in t ed  
d i r e c t l y  a t  t h e  s h e l t e r  occupants ,  t h e n  b l a s t  e n t e r i n g  through t h e  
v e n t i l a t i o n  system p r e s e n t s  l i t t l e  t h r e a t  t o  t h e  s u r v i v a l  of t h e  
s h e l t e r  occupants  f o r  e x t e r n a l  ove rp res su res  l e s s  than  50 p s i .  
However, t h e r e  are good r easons  f o r  i n s t a l l i n g  b l a s t  va lves  on 
s h e l t e r  a i r  in t akes .  I n  a d d i t i o n  t o  t h e  p o s s i b i l i t y  of damaging 
t h e  v e n t i l a t i o n  system components, a h igh  p r e s s u r e  j e t  of a i r  
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e n t e r i n g  t h e  s h e l t e r  can r i c o c h e t  o f f  t h e  s h e l t e r  w a l l s  and p r o p e l  
o b j e c t s  and d e b r i s  around t h e  s h e l t e r ,  p o s s i b l y  i n j u r i n g  t h e  
occupants .  Large amounts of d u s t ,  which may be contaminated w i t h  
r a d i o a c t i v e  f a l l o u t  from p r e v i o u s  n u c l e a r  e x p l o s i o n s ,  c a n  be 
blown i n t o  t h e  s h e l t e r  by an  e x t e r n a l  b l a s t .  The n o i s e ,  p r e s s u r e ,  
and v i o l e n t  a i r  tu rbu lence  produced by je ts  coming through t h e  
v e n t i l a t i o n  d u c t s  would produce a very unp leasan t  environment 
i n s i d e  t h e  s h e l t e r .  

An e x c e l l e n t  review of t h e  v a r i o u s  b l a s t  va lve  types  has  been 
p resen ted  by Cohen and Weissman (1965). B l a s t  v a l v e s  c a n  be  
c a t e g o r i z e d  as be ing  e i t h e r  a c t i v e  o r  pass ive .  Ac t ive  va lves  are 
c losed  by some h y d r a u l i c ,  e lec t r ica l ,  pneumatic,  o r  m e c h a n i c a l  
sys tem.  Closure  i s  i n i t i a t e d  by a s e n s o r  which d e t e c t s  one of t h e  
prompt weapon e f f e c t s :  i n i t i a l  n u c l e a r  r a d i a t i o n ,  thermal  p u l s e ,  
o r  e l e c t r o m a g n e t i c  pu l se .  Act ive  b l a s t  va lves  are des igned  s o  as 
t o  be completely c losed  (by means of t h e  a c t u a t i n g  sys tem)  by t h e  
t i m e  t h e  b l a s t  wave a r r i v e s .  Tests of va lves  of t h i s  type  a r e  
d e s c r i b e d  by Al l en ,  et  a l .  (19581, American Machine and Foundry 
Company (1958),  Andon (19651, and Ar thu r  D. L i t t l e ,  Inc.  (1964). 
Most m i l i t a r y  s h e l t e r s  i n  t h e  United S t a t e s  u se  b l a s t  va lves  of 
t h i s  type  (See Fig. 4.7). 

P a s s i v e  b l a s t  va lves  are a c t u a t e d  by t h e  impingement of t h e  
b l a s t .  wave i t s e l f .  Valves of t h i s  type  have a t t r a c t e d  t h e  most 
d e s i g n  and development e f f o r t  i n  t h e  United S t a t e s .  Designers  
have a t tempted  t o  ach ieve  low f low r e s i s t a n c e ,  minimum leakage  of 
t h e  h igh-pressure  b l a s t  a i r ,  and low c o s t ,  s imul taneous ly .  

S e v e r a l  approaches have been t r i e d  i n  o r d e r  t o  opt imize  t h e  
d e s i g n  t r ade -o f f s .  A very low-cost approach i s  t o  p l a c e  some 
r e s i s t a n c e  i n  t h e  v e n t i l a t i o n  l i n e .  Examples of t h i s  are t h e  
German sand f i l t e r  (Stephenson, 19631, shown i n  Fig. 4.8, and 
t h e  Stephenson va lve  (Stephenson and Chapler ,  1963) ;  s e e  F i g .  
4.9. The German sand f i l t e r  no t  only p rov ides  good b l a s t  p ro t ec -  
t i o n  (up t o  100 p s i ) ,  but  i t  a l s o  f i l t e r s  t h e  i n c o m i n g  a i r ;  
f i l t r a t i o n  of r a d i o a c t i v e  d u s t  p a r t i c l e s ,  as w e l l  as c e r t a i n  
chemical  and b i o l o g i c a l  a g e n t s ,  has  been demonstrated (Aspl in  and 
B r o o k s ,  1 9 6 3 ) .  However,  t h e  German sand f i l t e r  is  a bulky 
u n i t .  The a d d i t i o n a l  a i r f l o w  r e s i s t a n c e  provided by t h e  bed of 
s a n d  ( 1  in .  of water p r e s s u r e  drop f o r  36-in.-deep beds a t  4 
c f m / f t 2 )  i n c r e a s e s  both t h e  s i z e  and c o s t  of t h e  blower which i s  
r e q u i r e d  t o  p u l l  a i r  through t h e  v e n t i l a t i o n  system. The S t e -  
phenson v a l v e  i s  a s e c t i o n  of t h e  v e n t i l a t i o n  p i p e  f i l l e d  wi th  
random chunks of rubber  which a r e  suppor ted  by a g r a t e  o r  p l a t e .  
The p r e s s u r e  wave coming down t h e  p i p e  w i l l  compress t h e  rubber  
and i n c r e a s e  t h e  r e s i s t a n c e  t o  f l o w  through t h e  va lve .  T e s t s  of 
t h e  Stephenson va lve  have demonstrated i t s  p o t e n t i a l  t o  resist 
b l a s t  ove rp res su res  up t o  90 p s i .  

At tempts  t o  reduce t h e  amount of h igh-pressure  leakage  from 
p a s s i v e  b l a s t  v a l v e s  have inc luded  des igns  wi th  de l ay  l i n e s .  One 
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Fig. 4.7. Remotely actuated blast valve. 
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Fig. 4 . 9 .  Stephenson b l a s t  valve.  
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example i s  t h e  Breckenridge va lve  (Breckenridge,  1962);  s e e  Fig.  
4.10. The Breckenr idge  v a l v e  i s  f a i r l y  e c o n o m i c a l ,  b u t  i t  
r e q u i r e s  a d d i t i o n a l  l e n g t h s  of v e n t i l a t i o n  d u c t i n g  and occupies  
cons ide rab le  volume. 

The p l a t e  va lve  (Fig.  4.11) and i t s  c l o s e  r e l a t i v e ,  t h e  swing 
va lve  (Fig.  4.12), a r e  s t r a i g h t f o r w a r d  approaches t o  c l o s i n g  o f f  
a round v e n t i l a t i o n  p ipe  wi th  a c i r c u l a r  d i s c  of s t ee l  o r  alumi- 
num. I n  t h e  p i s t o n  p l a t e  va lve ,  t h e  d i s c  is s u p p o r t e d  on a 
c e n t r a l  s l i d i n g  rod and i s  pushed a g a i n s t  t h e  end of a s e c t i o n  of 
i n t a k e  p i p e  by t h e  b l a s t  wave. The p L s t o n  p l a t e  v a l v e  w a s  
invented  by workers a t  t h e  U . S .  Naval C i v i l  Engineer ing  Laboratory 
(Norbutas ,  1972). I n  t h e  swing va lve  t h e  d i s c  i s  hinged a t  one 
edge and i s  slammed s h u t  l i k e  a t r a p  door over  t h e  i n t a k e  pipe.  
The p l a t e  va lve  w a s  one of t h e  ear l ies t  des igns  t h a t  was exten-  
s i v e l y  t e s t e d  i n  t h e  1950s n u c l e a r  weapons tests (Roembke, 1958a). 
A swing va lve  w a s  t e s t e d  and analyzed by Kiang (1967). 

The Swedish b l a s t  va lve  (Chapler ,  1965; He l lbe rg ,  1962),  see 
Fig.  4.13, i s  a mod i f i ca t ion  of t h e  f l a t  p l a t e  valve.  I n  t h e  
Swedish va lve ,  t h e  d i s c  i s  cone-shaped; i t  can move i n t o  a c losed  
p o s i t i o n  dur ing  both  t h e  p o s i t i v e  and n e g a t i v e  p h a s e s  of t h e  
b l a s t .  S p r i n g s  r e p o s i t i o n  t h e  d i s c  i n t o  t h e  open p o s i t i o n  
fo l lowing  t h e  b l a s t .  

I n  an  a t tempt  t o  s i m p l i f y  mechanical complexi ty ,  a t  least two 
types  of s p r i n g  va lves  were developed. These c o n s i s t  of a s t r i p  
of s p r i n g  steel  which is p res sed  a g a i n s t  a s l o t t e d  p l a t e  by t h e  
b l a s t ,  t hus  c l o s i n g  o f f  t h e  a i r f l o w .  I n  t h e  Chevron va lve  (Fig.  
4.14) t h e  suppor t  p l a t e  i s  f l a t ,  and t h e  s p r i n g  s t e e l  i s  arched o r  
curved (Kiang, 1967). I n  t h e  LUWA va lve  (Fig.  4.15) t h e  s p r i n g  
i s  f l a t ,  and t h e  suppor t  p l a t e  is curved (Ches t e r ,  1969). Spr ing  
va lves  are r e l i a b l e  and c l o s e  very f a s t  ( i n  m i l l i s e c o n d s )  bu t  are 
f a i r l y  expensive.  

Another approach t o  mechanical s i m p l i c i t y  and reduced c l o s i n g  
t i m e  i s  t h e  f l a p  valve.  This  c o n s i s t s  of a sp r ingy  o r  hinged 
s h e e t  of material anchored a t  one edge; t h i s  s h e e t  is  pushed by 
t h e  b l a s t  over  a suppor t  g r i d ,  t he reby  b locking  t h e  passage of t h e  
b l a s t  wave. I n  t h e  Buships va lve  (Norbutas,  Chapler ,  and P a l ,  
1971) a sp r ingy  t i t a n i u m  f l a p  i s  pushed over  r e c t a n g u l a r  openings 
i n  a suppor t ing  metal g r id .  I n  t h e  Kearny va lve  (Fig.  4.16), 
f l a p s  of automobile  t i r e  rubber  are pushed over  s l o t s  i n  a wooden 
suppor t  g r i d  (Kearny and Ches te r ,  1974; Kearny 1979). 

The louve r  va lve  (Nevrincean and W i t t ,  1972; O r t  and Mears, 
1959) i s  a series of hinged f l a p s  which are pushed s h u t  by t h e  
b l a s t  and must be manually re-opened (Fig.  4.17). The buckl ing  
p l a t e  v a l v e  d e v e l o p e d  by t h e  U. S .  Naval  C i v i l  Engineer ing 
Laboratory i s  similar i n  concept t o  a l o u v e r  v a l v e  w i t h  t h e  
a d d i t i o n  of s p r i n g  a s s i s t a n c e  t o  s h o r t e n  t h e  c l o s i n g  t ime (Wil- 
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DATA: 
OVERPRESSURE: 100 psi 
CLOSING TIME: 2.5 mrac 
FLOW CAPACITY: EO cfm AT 0.3 in. H20 

INTAKE/EXHAUST 

inflow chonnel 

10 FILTER AND BLOWER/EXHAUST 

Fig. 4.12. Swing valve.  
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Normal Open Position 

Fig. 4.13. Swedish b l a s t  valve.  
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CHEVRON 

Fig. 4.14. Chevron valve. 
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Fig .  4.16. Kearny b l a s t  valve.  
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liams and Pal, 1971). It is mechanically complex and probably too 
expensive for civilian application. 

As far as we have been able to determine, there are no 
passive blast valves being manufactured in the United States at 
the present time (1986). Table 4.2 lists several foreign com- 
panies which manufacture blast valves and other shelter equipment. 
Only TEMET Oy of Finland has a sales representative located in the 
United States. 

Table 4.2. Shelter equipment vendors (international). 

Company Add res s 

Andair AG 

The Batley Valve Co., Ltd. 

JP SHELTEC AB 

L W A  

Rickenbach & Company AG 

TEMET Oy 

TEMET USA, Inc. 

CH-8450 Andelfingen 
Switzerland 

Longlands Industrial Estate 
Wakefield Rd., Ossett, 
West Yorkshire, WF5 9 J F  
Great Britain 

Box 1163, 
S-141 24 Huddinge 
Sweden 

Kanalstrasse 5 
CH-8152 Glattbrugg-Zurich 
Switzerland 

Lindenstrasse 77 
CH-9006 St. Gallen 
Switzerland 

Asentajakatu 3 
SF-00810 Helsinki, 
Finland 

ATTN: Mr. Kenneth Burbach 
P. 0. Box 439 
Great Falls, VA 22066 
Phone: (703) 759-6000 
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Probably t h e  b e s t  course  of a c t i o n  f o r  a n  American d e s i r i n g  a 
b l a s t  va lve  f o r  a p r i v a t e  shel ter  would be t o  improvise  a f l a p  
v a l v e .  A f l a p  va lve  fol lowed by a plenum chamber (expansion 
chamber) w i l l  p r o t e c t  a blower i n  t h e  o v e r p r e s s u r e  r a n g e s  of  
i n t e r e s t .  A i r  f i l t e r s  should not  be i n s t a l l e d  i n  t h e  system u n t i l  
they  are needed; s p a r e  f i l t e r  elements  should  always be kept  on 
hand. 

F o r  a d d i t i o n a l  in format ion  on b l a s t  v a l v e s ,  t h e  fo l lowing  
r e f e r e n c e s  are sugges ted :  F o r r e s t a l  ( 1 9 6 3 ) ;  H e l l b e r g  ( 1 9 6 3 ) ;  
Hughes-Caley and Kiang (1966); Ingram (1963);  Kess l e r  and Levoy 
(1962); O f f i c e  of C i v i l  Defense ( 1 9 6 3 ~ ) ;  S tevenson  and  Haver s  
(1965);  Williams and P a l  (1971). 

4.4 VENTILATION 

4.4.1 Ventilating Equiparent 

The t y p i c a l  v e n t i l a t i o n  s y s t e m  of a n u c l e a r  s h e l t e r  c o n s i s t s  
of an i n t a k e / e x h a u s t  s t r u c t u r e ,  i n t a k e / e x h a u s t  d u c t s ,  b l a s t  
v a l v e s ,  f i l t e r s ,  blowers ,  h e a t i n g / c o o l i n g  equipment,  and an  a i r  
d i s t r i b u t i o n  system. Of t h e s e  components, on ly  t h e  in t ake /exhaus t  
system and t h e  b l a s t  va lves  are unique t o  t h e  n u c l e a r  weapons 
environment.  The rest of t h e  equipment can u s e  s t a n d a r d ,  commer- 
c i a l  h e a t i n g ,  v e n t i l a t i n g ,  and a i r  c o n d i t i o n i n g  (HVAC) technology.  

I n  f a l l o u t  s h e l t e r s ,  as opposed t o  b l a s t  s h e l t e r s ,  b l a s t - -  
r e s i s t a n t  i n t a k e s  and b l a s t  va lves  are no t  requi red .  S h e l t e r  
spaces i d e n t i f i e d  i n  t h e  Na t iona l  F a l l o u t  S h e l t e r  Survey (Tolman, 
Lyday, and H i l l ,  1973) may not  r e q u i r e  a powered blower s y s t e m ,  
e s p e c i a l l y  i f  t h e  s h e l t e r  space  i s  aboveground i n  a t a l l  bui ld ing .  
Many more of t h e  s h e l t e r  spaces ,  p a r t i c u l a r l y  those  belowground, 
r e q u i r e  some type  of fo rced  o r  induced v e n t i l a t i o n ,  p r i m a r i l y  i f  
t h e y  a r e  g o i n g  t o  be  occup ied  a t  t h e  d e n s i t y  of 10 f t 2  p e r  
person.  A s  e s t ima ted  by Tolman, Lyday, a n d  H i l l  ( 1 9 7 3 ) ,  2 1  
m i l l i o n  s p a c e s  c o u l d  be added  t o  t h e  173 m i l l i o n  spaces  i n  
t h e  1973 i n v e n t o r y  i f  a d e q u a t e  a d d i t i o n a l  v e n t i l a t i o n  were  
arranged.  Because of t h e  c r i t i c a l  importance of v e n t i l a t i o n ,  a 
great d e a l  of e f f o r t  has  gone i n t o  t h e  technique  of v e n t i l a t i n g  
Na t iona l  F a l l o u t  S h e l t e r  Survey space.  

Most of t h e  e f f o r t  and s tudy  t h a t  has  gone i n t o  v e n t i l a t i n g  
f a l l o u t  s h e l t e r  spaces  has  been d i r e c t e d  a t  v e n t i l a t i o n  methods 
t h a t  do no t  r e q u i r e  electric c u r r e n t  f o r  o p e r a t i n g  t h e  blower. 
There are two p r i n c i p a l  t ypes  of manually-operated a i r  movers f o r  
v e n t i l a t i o n  of f a l l o u t  s h e l t e r s .  The more c o n v e n t i o n a l  i s  a 
pedal-dr iven r o t a r y  f a n ;  see Fig.  4.18. Much development e f f o r t  
has  been put  i n t o  v e n t i l a t i o n  k i t s  making use  of t h i s  fan :  Buday 
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(1980);  Kap i l ,  S i t k o  and Buday (1969);  L ibovicz ,  (1969);  Libovicz 
and Behls ,  (1965);  L ibovicz ,  Never i l ,  and Behls (1965);  MacDonald 
(1965);  and V e r m e s  and Wachte l l ,  (1965). The f a n  i s  very o f t e n  
used w i t h  a f l e x i b l e  p l a s t i c  duc t .  A modular v e r s i o n  of  t h e  
machine has  been des igned  t o  be d r i v e n  by up t o  4 people  pedal ing.  
The f a n  w i l l  produce f low rates of a few thousand c u b i c  f e e t  p e r  
minute  a t  a p r e s s u r e  of a few t e n t h s  of a n  i n c h  of water .  

The o t h e r  air-moving dev ice  i s  c a l l e d  a Kearny  a i r  pump 
(KAP) (Kearny ,  1972, 1979; Hor i ,  1967);  see Fig. 4.19. This  
dev ice ,  a l s o  known as a punkah pump o r  a pendulum pump, c o n s i s t s  
of a mesh-covered frame w i t h  a t t a c h e d  p l a s t i c  f l a p s  t h a t  open when 
t h e  pump i s  on i t s  r e t u r n  swing. The frame is o f t e n  des igned  t o  
f i t  i n t o  a doorway and is  hinged a t  t h e  top.  It i s  opera ted  by 
p u l l i n g  a s t r i n g  a t t a c h e d  about  one- th i rd  of t h e  way from t h e  t o p  
of t h e  frame. One man can move 5000 c u b i c  fee t  p e r  minute of 
a i r  through a doorway i n t o  an open room. The Kearny pump d e l i v e r s  
less a i r  a t  lower p r e s s u r e  than  t h e  package v e n t i l a t i o n  k i t  f an ;  
however, i t  u s e s  f a r  less energy. I ts  n a t u r a l  l i m i t a t i o n  of a few 
thousand cub ic  f e e t  p e r  minute makes i t  u n s u i t a b l e  f o r  v e n t i l a t i n g  
l a r g e  spaces  o r  f o r  supp ly ing  a i r  through high-pressure-drop d u c t s  
o r  f i l t e r s .  It i s  very u s e f u l  f o r  r e d i s t r i b u t i n g  a i r  i n  b l i n d  
rooms o f f  a main c o r r i d o r  i f  t h e  rooms a r e  no t  t o o  l a r g e .  

Comparisons of t h e  Kearny pump and t h e  package v e n t i l a t i o n  
k i t  have been made by Kapi l ,  S i t k o ,  and Buday (1969); Buday and 
K l i m a  (1979);  York, Reeves and Wallace (1982); Kapi l  and Rathmann 
(1971);  and Rathmann (August 1970). I n  1979, Buday and Klima 
e s t i m a t e d  t h e  c o s t  of t h e  package v e n t i l a t i o n  k i t  a t  about  2-1/2 
t i m e s  t h a t  of t h e  Kearny a i r  pump. 

Much less e f f o r t  has  gone i n t o  t h e  development of hand-driven 
blowers;  a l though ,  Vermes and Wachtel l  (1965) have r epor t ed  on 
t h e  des ign  of a 65% e f f i c i e n t  hand-cranked blower. 

F o r  a d d i t i o n a l  i n f o r m a t i o n  on s h e l t e r  v e n t i l a t i o n  and  
v e n t i l a t i o n  equipment,  t h e  fo l lowing  r e f e r e n c e s  are sugges ted :  
Beck, E.J .  (1963);  Bigger ,  C r e w ,  and F u l l e r  (1965);  Brusse (1964);  
Defense C i v i l  Preparedness  Agency (May 1978);  Dennis,  B i l l i n g s ,  
and Si lverman (1962);  Ducar, Basch ie re ,  and Engholm (1963);  Franke 
and Schu l t z  (1983);  Haerter (1984);  Henninger,  Krishnakumar, and 
Tsal  (1980);  H i l l ,  Ca ldwel l ,  and Grogan (1965);  I s enbe rg  e t  a l .  
(1966, 1968);  Krishnakumar e t  a l .  (1983, 1984);  Libovicz and Behls 
(October 1965);  L i s  and Behls (1968);  Murakoa (May 1961); Na t iona l  
Academy of Sc iences  (1960);  N e v e r i l  and Behls  (1965);  O f f i c e  of 
C i v i l  Defense ( January  1963b); Rathmann (1969);  S c o t t  and Holmes 
(1965);  S v a e r i  and Dembo (1965);  S v a e r i  and S t e i n  (1967);  Taylor  
and Gonzales (1965);  W h i t e h i l l ,  M u l l i k i n ,  and Kubal  ( 1 9 6 5 ) ;  
W r i g h t ,  M . D . ,  e t  a l .  ( 1 9 7 5 ) ;  W r i g h t ,  B e r r y h i l l ,  and Wallace 
(1981);  Wright,  H i l l ,  and Botkin (1973);  Wright,  H i l l ,  and Sawyer 
( 1 9 7 0 ) ;  Wr igh t ,  H i l l ,  and Whitaker (1971);  York and Armstrong 
(1980). 
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ORNL-DWG 66- 12320A 

UNUSED PARTS OF DOORWAY COVERED 

ORNL-DWG 66-12319A 

S H ELTE R 
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DOOR CASING 

(POWER STROKE 
OF THIS SAME WMP) PUMP FRAME 

COVERING OVER UNUSE3 
LOWER PART OF DOORWAY 

Fig. 4 .19 .  Kearny air pump. 
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4.4.2 Cooling 

Much of t h e  v e n t i l a t i o n  requirement  f o r  s h e l t e r s  d u r i n g  much 
of t h e  yea r  is f o r  c o o l i n g  t h e  occupants .  The s u b j e c t  of provid-  
i n g  c o o l i n g  systems t h a t  could remove both  h e a t  and mois ture  from 
s h e l t e r  a i r  h a s  r e c e i v e d  a modes t  amount of i n v e s t i g a t i o n .  
Ambrose and Commerford (1965) looked a t  t h e  f e a s i b i l i t y  of an  
ammonia a b s o r p t i o n  c o o l i n g  system f o r  s h e l t e r s .  Hummell (1965) 
p r o p o s e d  and  examined an  a i r - c y c l e  c o o l i n g  system which would 
compress incoming a i r ,  c o o l  i t ,  and t h e n  l e t  i t  expand i n t o  t h e  
s h e l t e r .  Hummell and Beck (1966) examined t h e  unusua l ly  imagina- 
t i v e  p rospec t  of u s i n g  methanol as a h e a t  s i n k  and t h e n  u s i n g  i t  
as f u e l  i n  a motor /genera tor .  Breck (1967) and E v e r e t t s ,  W i t t ,  
and McLaughlin (1970) ana lyzed  a conven t iona l  vapor-compression 
a i r  c o n d i t i o n e r  f o r  s h e l t e r  a p p l i c a t i o n .  A l l  of t h e s e  methods 
involved  h igh  c a p i t a l  c o s t s  and are n o t  a t  a l l  compe t i t i ve  w i t h  
p rov id ing  l a r g e r  v e n t i l a t i o n  a i r  f lows by manually powered a i r  
pumps. 

An approach t h a t  i s  more n e a r l y  compe t i t i ve  w i t h  coo l ing -a i r  
v e n t i l a t i o n  i s  t h e  u s e  of coo l ing  water from w e l l s ,  i f  i t  i s  
a v a i l a b l e .  Well water i n  most p a r t s  of t h e  count ry  has  a temper-  
a t u r e  under  60°F. C i r c u l a t e d  through a f a d c o i l  system, i t  could 
provide  c o o l i n g  a t  r e l a t i v e l y  low c o s t .  Such a system has  been 
examined by Hughes-Cayley (1966) and Guy B. Panero (1974).  

For a d d i t i o n a l  i n f o r m a t i o n  on v e n t i l a t i o n  f o r  s h e l t e r  
c o o l i n g ,  t h e  f o l l o w i n g  r e f e r e n c e s  are sugges ted :  Al len  (1970, 
1972); Baldwin (1967) ;  B a r b e r ,  Kusuda ,  R e y n o l d s ,  and  P o w e l l  
(1972);  Baschiere ,  Rathmann, and Lokmanhekim (1968);  F lan igan  and 
Gonzales (1964);  Humphreys, H e n s c h e l ,  and  Lee ( 1 9 6 6 ) ;  Kearny  
(November 1966); Sampsell  (1965);  Stephenson (1966);  S t rohecke r  
(1966, 1967); Wright,  Botkin,  and H i l l  (1974). 

4.4.3 Closed Systems 

Very  e a r l y  t h i n k i n g  a b o u t  c i v i l i a n  s h e l t e r s  gave  some 
c o n s i d e r a t i o n  t o  sys t ems  t h a t  could be c losed  completely (but -  
t o n e d - u p )  i f  t h e  v e n t i l a t i o n  i n t a k e s  were covered wi th  l a r g e  
amounts of burning d e b r i s .  M i l i t a r y  s h e l t e r s ,  s u c h  as NORAD 
H e a d q u a r t e r s  i n  Cheyenne Mountain, have t h i s  c a p a b i l i t y  (Cha- 
r a n i a n ,  G luecke r t ,  Barile, and Z e f f ,  1963). 

Charanian and Z e f f  (1964) d i d  some expe r imen ta l  e v a l u a t i o n s  
of systems t h a t  would permit  s h e l t e r s  t o  be buttoned-up for  24  
hours .  They used a CO2 abso rbe r  and h igh-pressure  oxygen b o t t l e s .  
P r e s e n t  t h i n k i n g  is  no t  t o  b u i l d  i s o l a t e d  s h e l t e r s  i n  areas t h a t  
can be covered by burning rubble ,  bu t  t o  move people  out  of such 
areas be fo re  an  a t t a c k  o r  e lse  u s e  some type  of t unne l  s h e l t e r  
t h a t  w i l l  enab le  people  t o  walk out  of t h e  a rea .  Add i t iona l  
i n fo rma t ion  on c losed  s h e l t e r  systems i s  con ta ined  i n  D e f e n s e  
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C i v i l  P r e p a r e d n e s s  Agency (May 1978)  and i n  W i l l i a m s  (1968, 
1970). 

4.4.4 Chemical and Biological Protection 

A l i m i t e d  amount of exper imenta t ion  was done i n  t h e  1960s on 
p r o t e c t i o n  of c i v i l i a n  s h e l t e r s  a g a i n s t  chemical and b i o l o g i c a l  
agen t s .  West inghouse E l e c t r i c  C o r p o r a t i o n  ( 1 9 6 2 )  d e v e l o p e d  
s p e c i f i c a t i o n s  f o r  a chemical ,  b i o l o g i c a l ,  and r a d i a t i o n  (CBR) 
f i l t e r  and f a b r i c a t e d  a p r o t o t y p e .  P e t t y  and Brooks  ( 1 9 6 4 )  
e s t i m a t e d  t h e  c o s t  of provid ing  b i o l o g i c a l  agent  p r o t e c t i o n  i n  
f a l l o u t  s h e l t e r  both above- and belowground. The c o s t  involved  
u s i n g  h i g h - e f  f i c i e n c y  p a r t i c u l a t e  a i r  f i l t e r s  and s e a l i n g  t h e  
s h e l t e r  volume s o  t h a t  i t  could be p r e s s u r i z e d  w i t h  f i l t e r e d  a i r .  
The c o s t s  were g e n e r a l l y  i n  t h e  neighborhood of $5  t o  $10 p e r  
space  i n  1964 and would be very n e a r l y  d o u b l e  t h a t  i n  1986.  
A deconfaminat ion f a c i l i t y  t h a t  would permi t  people  t o  move i n  and 
out  of a s h e l t e r  w i th  a contaminated e x t e r i o r  added approximate ly  
ano the r  f a c t o r  of two t o  t h e  c o s t  of t h e  p r o t e c t i o n .  

The advent  of t h e  c r u i s e  missile and apparent  Sov ie t  a c t i v i t y  
i n  chemical  and b i o l o g i c a l  weapons sugges t  t h a t  b i o l o g i c a l  a g e n t s  
should be cons idered  i n  s t r a t e g i c  de fens ive  systems,  e s p e c i a l l y  
s h e l t e r s  (Ches te r  and Zimmerman, 1984). Add i t iona l  i n fo rma t ion  
on  c h e m i c a l  and b i o l o g i c a l  p r o t e c t i o n  i s  conta ined  i n  S h e l t e r  
Environmental  Support  Systems, (Defense C i v i l  Preparedness  Agency, 
May 1978). 

4.5 FOOD 

Even though most Americans eat  t h r e e  meals each day, t h e  f ac t  
i s  most people  could s u r v i v e  i n  a s h e l t e r  wi thout  food du r ing  t h e  
f i r s t  two o r  t h r e e  weeks fo l lowing  an  a t t a c k .  Except ions would be 
i n f a n t s ,  small c h i l d r e n ,  t h e  aged and t h e  s i c k ,  a l l  of whom have 
s p e c i a l  nourishment needs. Food i s  f a r  down t h e  l i s t  of e s s e n t i a l  
s h e l t e r  items; a i r  and water a r e  much more important .  

S e v e r a l  s t u d i e s  have eva lua ted  government r a t i o n s  f o r  u se  i n  
group s h e l t e r s  ( C e c i l ,  1968; Chow, 1979; Newling and Hayes,  1966a, 
1966b;  Shephe rd  e t  a l . ,  1963, 1964, 1965, 1966, 1967; S tone ,  
O l i v e r ,  Koehn, and S i n g l e t o n ,  1966; S tone ,  O l i v e r ,  and S i n g l e t o n ,  
1967; Tate, Mathews, and Stone ,  1969);  however, no such packaged 
r a t i o n  i s  c u r r e n t l y  a v a i l a b l e  f o r  U.S. s h e l t e r  use.  Informat ion  
on  t h e  s e l e c t i o n  and  s t o r a g e  of i n d i v i d u a l  foods f o r  fami ly  
s h e l t e r s  has  been adequa te ly  p re sen ted  by Batche lor  (1974) ,  Dickey 
(1969) ,  Kearny (1979) ,  and O s t e r  (1984b). 

Large,  wel l -d ispersed  food r e s e r v e s  would h a v e  t o  be  a n  
e s s e n t i a l  p a r t  of governmental  p lanning  f o r  popu la t ion  s u r v i v a l  
a f t e r  a n u c l e a r  a t tack.The l a r g e s t  U.S. food r e s e r v e s  are con- 
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t a i n e d  i n  unprocessed g r a i n  s t o r a g e  -- mostly on i n d i v i d u a l  farms. 
I n t e r r e g i o n a l  t r a n s p o r t  of foods and r e g i o n a l  s e l f - s u f f i c i e n c y  
have been eva lua ted  by Cabraa l ,  Dhaliwal,  and Faby (1984). 

Add i t iona l  i n fo rma t ion  on food and food s t o r a g e  i s  conta ined  
i n  t h e  fo l lowing  r e fe rences :  Cannel1 (1962);  Fede ra l  Emergency 
Management Agency (1973b); Franz and Kearny (1979);  Levy (1963a, 
1963b); Long (1982);  Oster (1984b, 1985a). 

4.6 WATER SUPPLY 

A water supply i s  an a b s o l u t e l y  i n d i s p e n s i b l e  component of 
any s h e l t e r .  I n  one o r  two days wi thout  i t ,  t h i r s t  w i l l  d r i v e  
people  out  of t h e  s h e l t e r  t o  seek water.  Without water, people  
w i l l  begin t o  d i e  i n  about f o u r  days. 

The minimum emergency water supply i s  approximate ly  one q u a r t  
p e r  person p e r  day, but  t h i s  may be d i s a s t r o u s l y  inadequate  i n  h o t  
weather .  One g a l l o n  pe r  day i s  d e s i r a b l e  and i s  a l s o  adequate ,  i f  
t h e r e  i s  no t  e x c e s s i v e  h e a t  stress. This  i m p l i e s  a requirement  
f o r  s t o r i n g  approximately 14 g a l l o n s  f o r  each  s h e l t e r  occupant f o r  
a two-week s h e l t e r  s t a y .  Th i s  water can be s t o r e d  i n s i d e  t h e  
s h e l t e r  i n  s i n g l e  t anks ,  i n  m u l t i p l e ,  small c o n t a i n e r s ,  o r  i n  
l a r g e  bur ied  t anks  e x t e r n a l  t o  t h e  s h e l t e r .  

Notable  among t h e  r e s e a r c h  which has been done, K a p i l  (1970) 
experimented wi th  t h e  development of a c u b i c a l  water  c o n t a i n e r ;  
N e v e r i l  and Kap i l  (1967) s t u d i e d  t h e  development of a c o n t a i n e r  
l i n e r ;  and Gorecki and Jag0 (1971) developed a 400-gallon co l -  
l a p s i b l e  c o n t a i n e r  w i t h  a pump. Kearny (1979) d e s c r i b e s  s e v e r a l  
expedient  methods of s t o r i n g  water i n c l u d i n g  t h e  use  of p l a s t i c  
t r a s h  bags i n s i d e  va r ious  c o n t a i n e r s ,  i n c l u d i n g  p i l l ow cases and 
ho le s  i n  t h e  ground dug next  t o  s h e l t e r  en t r ances .  

The t rade-of f  between s t o r i n g  water and c o n s t r u c t i n g  water 
w e l l s  has  been analyzed by Guy B. Panero, Inc.  (1974) and Jensen  
(1967). It w a s  found t h a t  sha l low wells provide  a v i a b l e  economic 
a l t e r n a t i v e  t o  s t o r a g e  f o r  s h e l t e r s  ho ld ing  1000 people  o r  more, 
and t h a t  deeper  wells (400 f t  o r  more i n  depth)  become economical 
f o r  s h e l t e r  popu la t ions  l a r g e r  than  6000 people.  This  i s  on ly  
t r u e ,  of c o u r s e ,  i f  r e l i a b l e  a q u i f e r s ,  which c a r r y  adequate  
amounts of water, u n d e r l i e  t h e  area nea r  t h e  s h e l t e r .  

I n t e r n a l  water recycle has  been i n v e s t i g a t e d  by W. L. Badger 
and Assoc ia t e s  (1962) and w a s  found t o  be u n c o m p e t i t i v e  w i t h  
conven t iona l  schemes f o r  water supply.  Water s u p p l i e s  i n  con- 
t a i n e r s ,  p a r t i c u l a r l y  c u b i c a l  c o n t a i n e r s ,  c a n  b e  u s e f u l  f o r  
p r o v i d i n g  a d d i t i o n a l ,  t e m p o r a r y  r a d i a t i o n  s h i e l d i n g  f o r  t h e  
s h e l t e r  -- p a r t i c u l a r l y  f o r  t h e  e n t r y w a y s .  The u s e  of s u c h  
moveable  s h i e l d i n g  c a n  s i g n i f i c a n t l y  r e d u c e  t h e  c o s t  of an 
entranceway. 
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An impor tan t  a s p e c t  of t h e  water supply problem which has  not  
been mentioned is  the importance of l o c a t i n g  or  e s t a b l i s h i n g  a 
supplemental  water supply o u t s i d e  t h e  s h e l t e r .  When t h e  s h e l t e r  
water supply  i s  exhaus ted  and t h e  r a d i a t i o n  l e v e l s  have decayed t o  
t h e  p o i n t  where b r i e f  excurs ions  from t h e  s h e l t e r  can be made, 
a d d i t i o n a l  water can  be brought i n t o  t h e  s h e l t e r  from such an 
e x t e r n a l  s o u r c e .  I t  would be very prudent  t o  cons ide r  t h i s  
problem i n  t h e  c o u r s e  of s h e l t e r  planning.  Seve ra l  a l t e r n a t i v e  
p o t e n t i a l  sou rces  of water should be i d e n t i f i e d ;  t r a n s p o r t a t i o n  
( f o o t ,  b i c y c l e ,  o r  automobile)  f o r  moving water t o  t h e  s h e l t e r  
should a l s o  be cons idered .  

4.7 SANITATION 

The r emova l  o f  human w a s t e s  and p r o v i s i o n  f o r  minimal 
pe r sona l  c l e a n l i n e s s  i s  an obvious h e a l t h ,  a e s t h e t i c ,  and morale 
problem i n  s h e l t e r s  (Blohm, 1965; Des Ros ie r s ,  1962, 1965). It i s  
obvious t h a t  i nadequa te  s a n i t a t i o n  f a c i l i t i e s  would f a c i l i t a t e  t h e  
sp read  of e n t e r i c  d i s e a s e s ,  a l though t h e  s e r i o u s n e s s  of t h i s  as a 
t h r e a t  t o  l i f e  i s  doubted by Kopala (1967). He found t h e  major 
problem t o  be psychosomatic d i a r r h e a  due t o  mental  t e n s i o n  and 
s t a t e d  t h a t  " t h e r e  i s  no evidence t h a t  a c u t e  g a s t r o i n t e s t i n a l  
d i s o r d e r s  i n  c losed  ecosystems p resen t  a major problem;" never- 
t h e l e s s ,  a p o t e n t i a l  h e a l t h  hazard e x i s t s  and should be cons idered  
i n  s h e l t e r  planning.  

There has  neve r  been a s h e l t e r  occupancy tes t  wi th  a popula- 
t i o n  which has  been exposed t o  enough r a d i a t i o n  t o  degrade t h e i r  
immune system. It i s  t o  be expected t h a t  many s h e l t e r  occupants  
i n  an a l l - o u t  n u c l e a r  w a r  could have acqui red  r a d i a t i o n  doses  of 
100 t o  200 r e m .  Minor e n t e r i c  d i s e a s e s  might be f a t a l  t o  t h i s  
popula t ion .  

Measurements of human waste d i s p o s a l  requirements  range from 
0.13 t o  0.6 g a l l o n s  p e r  day, w i th  a recommendation of 0.45 f o r  
s h e l t e r  p lanning  purposes  (Mart in  and Latham, 1963). The state-- 
of- the-ar t  technology f o r  human waste d i s p o s a l  i n  p u b l i c ,  American 
s h e l t e r s  today i s  t h e  dual-use 17.5-gal water con ta ine r .  The 
c o n t a i n e r ,  when emptied of d r ink ing  water, can be f i t t e d  wi th  a 
t o i l e t  seat and used  as a commode u n t i l  nea r ly  f u l l  (with t h e  
a d d i t i o n  of chemica ls  t o  prevent  b a c t e r i a l  a c t i o n ) .  It could then  
be s e a l e d  and s t o r e d  e i t h e r  i n  the  s h e l t e r  o r  j u s t  o u t s i d e  t h e  
s h e l t e r .  I n  a l l  tests, t h e  removable waste c o n t a i n e r  has  proven 
t o  be by f a r  t h e  most  s a t i s f a c t o r y  means of d i spos ing  human 
waste.  K a p i l  (1968)  r e p o r t s  on t h e  deve lopmen t  of l ow-cos t  
s a n i t a r y  c o n t a i n e r s  as a l t e r n a t i v e s  t o  t h e  water  c o n t a i n e r  f o r  
s h e l t e r s  wi th  some a l t e r n a t i v e  source  of water. 

The use of a w a s t e  v a u l t  o r  tank  equipped wi th  a diaphragm 
pump t o  p e r i o d i c a l l y  pump t h e  waste  o u t s i d e  t h e  s h e l t e r  i s  an 
obvious t e c h n o l o g i c a l  approach which has  been t r i e d  s e v e r a l  times 
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(Hahl,  1962; Des Ros ie r s ,  1965). Problems have developed wi th  
l e a k s  from t h e  f i t t i n g s  on t h e  t ank  and t h e  pump and wi th  s o l i d s  
jamming t h e  pump. This  system a p p a r e n t l y  cannot be made t o  work 
u n l e s s  a s e p a r a t e  p r o v i s i o n  is  made f o r  t h e  d i s p o s a l  of s a n i t a r y  
napkins  and t o i l e t  t i s s u e .  The s o l i d s  w i l l  work t h e i r  way through 
t h e  s c r e e n s  on t h e  i n t a k e  of t h e  diaphragm pumps and j a m  t h e  check 
va lves .  

F l u s h  t o i l e t s ,  w h i l e  a h i g h l y  a e s t h e t i c  s o l u t i o n  t o  t h e  
problem, a r e  completely unacceptab le  due t o  t h e i r  very l a r g e  water 
c o n s u m p t i o n  -- n e a r l y  4 g a l l o n s  f o r  each f l u s h  (Caughron and 
Chung, 1967). There i s  a p rospec t  of u s ing  a marine o r  r ec rea -  
t i o n a l  v e h i c l e  commode and a r e c i r c u l a t i n g  f l u i d  system (Caughron 
and Chung, 1967);  however, a d d i t i o n a l  work i s  needed t o  de te rmine  
t h e  a d a p t a b i l i t y  of modern m a r i n e  and  r e c r e a t i o n a l  v e h i c l e  
s a n i t a r y  t e c h n o l o g y  t o  s h e l t e r  s a n i t a t i o n .  The s u b j e c t  of 
s a n i t a t i o n  i s  a l s o  r e v i e w e d  i n  W r i g h t ,  C h e s s i n ,  Laney, and 
Cox, (1982); Mart in  and Latham, (1963);  and Nehlsen (1955). 

4.8 SHELTER LIGHTING 

L i g h t i n g  i s  h igh ly  d e s i r a b l e  i n  s h e l t e r s .  I n  a d d i t i o n  t o  
improving morale and p reven t ing  v e r t i g o  on t h e  p a r t  of s u s c e p t i b l e  
people ,  i t  makes t h e  handl ing  of food and water v a s t l y  e a s i e r  and 
more e f f i c i e n t  and makes a very impor tan t  c o n t r i b u t i o n  t o  main- 
t a i n i n g  adequate  s a n i t a t i o n .  

The most comprehensive s tudy  of r equ i r ed  i l l u m i n a t i o n  and 
c o s t s  was publ i shed  by Smith and Wendel (1963). They found t h a t  
l i g h t i n g  l e v e l s  as low as one-quar te r  f o o t c a n d l e  could be used f o r  
s i m p l e  e x i s t e n c e  r e q u i r e m e n t s  i n  s h e l t e r  ( o f f i c e  d e s k  work 
r e q u i r e s  40 t o  100 foo tcand les ;  normal d a y l i g h t  is  approximately 
1000 f o o t c a n d l e s ) .  They found t h a t  incandescent  and f l u o r e s c e n t  
lamps are u s a b l e  sou rces  of i l l u m i n a t i o n  f o r  a l l  s h e l t e r  s i z e s ,  
w i t h  f l u o r e s c e n t s  having a c o s t  advantage i n  500- and 2000-space 
s h e l t e r s .  Approximately 80% of t h e  c o s t  of t h e  l i g h t i n g  systems 
which they  examined went i n t o  t h e  motor and gene ra to r .  

Neve r i l  and Behls (1967) proposed a pedal-powered, 50-watt 
g e n e r a t o r  f o r  s h e l t e r  i l l u m i n a t i o n .  They e s t ima ted  c o s t  of t h e  
power system p l u s  bu lbs  a t  about  $90 i n  1967 ($317 i n  1985). The i r  
co-workers, Jag0  and Kapi l  (19701, r e f i n e d  t h e  des ign  t o  e l i m i n a t e  
t h e  r o l l e r  cha in  between t h e  peda l s  and t h e  g e n e r a t o r  and rep laced  
i t  wi th  a V-belt. The c o s t  w a s  i n  t h e  v i c i n i t y  of $100 i n  1970 
($289 i n  1985). I f  one assumes a 40-watt f l u o r e s c e n t  bu lb  produc- 
ing 81 lumens p e r  w a t t ,  one can i l l u m i n a t e  1600 ft2 of s h e l t e r  t o  
a n  i n t e n s i t y  of one lumen p e r  f t 2  ( 1  foo tcand le ) .  This  system can 
produce l i g h t  f o r  a s h e l t e r  popu la t ion  of 160 people .  Table  4.3 
compares  t h e  d i f f e r e n t  i l l u m i n a t i o n  o p t i o n s  t o  p r o v i d e  one 
foo tcand le  of i l l u m i n a t i o n  i n  s h e l t e r s  of  50,  500,  and  2000 
people.  The c o s t s  p e r  occupant are c o r r e c t e d  t o  1985 d o l l a r s .  
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Table 4.3. Comparative c o s t  pe r  space  of s h e l t e r  
i l l u m i n a t i o n  methods (1985 $) 

I l l u m i n a t i o n  Cost p e r  s h e l t e r  space (1985 $ >  f o r  

50-person 500-person 2000-person 
s h e l t e r  s h e l t e r  s he1 t er 

m e t  hod 

Propane $30.56 -- -- 

Fluores  cen t  
bu lbs  & motor 
g e n e r a t o r  $62.80 $7.92 $3.28 

Incandescent  
bu lbs  & motor 
gene ra t  o r  $62.32 $9.80 $6.16 

F luo rescen t  
bu lbs  & peda l  
gene rat  o r  $ 5.78 $1.80 $1.80 

Smith and Wendel (1963) sugges ted  a concept f o r  i l l u m i n a t i n g  
s h e l t e r  du r ing  t h e  daytime w i t h  s u n l i g h t .  T h i s  was c a r r i e d  
f u r t h e r  by Smith (1963) who developed and t e s t e d  a p ro to type  u n i t .  
The i l l u m i n a t o r  c o n s i s t e d  of a pe r i scope ,  which w a s  1 f t .  squa re ,  
and  c o n t a i n e d  two 45O mir rors .  The pe r i scope  would f a c e  due 
nor th .  D i r e c t l y  i n  f r o n t  of t h e  pe r i scope  was mounted a h e l i o -  
s t a t ,  c o n s i s t i n g  of a 2-ft .-square mi r ro r  mounted on a frame 
con ta in ing  ad jus tments  f o r  azimuth and e l e v a t i o n  of t h e  mir ror .  
These were c o n t r o l l e d  from i n s i d e  t h e  s h e l t e r  by ropes through a 
condui t  t o  p u l l e y s  on t h e  h e l i o s t a t  assembly. Smith a l s o  recom- 
mended a f o u r t h  mi r ro r  i n  t h e  system t h a t  would d e f l e c t  t h e  column 
of l i g h t  e n t e r i n g  t h e  s h e l t e r  d i r e c t l y  upward on to  a d i f f u s e r  
mounted on t h e  s h e l t e r  c e i l i n g .  H e  claimed i l l u m i n a t i o n  i n t e n s i t y  
i n s i d e  t h e  s h e l t e r  equa l  t o  f o u r  l O O - w a t t  bu lbs  when t h e  e x t e r n a l  
s u n l i g h t  i n t e n s i t y  w a s  7800 lumens p e r  f t 2 .  A pro to type  des ign  
was b u i l t  for $440 i n  1963 ($1760 i n  1985). 

It i s  obvious t h a t  a s i g n i f i c a n t  c o s t  r educ t ion  can be made 
i n  t h i s  concept w i th  a l i t t l e  ingenui ty .  For underground s h e l -  
ters, mounting t h e  h e l i o s t a t  suppor t  s h a f t  d i r e c t l y  through t h e  
roof would permit  a very s imple  mechanism f o r  a d j u s t m e n t  o f  
e l e v a t i o n  and azimuth, c o n t r o l l e d  by a p i e c e  of th in-wal l  t ub ing  
around a wooden dowel. The pe r i scope  could s e r v e  double-duty as 
a n  a i r  i n t a k e  duct .  Very inexpens ive  p l a s t i c  mi r ro r s  are a v a i l -  
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a b l e  o r  could be improvised from household aluminum f o i l  ( b r i g h t  
s i d e  o u t )  g lued  t o  plywood o r  o t h e r  r i g i d  m a t e r i a l .  

A s m a l l ,  long-burning candle  i n s i d e  a g l a s s  jar  i s  a practi- 
cal ,  low-cost s o l u t i o n  f o r  a small fami ly  s h e l t e r ,  provided t h a t  
enough cand les  t o  l a s t  f o r  a two-week per iod  are s t o r e d  i n  t h e  
s h e l t e r .  For f ami ly  s h e l t e r s ,  t h e  most c o s t - e f f e c t i v e  minimal 
i l l u m i n a t i o n  c a n  be p rov ided  by improvised o i l  lamps burning 
household vege tab le  o i l .  The c o n s t r u c t i o n  d e t a i l s ,  Fig.  4.20, 
f o r  t h e s e  were developed and t e s t e d  by Kearny (1979). I n  t h e  
tests, t h e s e  o i l  lamps a l s o  proved t o  be e f f e c t i v e  a t  a t t r a c t i n g  
and t h e n  d e s t r o y i n g  f l y i n g  i n s e c t  p e s t s ,  such as mosquitoes.  

4.9 ELECTRIC POWER 

The e s s e n t i a l  e l e c t r i c a l  power needs f o r  va r ious  s h e l t e r s  are 
determined p r i m a r i l y  by v e n t i l a t i o n  loads  and l i g h t i n g  r e q u i r e -  
ments. Family s h e l t e r s  w i th  manual blowers and a se l f - con ta ined  
l i g h t  sou rce  ( cand les ,  f l a s h l i g h t s ,  o r  o i l  lamps) can manage t o  
o p e r a t e  w i t h  very small amounts of e lec t r ic  power. The r equ i r e -  
ments €OK a dual-purpose s h e l t e r  v a r y  wi th  t h e  number of s h e l t e r  
spaces ,  ranging  from a minimum of 1 kW f o r  50 spaces ,  t o  a minimum 
of 39 kW f o r  5000 persons  (General  E l e c t r i c  Company, 1964). 

A d u a l - u s e  s h e l t e r  would a l r e a d y  be s u p p l i e d  w i t h  power 
du r ing  peacetime; i n  crisis use ,  an a u x i l i a r y  power s y s t e m  (such 
as a gaso l ine -  o r  diesel-powered motor /genera tor  s e t )  would have 
t o  be provided.  S to rage  b a t t e r i e s  would not  be s u i t a b l e  as t h e  
primary source  of power due t o  t h e i r  h igh  i n i t i a l  c o s t  and t h e  
l a r g e  volume requi rements  f o r  a g iven  c a p a c i t y  (Defense  C i v i l  
Preparedness  Agency, May 1978). However, a s t o r a g e  b a t t e r y  s y s t e m  
could be used t o  s t a r t  an  a u x i l i a r y  system. S torage  b a t t e r i e s ,  a t  
least  t h e  automotive ( l ead -ac id )  t ype ,  p r e s e n t  a hazard  from t h e  
chemicals  which they  con ta in .  L iquid  f u e l s  f o r  motor /genera tors  
p r e s e n t  t h e i r  own haza rds ,  p a r t i c u l a r l y  when t h e i r  vapors  are 
conf ined  w i t h i n  c losed  s t r u c t u r e s  such as s h e l t e r s .  

In a fami ly  s h e l t e r  w i th  a f l o o r  area of a t  least  100 f t 2 ,  a 
s i n g l e  75-watt incandescent  bu lb  should provide  adequate  i l l u m i -  
na t ion .  Based upon t h e  a b s o l u t e  minimum v e n t i l a t i o n  requi rements  
( 3  c u b i c  f e e t  of a i r  per  minute f o r  each s h e l t e r  occupant ) ,  a 
blower wi th  a 1/8-horsepower motor w i l l  supply about  30 c u b i c  f e e t  
of a i r  p e r  minute and w i l l  consume about  250 watts wh i l e  running 
(500 wat t s  are r e q u i r e d  t o  s tar t  such a motor).  Therefore ,  t h e  
t o t a l  minimum power requirement  i s  on t h e  o r d e r  of 575 w a t t s  f o r  a 
small fami ly  s h e l t e r  (General  E lec t r ic  Company, 1964). Manual 
v e n t i l a t i o n  and se l f - con ta ined  l i g h t i n g  w i l l  reduce t h i s  r equ i r e -  
ment s i g n i f i c a n t l y .  

The General  E lec t r ic  Company (1964) s t u d i e d  t h e  f e a s i b i l i t y  
of producing e lectr ic  power from improvised assembl ies  of commonly 
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ORNL OWG 71-724013 n 

FILL JAR NO MORE 
THAN HALF-FULL 
WITH COOKING OIL 
OR FAT 

CLEAN GLASS JAR 
FREE OF LABELS 

BENT NAlL.TIED 
OVER TOP OF ANOTHER 

BASE WILL NOT ROCK. 
BENT NAIL, so THE 

USE NAILS ABOUT k - I n  
SHORTER THAN THE 
DIAMETER OF JAR, 

KEEP EXTRA WIRE AND 
WICK-STRING IN SHELTER 

W I R E -  S T I F F E N E D - W I C K  LAMP 

ORNL DWG 71-7241R 

2’/2-in-LONG SOFT PINE BLOCK, 
OR ’/2-#n SHORTER THAN THE 
INNER DIAMETER OF JAR n 

MAKE NOTCH IN BLOCK BY 

DO K T  USE KEROSENE, 
DIESEL FUEL, OR GAS- 
OLINE -USE ONLY FATS 

FIRST SAWING 5 EVEN 
CUTS TO DEPTH, THEN 
WHITTLE OUT NOTCH 

.FLAME FROM END 
OF WICK IS JUST 
ABOVE OIL SURFACE 

A FINE WIRE TIED IN 
ITS CENTER AROUND 
THE NAILS.WITH THE 
ENDS OF THE WIRE 
WOUND IN OPPOSITE 
DIRECTIONS AROUND 
THE COTTON-STRING- 
WICK. USE COTTON 
THAT IS SLIGHTLY 
LESS THAN V8-m 
IN DIAMETER. USE 
WINDOW SCREEN 
WIRE OR OTHER 
EOUALLY FINE WIRE. 

~ - -  FLOATING W I C K  LAMP 

Fig. 4.20. Safe expedient lamps. 



a v a i l a b l e  equipment  (such as e l e c t r o l y t i c  b a t t e r i e s  made from 
aluminum p i e  pans,  copper  s c r u b  brushes ,  and household chemica ls ) .  
They a l s o  f o u n d  t h a t  c h a r g i n g  a u t o m o t i v e  b a t t e r i e s  was no t  
p r a c t i c a l  w i th  pedal-operated u n i t s ;  t h e  small power ou tpu t  of 
t h e s e  u n i t s  l i m i t e d  t h e  u s e f u l  charg ing  pe r iod  t o  about  f i v e  
minutes  of ha rd  pedal ing .  The most r e a d i l y  a v a i l a b l e ,  improvised 
power sou rce  f o r  s h e l t e r  u se  c o n s i s t e d  of a 12-vol t ,  automotive 
g e n e r a t o r  o r  a l t e r n a t o r  d r i v e n  by a g a s o l i n e  lawnmower engine ;  i n  
tes ts ,  such  a u n i t  developed a cont inuous  ou tpu t  of about  30 amps. 

Low-cost p o r t a b l e  g e n e r a t o r s  which are s u i t a b l e  f o r  s h e l t e r  
u s e  are commercially a v a i l a b l e  i n  t h e  United States.  Except f o r  
t h e  haza rds  p re sen ted  by s t o r i n g  and handl ing  t h e  l i q u i d  f u e l s  f o r  
t h e s e  u n i t s ,  they  appear  t o  be a s a t i s f a c t o r y  s o l u t i o n  t o  t h e  
problems of g e n e r a t i n g  e l ec t r i c  power i n  t h e  s h e l t e r .  Lauck ,  
Overbye, and Hart (1964) and Trayse r ,  F lan igan ,  and T a l b e r t  (1964) 
i n d i c a t e  t h a t  such  motor /genera tor  systems should  be p e r i o d i c a l l y  
e x e r c i s e d  ( f o r  approximate ly  one-half hour  every  week) i n  o r d e r  t o  
v e r i f y  t h e i r  s t a t e  of r e a d i n e s s .  T r a y s e r ,  He i r ,  and  E l l i s  
(1967) s t a t e  t h a t  t h e  a c c e p t a b l e  s t o r a g e  l i f e  of g a s o l i n e  i s  2 t o  
5 y e a r s  (depending on s t o r a g e  c o n d i t i o n s ) ,  whi le  d i e s e l  f u e l  can 
be s t o r e d  up t o  10 years .  

For  a d d i t i o n a l  i n fo rma t ion  on e l e c t r i c  power g e n e r a t i o n  f o r  
s h e l t e r s ,  t h e  fo l lowing  r e f e r e n c e s  a r e  s u g g e s t e d :  F a b u s s  and  
Borsanyi  (1964);  Hopwood (1982); Lauck and Overbye (1963);  S t r e u l i  
(1982). 

4.10 SHELTER SPACE BEQUIaEMENTS AND OVERCROWDING 

The recommended, " s t anda rd"  s i z e  f o r  U.S. s h e l t e r s  i s  10 f t 2  
of f l o o r  space  pe r  person. This  number was developed from c a r e f u l  
c o n s i d e r a t i o n  of t h e o r e t i c a l  s t u d i e s  and h a b i t a b i l i t y  exercises 
( s e e  S e c t i o n  5.2) ;  i t  is  a l s o  c l o s e  t o  t h e  minimum f l o o r  area 
occupied by a recumbent person. By comparison, t h e  area of a 
f u l l - s i z e  mattress is  about  28 f t2 - - fo r  occupancy by two people.  
The Swiss a l s o  s p e c i f y  approximate ly  10 f t 2  pe r  occupant i n  t h e i r  
s h e l t e r  d e s i g n s  (Fede ra l  O f f i c e  of C i v i l  Defense,  1983). 

Hannifan,  Blockley ,  M i t c h e l l ,  and Strudwick (1963) ana lyzed  
t h e  p h y s i o l o g i c a l  and psycho log ica l  f a c t o r s  which l i m i t  s u r v i v a l  
i n  overcrowded s h e l t e r s .  They concluded t h a t  response  t o  t h e  
thermal  environment would be t h e  v a r i a b l e  of g r e a t e s t  concern.  
Keeping an  overcrowded s h e l t e r  popu la t ion  coo l  might r e q u i r e  as 
much as 6 t o  12  q u a r t s  of water d a i l y  p e r  occupant due t o  i n d i -  
v i d u a l  d i f f e r e n c e s  i n  t h e  h e a t  a c c l i m a t i z a t i o n .  A minimum 
e f f e c t i v e  a i r  v e l o c i t y  of 50 t o  75  f t  p e r  minute,  impfnging upon 
t h e  bodies  of t h e  s h e l t e r  occupants ,  w a s  recommended. 

Krupka (1964b)  a g r e e s  t h a t  p h y s i o l o g i c a l  s t r e s s  ( h e a t ,  
humidi ty ,  l a c k  of water, s a n i t a t i o n ,  e t c . )  r a t h e r  t han  psycholog- 
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i c a l  s t ress  i s  t h e  l i m i t i n g  f a c t o r  i n  s h e l t e r  overcrowding. 
Furthermore,  he sugges t s  t h a t  150% overcrowding ( i . e . ,  5 persons  
i n  every  2 s h e l t e r  spaces )  can be t o l e r a t e d  f o r  extended pe r iods  
of t ime;  a va lue  of 3 f t 2  p e r  occupant is  g iven  as t h e  lower l i m i t  
of a c c e p t a b l e ,  extended overcrowding d e n s i t i e s .  Krupka estimates 
a 5 t o  10% i n c r e a s e  i n  t h e  c o s t  of 30-psi s h e l t e r s  i n  o r d e r  t o  
handle  a 150% s h e l t e r  occupancy (wi th  well-water c o o l i n g  a l r e a d y  
i n s t a l l e d ) .  

Biderman,  L o u r i a ,  and Bacchus  (1963)  have  p resen ted  a n  
e x c e l l e n t  review of h i s t o r i c a l  i n c i d e n t s  which i n v o l v e d  o v e r -  
crowded q u a r t e r s - - s l a v e  s h i p s ,  p r i s o n e r - o f - w a r  camps, t roop  
t r a n s p o r t ,  c o n c e n t r a t i o n  camps, and crowded slum housing.  They 
found  t h a t ,  i n  r e g a r d  t o  s u r v i v a l  i n  an  overcrowded space ,  
p h y s i c a l  crowding has  only  an in t e rdependen t  r e l a t i o n s h i p  w i t h  
o t h e r  v a r i a b l e s :  environmental ,  s t r u c t u r a l ,  temporal ,  psycholog- 
i c a l ,  and s o c i a l .  They sugges t  t h a t  morale encourages s u r v i v a l ;  
p h y s i c a l  d e n s i t y  i s  not  a good measure of t h e  p o t e n t i a l  e f f e c t o f  
overcrowding on s u r v i v a l .  Afr ican  s l a v e s ,  packed t o  a d e n s i t y  
of 1.3 f t  p e r  person aboard t r a d e  s h i p s ,  r o u t i n e l y  su rv ived  a 5- 
t o  6-week voyage; a l though,  a 15% m o r t a l i t y  r a t e  was not  uncommon. 
A N e w  York subway ca r ,  packed t o  i t s  maximum l e g a l  c a p a c i t y  
( s e a t i n g  and s t a n d i n g  room), provides  only 2.3 f t 2  p e r  person;  
London basement s h e l t e r s  i n  World War I1 were t y p i c a l l y  occupied 
a t  a d e n s i t y  of 4 f t 2  pe r  person. 

2 

I n  regard  t o  t h e  des ign  of a n a t i o n a l  s y s t e m  of s h e l t e r s ,  
overcrowding must be g iven  s e r i o u s  cons ide ra t ion :  i t  may r e s u l t  i n  
o v e r a l l  c o s t  r e d u c t i o n s ,  i t  could mean t h e  purchase of h a r d e r  
systems i f  l i m i t e d  funds are a v a i l a b l e ,  and i t  might provide  l a r g e  
q u a n t i t i e s  of s h e l t e r  space i n  t h e  f a s t e s t  t i m e .  

4.11 SHELTER FURNISHINGS 

A f t e r  an  adequate  l e v e l  of p r o t e c t i o n  has  been provided i n  a 
s h e l t e r ,  t h e  comfort of t h e  s h e l t e r  o c c u p a n t s  i s  of p r i m a r y  
concern.  S leeping  and s e a t i n g  f a c i l i t i e s  have proven t o  cause 
major d i scomfor t  i n  a c t u a l  s h e l t e r  h a b i t a b i l i t y  tests (see S e c t i o n  
5.2). 

S l eep ing  f a c i l i t i e s  have been g iven  t h e  most a t t e n t i o n  i n  
prev ious  r e s e a r c h  i n t o  s h e l t e r  f u r n i s h i n g s  (Gates and Schwaner, 
1962; Havers,  Monk, and K o e l l e r ,  1965; Kearny, March 1966, 1979; 
Rathmann, December 1970). Bunks which are t i e r e d ,  up t o  f i v e  
h igh ,  make t h e  most e f f i c i e n t  u se  of s h e l t e r  space f o r  s l eep ing .  
I f  such bunks are designed s o  as t o  be qu ick ly  disassembled,  t h e n  
they  can be e a s i l y  converted i n t o  s e a t i n g  o r  e a t i n g  areas dur ing  
t h e  daytime hours .  I n d i v i d u a l  bunks wi th  a s i z e  of 2 4  by 75 in .  
and wi th  a 20-in. v e r t i c a l  c l e a r a n c e  between them have been shown 
t o  be an a c c e p t a b l e  minimum a r r a n g e m e n t .  However,  Rathmann 
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(December 1979) has shown that there may be problems in success- 
fully ventilating the occupants of such high-density bunks. 

Kearny (March 1966) has presented the most ingenious solution 
to the provision of sleeping and seating facilities; he has 
suggested the use of hammocks. The arrangement of hammocks can be 
very flexible; in one test, Kearny fit 8 adults (in hammocks)-- 
with additional room for two more people on the floor--into a 
7.5-ft length of an 8-ft-diam concrete pipe shelter. Hammocks 
also provide some protection from ground shock and shelter motion 
due to the damping effect of their suspension cords. Kearny 
(1979) has also indicated how these same hammocks can be used for 
seating purposes. 

Norman Steuer Associates (1963) has presented low-cost 
designs for chairs, tables, and benches which were field tested in 
actual shelter habitability experiments. For additional informa- 
tion on shelter furnishings, the following references are sug- 
gested: Herzog, Wells, and Cromartie (1963); IIT Research Insti- 
tute (June 1964); Kapil (1972); Meier, Smith, and Gaynor (1968). 
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5. SHELTER TESTING 

Shelters can be tested for blast hardness of the shelter 
structure and its components, radiation protection, habitability, 
constructability, and cost. By far the most common type of 
testing has dealt with blast hardness; measurements of radiation 
protection were almost as common in the early nuclear weapon 
testing program. 

Relatively few habitability tests have been run on blast and 
fallout shelters, and even fewer tests have been run on the 
constructability of shelters. Reinforced concrete design and 
construction is considered a well-developed technology with 
routine design procedures and well-defined cost-estimating 
procedures. Constructability experiments have been run only for 
e xp e d i en t she 1 t e r . 
5.1 WEAPON EFFECTS TESTING 

The inclusion of shelters in actual nuclear weapons tests 
began in 1951 and continued through 1958. Beck (1969) and Brode 
( 1 9 8 0 )  have presented excellent reviews of these tests. The 
cessation of atmospheric nuclear weapons testing by the United 
States and the Soviet Union was institutionalized by the Test Ban 
Treaty of 1963. In the 1960s, testing was begun by both Canada 
and the United States with large high-explosive charges to 
simulate nuclear weapons. Much useful information has been 
obtained from these tests; summaries are presented below. 

5.1.1 Nuclear Testing 

Testing of shelters against real nuclear weapons has many 
advantages, not the least of which is exposure to a real initial 
radiation threat and to full-duration overpressure and ground 
motion. For surface bursts, fallout protection factors can be 
measured also. 

The disadvantage t o  nuclear testing, aside from the fact that 
it is prohibited by treaty, is that shelter tests were very much 
subordinated to the weapons development program. The yield and 
time schedule of the preparations were determined exclusively f o r  
the convenience of weapons development. Occasionally, significant 
deviations from the expected yield were encountered. In most 
cases, the deviations were in the direction of a lower-than- 
expected yield, although the BRAVO shot of OPERATION CASTLE was a 
spectacular deviation in the other direction. 
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A l l  of t h e  s h e l t e r  tests t h a t  were conducted by t h e  United 
S t a t e s  d u r i n g  a c t u a l  n u c l e a r  d e t o n a t i o n s  a r e  summar ized  i n  
Nuclear  Weapons E f f e c t s  Tests of Blas t - type  S h e l t e r s  by C h r i s t i a n  
Beck (1969). This  volume i s  a compendium of a l l  of t h e  i n d i v i d u a l  
weapons t es t  r e p o r t s  on b l a s t  s h e l t e r s .  

The f i r s t  documented tests of U.S. s h e l t e r s  occur red  i n  t h e  
BUSTER-JANGLE test  series i n  Nevada du r ing  October and November of 
1951. I n  t h e s e  tests some 29 s h e l t e r s  were b u i l t  a long  an  a r c  
a b o u t  1200 f t  f rom t h e  des igna ted  ground ze ros  of t h r e e  low- 
k i l o t o n  a i r b u r s t s .  The s h e l t e r s  were wood-lined covered t r e n c h e s ,  
covered metal a r c h e s ,  and basement lean- to  s h e l t e r s .  Instrumen- 
t a t i o n  w a s  ve ry  crude.  The tests showed t h a t  v e r y  low-cos t  
s t r u c t u r e s ,  when covered  wi th  s o i l ,  could resist n u c l e a r  weapons 
e f f e c t s  (Flynn,  1952).  Tests of bu r i ed  conc re t e  and. s t ee l  p i p e  
showed t h a t  economical  s t r u c t u r e s  could  be b u i l t  t o  resist a g r e a t  
d e a l  of b l a s t  p r e s s u r e  and t o  p r o v i d e  s i g n i f i c a n t  r a d i a t i o n  
p r o t e c t i o n  (Corsb ie ,  1952). 

I n  t h e  Nevada TUMBLER-SNAPPER series i n  A p r i l  through June  
1952, "has ty  a i r - r a i d  s h e l t e r s "  were t e s t e d ;  t h e s e  were unshored,  
covered t r e n c h e s  exposed t o  low-ki loton n u c l e a r  weapons. They 
provided good r a d i a t i o n  p r o t e c t i o n ,  but  t h e i r  a b i l i t y  t o  wi ths t and  
d e s t r u c t i o n  depended on t h e  cohes iveness  of t h e  o r i g i n a l  s o i l  
(Murdock, 1953). 

I n  t h e  UPSHOT-KNOTHOLE series i n  Nevada du r ing  e a r l y  1953, 
i n s t r u m e n t a t i o n  began t o  become more s o p h i s t i c a t e d ,  p r o d u c i n g  
p r e s s u r e - t i m e  t races .  T h i s  ser ies  inc luded  a tes t  of b l a s t  
e f f e c t s  on e n t r a n c e s  and a i r  i n t a k e s ,  i n c l u d i n g  b l a s t  v a l v e s  
(S innamon,  A u s t i n ,  and  Newmark, 1955). Newmark and Sinnamon 
(1954) c a r r i e d  ou t  some of t h e  f i r s t  t es t s  on dynamic s o i l  stress 
i n  t h e  v i c i n i t y  of a bu r i ed  s t r u c t u r e .  The s t r u c t u r e  had a very 
s t i f f  roof and showed no ear th-arch ing .  They observed g r e a t l y  
reduced p r e s s u r e  on t h e  w a l l s  of t h e  s t r u c t u r e  and a p r e s s u r e  
d i s t r i b u t i o n  over  t h e  f l o o r  comparable t o  t h a t  on t h e  roof .  

I n  t h i s  same tes t  series,  t h e  Navy t e s t e d  a bermed 25-ft-  
span by 48-ft-long s t e e l  a rch  personnel  s h e l t e r  w i t h  3 f t  o f  
e a r t h  cover  a t  10.8 p s i .  The entryway w a s  blown i n t o  t h e  s h e l t e r  
by p r e s s u r e  coming down t h e  e n t r a n c e  tunnel .  However, t h e  main 
p a r t  of t h e  s t r u c t u r e  surv ived  w i t h  only minor d i s t o r t i o n .  A 
s t r u c t u r e  of s i m i l a r  s i z e ,  assembled from precast conc re t e  p a n e l s ,  
su rv ived  wi th  s imilar ,  minor damage (Longmire, 1955). 

E ight  ou tdoor  and f o u r  indoor  home s h e l t e r s  proposed by t h e  
F e d e r a l  C i v i l  D e f e n s e  A d m i n i s t r a t i o n  f o r  p r o t e c t i o n  a g a i n s t  
r a d i a t i o n  and b l a s t  e f fec ts  were a l s o  t e s t e d .  The ove rp res su res  
were about one-half t hose  a n t i c i p a t e d ,  r e s u l t i n g  i n  no damage t o  
any of t h e  s h e l t e r s .  The s h e l t e r s  inc luded  a covered t r e n c h  w i t h  
conc re t e  l i n e r ,  a wood-covered t r ench ,  a conc re t e  p ipe ,  a block 
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w a l l ,  and a wooden basement lean-to.  The s h e l t e r  c l o s e s t  t o  
ground z e r o  su rv ived  25 p s i  (Brynes,  1953). 

Also i n  t h e  UPSHOT-KNOTHOLE tes t  series, Rober t s ,  White, and 
C h i f f e l l e  (1953) ob ta ined  some of t h e  f i r s t  i n fo rma t ion  on t h e  
b i o l o g i c a l  e f f e c t s  of n u c l e a r  weapons upon animals  and dummies ' i n  
group s h e l t e r s .  

OPERATION CASTLE i n  1954 w a s  a series of h igh-y ie ld  explo-  
s i o n s  i n  t h e  P a c i f i c  a t  B i k i n i  A t o l l ,  i n v o l v i n g  tests of t h e  e a r l y  
t h e r m o n u c l e a r  weapons ( h y d r o g e n  bombs). T e s t s  of c i v i l i a n  
s t r u c t u r e s  were r e p o r t e d  i n  t h i s  s e r i e s ;  however, t h e  f i r s t  s h o t  
of t h e  series, BRAVO, had a y i e l d  of 14.5 megatons when only  a 6- 
megaton y i e l d  w a s  a n t i c i p a t e d .  The h i g h  y i e l d  r e s u l t e d  i n  
u n a n t i c i p a t e d  h igh  p r e s s u r e s  which caused d e s t r u c t i o n  of s t r u c -  
t u r e s  n o t  d i r e c t l y  involved  w i t h  t h e  tests; f a i l u r e  of p r o t e c t i v e  
s t r u c t u r e s  f o r  camera mounts, among o t h e r  t h i n g s ,  were observed 
(Chr i s t ensen ,  1955). 

I n  OPERATION TEAPOT, i n  1955 a t  t h e  Nevada test s i t e ,  
a t t empt s  t o  g e t  q u a n t i t a t i v e  in fo rma t ion  on ea r th -a rch ing  u s i n g  a 
s t e e l  beam roof  on an  underground s h e l t e r  were a g a i n  unsuccess fu l ,  
probably due t o  t h e  f a c t  t h a t  t h e  s t r u c t u r e  w a s  t o o  r i g i d  (Wood- 
r i n g ,  Sinnamon, and Newmark, 1957). F u r t h e r  tests of 25-ft-span 
by 48-ft-long s tee l  a r c h  s h e l t e r s  were c a r r i e d  out .  There were 
two f u l l - s c a l e  s t r u c t u r e s  and t h r e e  s teel  and t h r e e  aluminum 
q u a r t e r - s c a l e  models i n  t h e  test .  The b u i l d i n g s  c o l l a p s e d  a t  30 
p s i  ove rp res su re  (approximate ly  200 p s i  dynamic p r e s s u r e ) .  The 
b u i l d i n g s  were bermed aboveground and hence were s e n s i t i v e  t o  t h e  
dynamic p r e s s u r e  (Va i l e  and M i l l s ,  1956). 

Two bur i ed ,  c o n c r e t e  box s h e l t e r s  w i t h  12- t o  24-in. w a l l s  
were s u b j e c t e d  t o  t h e  e f f e c t s  of an underground n u c l e a r  exp los ion  
i n  t h i s  s e r i e s .  Both s t r u c t u r e s  su rv ived  t h e  b l a s t ;  a l t hough ,  one 
w a s  only 55 f t  from t h e  l i p  of t h e  crater and w a s  d i s p l a c e d  almost  
2 f t  v e r t i c a l l y  and 4 f t  r a d i a l l y  from ground z e r o  (Sinnamon, 
Woodring, Newmark, and Matsuda, 1957). 

A v a r i e t y  o f ,  fami ly  s h e l t e r s  were t e s t e d  i n  t h e  APPLE-1 and 
APPLE-2 s h o t s  of t h i s  series. They inc luded  basement e x i t  
s h e l t e r s ,  masonry s h e l t e r s ,  poured-in-place c o n c r e t e  s h e l t e r s ,  a 
basement l ean - to ,  a basement conc re t e  room, a c o n c r e t e  bathroom, 
and what w a s  c a l l e d  a u t i l i t y  s h e l t e r  (an aboveground, unbermed, 
unsh ie lded ,  c u b i c l e ) .  I n  g e n e r a l ,  t h e  underground s h e l t e r s  f a r e d  
f a i r l y  w e l l .  The basement e x i t  s h e l t e r s  s u f f e r e d  moderate-to- 
s e v e r e  damage depending on t h e  number and s i z e  of t h e  s h e l t e r  
openings.  The indoor  s h e l t e r s  s u r v i v e d  q u i t e  w e l l  a t  5 p s i  
d e s p i t e  t h e  f a c t  t h a t  t h e  house around them was des t royed  (Vort- 
man, 1957). 

D u r i n g  t h e  APPLE-2 s h o t ,  t e n  t y p i c a l  American r e s i d e n t i a l  
s t r u c t u r e s  ( h o u s e s )  of wood, b r i c k ,  l i g h t w e i g h t  r e i n f o r c e d  
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c o n c r e t e  b l o c k ,  and  l i g h t w e i g h t  p r e c a s t  conc re t e  s l a b s  were 
t e s t e d .  Both one- and two-story s t r u c t u r e s  were s u b j e c t e d  t o  a 
29-kT explos ion .  The two-story b r i c k  house and t h e  one-story 
frame rancher  were completely des t royed  a t  t h e  5 p s i  ove rp res su re  
l o c a t i o n .  The o t h e r  s t r u c t u r e s  s u s t a i n e d  cons ide rab le  damage, 
even a t  ove rp res su res  as low as 2 p s i  (Randal l ,  1961). 

Also,  i n  OPERATION TEAPOT a v a r i e t y  of animals  were exposed 
t o  b l a s t  ove rp res su re  and thermal  r a d i a t i o n  i n  open s h e l t e r s .  
This  work c o n t r i b u t e d  much t o  t h e  unders tanding  of b l a s t  biology;  
i t  demonstrated t h e  n e c e s s i t y  f o r  having  doors  on b l a s t  s h e l t e r s  
(White, C.S., e t  al . ,  1956). 

OPERATION PLUMBBOB took p l a c e  i n  Nevada du r ing  t h e  summer of 
1957. P r o g r e s s i v e l y  more s o p h i s t i c a t e d  v a r i e t i e s  of s h e l t e r s  were 
t e s t e d  i n  t h i s  series. Four c o n c r e t e  a r c h  s t r u c t u r e s  w i t h  16-f t  
spans and w a l l  t h i c k n e s s e s  of 8 i n .  were p laced  a t  expec ted  50, 
100, and 200 p s i  l e v e l s  from a 36-kT tower shot .  The a c t u a l  
ove rp res su res  r ece ived  were 56, 124, and 199 p s i .  A l l  s t r u c t u r e s  
s u r v i v e d ,  w i t h  some c rack ing  i n  t h e  s t r u c t u r e  a t  t h e  199-psi 
pressure l e v e l .  These s t r u c t u r e s  were p laced  wi th  t h e  t o p  of t h e  
crown 4 f t  below ground l e v e l  s o  they  were e f f e c t i v e l y  p r o t e c t e d  
a g a i n s t  d rag  f o r c e s  (F la thau ,  Breckenridge,  and Wiehle,  1959.). 

I n  t h e  same sho t  t h e r e  were tests of 10-gauge co r ruga ted  
s t e e l  c a t t l e  passes, 10-gauge co r ruga ted  s t ee l  c i r c u l a r  p i p e ,  and 
c i r c u l a r  c o n c r e t e  sewer pipe.  The s t r u c t u r e s  were bur ied  a t  
depths  of 5 t o  10 f t .  P re s su res  as h igh  as 149 p s i  and gamma 
neu t ron  doses  i n  excess  of 100,000 R were exper ienced  aboveground 
a t  t h e  s h e l t e r  l o c a t i o n ;  however, t h e r e  w a s  n e g l i g i b l e  d e f l e c t i o n  
i n  a l l  of t h e  s h e l t e r s  and n e g l i g i b l e  r a d i a t i o n  recorded i n s i d e  
( A l b r i g h t ,  LeDoux, and M i t c h e l l ,  1960). 

Two types  of 25-ft-span by 48-ft-long co r ruga ted  s t e e l  a r ches  
were a l s o  t e s t e d  i n  t h e  PLUMBBOB S e r i e s .  One was a 10-gauge 
co r ruga ted  s t e e l  a r c h ,  t h e  o t h e r  was a co r ruga ted  s tee l  a r c h  wi th  
r e i n f o r c i n g  I-beam r i b s .  Both s t r u c t u r e s  were bur i ed  wi th  t h e  
crown 5 f t  below t h e  o r i g i n a l  grade.  They r e s p e c t i v e l y  su rv ived  
60 and 100 p s i  i n c i d e n t  p r e s s u r e  (Alb r igh t ,  Beck, LeDoux, and  
M i t c h e l l ,  1961). I n  ano the r  tes t ,  a 7-ft-diam, 10-gauge, galva-  
n i zed ,  m u l t i p l a t e  co r ruga ted  c u l v e r t  bur ied  w i t h  10 f t  of e a r t h  
c o v e r  s u r v i v e d  a 245 p s i  i n c i d e n t  overpressure .  The l a c k  of 
deformation i n d i c a t e s  t h a t  i t  would have surv ived  a much h i g h e r  
ove rp res su re  (Williamson and Huff ,  1961). 

During OPERATION PLUMBBOB, Bultman, S e v i n ,  and  S c h i f  fman 
performed t e s t s  on seven e x i s t i n g  s t r u c t u r e s  which were l e f t  from 
previous  nuc lea r  t e s t s .  The primary o b j e c t i v e  of t h e s e  tests w a s  
t o  d e t e r m i n e  t h e  r e l i a b i l i t y  of damage p r e d i c t i o n  schemes; 
however, a secondary f i n d i n g  was more important  w i th  respect t o  
s h e l t e r  design.  When t e s t i n g  t h e  same underground s t r u c t u r e s  used 
by Newmark and Sinnamon (1954) i n  t h e  UPSHOT-KNOTHOLE ser ies ,  a 
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s i g n i f i c a n t  a t t e n u a t i o n  of e f f e c t i v e  v e r t i c a l  e a r t h  p r e s s u r e  was 
observed w i t h i n  t h e  f i r s t  few f e e t  of depth.  This  w a s ,  a t  l a s t ,  a 
clear i n d i c a t i o n  t h a t  i n c r e a s i n g  t h e  depth  of b u r i a l  would provide  
g r e a t e r  p r o t e c t i o n  from b l a s t  l oad ing  f o r  bu r i ed  s t r u c t u r e s .  

I n  ano the r  test ,  an experiment  w a s  done i n  which a bu r i ed  
v e r t i c a l  c o n c r e t e  c y l i n d e r  was p r o t e c t e d  from ground motion by 
su r round ing  i t  wi th  squa re  glass b o t t l e s .  A r e d u c t i o n  of peak 
a c c e l e r a t i o n  by 75% w a s  observed ( V a i l e ,  1960). 

A 7500-ft2 underground pa rk ing  garage  equipped w i t h  a 4-f t -  
t h i c k  r o l l i n g  door was t e s t e d  a t  approximate ly  40 p s i .  There was 
no damage t o  t h e  garage  o r  t o  t h e  door. The r e t a i n i n g  w a l l  a t  
t h e  end of t h e  e n t r a n c e  ramp was damaged due t o  180 p s i  r e f l e c t e d  
p r e s s u r e  a t  t h a t  p o i n t  and t o  p o s s i b l e  p r e s s u r e  a m p l i f i c a t i o n  i n  
t h e  r e e n t r a n t  co rne r  (Cohen, Laing,  and Bo t t enhofe r ,  Septem.ber 
1962). 

The FCDA Family S h e l t e r  Mark I w a s  t e s t e d  a t  30, 48, and 65 
p s i ;  t h i s  s h e l t e r  was a r e c t a n g u l a r  c o n c r e t e  box w i t h  a "Z" shaped 
entryway and was des igned  f o r  30 p s i .  There w a s  no damage t o  t h e  
s h e l t e r  s t r u c t u r e  a t  65 p s i .  The v e n t i l a t i o n  p i p e s  were bent  over  
a t  r i g h t  a n g l e s ,  t h u s  r ende r ing  them i n o p e r a t i v e .  FitzSirnons 
(1957) e s t ima ted  t h a t  t h e  s h e l t e r  would have t aken  cons ide rab ly  
more overpressure .  

F i t zS i rnons  ( 1 9 5 8 )  a l s o  t e s t e d  s e v e r a l  i n d u s t r i a l  doors  
designed f o r  b l a s t  r e s i s t a n c e  t o  r e f l e c t e d  p r e s s u r e s  of 9 t o  1 7  
p s i .  The door  types  inc luded  s t ee l  p l a t e ,  c e l l u l a r  s teel ,  wood 
p lank ,  hol low plywood, and s o l i d  plywood. Only t h e  h o l l o w  
plywood door f a i l e d  s t r u c t u r a l l y .  The door hardware ( i . e . ,  h inges  
and l a t c h e s )  was found t o  be t h e  weak p o i n t  f o r  some of t h e  door 
des igns ;  t h e  "rebound" f o r c e s  on t h e  h inges  and l a t c h e s  were found 
t o  be one-half t h e  p o s i t i v e  b l a s t  f o r c e s  on t h e  door.  

A c o n c r e t e  and s teel  bank v a u l t  w a s  t e s t e d  i n  t h e  PLUMBBOB 
series a t  more than  300 p s i .  The s t r u c t u r a l  i n t e g r i t y  of t h e  
v a u l t  was ma in ta ined ;  a l though ,  an  o u t e r  l a y e r  of r e i n f o r c i n g  
s t ee l  w a s  s t r i p p e d  away on one s i d e  (Cohen, Laing,  and Botten-  
h o f e r ,  May 1962). 

A c y l i n d r i c a l  conc re t e  personnel  s h e l t e r  developed by t h e  
French w a s  t e s t e d  a t  118 and 132 p s i .  Although s u p e r f i c i a l  damage 
was done t o  t h e  s t r u c t u r e ,  r a d i a t i o n  p r o t e c t i o n  of t h e  occupants  
would have been adequate .  The i n t a k e  and exhaus t  s t a c k s  were 
shea red  o f f  (Cohen and Dobbs, 1960). A similar  test  was run on 
r e c t a n g u l a r  bur ied  r e i n f o r c e d  c o n c r e t e  and c i r c u l a r  r e i n f o r c e d  
c o n c r e t e  s h e l t e r s  designed by t h e  Fede ra l  Republ ic  of Germany. 
A l l  s t r u c t u r e s  performed as expec ted  (Cohen and B o t t e n h o f f e r ,  
1962). 
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OPERATION PLUMBBOB a l s o  p r o v i d e d  a n  o p p o r t u n i t y  t o  tes t  
s h e l t e r  v e n t i l a t i o n  systems. Dennis ,  B i l l i n g s ,  a n d  S i l v e r m a n  
(1962) e v a l u a t e d  t h e  e f f e c t s  of b l a s t  on f i l t r a t i o n  d e v i c e s  and 
t y p i c a l  gas  c l e a n i n g  equipment. White, Wetherbe, and Goldizen 
(1957) i n v e s t i g a t e d  18 underground s t r u c t u r e s  f o r  t h e  occurrence  
of p o s t t e s t  dus t .  They found t h a t ,  even i n  c l o s e d  s h e l t e r s ,  
annoying o r  i r r i t a t i n g  d u s t  could be produced from t h e  i n t e r € o r  
s u r f a c e s  of t h e  s h e l t e r  as i t  responded t o  t h e  b l a s t  loading .  

OPERATION HARDTACK i n  1958 was t h e  l a s t  a tmospher ic  n u c l e a r  
test series a t  which t h e r e  was documented t e s t i n g  of c i v i l i a n  
s h e l t e r s .  Phase I ,  employing l a r g e - y i e l d  weapons, was c a r r i e d  o u t  
i n  t h e  P a c i f i c .  The 25-ft-span by 48-ft-long, 10-gauge cor ru-  
g a t e d  metal a r c h e s  which were t e s t e d  s u c c e s s f u l l y  i n  t h e  PLUMBBOB 
series were t e s t e d  a g a i n  a t  t h e  P a c i f i c  t e s t  s i t e .  Two impor t an t  
m o d i f i c a t i o n s  were made. Due t o  t h e  h igh  water t a b l e ,  t h e  a r c h e s  
were c o n s t r u c t e d  a t  grade  l e v e l  and then  covered wi th  a n  e a r t h e n  
berm. The second and more c r u c i a l  d i f f e r e n c e  i s  t h a t  t h e  berm was 
composed of c o r a l  sand c o n t a i n i n g  l a r g e  numbers of small c r u s h a b l e  
sea s h e l l s .  The a r c h e s  were tested a t  p r e s s u r e s  r ang ing  from 78 
t o  180 p s i .  A l l  f a i l e d  c a t a s t r o p h i c a l l y  (LeDoux and  Rush ,  
1961). 

The OCDM fami ly  f a l l o u t  s h e l t e r  was t e s t e d  i n  Phase I1 of 
OPERATION HARDTACK a t  t h e  Nevada tes t  s i t e .  It was expec ted  t o  
have only  5 p s i  b l a s t  r e s i s t a n c e ,  bu t  w i ths tood  13.5 p s i  w i t h  no 
s t r u c t u r a l  damage a t  a l l .  With ove r  2 f t  of e a r t h  cover  on t h e  
8-f t -span r o o f ,  i t  could  have t aken  cons ide rab ly  more ove rp res su re  
(Roembke, 1958b). 

A l s o  i n  OPERATION HARDTACK, Cameron and Huff ( June  1962) 
t e s t e d  t h e  i n i t i a l  n u c l e a r  r a d i a t i o n  doses  and t h e  a c c e l e r a t i o n s  
i n s i d e  f o u r  s h e l t e r s .  I n i t i a l  n u c l e a r  r a d i a t i o n  doses  were found 
t o  be h i g h e r  t han  t h o s e  p r e d i c t e d ;  however, r a d i a t i o n  b a c k s c a t t e r  
f r o m  t h e  s h e l t e r  w a l l s  and  gamma r a d i a t i o n  o r i g i n a t i n g  from 
neut ron  p e n e t r a t i o n  of t h e  c o n c r e t e  s t r u c t u r e  were n o t  t aken  i n t o  
account  i n  t h e  p r e d i c t i o n s .  Measured a c c e l e r a t i o n s  i n s i d e  t h e  
s t r u c t u r e  i n d i c a t e d  t h a t  t h e  peak h o r i z o n t a l  and peak ver t ica l  
a c c e l e r a t i o n s  were about  equa l ;  a l t hough ,  bo th  were up t o  50% 
h i g h e r  than  t h e  f r e e - f i e l d  a c c e l e r a t i o n s .  

I f  one reviews t h e  h i s t o r y  of s h e l t e r  development i n  n u c l e a r  
t e s t s  ove r  t h e  p e r i o d  of  1951 t o  1958 ,  p r o g r e s s  i s  r e a d i l y  
appa ren t .  It  w a s  qu ick ly  l e a r n e d  t h a t  p r o t e c t i o n  from i n i t i a l  
n u c l e a r  r a d i a t i o n  was a major problem which dominated t h e  s h e l t e r  
d e s i g n  f o r  low-yield weapons. It w a s  a l s o  l e a r n e d  from animal  
exper iments  t h a t  i t  i s  no t  p o s s i b l e  t o  b u i l d  an  open s h e l t e r  f o r  
n u c l e a r  weapons f o r  more than  a few p s i .  Much e f f o r t  i n  t h e  
c i v i l i a n  s h e l t e r  development program w a s  d i r e c t e d  a t  keeping  c o s t s  
down. He lp fu l  i n  t h i s  r e s p e c t  w a s  t h e  use  of s e l e c t e d  unsatu-  
r a t e d  s o i l  cover  t o  g a i n  e a r t h  a r c h i n g ,  t h e r e b y  h e l p i n g  t h e  
s t r u c t u r e  t o  resist more b l a s t  load.  
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5.1-2 Bigh-Explosive Field Tests 

With t h e  n e g o t i a t i o n  of t h e  T e s t  Ban Trea ty  i n  1963, t h e  
Defense Atomic Support  Agency, now t h e  Defense Nuclear Agency, 
tu rned  t o  high-explosive tests t o  con t inue  t h e  deve lopmen t  of  
n u c l e a r - r e s i s t a n t  m i l i t a r y  s t r u c t u r e s  and equipment. 

An agreement was reached wi th  t h e  Canadian government f o r  
U.S. p a r t i c i p a t i o n  i n  h i g h - e x p l o s i v e  f i e l d  t e s t s  which t h e  
Canadians had been conduct ing s i n c e  t h e  e a r l y  1960s. The t e s t s  
were conducted a t  S i i f f i e ld  Experiment S t a t i o n  i n  sou the rn  A l b e r t a  
by t h e  Canadian Defense Research Es tab l i shment .  A test  i n  1961 
u s i n g  100 t o n s  of TNT i n c l u d e d  exper iments  w i th  l / lO th - sca l e  
c o n c r e t e  s l a b s  a t  t h e  s u r f a c e  and belowground (Purd ie ,  1964) and 
t e s t s  a t  50  p s i  of 1 / 1 2 t h - s c a l e  conc re t e  s t r u c t u r e s  (Davies ,  
1963). 

The tes t  charge was r a i s e d  t o  500 t o n s  of TNT i n  OPERATION 
SNOWBALL, t h e  f i r s t  l a r g e - s c a l e  U.S. high-explos ive  tes t  (General  
Electr ic  Company--TEMPO, 1965). The test  w a s  he ld  i n  New Mexico 
i n  J u l y  1964 and inc luded  experiments  w i th  b u r i e d  conc re t e  a rches  
(Pa lac ious  and Kennedy, 1967; Sager ,  1965). Kennedy (1970) a l s o  
r epor t ed  t e s t s  on a h a l f - s c a l e ,  f l e x i b l e  a r c h  s h e l t e r  i n  dense 
sand i n  OPERATION PRAIRIE FLAT, a 500-ton TNT s h o t  i n  Canada i n  
t h e  summer of 1968. 

OPERATION DIAL PACK, ano the r  Canadian t es t ,  fol lowed i n  Ju ly  
1970. DIAL PACK was a s i n g l e  500-ton TNT b l a s t .  Various s h e l t e r  
t ypes  were inc luded  i n  t h e  event :  Canadian f ami ly  b l a s t  s h e l t e r s  
( Jones ,  Johnson, and Reid,  19721, conc re t e  a r c h  bunkers (McGrath, 
19711, and even a f i b e r g l a s s  b l a s t  s h e l t e r  (N ie l sen ,  1981). 

This  tes t  w a s  fol lowed by t h e  U.S. t es t ,  MIXED COMPANY, i n  
November 1972. This  was a 500-ton, TNT s h o t  w i t h  f o r e i g n  p a r t i c i -  
p a t i o n  from s e v e r a l  NATO c o u n t r i e s  (General  E l e c t r i c  Co., 1973a, 
1973b) .  The p e r s o n n e l  s h e l t e r s  which were t e s t e d  inc luded  a 
v a r i e t y  of wooden s t r u c t u r e s  by t h e  Waterways Experiment S t a t i o n  
(Ba l l ,  1974) a t  15, 30, and 100 p s i  and a l s o  inc luded  a 1/2-scale 
cor ruga ted  metal a rch .  This  tes t  was a l s o  t h e  f i r s t  b l a s t  test of 
exped ien t  s h e l t e r s  by t h e  Oak Ridge Na t iona l  Labora tory  (Kearny 
and Ches t e r ,  1974). 

The DICE THROW e v e n t ,  conducted by t h e  United S t a t e s  i n  
October 1976, was a 600-ton ammonium n i t r a t e - f u e l  o i l  (ANFO) 
e x p l o s i o n .  The ammonium n i t r a t e  and f u e l  o i l  exp los ive ,  i n  
a d d i t i o n  t o  c o s t i n g  less than  l / l O t h  as much as TNT, i s  also a 
c l e a n  exp los ive  which does not  cover  e v e r y t h i n g  wi th  t h e  b lack ,  
g reasy  soot  c h a r a c t e r i s t i c  of TNT s h o t s .  Many v a r i e t i e s  of 
expedient  s h e l t e r s  were t e s t e d  by t h e  Oak Ridge Na t iona l  Labora- 
t o r y  i n  t h i s  e v e n t ,  i n c l u d i n g  a Russian small-pole  s h e l t e r  a t  53 
p s i  (Kearny  and C h e s t e r ,  1978). It  w a s  found t h a t  unshored 
covered t r e n c h e s ,  even  i n  t h e  h a r d  d e s e r t  s o i l  a t  t h e  t e s t  

87 



s i t e ,  c o l l a p s e d  from ground motion a t  r e l a t i v e l y  low overpres-  
su res .  Concepts l i k e  t h e  r u g - c o v e r e d  t r e n c h  were abandoned  
completely.  There was p a r t i c i p a t i o n  from NATO c o u n t r i e s  inc lud-  
i n g  tests of s h e l t e r s  from West Germany, Norway, and  Sweden 
(Genera l  E lec t r ic  Co., 1977a, 1977b, 1977c; Watt and Kaufmann, 
1978; Watt, Kaufmann, and McVay, 1979; Watt, Zahlmann, and Cole,  
1977). 

MISER'S BLUFF, a 120- ton  ANFO e x p l o s i o n ,  i n  J u n e  1978 
inc luded  tests of b u r i e d  s h e l t e r s  up t o  100 p s i .  The small p o l e  
s h e l t e r  w a s  t e s t e d  by Oak Ridge Na t iona l  Labora tory  (Kearny, 
Ches t e r ,  and York, 1 9 8 0 )  and  t h e  D O N N  C o r p o r a t i o n  t e s t e d  a 
c o r r u g a t e d  metal s h e l t e r  a t  t h a t  ove rp res su re  ( P e t r a s  e t  a l . ,  
1979a, 1979b). I n  t h i s  tes t ,  West Germany had both  a basement 
s h e l t e r  and a Swedish des ign  modeled a f t e r  t h e  Russ ian  small-pole  
s h e l t e r  (S t rode  e t  a l . ,  1979a, 1979b, 1 9 7 9 ~ ) .  A test of a Swedish 
v a u l t  s h e l t e r  was r e p o r t e d  by Stephens (1979). I n  t h e  MISER'S 
BLUFF tes t ,  t h e  Boeing Company demonstrated on a mass scale t h e  
a b i l i t y  of  e a r t h  a r c h i n g  t o  p r o t e c t  i n d u s t r i a l  equipment by 
cover ing  t h e  equipment w i t h  bags of aluminum c h i p s  and then  w i t h  a 
few f e e t  of s o i l  ( S t r o d e  e t  a l . ,  1979b). 

The MILL RACE Event  i n  September 1981 w a s  a 600-ton ANFO s h o t  
which saw f u r t h e r  development of expedient  hardening  and crisis 
upgrading (Tans ley  and Zaccor,  1982). There were t e s t s  of a 
t imber  v e r s i o n  of t h e  expedient  small-pole s h e l t e r ,  Swedish f i e l d  
f o r t i f i c a t i o n s ,  tests of U.S. m i l i t a r y  p o r t a b l e  s h e l t e r s ,  above- 
ground h o s t  area s t r u c t u r e s ,  basement s t r u c t u r e s ,  and keyworker 
s h e l t e r s ,  as w e l l  as u t i l i t y  v a u l t s  used as s h e l t e r s  (Reid and 
Grayson, 1982a, 1982b, 1 9 8 2 ~ ) .  

The DISTANT RUNNER tes t  series inc luded  two 120-ton ANFO 
exp los ions  i n  September and October 1981. T h e s e  e v e n t s  were 
s p e c i f i c a l l y  i n t e n d e d  t o  test aboveground, NATO-type a i r c r a f t  
s h e l t e r s .  Two such  s t r u c t u r e s  were sub jec t ed  t o  13 and 17 p s i  
(Bousek, 1982; F l o r y ,  1982; Rooke, 1983). 

The DIRECT COURSE tes t  i n  October 1983 w a s  a n o t h e r  600-ton 
ANFO t e s t  wh ich  i n c l u d e d  f u r t h e r  demonst ra t ions  of expedient  
i n d u s t r i a l  h a r d e n i n g  and  u p g r a d i n g  of  b a s e m e n t s  ( W i l t o n  and  
Z a c c o r ,  1984) .  The  U. S. Army Corps of Engineers  t e s t e d  an  
e n t r a n c e  and a n  improved b l a s t  door f o r  s h e l t e r  f o r  c r i t i c a l  
workers (Hyde and Kige r ,  1984). A bur i ed  1 /4-sca le  co r ruga ted  
metal s h e l t e r  w a s  t e s t e d  a t  200 p s i ;  t h e  des ign  of t h i s  c y l i n d r i -  
cal s t r u c t u r e  o f f e r s  t h e  p o t e n t i a l  t o  g r e a t l y  reduce f a b r i c a t i o n  
c o s t s  of co r ruga ted  metal s h e l t e r s .  A 0.080-in-thick membrane 
d o o r  w a s  t e s t e d  a n d  su rv ived  200 p s i  (Zimmerman and Ches t e r ,  
1984). Also t e s t e d  w e r e  co r ruga ted  m e t a l  c l o s u r e s  and h i g h - r i s e  
basement s h e l t e r s  (Raska and Grayson, 1985). 

The most r e c e n t  high-explosive tes t  was t h e  MINOR SCALE even t  
h e l d  i n  New Mexico i n  June 1985. This  4800-ton ANFO exp los ion  
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s i m u l a t e d  t h e  a i r b l a s t  of an  8-kT n u c l e a r  weapon; i t  was t h e  
l a r g e s t  planned non-nuclear exp los ion  i n  h i s t o r y .  I n  a d d i t i o n  t o  
e x p e r i m e n t s  on m i l i t a r y  equ ipmen t  and s t r u c t u r e s ,  a 100-man 
belowground conc re t e  box s h e l t e r  w a s  t e s t e d  by t h e  Army Corps of 
Engineers  as p a r t  of t h e  keyworker s h e l t e r  program. Publ i shed  
r e s u l t s  from MINOR SCALE are no t  y e t  a v a i l a b l e .  

H i g h - e x p l o s i v e  t e s t s ,  w h i l e  n o t  producing  long  d u r a t i o n  
ove rp res su re  or  i n i t i a l  n u c l e a r  r a d i a t i o n ,  do oEfer  very l a r g e  
t e s t  areas  a t  very l i t t l e  cos t .  Quar te r -sca le  models can be 
t e s t e d ;  they  p rov ide  the response  of a f u l l - s c a l e  test  o b j e c t  t o  
smaller s t r a t e g i c  n u c l e a r  weapons. However, such tests provide  
only  very s h o r t  d u r a t i o n  ove rp res su res .  Objec ts  bu r i ed  a t  dep ths  
where t h e  t r a v e l  t i m e  of t h e  shock wave i n  s o i l  from t h e  s u r f a c e  
t o  t h e  test o b j e c t  i s  comparable t o  t h e  p o s i t i v e  d u r a t i o n  of t h e  
b l a s t  wave w i l l  n o t  respond f u l l y  t o  t h e  overpressure .  The use  of 
scale models t o  avoid  t h i s  d i f f i c u l t y  has  i t s  own se t  of problems. 
Where f o r c e s  due t o  g r a v i t y  are impor tan t  i n  stresses on t h e  t es t  
o b j e c t ,  t h e  o b j e c t  w i l l ,  aga in ,  no t  respond f u l l y .  Reducing t h e  
scale of a model has  t h e  same e f f e c t  as reducing  t h e  g r a v i t a t i o n a l  
f i e l d  on t h e  pro to type .  

5.1.3 Laboratory Simlat ion Testing 

There are o t h e r  e x p l o s i v e  techniques  f o r  s i m u l a t i n g  n u c l e a r  
ove rp res su res  and d u r a t i o n s  on tes t  items. To s i m u l a t e  l a rge -  
y i e l d  weapon d u r a t i o n s  on bur ied  s t r u c t u r e s ,  t h e  High Explos ive  
S imula t ion  Technique (HEST) can be used. I n  t h i s  technique  t h e  
s t r u c t u r e  i s  bur i ed ,  then  covered by a c a v i t y  c o n t a i n i n g  explo-  
s i v e s  and a heavy e a r t h e r n  berm. By vary ing  t h e  volume of t h e  
c a v i t y ,  t h e  amount of e x p l o s i v e  i n  i t ,  and t h e  t h i c k n e s s  of t h e  
e a r t h  cover ,  any combination of weapon y i e l d  and ove rp res su re  can 
be s imula ted  (Wampler e t  a l . ,  1978). This  technique  s u f f e r s  from 
t h e  shortcoming t h a t  t h e r e  is no nega t ive  phase of t h e  overpres-  
s u r e ,  and t h e r e  is danger of t h e  experiment be ing  damaged by 
d i r t  and s t r u c t u r a l  material f a l l i n g  back i n t o  t h e  tes t  area. 

Shock tubes  can be used t o  a p p l y  b o t h  o v e r p r e s s u r e  and  
dynamic (wind) p r e s s u r e  t o  exper imenta l  o b j e c t s  small enough t o  
f i t  i n  t h e  tube.  Large-diameter shock tubes  are i n  o p e r a t i o n  a t  
t h e  Ba l l i s t i c  Research Labora to r i e s  a t  Aberdeen Proving Ground, 
Maryland. 

Waterways Experiment S t a t i o n  i n  Vicksburg, M i s s i s s i p p i ,  has  a 
number of weapon o v e r p r e s s u r e  s i m u l a t o r s .  These  c o n s i s t  of 
v e r t i c a l  c y l i n d r i c a l  t anks  which can be p r e s s u r i z e d  dynamical ly  
wi th  e x p l o s i v e s  o r  s t a t i c a l l y  w i t h  water. Sca le  models can be 
t e s t e d  i n  t h e  e a r t h - f i l l e d  lower s e c t i o n  of t h e  tank  (F la thau  and 
Balsara, 1978; Guice and Slawson, 1986). Overpressures  of s e v e r a l  
hundred p s i  and any d u r a t i o n  can be ob ta ined  i n  t h e s e  s imula to r s .  
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Unl ike  shock t u b e s ,  t h e s e  s i m u l a t o r s  do not  produce a b l a s t  wind 
o r  dynamic ove rp res su re  on d r a g - s e n s i t i v e  t a r g e t s .  

H i g h - e x p l o s i v e  t e s t i n g  a n d / o r  s i m u l a t i o n  t echn iques  are 
a v a i l a b l e  which can s i m u l a t e  most of t h e  b l a s t  e f f e c t s  of n u c l e a r  
weapons. Using t h e s e  t echn iques ,  des igns  can be t e s t e d  t o  provide  
h igh  conf idence  t h a t  a s h e l t e r  w i l l  perform accord ing  t o  des ign  i n  
a n u c l e a r  weapons environment. The techniques  do no t  s i m u l a t e  
every  n u c l e a r  weapon e f f e c t  s imul t aneous ly ;  no tab ly  miss ing  are 
i n i t i a l  n u c l e a r  r a d i a t i o n  and ground motion of a magnitude e q u a l  
t o  t h a t  produced by l a rge -y ie ld  n u c l e a r  weapons. A t  h igh  over- 
p r e s s u r e s  from small weapons, t h e s e  e f f e c t s  l a r g e l y  c o n t r o l  t h e  
des ign .  Caut ion must be e x e r c i s e d  t o  prevent  ove r  conf idence  i n  
h igh  p r e s s u r e  s h e l t e r  des igns  s imply because they have been t e s t e d  
i n  h igh  e x p l o s i v e  s imula t ions .  

For  a d d i t i o n a l  i n fo rma t ion  on l a b o r a t o r y  t e s t i n g  of s h e l t e r s ,  
t h e  fo l lowing  r e f e r e n c e s  are sugges ted :  A l b r i t t o n  and  Balsara  
(1980);  Allgood, White, Swalley,  and G i l l  (1963);  Bakos (1969);  
Criswell (1972);  Gabr i e l sen  and Wil ton (1974); Leskys and A l b r i t -  
t o n  (1968);  Walker and Bultman (1984);  Willoughby, Wil ton,  and 
Gabr i e l sen  (1967, 1969); Wil ton and  G a b r i e l s e n  ( 1 9 7 2 ,  1 9 7 3 ) ;  
Woodson ( 1984). 

5.2 HABITABILITY TESTING 

Habitability t e s t i n g  of a c t u a l  s h e l t e r s  has  been done f o r  
t h r e e  reasons :  (1 )  t o  conduct e n g i n e e r i n g  e v a l u a t i o n s  of t h e  
s h e l t e r  and  i t s  va r ious  systems,  ( 2 )  t o  conduct p sycho log ica l  
e v a l u a t i o n s  of s h e l t e r  occupants  and  s h e l t e r  managers  d u r i n g  
a c t u a l  i n - s h e l t e r  t e s t s ,  and  ( 3 )  t o  p r o v i d e  i n f o r m a t i o n  on 
adequate  v e n t i l a t i o n  r a t e s  i n s i d e  s h e l t e r s .  The f i r s t  two 
c a t e g o r i e s  h a v e  i n v o l v e d  a c t u a l ,  long-term (up t o  two weeks) 
occupancy experiments .  The t h i r d  ca t egory  of t e s t s  h a s  l a r g e l y  
been done i n  unoccupied s h e l t e r s .  Wright,  Chessin,  Laney, and Cox 
(1982) have a t tempted  t o  summarize t h e  f i n d i n g s  of t h e s e  s h e l t e r  
h a b i t a b i l i t y  s t u d i e s .  A more d e t a i l e d  d e s c r i p t i o n  of such 
experiments  i s  g iven  i n  t h i s  s e c t i o n .  

5.2.1 Engineering Aspects of Habitability 

S h e l t e r  occupancy experiments  began i n  1959 (Vernon, 19591, 
when P r i n c e t o n  U n i v e r s i t y  made t h e  f i r s t  a t t empt  t o  determine 
whether o r  n o t  a fami ly  could remain conf ined  i n  a s h e l t e r  f o r  a 
p e r i o d  of 14 days and t o  de te rmine  t h e  n a t u r e  and g r a v i t y  of any 
problems a s s o c i a t e d  wi th  s h e l t e r  occupancy .  The f ive-member 
fami ly  remained i n  an  8-ft by 9-ft basement f a l l o u t  s h e l t e r  f o r  
t h e  f i r s t  two weeks of August 1959. The s h e l t e r  was s tocked  w i t h  
food ,  water, a manual blower, and a chemical t o i l e t .  Although t h e  
tempera ture  i n s i d e  t h e  s h e l t e r  reached 79OF, t h e  fami ly  w a s  a b l e  
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t o  remain comfor tab le  by o p e r a t i n g  t h e  blower f o r  approximately 
f i v e  minutes every  h a l f  hour  dur€ng t h e  pe r iod  when they  were 
awake. The s tudy  w a s  s u c c e s s f u l  i n  t h a t  i t  c l e a r l y  i n d i c a t e d  t h a t  
t h i s  p a r t i c u l a r  f ami ly  was capable  of e a s i l y  wi ths t and ing  t h e  f u l l  
14 days of s h e l t e r  confinement;  no major problems developed. 

Altman, Smith, Meyers, McKenna, and Bryson ( 1 9 6 1 )  of t h e  
American I n s t i t u t e s  f o r  Research (AIR) fol lowed s e v e r a l ,  b r i e f  
p i l o t  s t u d i e s  wi th  a set of f o u r  exper iments ,  each wi th  a 30- 
p e r s o n  g r o u p  o c c u p y i n g  a s i m u l a t e d  s h e l t e r .  Three of t h e s e  
occupancy tests were each run f o r  a d u r a t i o n  of one week; t h e  
f o u r t h  l a s t e d  two weeks. The major exper imenta l  v a r i a b l e s  were 
t h e  s h e l t e r  tempera ture  and t h e  presence  o r  absence of a t r a i n e d  
s h e l t e r  manager. The s h e l t e r  occupants  were pa id  vo lun tee r s  of 
bo th  s e x e s ,  rang€ng in age from 7 t o  72. The s imula t ed  s h e l t e r  
was approximately 1 2  by 20 f t  w i th  an  a c t u a l  f l o o r  area of 242 
f t 2  (8 f t 2  f o r  each occupant) .  

The A I R  tests measured t h e  t o l e r a n c e  of s h e l t e r  occupants  t o  
i n c r e a s e s  i n  t h e  " e f f e c t i v e  tempera ture"  of t h e  s h e l t e r .  The 
" e f f e c t i v e  t e m p e r a t u r e "  is t h a t  t e m p e r a t u r e  of a i r  a t  100% 
r e l a t i v e  humidi ty  which causes  t h e  same s e n s a t i o n  of warmth o r  
c o l d  t o  t h e  human body as does t h e  e x i s t i n g  room temperature and 
humidi ty  l e v e l .  I n  one of t h e  A I R  tests,  t h e  e f f e c t i v e  tempera- 
t u r e  climbed t o  85OF, a l e v e l  which t h e  i n v e s t i g a t o r s  found t o  be 
t o l e r a b l e  but  near t h e  t h r e s h o l d  of i n t o l e r a n c e .  A t  t h i s  temper- 
a t u r e ,  t h e  s h e l t e r  o c c u p a n t s  e x h i b i t e d  p ro fuse  p e r s p i r a t i o n ,  
r e d u c t i o n  of a c t i v i t y ,  l a c k  of c o n c e n t r a t i o n ,  headaches,  nausea ,  
and  e l e v a t e d  body temperatures .  The i n v e s t i g a t o r s  found t h a t  
"personal  e f f e c t i v e n e s s  and s h e l t e r  o r g a n i z a t i o n  would be seri- 
ous ly  impaired by h ighe r  tempera tures  f o r  a prolonged per iod ."  

During t h e  l a s t  20 hours  of t h e  two-week A I R  t es t ,  e l even  
a d d i t i o n a l  occupants  were admi t ted  t o  t h e  s h e l t e r  i n  o r d e r  t o  
s i m u l a t e  overcrowding. The 30 bunks, which could be disassembled 
f o r  i n c r e a s e d  dayt ime f l o o r  space ,  provided adequate  s l e e p i n g  
space f o r  a l l  of t h e  a d d i t i o n a l  s h e l t e r  occupants .  Even wi th  t h i s  
i n c r e a s e d  number of occupants  (41 t o t a l  occupants  a t  6 f t 2  p e r  
pe r son) ,  no major problems o r  c o n f l i c t s  developed. 

The U. S. Navy c o n d u c t e d  s e v e r a l  s h e l t e r  occupancy tests 
between 1959 and 1963. Each of t h e s e  was an  "engineer ing  eva lua-  
t i o n "  of s h e l t e r  equipment and procedures .  Two s h e l t e r s  were 
used: one i n  Camp Parks ,  C a l i f o r n i a ,  and t h e  o t h e r  i n  Bethesda,  
Maryland. The s h e l t e r  des ign  used i n  t h e s e  tests was t h e  same as 
t h e  bu r i ed ,  corrugated-metal ,  s t ee l  a r c h  which had been t e s t e d  i n  
t h e  OPEKATION PLUMBBOB n u c l e a r  test series of 1957 ( A l b r i g h t ,  
Beck, LeDoux, and M i t c h e l l ,  1961). The 25-ft  by 48-ft  s h e l t e r s  
were designed f o r  occupancy by 100 persons  a t  1 2  f t 2  pe r  person. 
The s h e l t e r s  were equipped wi th  plumbing € o r  t h e  d r i n k i n g  water 
and f o r  t h e  t o € l e t s  and a l s o  wi th  an e l e c t r i c  g e n e r a t o r  s y s t e m  f o r  
powering t h e  l i g h t i n g  s y s t e m  and t h e  v e n t i l a t i o n  blower. 
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F o u r  t e s t s  were conducted by t h e  U.S. Naval Rad io log ica l  
Defense Laboratory (USNRDL) us ing  t h e  Camp Parks s h e l t e r .  I n  
October 1959, 100 male v o l u n t e e r s  ( inmates  from a minimum s e c u r i t y  
p r i s o n )  occupied t h e  s h e l t e r  f o r  two weeks (Goldbeck and Newman, 
1960). The s h e l t e r  tempera ture  ranged from 7 1  t o  81°F. A d i u r n a l  
v a r i a t i o n  of tempera ture  w a s  observed i n s i d e  t h e  s h e l t e r ;  t h e  
v e n t i l a t i o n  blower had t o  be s h u t  o f f  a t  n i g h t  t o  r e t a i n  warmth i n  
t h e  s h e l t e r .  Because on ly  50 of t h e  occupants  could be s e a t e d  a t  
one t i m e ,  i n s u f f i c i e n t  s e a t i n g  space  was a major problem. I n  
December 1959, t h e  second Camp Parks  test a l s o  u s e d  100  male  
inmates  as s h e l t e r  occupants  (S t rope ,  E t t e r ,  Goldbeck, H i e s k e l l ,  
and Sheard,  1960). No problems were observed du r ing  t h i s  two-week 
t r i a l ;  t h e  mean e f f e c t i v e  s h e l t e r  tempera ture  was about  70°F. 

I n  t h e  USNRDL tes t  of J u l y  1960, 100 men occupied t h e  s h e l t e r  
f o r  100 hours  (S t rope  et. a l ,  1960). The outdoor  tempera ture  
r e a c h e d  a maximum of 93OF, but  t h e  s h e l t e r  never  exceeded an  
e f f e c t i v e  tempera ture  of 81°F. Average d a i l y  water consumption 
was about  3 q u a r t s  p e r  person. The i n v e s t i g a t o r s  r e p o r t e d  t h a t  
t h e  h igh  tempera tures  seemed t o  have no e f f e c t  on t h e  a c t i v i t y  of 
t h e  occupants  du r ing  t h i s  sho r t -du ra t ion  tes t .  A se t  of low-cost,  
f i b e r b o a r d  f u r n i t u r e  was inc luded  i n  t h e  test; t h e  r e s u l t i n g  wear 
on t h i s  f u r n i t u r e  provided i n s i g h t s  i n t o  b e t t e r  des igns  (Norman 
S t e u e r  A s s o c i a t e s ,  1963). 

I n  t h e  f o u r t h  and l a s t  Camp Parks  test ,  a mix of men, women, 
and c h i l d r e n  occupied t h e  s h e l t e r  (S t rope ,  E t t e r ,  Schu l t ze ,  and 
Pond, 1962). These 99 occupants  were approximately 50% male and 
50% female,  w i th  each of t h e s e  groups f u r t h e r  subdiv ided  i n t o  50% 
a d u l t  and  50% c h i l d r e n .  The l a r g e s t  fami ly  u n i t  w a s  seven 
persons.  Ages ranged from 3 months t o  68 years .  They occupied 
t h e  s h e l t e r  f o r  48 hours  i n  November 1960. The s h o r t  d u r a t i o n  of 
t h i s  tes t  w a s  determined from t h e  obse rva t ion  t h a t ,  i n  ea r l i e r  
t e s t s ,  most  s h e l t e r  problems developed w i t h i n  48 t o  72 hours  
a f t e r  t h e  s h e l t e r  w a s  occupied. Outdoor t e m p e r a t u r e s  r a n g e d  
between 40 and 630F, wh i l e  t h e  e f f e c t i v e  tempera ture  i n s i d e  t h e  
s h e l t e r  v a r i e d  from 66 t o  760F. Average d a i l y  water consumption 
w a s  2.5 q u a r t s  p e r  occupant.  Problems wi th  t h e  bunk des ign  were 
encountered,  and a new des ign  was developed. 

The conclus ions  drawn from t h e  USNRDL Camp Parks experiments  
w e r e  t ha t  the c a p a c i t y  of t h e  s h e l t e r  could be i n c r e a s e d  by up t o  
100% without  imposing s e r i o u s  ha rdsh ips  f o r  t h e  s h e l t e r  occupants .  
With 200 occupants  i n s i d e  such a s h e l t e r ,  t h e  f l o o r  space p e r  
occupant would become 6 f t 2 .  R e s t r i c t e d  use  of water w a s  t h e  
number one complaint i n  t h e s e  tests; l a c k  of space  (crowding) and 
e x c e s s i v e  n o i s e  were t h e  next  two areas of d i scomfor t .  

During 1962, t h e  Navy conducted both  w i n t e r  t r i a l s  (Ramskil l  
e t  a l . ,  1962) and summer t r ia ls  (Bogardus, 1968) in t h e  Bethesda, 
Maryland, s h e l t e r .  Each occupancy test l a s t e d  f o r  two weeks and 
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involved  100 male Navy v o l u n t e e r s  who had been psycho log ica l ly  
and p h y s i c a l l y  screened  € o r  t h e s e  tests. Only 50 bunks were 
provided  f o r  t h e  100 men; s l e e p i n g  w a s  accomplished i n  s h i f t s .  

The Navy w i n t e r  t r i a l s  were conduc ted  i n  F e b r u a r y  1962.  
Desp i t e  t h e  f a c t  t h a t  outdoor  tempera tures  were i n  t h e  range of 1 2  
t o  55OF and  t h a t  t h e  s h e l t e r  had no artiElcia1 h e a t i n g ,  t h e  
t empera tu re  i n s i d e  t h e  shelter w a s  maintained a t  70 t o  80°F by 
a d j u s t i n g  t h e  f low r a t e  of t h e  blower. The blower used i n  t h i s  
test had a c a p a c i t y  of 600 c u b i c  f e e t  p e r  minute. The average  
d a i l y  water consumption of each  s h e l t e r  occupant w a s  s l i g h t l y  less 
t h a n  2 q u a r t s  p e r  day. No major problems developed du r ing  t h i s  
test. 

F o r  t h e  Navy summer t r i a l s  i n  Augus t  1962 ,  t h e  blower 
c a p a c i t y  w a s  i n c r e a s e d  t o  1200 c u b i c  f e e t  p e r  m i n u t e  due  t o  
a n t i c i p a t e d  problems w i t h  coo l ing  t h e  s h e l t e r .  This  s t i l l  d i d  no t  
a l l e v i a t e  t h e  problems a s s o c i a t e d  w i t h  an 85OF e f f e c t i v e  tempera- 
t u r e  du r ing  t h e  f i r s t  week and 80°F dur ing  t h e  second week. The 
average  d a i l y  water consumption of t h e  s h e l t e r  occupants  w a s  3 
q u a r t s  p e r  day. The i n v e s t i g a t o r s  concluded t h a t  i t  w a s  h igh ly  
improbable t h a t  t h e  s h e l t e r  occupants  could have su rv ived  a second 
week wi th  an  85OF e f f e c t i v e  tempera ture ;  t h e  men's bodies  were 
c o n s t a n t l y  w e t  from p e r s p i r a t i o n .  This  cons t an t  w e t n e s s  a l s o  
a p p l i e d  t o  t h e  men's bunks which never  d r i e d  ou t  du r ing  t h e  
d u r a t i o n  of t h e  tes t .  The rough canvas of t h e  wet bunks aggra-  
va t ed  t h e  h e a t  r a s h  and o t h e r  medical  problems developed by t h e  
occupants .  One s h e l t e r  occupant f a i l e d  t o  complete t h e  t es t  due 
t o  h e a t - r e l a t e d  problems; t h e  a t t e n d a n t  medical  o f f i c e r  handled 
similar problems f o r  f i v e  o t h e r  occupants .  

The las t  of t h e  Navy occupancy tests occurred  i n  May 1963 
(Ross, Trumbull ,  and W i l l i a m s ,  1965). The unique c h a r a c t e r  of 
t h i s  t es t  was t h a t  i t  w a s  conducted as an  impromptu exercise; 
p rev ious  occupancy experiments  had used vo lun tee r s  who had been 
c a r e f u l l y  screened  be fo re  each test .  The 1963 Navy tes t  inc luded  
Navy o f f i c e r s  who were involved  i n  con t inu ing  educa t ion  seminars  
a t  t h e  Naval Medical Center .  Thi r ty- four  men were taken  on a 
t o u r  of t h e  same s h e l t e r  used i n  t h e  1962 Navy summer and w i n t e r  
t r ia ls  (desc r ibed  above).  A t  t h a t  t i m e ,  i t  was announced t h a t  
t h e s e  men were t o  be v o l u n t a r i l y  conf ined  f o r  an unknown d u r a t i o n  
under  s imula t ed  emergency c o n d i t i o n s  as p a r t  of a s h e l t e r  occu- 
pancy experiment .  The men were g iven  t h e  chance t o  r e f u s e  t o  
p a r t i c i p a t e ;  however ,  a l l  34 r e m a i n e d  i n  t h e  s h e l t e r .  The 
s i m u l a t i o n  l a s t e d  f o u r  and  one -ha l f  d a y s .  The o u t d o o r  a i r  
tempera ture  remained between 5 and 10°F, but  t h e  s h e l t e r  tempera- 
t u r e  w a s  60 t o  70°F; many of t h e  s h e l t e r  occupants  complained of 
d i scomfor t  from t h e  cold.  The c o n c r e t e  f l o o r  of t h e  s h e l t e r  
remained  very damp f o r  t h e  d u r a t i o n  of t h e i r  s t a y .  No major 
problems developed du r ing  t h i s  s h o r t  t e s t .  
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The Navy tests i d e n t i f i e d  s e v e r a l  areas of s h e l t e r  l i v i n g  
which r e q u i r e d  minor  a d j u s t m e n t  on the  p a r t  of t h e  s h e l t e r  
o c c u p a n t s .  P s y c h o l o g i c a l l y ,  t h e  most  d i scomfor t  du r ing  t h e  
occupancy tests w a s  caused by l a c k  of water f o r  washing (hygiene) ,  
t e m p e r a t u r e  and humidi ty ,  l ack  of pr ivacy  (crowding),  and noise .  

A l l  of t h e  above  t e s t s  were c o n d u c t e d  i n s i d e  e x i s t i n g  
s h e l t e r s ,  many of which had modern plumbing connec t ions ,  e lec t r ic  
power, and o p e r a t i n g  t o i l e t s .  The only  ex t remely  a u s t e r e  occu- 
pancy tests of s h e l t e r s  were conducted by t h e  Oak Ridge Na t iona l  
Laboratory (Kearny, 1976, 1979) as p a r t  of t h e  exped ien t  s h e l t e r  
s tudy .  Fami l ies  were g iven  i n s t r u c t i o n s  on how t o  b u i l d  and equip  
an expedient  s h e l t e r  (See S e c t i o n  7.3)’; they  were pa id  f o r  t h e i r  
l a b o r ,  and i n  a d d i t i o n ,  they  r ece ived  a bonus payment i f  they  
a c t u a l l y  s p e n t  t h e  n i g h t  i n s i d e  t h e i r  s h e l t e r .  The l o n g e s t  pe r iod  
of occupancy was recorded f o r  a fami ly  of s i x  who cons t ruc t ed  a 
3.5-ft-wide by 4.5-ft-high by 16.5-ft-long, log-covered t r e n c h  
s h e l t e r  and then  occupied i t  cont inuous ly  f o r  77 hours  (a four-  
n igh t  s t a y ) .  Although t h e  fami ly  had only a l i m i t e d  food and 
water s u p p l y ,  a chemica l  t o i l e t ,  and no e lec t r ic  power, they 
exper ienced  no occupancy problems. 

5.2.2 Psychological Aspects of Habitability 

The two most s i g n i f i c a n t  and  e x t e n s i v e  s t u d i e s  on t h e  
p s y c h o l o g i c a l  a spec t s  of s h e l t e r  occupancy were conducted by 
C o l l i n s  and Bend (1966, 1968) and by t h e  Un ive r s i ty  of Georgia 
(Hammes, 1963a, 1963b, 1964, 1965; Hammes and Ahearn, 1966, 1967; 
Hammes,  Ahearn, and Foughner, 1968). C o l l i n s  and Bend conducted a 
m a i l  survey of people  who had p a r t i c i p a t e d  i n  s h e l t e r  occupancy 
e x e r c i s e s  as p a r t  of a s h e l t e r  management t r a i n i n g  cour se  which 
they  took through t h e  C f v i l  Defense Un ive r s i ty  Extens ion  Program. 
This  program i n v o l v e d  50  d i f f e r e n t  c o l l e g e s  t h r o u g h o u t  t h e  
count ry ;  60 i n s t r u c t o r s  and 1320 s t u d e n t s  responded t o  t h e  survey. 
The s i z e  of each group of s h e l t e r  occupants  ranged from 16 t o  30 
people ;  t h e i r  ages  ranged from 20 t o  50. Only a few of t h e s e  
occupancy experiments  l a s t e d  f o r  more than  one day; however, more 
t h a n  one- th i rd  were ove rn igh t  s t a y s .  Almost a l l  of t h e  tests were 
conducted i n  Fede ra l ly  marked f a l l o u t  s h e l t e r s .  Among o t h e r  
f i n d i n g s ,  t h e  survey  responses  i n d i c a t e d  t h a t  f i v e  major f a c t o r s  
a f f e c t e d  s h e l t e r  l i v i n g  t h e  most: t h e  i n a b i l i t y  t o  s l e e p ,  t h e  l a c k  
of  p r i v a c y ,  t h e  l a c k  of p h y s i c a l  a c t i v i t y  o r  e x e r c i s e ,  t h e  
tempera ture  and humidi ty  i n s i d e  the s h e l t e r ,  and t h e  u n a v a i l a b i l -  
i t y  of s e a t i n g  space  (overcrowding).  

The Un ive r s i ty  of Georgia s t u d i e s  are s i g n i f i c a n t ,  no t  on ly  
f o r  t h e  l a r g e  number of t o t a l  p a r t i c i p a n t s ,  but  a l s o  f o r  an  
o r c h e s t r a t e d  e f f o r t  t o  d u p l i c a t e  t h e  U.S. c e n s u s  p o p u l a t i o n  
s ta t i s t ics  (sex, race, age,  e t c . )  among t h e  s h e l t e r  occupants .  
Twelve community s h e l t e r  occupancy e x p e r i m e n t s  were c o n d u c t e d  
be tween  1962 and  1967. H a m m e s ,  Ahearn, and Foughner (1968) 
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summarize t h e  f i n d i n g s .  The s i z e  of t h e  s h e l t e r  groups ranged 
from 30 t o  ove r  10; t h e  ages  were from 6 months t o  79 yea r s .  The 
l o n g e s t  tests l a s t e d  two weeks; t h e  s h o r t e s t  were weekend s t a y s .  
Both w i n t e r  and summer tes ts  were inc luded .  I n  two of t h e  t e s t s  
t h e  a v a i l a b l e  s h e l t e r  f l o o r  space was 6 f t 2  p e r  person;  t h e  

2 f l o o r  space  never  exceeded 10 f t  p e r  person. 

Over 3500 people  p a r t i c i p a t e d  i n  t h e  twelve U n i v e r s i t y  of 
G e o r g i a  t es t s .  T h e s e  p e o p l e  were p a i d  v o l u n t e e r s ,  but  one 
remarkable  f i n d i n g  of t h e  exper iments  w a s  t h e  r a t h e r  l a r g e  number 
of p a r t i c i p a n t s  who e l e c t e d  n o t  t o  s t a y  i n  t h e  s h e l t e r  f o r  t h e  
d u r a t i o n  of t h e  tes t .  About 10% (344 pe r sons )  of t h e  3510 t o t a l  
s h e l t e r  occupants  d i d  no t  complete t h e  tests; t h e  i n v e s t i g a t o r s  
c a l l e d  t h e s e  people  "de fec to r s . "  Unbearable h o t  humid c o n d i t i o n s  
i n s i d e  t h e  s h e l t e r  provided t h e  mot iva t ion  f o r  s e v e r a l  of t h e s e  
d e f e c t o r s ,  p a r t i c u l a r l y  f o r  t h e  20% (62 peop le )  who l e f t  a June 
1965 tes t  which involved  some 300 occupants .  The h i g h e s t  defec-  
t i o n  ra te ,  40% occur red  i n  a J u l y  1963 t e s t  i n v o l v i n g  t h i r t y ,  
p r e t e e n  schoo l  ch i ld ren .  S h e l t e r e e s  who d i d  endure t h e  conf ine-  
ment pe r iod  l i s t e d  l a c k  of water f o r  washing (hygiene)  as t h e  
pr imary d iscomfor t .  Other  major compla in ts  were d i f f i c u l t y  wi th  
s l e e p i n g ,  tempera ture ,  i nadequa te  s a n i t a t i o n  f a c i l i t i e s  ( t o i l e t s ) ,  
and l a c k  of space.  Tolerance  f o r  cont inued  confinement ranged,  i n  
terms of median d a t a ,  from two t o  seven  days. 

5.2.3 Ventilation Tests 

One of t h e  obvious conc lus ions  from t h e  above set  of s h e l t e r  
occupancy exper iments  i s  t h e  i n t o l e r a n c e  of s h e l t e r e e s  t o  h o t ,  
humid cond i t ions .  For  s h e l t e r s  c o n t a i n i n g  more t h a n  a few people ,  
t h e  h e a t  and moi s tu re  g iven  o f f  by e a c h  o c c u p a n t  becomes a n  
impor tan t  c o n s i d e r a t i o n  wi th  r e s p e c t  t o  keeping  t h o s e  occupants  
cool .  I n  w a r m  weather  t h e  tempera ture  and humidi ty  i n  t h e  s h e l t e r  
can r each  l e v e l s  caus ing  h e a t  p r o s t r a t i o n  and even death.  In 
r e c o g n i t i o n  of t h i s  f a c t ,  a g r e a t  d e a l  of  r e s e a r c h  h a s  b e e n  
c o n d u c t e d  t o  d e t e r m i n e  t h e  v e n t i l a t i o n  requi rements  i n  both 
aboveground and belowground s h e l t e r s  (Baschiere  and Lokmanhekim, 
1964; Baschiere ,  Lokmanhekim, and Moy, 1964; Behls ,  L ibovicz ,  and 
Engholm, A p r i l  1964, September 1964; B e h l s  and  Madson, 1965 ;  
F l a n i g a n ,  Morr ison,  and Bass, 1966; Goldsmith,  1965; Libovicz , 
Madson, Behls ,  and Engholm, 1964; L i b o v i c z ,  Van Schoyck ,  and  
Engholm, 1963;  Madson, B a s c h i e r e ,  B e h l s  , and Engholm, 1964; 
Madson, Behls ,  and Engholm, 1964; Madson, Libovicz ,  Behls ,  and 
Engholm, 1964). Most of t h e s e  tests involved  t h e  u s e  of s imula t ed  
s h e l t e r  occupants ;  t h e s e  were mannequins which produced h e a t  and 
humidi ty  resembling t h a t  of a human being. 

S t u d i e s  were c o n d u c t e d  on l a r g e ,  aboveground  b u i l d i n g s  
s u i t a b l e  f o r  f a l l o u t  s h e l t e r  by Guy B. Panero,  Inc.  (1965) i n  t h e  
New York C i t y  area and by Henniger and Madson (1966) and Poruk, 
Libovicz ,  and Engholm (1963) i n  t h e  Chicago area. The i n v e s t i g a -  
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t o r s  found t h a t  when c r o s s - v e n t i l a t i o n  was a v a i l a b l e  through open 
windows, n a t u r a l  a i r  c i r c u l a t i o n  w a s  adequate  t o  main ta in  h a b i t -  
a b l e  c o n d i t i o n s  most of t h e  t i m e  i n  e i t h e r  summer o r  w in te r .  I n  
very  l a r g e  s h e l t e r s ,  very l i t t l e  h e a t  w a s  l o s t  by r a d i a t i o n  o r  
c o n d u c t i o n  t o  t h e  wa l l s  of t h e  s h e l t e r ;  t h e  a i r  v e n t i l a t i o n  
provided t h e  only mechanism f o r  c o o l i n g  (Combe, N e l s o n ,  and 
Tomcala, 1966). 

R e s u l t s  of t h e  o t h e r  s t u d i e s  i n d i c a t e d  t h a t  belowgrade 
s h e l t e r s  o r  s h e l t e r s  i n  t h e  i n t e r i o r s  of b u i l d i n g s  wi thout  access 
t o  windows r equ i r ed  fo rced  v e n t i l a t i o n  a t  rates which depended 
upon t h e  outdoor  tempera ture  and humidi ty;  t h e  h i g h e r  t h e  outdoor  
e f f e c t i v e  t e m p e r a t u r e  ( s e e  S e c t i o n  5.2.1 f o r  a d e f i n i t i o n  of 
e f f e c t i v e  tempera ture) ,  t h e  more v e n t i l a t i o n  w a s  requi red .  I n  
w a r m  weather ,  more than  3 c u b i c  fee t  of a i r  pe r  minute must be 
supp l i ed  f o r  each person s h e l t e r e d ,  and i n  v e r y  h o t  w e a t h e r ,  
s u b s t a n t i a l l y  more than  3 cub ic  feet pe r  minute must be provided 
f o r  each person. 

Baschiere  and Lokmanhekim (1964) c a l c u l a t e d  t h e  summertime, 
fo rced  v e n t i l a t i o n  r e q u i r e m e n t s  f o r  d i f f e r e n t  p a r t s  of  t h e  
country.  T h e i r  computations were based on meteoro logica l  d a t a  and 
t h e  d e s i r e  t o  l i m i t  t h e  e f f e c t i v e  tempera ture  i n s i d e  t h e  s h e l t e r  
t o  8 2 O  (an  e f f e c t i v e  tempera ture  of 85OF had been shown t o  be t h e  
t h r e s h o l d  of i n t o l e r a n c e  from previous  s h e l t e r  occupancy t e s t s ,  
see S e c t i o n  5.2.1). The Defense C i v i l  Preparedness  Agency (May 
1978), us ing  modern meteoro logica l  d a t a ,  has  r e c a l c u l a t e d  t h e s e  
v e n t i l a t i o n  rates f o r  u se  i n  s h e l t e r  design.  F igu re  5.1 i s  t h e  
r e s u l t .  It should be noted t h a t  very h igh  v e n t i l a t i o n  r a t e s  are  
r e q u i r e d  i n  t h e  h o t ,  humid r eg ions  of t h e  United S t a t e s ,  such as 
a long  t h e  Texas Gulf coas t .  
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6. SHELTER NEEDS: SYSTEEls STUDIES 

A most impress ive  c o l l e c t i o n  of r e s e a r c h  l i t e r a t u r e  h a s  been 
devoted t o  t h e  s tudy  of s h e l t e r  systems;  t h a t  i s ,  how e f f e c t i v e  
can they  be,  where should  they  be l o c a t e d ,  how much should  they  
c o s t ,  and  how do t h e y  i n t e r a c t  w i th  a l t e r n a t e  c i v i l  de fense  
p o s t u r e s ?  This  s e c t i o n  reviews t h e  most impor tan t  f i n d i n g s  i n  
t h e s e  areas; however, t h e r e  e x i s t s  much more r e s e a r c h  than  can be 
r e p o r t e d  i n  d e t a i l  here .  

6.1 TEEOBETICAL STUDIES 

I n  t h e  1960s and e a r l y  1970s,  a v a r i e t y  of a u t h o r s  conducted 
mathematical  systems a n a l y s i s  s t u d i e s  of na t ionwide  b l a s t  s h e l t e r  
systems. I n  t h e s e  s t u d i e s  i t  was u s u a l l y  assumed t h a t  t h e  enemy 
w a s  t a r g e t i n g  popu la t ion  o r  Manufactur ing Value Added (MVA) t h a t  
was co loca ted  w i t h  popula t ion .  Some type  of mathematical  expres-  
s i o n  f o r  s h e l t e r  c o s t s  as a f u n c t i o n  of ove rp res su re  w a s  u s u a l l y  
assumed, and s h e l t e r  was deployed w i t h  hardness  a s s igned  t o  areas 
depending on t h e  popu la t ion  d e n s i t y .  It w a s  g e n e r a l l y  assumed t h e  
enemy had p e r f e c t  i n fo rma t ion  on t h e  s h e l t e r s  and would r e t a r g e t  
t o  o f f s e t ,  t o  t h e  degree  p o s s i b l e ,  t h e  b e n e f i t  g a i n e d  by t h e  
dep loymen t  of s h e l t e r .  Vortman (1962b)  compared d i f f e r e n t  
deployment ph i losoph ies :  uniform ha rdness ,  hardness  p r o p o r t i o n a l  
t o  p o p u l a t i o n  d e n s i t y ,  and  maximum number of s u r v i v o r s  f o r  
a v a i l a b l e  budget f o r  t h e  Albuquerque, New Mexico, area. H e  found 
l i t t l e  d i f f e r e n c e  i n  t h e  approaches f o r  75% s u r v i v a l  from weapons 
d e l i v e r e d  w i t h i n  a 2 - m i l e  c i rc le  of e q u a l  p r o b a b i l i t y  (CEP).  

M i t c h e l l  ( 1 9 6 6 )  u s e d  a LaGrange m u l t i p l i e r  technique  t o  
opt imize  deployment w i t h  hardness  and c o s t  va ry ing  w i t h  d e n s i t y .  
H e  c a l c u l a t e d  c o s t  exchange r a t io s - - the  sum t h e  adve r sa ry  would 
have t o  expend i n  o r d e r  t o  o f f s e t  t h e  investment  i n  s h e l t e r .  

Brown (June 1964b) developed a mathematical  model f o r  t h e  
c o s t  of s h e l t e r  f o r  213  urbanized  areas i n  t h e  United S t a t e s .  He 
f o u n d  t h a t  w i t h  modes t  p o p u l a t i o n  movement t o  s h e l t e r ,  t h e  
requirement  f o r  very  hard  s h e l t e r s  i s  r e l i e v e d ,  s i n c e  t h e  c o s t  of 
s h e l t e r  c o n s t r u c t i o n  i s  much less i n  t h e  sur rounding  r u r a l  areas. 
H e  found s i g n i f i c a n t  r educ t ions  i n  b l a s t  s h e l t e r  c o s t s  by opt imi-  
z a t i o n  and some overcrowding. Uher (1969) d i d  a parametric s tudy  
of optimum b l a s t  s h e l t e r  s y s t e m s  a g a i n s t  a v a r i e t y  of  heavy  
a t t a c k s  and l i m i t e d  c i v i l  de fense  budgets.  H e  found t h a t  t h e  
optimum a l l o c a t i o n  of r e sources  i n  terms of maximizing s u r v i v o r s  
w a s  t o  l e a v e  t h e  h i g h e s t  popu la t ion  d e n s i t i e s  undefended and 
apply  t h e  s h e l t e r  r e sources  i n  lower popu la t ion  d e n s i t y  a reas .  To 
p r o v i d e  e q u a l  r i s k  i n  t h e  h igh-popula t ion-dens i ty  a r e a s  would 
r e q u i r e  e x t r e m e l y  h a r d  s h e l t e r s  which  would be e x c e s s i v e l y  
expensive.  

99  



Haland (1970) did a systems analysis of a very hard blast 
shelter system designed to protect Detroit. He found total 
systems costs were lower when shelter hardnesses (overpressure 
resistances) were designed to be proportional to population 
density; although, this effect was small for low-budget programs. 
He found large uncertainties in shelter costs for shelters harder 
than 100 p s i .  For 100-psi shelter, he found costs per space 
'ranging from $600 to $2000 in 1985 dollars. Considerable im- 
provement in survivability and cost can be obtained by redis- 
tributing the population to reduce the highest peak densities. He 
found that isolated individual shelters are less expensive than 
interconnected shelters, due to the assumption that people will 
move out of the highest density areas in interconnected shelters, 
leaving some shelter unused. 

The theoretical systems analysis studies of shelter systems 
done in the 1960s were useful and valid in a time when it was 
believed that multibillion-dollar civil defense programs were 
politically feasible. However, experience with urban mass 
transportation systems, such as those in Washington, Atlanta, and 
Miami, have shown that the assumptions of uniform known shelter 
costs, small number of designs, and ease of construction under 
existing cities were very optimistic. 

6.2 SYSTEHS DESIGN STUDIES 

A number of shelter system studies related to specific cities 
have been made. The systems include individual shelters and 
interconnected shelters in various combinations. Of interest is 
that their costs, when corrected to 1985 dollars are, with very 
few exceptions, fairly consistently in the range from $500 to 
$1000 per space. 

The University of Arizona (June 1964) conducted a study of 
several shelter protection concepts for the Tucson, Arizona, area. 
These included four different designs of family shelters and three 
community shelter designs, including a network of corrugated metal 
culvert. The family shelter costs ranged from $24,000 to $48,000 
in 1985 dollars and would hold up to eight people for a cost per 
person of $3000 to $6000 dollars. This high cost is due in no 
small part to the very elaborate entranceways designed for the 
shelter. A buried shelter with a yielding membrane roof is 
estimated at $256 per space (in 1985 dollars), which is question- 
ably low. No prototypes of this type of shelter have ever been 
built. The same authors estimated $600 per space for a 100-psi 
reinforced concrete box shelter for 1000 people. A buried 
corrugated conduit network was estimated at $1068 per space (in 
1985  dollars). The group making these cost estimates was an 
academic organization with unknown experience in actual construc- 
tion. 
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Bech te l  Corpora t ion  (1967) des igned  a concep tua l  s y s t e m  of 
25-psi b l a s t  s h e l t e r s  f o r  t h e  c i t y  of Providence,  Rhode I s l a n d .  
The s h e l t e r s  were l a r g e l y  belowgrade, r e c t a n g u l a r  c o n c r e t e  boxes 
wi th  c a p a c i t i e s  from 1500 t o  15,000 p e o p l e .  A few r e t r o f i t  
s t r u c t u r e s  were a l s o  i n c l u d e d .  The a v e r a g e  c o s t  p e r  space  
c o r r e c t e d  t o  1985 w a s  $747. The s h e l t e r s  were s i t e d  i n  open areas 
a r o u n d  t h e  c i t y  such  as schoo l  l o t s ,  areas c l e a r e d  f o r  urban  
renewal,  and i n s t i t u t i o n a l  g r o u n d s .  A d e s i g n  c r i t e r i o n  w a s  
t h a t  t h e  shel ters  had t o  be w i t h i n  30 minutes  walking d i s t a n c e  of 
t h e  e n t i r e  popula t ion .  This  w a s  a n  e x c e p t i o n a l l y  well-done s tudy  
by a c r e d i b l e  and exper ienced  eng inee r ing  o r g a n i z a t i o n .  

Ryan and Baum (1972) ana lyzed  a nat ionwide program of s l a n t e d  
b l a s t  s h e l t e r s  made up of hardened basements i n s t a l l e d  i n  new 
c o n s t r u c t i o n .  The system w a s  des igned  t o  accommodate t h e  110 
m i l l i o n  r e s i d e n t s  l i v i n g  i n  t h e  h i g h e s t  r i s k  areas. They evalu-  
a t e d  new basement c o n s t r u c t i o n  throughout  t h e  count ry  and esti-  
mated t h a t  enough new s ace would be c o n s t r u c t e d  t o  s h e l t e r  95% of 

f t 2  p e r  person.  A t  10 f t 2  p e r  person  they estimate t h e  c o s t  of 
t h e  system at  approximate ly  $100 p e r  space  ( i n  1985 d o l l a r s ) .  The 
system would reduce f a t a l i t i e s  among t h e  popu la t ion  a t  r i s k  t o  
less t h a n  40% of t h e i r  u n s h e l t e r e d  v u l n e r a b i l i t y  w i t h  an  a t t a c k  of 
1500  weapons and t o  approximately 15% of t h e  t o t a l  popu la t ion  
from a n  a t t a c k  of 500 weapons. 

t h i s  popu la t ion  a t  5 f t  4 p e r  person  o r  80% of t h e  popu la t ion  a t  10 

The c a l c u l a t i o n s  of f a t a l i t i e s  do no t  t a k e  i n t o  account  
i n i t i a l  nuc lea r  r a d i a t i o n  which i s  recognized by t h e  a u t h o r s  as 
be ing  a problem even f o r  1-MT weapons. T h e i r  dual-use des ign  does 
not  a l low f o r  t h e  h igh  doses  a t  70 and 90 p s i  from 1-MT weapons. 
They do n o t  even cons ide r  t h e  p o s s i b i l i t y  of 100- t o  300-ki loton 
weapons which are now much more of a problem. They a l s o  i g n o r e  
t h e  f i r e  and rubb le  problem i n  h i g h l y  bui l t -up  areas. 

The Ryan and Baum s tudy  is  very impor tan t  i n  t h a t  i t  ana lyzes  
a c o s t - e f f e c t i v e  a p p r o a c h  t o  p rov id ing  b l a s t  s h e l t e r  i n  high 
d e n s i t y  popu la t ion  c e n t e r s  even though t h e  c o s t s  are very o p t i -  
mistic. I f  t h i s  count ry  ever b u i l d s  a b l a s t  s h e l t e r  system, t h i s  
approach i s  almost  c e r t a i n l y  one of t h e  ones t h a t  w i l l  be used f o r  
permanent  s h e l t e r .  However, s l a n t i n g  des igns  w i l l  have t o  be 
improved t o  d e a l  economical ly  w i t h  t h e  very s e v e r e  i n i t i a l  n u c l e a r  
r a d i a t i o n  hazard  expec ted  i n  f u t u r e  weapon deployments. 

York, Wright,  and H i l l  (1975) d i d  a comprehensive review of 
t h e  a l t e r n a t i v e  ways of provid ing  h o s t  area f a l l o u t  p r o t e c t i o n  f o r  
u ses  i n  c o n j u n c t i o n  w i t h  c r i s i s  r e l o c a t i o n  p l a n n i n g .  They 
cons ide red  upgrading e x i s t i n g  b u i l d i n g s ,  15 des igns  of expedient  
s h e l t e r s ,  and caves ,  mines, and tunne l s .  They assume t h a t  none of 
t h e  226 m i l l i o n  i d e n t i f i e d  f a l l o u t  s h e l t e r s  ( i n  1975) would be 
l o c a t e d  i n  t h e  h o s t  areas. Genera l ly ,  t h e  most c o s t - e f f e c t i v e  
s h e l t e r  a l t e r n a t i v e  i s  t h e  u s e  of e x i s t i n g  caves ,  mines, o r  
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t unne l s .  The nex t  most c o s t - e f f e c t i v e  a l t e r n a t i v e  under  t h e  r u l e s  
chosen i s  t h e  upgrading of e x i s t i n g  bu i ld ings .  According t o  t h e i r  
method of e v a l u a t i n g  s h e l t e r s ,  expedient  s h e l t e r s  are t h e  least 
c o s t - e f f e c t i v e  but  may have t o  be used i f  mines and c a v e s  o r  
upgradable  b u i l d i n g s  are no t  a v a i l a b l e .  This  work a t tempted  t o  
select  t h e  most c o s t - e f f e c t i v e  mix of s h e l t e r  o p t i o n s  i n  circum- 
s t a n c e s  when one o r  more of t h e  r e q u i r e d  i n p u t s  w a s  i n  s h o r t  
supply  (e.g., excava t ing  machinery o r  f i n i s h e d  lumber).  

T h i s  work a l s o  demonst ra tes  a t r a p  t h a t  systems a n a l y s t s  can 
f a l l  i n t o  when they  do not  c a r e f u l l y  examine t h e i r  i n p u t  assump- 
t i o n s .  T h e i r  a n a l y s i s  i n d i c a t e d  t h a t  t h e  log-covered t r e n c h  
s h e l t e r  (an  exped ien t  s h e l t e r )  was n o t  c o s t - e f f e c t i v e ,  which i s  
c o u n t e r i n t u i t i v e .  On c l o s e  examinat ion,  i t  was d i scove red  t h a t  
t h e  a u t h o r s  a r b i t r a r i l y  r e s t r i c t e d  t h e  log-covered t r e n c h  s h e l t e r  
t o  four-person c a p a c i t y  because t h i s  w a s  t h e  s i z e  g iven  i n  t h e  
example drawings i n  t h e  r e f e r e n c e  they  used ( C r i s t y  and Kearny, 
1 9 7 4 ) .  The mater ia l s  and  l a b o r  t o  c o n s t r u c t  t h e  entryways,  
when d iv ided  over  on ly  4 occupants ,  made t h e  s h e l t e r  less compet- 
i t i v e  w i t h  o t h e r  des igns .  Th i s  s h e l t e r  can be expanded w i t h  
r e l a t i v e l y  l i t t l e  e f f o r t  t o  accommodate as many as 24 p e o p l e .  
However, t h i s  work is  q u i t e  u s e f u l  i n  l a y i n g  o u t  t h e  a l t e r n a t i v e s  
and even p rov ides  a u s e f u l  p l ann ing  guide.  

B a r b e r  and  S i s s o n  ( 1 9 8 5 )  h a v e  developed a comprehensive 
review of means of p rov id ing  s h e l t e r  f o r  e s s e n t i a l  workers  w i th  
t h e i r  p l a n n i n g  g u i d e .  They p rov ide  t h r e e  o p t i o n s :  permanent 
s h e l t e r ,  p r e f a b r i c a t e d  s h e l t e r  t o  be put  i n  p l a c e  i n  a crisis,  and 
exped ien t  s h e l t e r  t o  be b u i l t  e n t i r e l y  i n  a crisis. They o f f e r  10 
s h e l t e r  t ypes  which cover  t h e  t h r e e  p o s s i b i l i t i e s .  They p u t  
e m p h a s i s  on  t h e  e x p e d i e n t  s h e l t e r ,  p a r t i c u l a r l y  t h e  f i n i s h e d  
lumber v e r s i o n  of t h e  small p o l e  s h e l t e r .  

T h e i r  c o s t s  i n  1985 d o l l a r s  are g e n e r a l l y  under  $1000 p e r  
s p a c e  w i t h  most  c l u s t e r i n g  be tween  $600 and  $850 d o l l a r s .  
Except ions  are upgraded mines a t  less than  $100 p e r  space  and 
t h e i r  exped ien t  lumber s h e l t e r  which they  estimate a t  $300 p e r  
space.  

The p l ann ing  guide  has  a procedure  f o r  deve loping  a s i t e  p l a n  
and f o r  t h e  cr is is  p roduc t ion  of s h e l t e r .  It i s  a ve ry  u s e f u l  
do cum e n  t . 

The exped ien t  f i n i s h e d  lumber s h e l t e r  and t h e  cor responding  
s t a n d a r d  f i n i s h e d  lumber e n t r a n c e s  t o  o t h e r  s h e l t e r s  have a door  
d e s i g n  which makes them u n s u i t a b l e  f o r  use  i n  a b l a s t  environment 
which is l i k e l y  t o  produce more t h a n  1 t o  2 i n c h e s  of d u s t  and 
rubble .  The h o r i z o n t a l  door  i s  5 o r  6 f t  down t h e  v e r t i c a l  e n t r y  
s h a f t  and has  very  l i t t l e  c l e a r a n c e  wi th  t h e  s i d e s  of t h e  s h a f t .  
A few i n c h e s  of d u s t ,  sand,  o r  broken masonry blown i n t o  t h e  s h a f t  
has  a good chance of jamming t h e  door s h u t  and a l s o  p r e s s i n g  t h e  
b l a s t  va lve  c losed .  Th i s  d e f e c t  can be remedied by moving t h e  
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b l a s t  d o o r  t o  t h e  s u r f a c e  and p r o t e c t i n g  i t  from t h e  thermal  
pu l se  by whitewash o r  o t h e r  means. This  o v e r s i g h t  on t h e  p a r t  of 
a competent and exper ienced  des ign  group is  c i t e d  as an  argument 
f o r  t h e  need f o r  cont inued f i e l d  t e s t i n g  of  new o r  m o d i f i e d  
s h e l t e r  des igns .  

S u l l i v a n ,  Heller, and Aldr idge  (1978) have produced t h e  most 
r ecen t  and most a u t h o r i t a t i v e  a n a l y s i s  of s h e l t e r  requirements  i n  
t h e  l i t e r a t u r e .  The s tudy  was sponsored by t h e  Defense C i v i l  
Preparedness  Agency wi th  e x t e n s i v e  p a r t i c i p a t i o n  of t h e  c i v i  1 
d e f e n s e  community and o t h e r  d i v i s i o n s  o f  t h e  Department of 
Defense. The s tudy  w a s  done i n  1977, and t h e  r e p o r t  publ i shed  i n  
March 1978. The s tudy  p resen ted  s i x  p o s s i b l e  ( cand ida te )  U.S. 
c i v i l  defense  programs w i t h  estimates of t h e i r  e f f e c t i v e n e s s  and 
c o s t s :  A - no program; B - t h e  e x i s t i n g  program; C - t h e  b e s t  use  
of p r e s e n t  s h e l t e r  with no r e l o c a t i o n ;  D - r e l o c a t i o n  of t h e  r i s k  
area popu la t ion ;  E - less ex tens ive  r e l o c a t i o n  wi th  c o n s t r u c t i o n  
of expedient  15-psi b l a s t  p r o t e c t i o n ;  and F - e x t e n s i v e  in-p lace  
pe rmanen t  b l a s t  p r o t e c t i o n .  T h e s e  are summarized i n  Table  
6.1. 

Program D w a s  s e l e c t e d  by t h e  C a r t e r  a d m i n i s t r a t i o n  as t h e  
b a s i s  of i t s  c i v i l  defense  program. It provided  t h e  most i m -  
provement i n  s u r v i v a b i l i t y  under t h e  assumptions of t h e  program ( a  
crisis build-up p e r m i t t i n g  evacua t ion )  f o r  t h e  money involved  -- a 
$1 .6  b i l l i o n  ( i n  1977 d o l l a r s )  5-year c o s t  w i t h  a subsequent ,  
annual  c o s t  of $200 m i l l i o n  ( i n  1977 d o l l a r s ) .  Under t h e  assump- 
t i o n s  of t h e  s c e n a r i o ,  Program D could be expec ted  t o  save  over  
80% of t h e  popula t ion .  

Program F i s  a b l a s t  s h e l t e r  program in tended  t o  produce 
100-psi b l a s t  s h e l t e r s  i n  r i s k  a r e a s  and f a l l o u t  s l a n t i n g  i n  
non-r isk areas. It is  an  in-p lace  program des igned  f o r  s u r p r i s e  
a t t a c k  o r  a t t a c k  wi th  l i t t l e  warning and p r e d i c t s  a s u r v i v a l  ra te  
c l o s e  t o  90% of t h e  popula t ion .  The b l a s t  s h e l t e r  component of 
t h e  program w a s  expected t o  produce 150 m i l l i o n  s h e l t e r  spaces a t  
$350 pe r  space  ( i n  1977 d o l l a r s )  f o r  a s h e l t e r  component c o s t  of 
$53 b i l l i o n  d o l l a r s .  The t o t a l  b l a s t  s h e l t e r  component would be 
$89.7 b i l l i o n  i n  1985 d o l l a r s .  

The b l a s t  s h e l t e r  program would be complemented by f a l l o u t  
s l a n t i n g  i n  new c o n s t r u c t i o n  i n  non-r isk areas. T h i s ,  i t  was 
e s t ima ted ,  would provide  100 m i l l i o n  spaces  a t  $25 p e r  space ( i n  
1977 d o l l a r s ) .  This  p o s t u r e  would make u s e  of  some c r i s i s  
evacua t ion  i n  t h e  most expected c i rcumstances ,  s i n c e  t h e  e n t i r e  
urban popu la t ion  could not be s h e l t e r e d ,  a t  l e a s t  i n i t i a l l y .  
P re sumab ly  some e x p e d i e n t  s h e l t e r  c o n s t r u c t i o n  and  f a l l o u t  
upgrading would be requi red .  

The s h e l t e r  c o s t  of $350 p e r  space (equa l  t o  $587 i n  1985) 
may be s l i g h t l y  o p t i m i s t i c .  The r e p o r t  a l s o  c o n s i d e r s  a Program G 
which i s  a p a i r  of p o s s i b l e  a d d i t i o n s  t o  t h e  o t h e r  programs i n  
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Table  6.1. C i v i l  defense  p o s t u r e s  

Number of peop le  exposed and p r o t e c t i o n  l e v e l s  a f fo rded  under 
v a r i o u s  proposed c i v i l  defense  pos tu res  

Program B Program C Program D Program E Program F 
In-place In-p lace  Extens ive  Less e x t e n s i v e  In-place 

p re sen t  f a l l o u t  r e l o c a t i o n  r e l o c a t i o n f  + b l a s t / f a l l o u t  
program p r o t e c t i o n  t o  farms/  15-psi b l a s t  p r o t e c t i o n  

hamlet se p r o t e c t i o n  

Risk areasa 
Number of 
peopleb 140 M 

P r o t e c t  i on  
l e v e l s c  4,2,10 

Nonrisk areas 
Number of 
people” 75 M 

140 M - -  10 M keyworkers - - 140 M 
20 M s t a y  behinds 

100 M b e s t  keyworkers a t  55,45,500 100,100,500 
a v a i l a b l e  s t a y  behinds: 
s h e 1  t erd 
by P s i  
>8 ,2 ,55  
40 M a t  
5 ,2 ,40  

15 M a t  >8,2,55 
5 M a t  5 ,2 ,40  

75  M 185 M 185 M 75 M 

P r o t e c t  i o n  
l e v e l s C  4,2,10 35 M b e s t  35 M bes t  15,14,200 15,14,200 

a v a i l a b l e  a v a i l a b l e  
s h e l t e r  s h e l t e r  
by PF by PF 
>8,2 ,55  >8,2,55 
40 M a t  150 M a t  
5 ,2 ,25  5,2,500 

a Risk areas inc lude  t h e  155 m i l l i o n  people  p o t e n t i a l l y  exposed t o  b l a s t  over- 
p re s su re  of 2 p s i  o r  g r e a t e r ,  g iven  a massive mid-1980s Sovie t  coun te r fo rce /  
counterva lue  a t t a c k .  

p o s t u r e s ,  and 80% of r i s k  area popu la t ion  evacuated i n  “ r e l o c a t e d “  pos tures .  

ove rp res su re  ( p s i ) ,  f a l l o u t  p r o t e c t i o n  f a c t o r  (PF). 

Assumed 10% spontaneous evacua t ion  from r i s k  areas i n  a crisis f o r  “ in-p lace“  

The t h r e e  numbers i n d i c a t e :  mean l e t h a l  ove rp res su re  ( p s i ) ,  mean c a s u a l t y  

According t o  Na t iona l  F a l l o u t  S h e l t e r  Survey inventory .  
e S p e c i f i c a l l y ,  CONUS i s  d i v i d e d  i n t o  g r i d  e lements ,  2 arc-minutes on a s ide .  

Grid elements  a r e  t r e a t e d  as fo l lows :  popu la t ion  >5000, 80% evacuated;  popu- 
l a t i o n  2000-5000, no change; popu la t ion  <2000, h o s t  area f o r  evacuees.  Evac- 
uees  remain w i t h i n  a g iven  s ta te  or group of small s ta tes  over  which t h e  
h o s t i n g  r a t i o  ( f i n a l - t o - i n i t i a l  popu la t ion )  i s  cons tan t .  

t i o n  5000-10,000, no change: popu la t ion  <5,000, h o s t  area f o r  evacuees.  
Same a s  f o r  Pos ture  3 ( f o o t n o t e  e )  except  t h a t :  >10,000 evacuate  80%; popula- 
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t h e  s tudy .  Option 1 would add a d d i t i o n a l  s h e l t e r  i n  new con- 
s t r u c t i o n  by s l a n t i n g  25-psi b l a s t  p r o t e c t i o n  ove r  the long  term. 
It i s  e s t i m a t e d  t h a t  spaces  could  be produced a t  $167 i n  1985 
d o l l a r s .  I f  i n i t i a t e d  i n  1978, i t  w a s  e s t i m a t e d  t h a t  it could  
have produced 40 m i l l i o n  spaces  by 1985 and 150 m i l l i o n  by t h e  
y e a r  2000. This  program would be  accompan ied  by a s h e l t e r  
s t o c k i n g  program at  $5.00 p e r  space.  The t o t a l  program ove r  
n e a r l y  20 y e a r s  would be $20 b i l l i o n  ( i n  1977 d o l l a r s )  w i th  a n  
annua l  c o s t  of approximate ly  $900 m i l l i o n  ( i n  1977 d o l l a r s ) .  

Option 2 env i s ioned  a l -year  i n t e n s i v e  c i v i l  de fense  bui ldup.  
I t  would  c o n s i s t  p r i n c i p a l l y  of procurement of materials f o r  
exped ien t  s h e l t e r  f o r  u se  i n  both  r i s k  and n o n r i s k  areas c o s t i n g  
a p p r o x i m a t e l y  $18  b i l l i o n  ( i n  1977  d o l l a r s ) .  The materials 
would be conver ted  i n t o  s h e l t e r s  i n  a two-week crisis. 

S u l l i v a n ,  Hel le r  and  A l d r i c h  ( 1 9 7 9 )  i n  a s u b s e q u e n t  
p u b l i c a t i o n  made estimates of s h e l t e r  s p a c e  r e q u i r e m e n t s  f o r  
" h i g h - r i s k  a reas"  i n  t h e  U n i t e d  S t a t e s .  Two c a t e g o r i e s  of 
h igh - r i sk  areas were i d e n t i f i e d .  The f i r s t ,  w i th  a popu la t ion  of 
7 m i l l i o n ,  w a s  t h e  area around Minute-Man bases ,  T i t a n  bases ,  
S t r a t e g i c  A i r  Command bomber bases ,  and submarine b a s e s .  The 
second,  w i t h  a popu la t ion  of 75 m i l l i o n ,  i nc luded  t h e  p rev ious  
s e t  of a r e a s ,  but  i n  a d d i t i o n ,  government r e s e a r c h  f a c i l i t i e s  as 
w e l l .  

While government r e s e a r c h  f a c i l i t i e s  h a r d l y  seem t o  be h igh  
va lue  t a r g e t s ,  t h e  se t  of them could  be a f a i r  approximat ion  of 
a l l  t h e  f a c i l i t i e s  engaged i n  t h e  development,  p roduc t ion ,  and 
s t o r a g e  of n u c l e a r  weapons which could  conce ivably  be t a r g e t s ,  i n  
what i s  p r i m a r i l y  a c o u n t e r f o r c e  a t t a c k .  

An o p t i o n  t o  p r o t e c t  t h e  e n t i r e  140 m i l l i o n  people  i n  t h e  
u r b a n - i n d u s t r i a l  t a r g e t  areas w a s  a l s o  included.  The a u t h o r s  
e v a l u a t e d  t h r e e  p o s s i b l e  programs f o r  t h e s e  r i s k  areas: f i r s t ,  
c r i s i s  r e l o c a t i o n ;  s e c o n d ,  a n  e x p e d i e n t  s h e l t e r  c o n s t r u c t i o n  
program i n  a crisis;  and t h i r d ,  t h e  c o n s t r u c t i o n  of d e d i c a t e d  
b l a s t  s h e l t e r s .  The programs were cos t ed  us ing  s u b s t a n t i a l l y  t h e  
same c o s t s  a s  i n  t h e i r  p rev ious  s t u d y .  B l a s t  s h e l t e r s  were 
e s t i m a t e d  t o  c o s t  $300 pe r  space  i n  1979 d o l l a r s .  

Expedient  s h e l t e r  k i t s  were e s t i m a t e d  t o  c o s t  $70 p e r  person  
i n  1979 ($100 i n  1985). Also e s t i m a t e d  f o r  each  o p t i o n  were t h e  
a s s o c i a t e d  c o s t s  of p l ann ing ,  warning,  d i r e c t i o n  and  c o n t r o l ,  
r a d i o l o g i c a l  d e f e n s e ,  emergency p u b l i c  i n fo rma t ion  management, 
and research and development. 

Table  6.2 i s  a summary of c o s t s  of t h e  d i f f e r e n t  program 
o p t i o n s  i n  1979 d o l l a r s .  They can be conver ted  t o  1985 c o s t s  by 
m u l t i p l y i n g  by 1.44. It w a s  e s t i m a t e d  t h a t  a l l  of t h e  programs 
would r e s u l t  i n  about  80% s u r v i v a l  of t h e  a f f e c t e d  popu la t ion ,  

105 



T a b l e  6.2. E s t i m a t e d  c o s t s  t o  e s t a b l i s h  CD programs f o r  h i g h - r i s k  a r e a s  
( o v e r  5-year  p e r i o d :  1979 $, m i l l i o n s ) a  

Nuclear  p r o t e c t i o n  
p l a n n i n g  46 

Warning 32 

D i r e c t i o n  & c o n t r o l  39 

R a d i o l o g i c a l  d e f e n s e  22 

t r a i n i n g ,  e d u c a t i o n  5 
Emergency p u b l i c  i n f o . ,  

Xanageme n t  300 

Research  & Development 26 
5-Year TOTAL COST 480 

Annual Cos t  
( 1 s t  5 y e a r s I a  96 

Annual Cos t  
($/U.S. c i t i z e n )  0.45 

60 
50 

0 
0 
5 

260 
50 

200 

50 

325 

90 

150 

3 50 

80 
1 ,670  

335 

1.55 

60 
30 
0 
0 
5 

140 
25 

130 

50 

205 

60 

80 

335 

8 0  - 
I ,  200 

240 

1.10 

60 
3 
0 
0 
5 

13  
5 

55 

50 

80 

30 

10 

3 20 

80 
710 
- 

140 

0.65 

Expedient  Dedica ted  B l a s t  
S h e l t e r s  Crisis R e l o c a t i o n  S h e l t e r s  

140M 75M 7M 75M 7M 140M 75M 7M 
C u r r e n t  a t  a t  a t  a t  a t  a t  a t  a t  

C D b  R i s k  R i s k  R i s k  Risk  R i s k  Risk  Risk  Risk 
S h e l t e r :  

Survey  10 
P l a n n i n g d  0 
H a t e r i a l d  0 
P e a s e t  i m e  c o n s t r u c t i o n  0 
?larking 0 
S t o c k i n g  0 
S h e l t e r  management 0 

60 
525 

5,250 
0 
5 

I10 
25 

I30  

1,100 

205 

60  

80 

335 

60  
50 

500 
0 
5 

10 
5 

5 

100 

80 

30 

10 

320 

80 80 
7,965 1 ,255  
-- 

1,590 250 

7.40 1.20 

C 

C 

0 
42,250 

700 
100 

C 

500 

2,000 

335 

90 

150 

1 ,500  

100 
47,725 

9,550 

44.50 

C 

C 

0 
22,500 

375 
55 

c 

290 

1,100 

200 

60 

80 

650 

100 
25,410 

5,080 

23.60 

c 
C 

0 
2 ,100 

c 
35 
LO 

70 

I 0 0  

80 

30 

10 

360 

100 
2,895 
- 

580 

2.70 

a A f t e r  program i s  e s t a b l i s h e d ,  a n n u a l  main tenance  c o s t s  a r e  lower t h a n  t h e s e  ( e x c e p t  Eoc 

b Based on FY 1979 DCPA a p p r o p r i a t i o n ,  t o t a l l i n g  $96.5 m i l l i o n  € o r  FY 1979. 
I n c l u d e d  i n  peace t ime c o n s t r u c t i o n .  
For  development  of s h e l t e r s  d u r i n g  c r i s i s .  

C u r r e n t  CD).  



u n d e r  t h e  assumed d e s i g n  c o n d i t i o n s  of t a r g e t i n g  and warning t i m e .  
However, on ly  t h e  in-p lace  s h e l t e r  i s  e f f e c t i v e  under  &. a t t a c k s  and 
warning times. 

A d d i t i o n a l  i n fo rma t ion  on c i v i l  de fense  p o s t u r e s  and t h e  t rade--  
o f f s  between v a r i o u s  s h e l t e r  deployment s t r a t e g i e s  i s  conta ined  i n  t h e  
fo l lowing  r e f e r e n c e s :  Bech te l  Corpora t ion  (1968);  Brannon and S c a l a  
(1984);  Brown (June 1964a, 1965a, 1967);  Condit  (1962a, 1962b, 1965);  
C r i s t y  ( 1 9 7 3 ,  1 9 7 5 ) ;  Devaney (1970);  F i s c h e r ,  Faby, Robinson, and 
Leonard (1984);  Haaland (1969);  Hamberg, S a l e e ,  and Watkins (1963);  
Harvey ,  E.C. (1964);  Hendrey e t  a l .  (1981);  I I T  Research I n s t i t u t e  
(1964);  Jones  (1977);  L o g o t h e t t i  e t  a l .  (1969) ;  McMullan, W r i g h t ,  
A n d e r s o n ,  and  T r u s t m a n  ( 1 9 6 7 ) ;  Nehnevajsa (1976);  Rocket t  (1969);  
Rocket t  and Brown (1967); S a n t i n i  e t  a l .  (1982a, 1982b); Smith and 
Denton (1966);  S t a f f  of t h e  J o u r n a l  of C i v i l  Defense (1967);  Warner and 
C h r i s t i a n s e n  (1972);  Waterman, G.S. ( 1 9 5 9 ) ;  W r i g h t ,  H i l l ,  Tolman,  
Lyday,and York (1975);  York and McKnight (1978). 

6.2.1 Shelter Incentive Programs 

P e r h a p s  t h e  most  d i f f i c u l t  unsolved problem of c i v i l  de fense  
i s  d e v i s i n g  a p o l i t i c a l l y  and e c o n o m i c a l l y  a c c e p t a b l e  p rogram t o  
g e t  t h e  s h e l t e r s  b u i l t .  I n  one of t h e  b e s t  r e p o r t s  reviewed by 
t h i s  s t u d y ,  t h e  very  exper ienced  team of S t r o p e ,  Devaney, L a u r i n o ,  
and  W e n g r o v i t z  ( 1 9 8 5 )  d i d  a n  i n - d e p t h  r e v i e w  of  t h i s  problem. 
The s h e l t e r  sys tem they  s e l e c t e d  was t h a t  proposed by H. L. Murphy 
( 1 9 7 5 ) :  a heavy  c o n c r e t e  s l a b  ove r  t h e  basement of new cons t ruc-  
t i o n .  They recommend a 30-psi s t a n d a r d  hardness  w i t h  a s l a b  t h i c k n e s s  
s e l e c t e d  t o  p rov ide  s h i e l d i n g  a g a i n s t  i n i t i a l  n u c l e a r  r a d i a t i o n  a t  t h i s  
o v e r p r e s s u r e  from a 200-kT warhead. 

They es t imate  c o s t s  p e r  space of t h i s  basement c o n s t r u c t i o n  
r ang ing  between $230 and $300, depending on t h e  s i z e  of t h e  s h e l t e r .  
For  t h e  80 m i l l t o n  people  not i n  t h e  r i s k  area, they  assume a s l a n t e d  
f a l l o u t  p r o t e c t i o n  f a c t o r  of 100, c o s t i n g  $50 p e r  space.  The n a t i o n a l  
ave rage  f o r  t h e  whole program i s  i n  t h e  neighborhood of $230 p e r  space.  
O v e r a l l  program c o s t s  would be i n  t h e  neighborhood of $40 b i l l i o n .  

E l e v e n  a l t e r n a t i v e  i n c e n t i v e  programs are presented .  F ive  of 
t h e  programs are mandatory and t h e  r ema inde r  a r e  v o l u n t a r y .  The 
o n l y  d e s i g n e d  t o  make p a r t i c i p a t i o n  i n  t h e  program a p r o f i t a b l e  
ven tu re  i s  t h e  p r e f e r r e d  op t ion .  The e l e v e n  p r o g r a m s  a r e  l i s t e d  
i n  T a b l e  6.3. They a r e  r a n k - o r d e r e d  f i r s t  by e s t i m a t e d  s h e l t e r  
y i e l d  and t h e n  by program costs  f o r  i d e n t i c a l  y i e l d s .  The preferred 
program would be t h e  mandatory c o n s t r u c t i o n  of s h e l t e r  i n  new F e d e r a l  
and S t a t e  b u i l d i n g s  f o r  two y e a r s  t o  g a i n  e x p e r i e n c e  and  t h e n  a n  
i n c e n t i v e  payment program f o r  f o u r  yea r s .  

This  e x c e p t i o n a l l y  w e l l  done s t u d y  would be  of  g r e a t  impor -  
t a n c e  t o  any o f f i c i a l  c o n s i d e r i n g  t h e  deployment of a s h e l t e r  system i n  
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Table 6.3. Comparison of alternative shelter incentive programs 

Program Annual yield (spaces) Annual program cost Cost per space 

NO Title All effects Fallout GNP Budget GNP Budget 
(millions) (millions) (billions) (billions) ($1 ($1 

7. Flat incentive 

5. Mandatory plus 
payment a $28.58 

nonprofit 
subsidy 11.52 

loan 
subs idy a 11.52 

9. Loan and 
loan 
subsidya 11.52 

11. Public sector 
grant plus 
tax credita 11.52 

with subsidy 9.17 

shelter in 

8. Grant plus 

4. Mandatory 

2. Mandatory 

all buildings 7.57 
3. Mandatory 

excluding 
small residences 6.53 

10. Public sector 
granta 5.92 

qualificationa 1.49 

Federal 
buildings 0.58 

6. Public housing 

1. Mandatory in 

$11.10 $9.24 $9.22 $233 $232 

2.55 3.00 1.33 213 95 

2.55 3.03 3.01 215 214 

2.55 3.03 3.01 215 214 

2.55 

1.76 

3.15 

2.58 

3.13 

1.30 

224 

236 

223 

119 

1.76 2.15 0.16 230 1 7  

1.42 

1.44 

0.37 

1.85 

1.58 

0.43 

0.16 

1.56 

0.16 

233 

214 

243 

20 

212 

90 

0.10 0.17 0.15 246 224 

a Includes Program 1. 
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t h e  United S t a t e s .  The c o s t s  e s t ima ted  € o r  t h e  s h e l t e r  may be 
s l i g h t l y  o p t i m i s t i c  bu t  may be ach ievab le  wi th  very good manage- 
ment.  T h e r e  i s  o n l y  a b r i e f  ment ion  of t h e  p o s s i b i l i t y  of 
underground b u i l d i n g  c o n s t r u c t i o n .  T h e r e  i s  no m e n t i o n  of 
m o d i f y i n g  q u a r r y i n g  p r a c t i c e s  n e a r  c i t i e s  t o  produce usab le  
p r o t e c t e d  space.  

6.2.2 Construction Resource Availability and Surge Shelter 
Programs 

It is  e n t i r e l y  p o s s i b l e  t h a t  some even t  in t h e  Euture  would 
convince t h e  U.S. popu la t ion  and a u t h o r i t i e s  t h a t  w e  should  have 
b l a s t  o r  f a l l o u t  s h e l t e r  f o r  t h e  popula t ion .  It i s  q u i t e  l i k e l y  
t h a t  any even t  s o  t r a u m a t i c  as t o  produce t h a t  l a r g e  a change i n  
o f f i c i a l  p o l i c y  would a l s o  p r o v i d e  i n c e n t i v e  t o  a c q u i r e  t h e  
s h e l t e r  as q u i c k l y  as p o s s i b l e .  To t h i s  end,  t h e r e  have been a 
number of s t u d i e s  a t t e m p t i n g  t o  estimate how qu ick ly  w e  could 
provide  permanent s h e l t e r  under  g r e a t  urgency. 

In a n  e a r l y  s tudy  of t h e  problem, Curione (1968) e s t ima ted  
c o n s t r u c t i o n  r e sources  a v a i l a b i l i t y  i n  suppor t  of b l a s t  s h e l t e r  
programs. H e  concluded t h a t  t h e  l i m i t i n g  f a c t o r  would be t r a i n e d  
personnel .  H e  e s t ima ted  t h a t  t h e  economy could n o t  a b s o r b  a 
program larger than  $5 t o  $ 7  b i l l i o n  pe r  year ($20 t o  $30 b i l l i o n  
i n  1985 d o l l a r s ) .  This  would permi t  t h e  c o n s t r u c t i o n  of f a l l o u t  
s h e l t e r  ( 5  t o  10 p s i )  i n  urban i n d u s t r i a l  areas over  5 t o  10 
y e a r s ,  o r  c o n s t r u c t i o n  of up t o  100-psi b l a s t  s h e l t e r  i n  t h e  
most dense ly  populated areas over  a 10-year per iod .  Cur ione ' s  
c o s t  f o r  50- t o  100-psi s h e l t e r s  was i n  t h e  neighborhood of $1000 
p e r  space ( i n  1985 d o l l a r s ) .  H e  cons idered  s h e l t e r s  designed f o r  
ove rp res su res  as h igh  as 1000 p s i .  

Kamath and Wright (1980) e s t ima ted  t h e  f e a s i b i l i t y  and c o s t s  
of su rge  pe r iod  s h e l t e r  systems. They cons idered  s h e l t e r  programs 
p r o t e c t i n g  both  c r i t i c a l  workers  and t h e  g e n e r a l  p u b l i c  i n  t a r g e t  
areas. These a u t h o r s  c o n s i d e r e d  s i x  s i n g l e - p u r p o s e  s h e l t e r  
d e s i g n s  : 5 0 0 - c a p a c i t y  r e i n f o r c e d  conc re t e  r e c t a n g u l a r  s h e l t e r ;  
1000-capac i ty  r e i n f o r c e d  c o n c r e t e  r e c t a n g u l a r  s h e l t e r ;  500- 
c a p a c i t y  r e i n f o r c e d  c o n c r e t e  a r c h  s h e l t e r ;  500-capacity s t e e l  a r c h  
s h e l t e r ;  20-capaci ty  co r ruga ted  s teel  c u l v e r t  s h e l t e r ;  12-capaci ty  
small  p o l e  shel ter-- lumber  vers ion .  The a u t h o r s  eva lua ted  v a r i o u s  
combinat ions of t h e  s h e l t e r s  f o r  up t o  140 m i l l i o n  r i s k  a r ea  
popu la t ion ,  and a 3.2-mil l ion c r i t i c a l  work fo rce .  

T h e i r  conc lus ions  were: ( 1 )  t h e  c r i t i c a l  work f o r c e  could be 
s h e l t e r e d  d u r i n g  a su rge  pe r iod  as s h o r t  as 3 months wi thout  
s i g n i f i c a n t  impact on normal p roduc t ion  and d i s t r i b u t i o n  p a t t e r n s  
of  r e s o u r c e s ;  ( 2 )  s t ee l  i s  t h e  most c r i t i c a l  material and i s  
needed i n  l a r g e  enough q u a n t i t i e s  t o  d i s r u p t  normal usage p a t -  
t e r n s ;  ( 3 )  i n  o r d e r  t o  provide  in-p lace  p r o t e c t i o n  t o  t h e  e n t i r e  
r i s k  area popu la t ion ,  a 6-month s u r g e  p e r i o d  and  50% of t h e  
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n a t i o n a l l y  produced ( i n  1980) s teel  r e i n f o r c i n g  b a r s  and p l a t e  
s t ee l  would be r e q u i r e d ;  and ( 4 )  wi th  a 12-month s u r g e  pe r iod  t h e  
e n t i r e  r i s k  area popu la t ion  could be s h e l t e r e d  w i t h  25% of t h e  
re inforcement  and p l a t e  s t e e l  p r o d u c t i o n .  T h e i r  n a t i o n w i d e  
s h e l t e r  program c o s t s  worked o u t  t o  about  $1.3 b i l l i o n  ( i n  1985 
d o l l a r s )  t o  s h e l t e r  t h e  c r i t i c a l  work f o r c e  and a p p r o x i m a t e l y  
$60  b i l l i o n  ( i n  1985)  t o  s h e l t e r  t h e  140 m i l l i o n  r i s k  area 
popula t ion .  

For  a d d i t i o n a l  i n fo rma t ion  on s u r g e  s h e l t e r  programs and t h e  
a v a i l a b i l i t y  of c o n s t r u c t i o n  r e s o u r c e s ,  t h e  fo l lowing  r e f e r e n c e s  
a r e  s u g g e s t e d :  C r i s t y  ( J u l y  1973); Kamath and Wright (1981);  
Rocket t  and Brown (1965); Wright (1969). 

6.2.3 Costs of Single-Purpose Shelter System 

A l a r g e  number of  s t u d i e s  c o n t a i n i n g  d i v e r s e  t y p e s  o f  
d e d i c a t e d ,  s ing le-purpose  b l a s t  s h e l t e r  des igns  have been reviewed 
and summarized by Ches te r  and Holladay (1983). They e x t r a c t e d  t h e  
d e t a i l e d  c o n s t r u c t i o n  c o s t s  of each  s h e l t e r  from each  s tudy  and 
updated t h e  c o s t s  i n t o  1982 d o l l a r s .  The r e v i s e d  c o s t s  f o r  a l l  
s h e l t e r  des igns  i n  a p a r t i c u l a r  s tudy  were p l o t t e d  as f u n c t i o n s  of 
bo th  t h e  des igned  ove rp res su re  ( p s i )  and the des igned  occupancy 
(number of s p a c e s )  t o  a s c e r t a i n  t h e  most economical s h e l t e r .  S i x  
such f i g u r e s  were developed by Chester and H o l l a d a y  i n  t h e i r  
summary r e p o r t ,  i n c l u d i n g  f o u r  f i g u r e s  f o r  s h e l t e r  des igns  which 
inc luded  shock i s o l a t i o n  equipment. I n  t h e s e  f i g u r e s ,  Ches te r  and 
Holladay compared previous  s h e l t e r  c o s t s  t o  t h e  c o s t  of a propos- 
ed ,  co r ruga ted  s teel  c u l v e r t  s h e l t e r ;  see Sec t .  7.6.2.3. 

I n  one of t h e i r  f i g u r e s ,  reproduced h e r e  as Fig.  6.1, t h e  
cost p e r  space  i n  1982 d o l l a r s  f o r  t h e  most economical s h e l t e r s  
from each s tudy  i s  p l o t t e d  as a f u n c t i o n  of des igned  ove rp res su re  
p r o t e c t i o n  from bo th  s t a t i c  and dynamic loads .  The dynamic load  
i s  g iven  i n  a tmospheres  and i s  assumed t o  be one-half t h e  designed 
r e s i s t a n c e  t o  t h e  s t a t i c  load .  Fami l i e s  of curves  are used t o  
p r e s e n t  d a t a  f o r  t h e  v a r i o u s  s h e l t e r  s i z e s  (number of spaces ) .  To 
conver t  1982 d o l l a r s  i n t o  1985 d o l l a r s  u se  a m u l t i p l i e r  of 1.09. 

I n  F i g .  6 .2 ,  t h e  c o s t  p e r  space  f o r  t h e  most economical 
s h e l t e r s  from each s tudy  are p l o t t e d  as a f u n c t i o n  of t h e  des igned  
number of spaces  pe r  s h e l t e r .  Fami l i e s  of curves  are used t o  
p r e s e n t  d a t a  f o r  t h e  v a r i o u s  l e v e l s  of ove rp res su re  p r o t e c t i o n  
o f f e r e d  by each des ign .  

The b a s i c  s h e l t e r  components i nc luded  i n  t h e  c o s t s  shown i n  
t h e s e  f i g u r e s  are: 

1. ear thwork ( excava t ion  and b a c k f i l l ) ;  
2. b a s i c  s t r u c t u r e  c o n s t r u c t i o n  ( c o n c r e t e  work and m e t a l  work, 

i n c l u d i n g  materials and l a b o r ) ;  
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3. e n t r a n c e s  ( m a t e r i a l s  and l a b o r  f o r  excava t ion ,  b l a s t  p ro tec-  
t i o n ,  r a d i a t i o n  s h i e l d i n g ,  stairways, e t c . ) ;  

4 .  m e c h a n i c a l  ( p r i m a r i l y ,  v e n t i l a t i o n  equ ipmen t ,  i nc lud ing  
a i r  blowers ,  duc t  work, e x t e r n a l  v e n t i l a t i o n  s h a f t s ,  a n d  
necessa ry  f i l t e r s ) ;  

5. e l e c t r i c a l  ( l i g h t i n g ,  o u t l e t s ,  mechancial  w i r ing ,  back-up 
g e n e t a t o r ) ;  

6. c o n t r a c t o r ' s  overhead, p r o f i t ,  and con t ingenc ie s  ( t aken  as 
20% of t h e  prices computed i n  Figs .  6.1 and 6.2).  

Key h a b i t a b i l i t y  items which were not  i nc luded  i n  t h e  c o s t  
estimates were r a d i a t i o n  monitor ing and c o m m u n i c a t i o n s  e q u i p -  
ment, food, water, f u r n i t u r e ,  and s a n i t a t i o n  equipment. 

- 

An i n i t i a l  i n s p e c t i o n  of F igs .  6.1 and 6.2 s u g g e s t s  s e v e r a l  
b a s i c  t r e n d s  f o r  b l a s t  s h e l t e r  c o s t s :  

1. 

2. 

3. 

4 .  

For a s p e c i f i c  s tudy ,  t h e  c o s t  p e r  s p a c e  dec reases  as t h e  
number of spaces i n c r e a s e s .  That is ,  l a r g e r  s h e l t e r s  c o s t  
less on a c o s t  pe r  space bas i s .  
For a s p e c i f i c  s tudy ,  t h e  c o s t  p e r  s p a c e  i n c r e a s e s  as t h e  
l e v e l  of ove rp res su re  p r o t e c t i o n  i n c r e a s e s .  

For a s p e c i f i c  s tudy ,  t h e  c o s t  p e r  space v a r i e s  accord ing  t o  
t h e  type  of a r c h i t e c t u r a l  des ign  ( a rch ,  cube, c y l i n d e r ,  steel 
c o n s t r u c t i o n ,  conc re t e  c o n s t r u c t i o n ,  etc.). 
The co r ruga ted  m e t a l  c u l v e r t  s h e l t e r  and t h e  s h e l t e r s  of  
Havers and Lukes (1964) are among t h e  most economical s h e l t e r  
des igns ,  r e g a r d l e s s  of s h e l t e r  s i z e  o r  ove rp res su re  p ro tec -  
t i o n  l e v e l .  

Add i t iona l  i n fo rma t ion  on t h e  c o s t  and e f f e c t i v e n e s s  of c i v i l  
defense  s h e l t e r  systems is conta ined  i n  t h e  fo l lowing  r e f e r e n c e s :  
Ammann and Whitney (1960, 1963); Avise e t  a l .  (1971); Barksda le  
and Wade (1967); Bobrow (1965);  Bothun (1957);  Ch i lde r s ,  Vansant,  
and Mokrauer (October 1968); Curione (1958, 1967): Defense C i v i l  
Preparedness  Agency (Novemberl972a); Devaney (1964);  Flynn (1962);  
F o r r e s t a l  ( 1 9 6 3 ) ;  Gant  and  H a a l a n d ( 1 9 7 9 ) ;  Goen, Radden, and 
Goodrich (1968);  Goen, Ryan, Kamradt, Baum, and Radiovic  (1966);  
Granzow, Summers, and B l i s s  (1964, January 1965, June  1965); 
Haaland and Ches te r  (1981); Harvey, T.F. (1982);  Havers (1963);  
Havers and Lukes (1964);  Holmes and Narver (1960);  Kearny (1963);  
Ke l l ehe r  (1965); Krupka (1963, 1964a);  Krupka e t  a l .  ( 1 9 6 3 ) ;  
Lawrence  R a d i a t i o n  L a b o r a t o r y  ( 1 9 6 1 ) ;  Longinow and Stepanek 
(1968);  Longinow, Kalinowski,  Kot, and Sa lzbe rg  (1970, 1971b) ;  
Ralph M. Parson,  Company (1968);  Rockett  (1966);  Rocket t  and Brown 
(1967);  Schmidt (1971);  S t rope  and Devaney (1978, 1979); Vortman 
(1962a);  Waterman, G.S.(1959); Weinstein (1983);  Welch (1964). 
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6.3 ACTIVE-PASSIVE DEFENSE MTJ!XACl'ION 

In the mid to late sixties active consideration was given to 
the deployment of a ballistic missile defense. The system under 
consideration would have utilized a combination of a long-range 
exoatmospheric interceptor (the Spartan) and a short-range 
endoatmospheric interceptor (the Sprint). Both interceptors were 
armed with nuclear warheads. Deployments were considered until 
they were restricted by the ABM treaty of 1972. During this 
period a number of studies were conducted to investigate the 
interaction between active defense designed to protect cities and 
blast shelters for the population in cities. 

William Brown (July 1964, 1965) at the Hudson 1nst.itute was a 
pioneer in active-passive interaction. In the course of consid- 
ering the interaction with active defense, he proposed making 
shelter hardness proportional t o  population density, permitting 
some population dispersal in a few hours before an attack, and 
overcrowding blast shelters, as ways of dramatically increasing 
the effectiveness and decreasing the cost of the passive component 
of the active-passive mix. He developed mathematical relation- 
ships between overpressure and survival, the spatial distribution 
of shelter population density, and shelter cost versus overpres- 
sure hardness. He considered up to five different shelter types 
in the mix. He found that low expenditure levels (a few billion 
dollars) favored allocating the entire expenditure on shelter. 
As shelters became more cost-effective, the optimum solution 
favored more expenditure on active defense. For many cases a 
50-50 split in the budget between active and passive systems was 
relatively insensitive to the effectiveness of the active system 
or the size of the attack. Brown was one of the few people who 
also considered the effects of active systems in increasing the 
survival of industrial assets. 

Grimm, Pearsall, and Pratt (1971a, 1971b, 1971c, 1971d) 
conducted a mathematically elegant study using LaGrange multipli- 
ers to calculate the allocation of a fixed budget between an 
active defense using Spartan and Sprint missiles, and a shelter 
system using single-purpose shelter. The study included mixes of 
the two active possibilities and one passive with up to six types 
of offensive warheads. It took into account a finite time for 
people to move to shelter and assumed that the object of the 
attacker was to kill as many people as possible. The study did 
not consider other methods of delivering weapons such as frac- 
tional orbital bombardment systems, submarine launched ballistic 
missiles, and air launched cruise missiles. Evacuation of 
the population was not considered. The study found that the 
different types of defensive systems were weakly complimentary 
rather than competitive (i.e., expenditures on a mix of the 
systems were generally more effective than the same expenditure 
on  any one system). 
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Haaland, Wigner, and Wilson (1971) conducted an e l a b o r a t e  and 
mathemat ica l ly  s o p h i s t i c a t e d  s tudy  on t h e  a c t i v e  de fense  expendi- 
t u r e  t o  reduce t h e  c a s u a l t i e s  from a s u r p r i s e  a t t a c k  from subma- 
r i n e  launched b a l l i s t i c  missiles. Once aga in ,  t h e  assumption was 
t h a t  t h e  a t t a c k e r ' s  o b j e c t i v e  w a s  t o  k i l l  as many people  a s  
p o s s i b l e .  The Safeguard B a l l i s t i c  Missile Defense technology w a s  
assumed, employing Spa r t an  and S p r i n t  i n t e r c e p t o r s  and expens ive  
r a d a r s .  There were t h r e e  s h e l t e r  p o s t u r e s ,  i n c l u d i n g  s l a n t e d  new 
c o n s t r u c t i o n  t o  provide  b l a s t  p r o t e c t i o n  as a way of reducing  
c o s t .  The s t u d y  found t h a t  combinat ions of a c t i v e  and p a s s i v e  
de fense  were more e f f e c t i v e  i n  t h i s  very l i m i t e d  s c e n a r i o  than  
e i t h e r  one a lone .  

I n  1986 ,  c o n s i d e r a t i o n  i s  once a g a i n  be ing  g iven  t o  t h e  
development and deployment of an  a c t i v e  b a l l i s t i c  missile defense .  
It  may be t h a t  t h e  i n e v i t a b l e  s t u d i e s  of t h e  i n t e r a c t i o n  between 
a c t i v e  and p a s s i v e  defense  may make u s e  of t h e  a d d i t i o n a l  under- 
s t a n d i n g  of s h e l t e r  t h a t  has  been ob ta ined  i n  t h e  las t  25 yea r s .  
It is  l i k e l y  t h a t  any s e r i o u s l y  cons idered  deployment i n  conjunc- 
t i o n  w i t h  a c t i v e  de fense  would contemplate  a f i n i t e  number of 
s h e l t e r  t ypes  r a t h e r  t han  a c o n t i n u o u s l y  v a r y i n g  h a r d n e s s  i n  
she l te r  design.  The real e f f e c t i v e  hardness  (mean l e t h a l  over- 
p r e s s u r e  o r  MLOP) f o r  any g iven  s h e l t e r  type  would vary  wi th  t h e  
c o n d i t i o n s  a t  t h e  s h e l t e r  s i t e - - rubb le  p o t e n t i a l  from sur rounding  
h i g h - r i s e  b u i l d i n g s ,  t h e  water t a b l e ,  and t h e  presence  of open 
a r e a s  p e r m i t t i n g  b u r i e d  c o n s t r u c t i o n - - a l l  of which would be 
beyond t h e  c o n t r o l  of t h e  s h e l t e r  des igne r s .  I n  view of t h e  
exper imenta l  work of Kiger  and h i s  co-workers (Kiger ,  Eag le s ,  and 
Baylo t ,  1984; K i g e r ,  S l awson ,  and  Hyde, 19841,  mean l e t h a l  
o v e r p r e s s u r e s  of s h e l t e r s  would be determined by i n i t i a l  n u c l e a r  
r a d i a t i o n  f o r  nonburied basement s h e l t e r s ,  by g round  m o t i o n ,  
e s p e c i a l l y  i n  a l l u v i a l  s o i l s ,  and by rubb le  i n  c e n t r a l  bus iness  
d i s t r i c t s .  

Evacuat ion would almost c e r t a i n l y  occur  i n  a very wide range 
of crisis s c e n a r i o s .  This  would reduce peak daytime popu la t ions  
i n  c e n t r a l  bus iness  d i s t r i c t s .  

S h e l t e r  d e s i g n  h a r d n e s s  g r e a t e r  t h a n  50-100 p s i  would 
probably no t  be contemplated,  a l though  bur i ed  s h e l t e r s  i n  t h i s  
range u s u a l l y  have very much h ighe r  e f f e c t i v e  hardnesses .  For 
bur ied  s t r u c t u r e s  c o s t  depends very  l i t t l e  on des igned  overpres-  
s u r e  p r o t e c t i o n  l e v e l s  less than  100 p s i .  A s  has  been noted 
e l sewhere ,  any th ing  put  i n  t h e  g round  h a s  a n  i n h e r e n t  b l a s t  
ha rdness  approaching 200 p s i .  

The S o v i e t  Union c la ims  t o  t a r g e t  i n d u s t r y ,  government, and 
communications as coun te rva lue  t a r g e t s ,  no t  people  p e r  se. If 
t h a t  w e r e  t o  be t h e  case, a counterva lue  a t t a c k  would c o n s i s t  
l a r g e l y  of a i r b u r s t s  opt imized f o r  something i n  t h e  o r d e r  of 20 
p s i .  F i f t y - p s i  s h e l t e r s  would s u r v i v e  t h i s  t ype  of a t t a c k  r i g h t  
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i n t o  t h e  g round  z e r o s  b e n e a t h  t h e  weapons. Except f o r  t h e  
p o s s i b l e  e f f e c t s  of i n i t i a l  nuc lea r  r a d i a t i o n ,  rubb le ,  and f i r e ,  
t h e r e  would be no f a t a l i t i e s  i n  s h e l t e r s .  

S ince  any a c t i v e  defense  s y s t e m  i s  going t o  l e a k ,  s h e l t e r s  
s h o u l d  l o g i c a l l y  be t h e  bottom l a y e r  on a m u l t i l a y e r e d  a c t i v e  
defense.  F i f t y - p s i  s h e l t e r s  would reduce t h e  c a s u a l t i e s  produced 
by warheads ,  which p e n e t r a t e  t h e  l a y e r s  of a c t i v e  de fense ,  t o  
l e v e l s  f a r  below t h a t  which would be i n f l i c t e d  on an  unpro tec t ed  
popula t ion .  The p o t e n t i a l  f o r  a b a l l i s t i c  missile de fense  t h a t  
could reduce t h e  number of a r r i v i n g  warheads t o  t h e  p o i n t  where 
damage p a t t e r n s  f rom the  i n d i v i d u a l  weapons would no longe r  
ove r l ap  makes even 10-psi s h e l t e r s  u s e f u l .  

P e r h a p s  t h e  b i g g e s t  i n t e r a c t i o n  between b a l l i s t i c  missile 
defense  and s h e l t e r  i s  t h e  p o t e n t i a l  change i n  p o l i t i c a l  c l i m a t e  
i n  t h e  country.  Such a change might be e f f e c t e d  by r e c o g n i t i o n  
t h a t  an e f f e c t i v e  defense  is  t e c h n i c a l l y  p o s s i b l e .  I f  t h i s  i n  
t u r n  were t r a n s l a t e d  i n t o  t h e  p o l i t i c a l  w i l l  t o  spend hundreds of 
b i l l i o n s  of d o l l a r s  f o r  a c t i v e  defense ,  it could make f e a s i b l e  t h e  
e x p e n d i t u r e  of t e n s  of b i l l i o n s  of d o l l a r s  f o r  an  e f f e c t i v e  
s h e l t e r  program f o r  t h e  popula t ion .  

F o r  a d d i t i o n a l  i n f o r m a t i o n  o n  t h e  r o l e  of s h e l t e r s  i n  
ac t ive -pass ive  de fense ,  t h e  fo l lowing  r e f e r e n c e s  are sugges ted :  
Haa land  (1971) ;  Haaland and Ches t e r  (1981); Haaland and Heath 
(1972);  Latter and M a r t i n e l l i  (1968);  Uher and Noo j in  ( 1 9 6 7 ) ;  
Weinstein (1983). 
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7. SHELTKE O P T I O ~ S  

7 .1  BEST A V A I W L E  SHELTER 

I f  i n  a n u c l e a r  crisis,  t h e r e  i s  warning of an  impending 
a t t a c k  of on ly  a few minutes  t o  a few hour s ,  t h e r e  would be no 
t i m e  t o  evacuate .  Given t h e  p r e s e n t  c i v i l  defense  c a p a b i l i t y  of 
t h e  United S t a t e s ,  t h e  only  measure a v a i l a b l e  t o  t h e  p u b l i c  would' 
be t o  t a k e  s h e l t e r  i n  b u i l d i n g s  des igna ted  as p a r t  of t h e  Na t iona l  
F a l l o u t  S h e l t e r  Survey (NFSS) inven to ry  and i n  home basements. I n  
r i s k  a reas  the  NFSS inven to ry  c o n s i s t s  of many l a r g e  masonry 
b u i l d i n g s  which may o f f e r  s i g n i f i c a n t  p r o t e c t i o n  i n  t h e i r  base- 
men t s .  F i g u r e  7 .1  d e m o n s t r a t e s  where  and how much f a l l o u t  
p r o t e c t i o n  i s  found i n  d i f f e r e n t  b u i l d i n g  types .  

Table  7 .1  i s  a t a b u l a t i o n  of d a t a  from t h e  NFSS i nven to ry  as 
of June 30, 1985. According t o  t h i s  i n fo rma t ion ,  t h e r e  are more 
t h a n  enough spaces  f o r  t h e  popu la t ion  of t h e  United States  i n  
s h e l t e r s  w i t h  p r o t e c t i o n  f a c t o r s  of 40 o r  more ;  however ,  t h e  
l o c a t i o n  of t h e s e  s h e l t e r s  does not  always match t h e  d i s t r i b u t e d  
popula t ion .  Table  7.2 i s  an  e s t i m a t e d  breakdown of t h e s e  spaces  
b a s e d  on a s t a t i s t i c a l  sample by c o n s t r u c t i o n  type  (Longinow, 
1979). The s t a t i s t i ca l  breakdown of t h e  s p a c e s  w a s  done  by 
Tolman, Lyday and H i l l  (1973). Unfor tuna te ly  most of t h e s e  spaces 
a r e  i n  the aboveground p o r t i o n s  of t h e  bu i ld ing .  Only 35.6%, a 
t o t a l  of 63.7 m i l l i o n  spaces, are i n  basements. 

Basement spaces a l s o  o f f e r  some p r o t e c t i o n  a g a i n s t  b l a s t .  
Th i s  p r o t e c t i o n  has  been e x t e n s i v e l y  ana lyzed  over  t h e  y e a r s  by 
Longinow (1979). F igu re  7.2 shows t h e  i n d i c a t e d  s u r v i v a l  proba- 
b i l i t i e s  as a f u n c t i o n  of b l a s t  ove rp res su re  f o r  d i f f e r e n t  t ypes  
of c o n c r e t e  basement c o n s t r u c t i o n  i n  l a r g e  bu i ld ings .  There i s  
g e n e r a l  a g r e e m e n t  t h a t  t h e  p r i n c i p a l  mechanism of c a s u a l t y  
product ion  i s  c o l l a p s e  of t h e  basement  c e i l i n g  u n d e r  b l a s t  
l o a d i n g .  High p r e s s u r e  a i r  j e t t i n g  i n t o  unpro tec t ed  basement 
e n t r a n c e s  can produce s i g n i f i c a n t  c a s u a l t i e s  among p e o p l e  who 
are s t a n d i n g ,  bu t  r e l a t i v e l y  few among t h o s e  who are l y i n g  down 
and ou t  of t h e  d i r e c t  l i n e  of t h e  en t ryway  (Longinow, 1979 ,  
1980 ;  Longinow, Hahn, Wiedermann and  C i t k o ,  1974; Longinow, 
Wiedermann,Citko, and Iwankiw, 1976). A t  t h e  low b l a s t  p r e s s u r e  
a t  which t h e  non-upgraded basements w i l l  c o l l a p s e ,  i n i t i a l  n u c l e a r  
r a d i a t i o n  i s  no t  a s i g n i f i c a n t  problem. 

T h e r e  a r e  some e x c e p t i o n s  t o  t h e  e f f e c t i v e n e s s  of t h e  
basement s h e l t e r  as  a n  i n - p l a c e  s h e l t e r  o p t i o n .  In h i g h l y  
b u i l t - u p  c e n t r a l  bus iness  d i s t r i c t s ,  where b u i l d i n g s  of fou r  or 
more s t o r i e s  may be c o n s t r u c t e d  s i d e  by s i d e ,  b l a s t  waves of only 
a few p s i  w i l l  p r o d u c e  r u b b l e  many f e e t  deep. It has been 
e s t ima ted  by Longinow, Waterman, and Takata  (1982) t h a t  f i r e  i n  
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Table 7.1. Fallout protection factor distribution of U.S. National 
Fallout Shelter Space (NFSS) inventory (as of June 30, 1985)a 

Class Protection factor Number of spaces 

0 10-19 81,108,351 
1 20-30 69,338,266 

2+3 40-99 136,514,694 
4 > 100 109,274,300 

2+3+4 > 40 245,788,994 

a Personal communication, Ms. Marion Rothenbuhler, Shelter 
Data Branch, Federal Emergency Management Agency, Olney, MD, 
November 25, 1985. 

Table 7.2. Basement overhead (1st) floor system categories 

Percent of Mean lethal 
Type of floor system total U.S. overpressure,b 

spaces ,a Psi 
% 

Concrete slab - steel beam 22.1 12 

Flat slab 4.9 8 

Flat plate 5.7 7 

Concrete slab - concrete beam 16.9 

Concrete joist - concrete beam 0.8 7 

Concrete joist - steel beam 2.1 10 

Other - 
Concrete slab - concrete joist 
Concrete slab - steel joist 
Concrete slab - steel/concrete beam 
Hollor concrete slab 20.3 7.5 

- 
Total Sample 72.8 

a Estimate based on 219 buildings sampled (Tolman, Lyday, 
and Hill, 1973). These numbers must be multiplied by 35.6% to 
get percentages of t h i s  type of construction located in basements. 
O f  all spaces, 9.4% are located in basements and subbasements 
with no exterior wall exposed. (Longinow, 1979) 

Defined as that blast overpressure which will statistically 
produce fatalities in 50% of those exposed to the blast wave. 
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t h i s  d e b r i s  might occur  and could endanger s u r v i v o r s  i n  basenent  
s h e l t e r s  covered by i t .  

The o t h e r  problem wi th  low ove rp res su re  s h e l t e r s  i n  r i s k  
areas i s  t h a t  of ove r l app ing  b l a s t  p a t t e r n s  from m u l t i p l e  weapons. 
An u n s h e l t e r e d  person has  only about  50% chance of s u r v i v a l  a t  t h e  
4-psi  ove rp res su re  l e v e l .  I n  an area a t t a c k e d  by a s i n g l e  weapon, 
t h e r e  i s  a s i g n i f i c a n t  improvement i n  t h e  l i k e l i h o o d  of s u r v i v a l  
f o r  a person  i n s i d e  a 10-psi s h e l t e r .  His mean-lethal  overpres-  
s u r e  goes from about  4 p s i  t o  10 p s i ,  reducing  t h e  l e t h a l  r a d i u s  
of t h e  weapon by a f a c t o r  of 2 and t h e  l e t h a l  a r e a  of t h e  weapon 
by a f a c t o r  of 4. There i s  a n  e q u a l  r educ t ion  i n  t h e  p r o b a b i l i t y  
of no t  su rv iv ing .  However, if a p a t t e r n  of weapons i s  l a i d  down 
on  a n  a r ea ,  i t  w i l l  be designed t o  s u b j e c t  s u b s t a n t i a l l y  t h e  
e n t i r e  a r e a  wi th  some o v e r p r e s s u r e ,  t y p i c a l l y  10 t o  20 p s i ,  
s e l e c t e d  by t h e  des igne r  of t h e  a t t a c k  t o  produce t h e  d e s i r e d  
e f f e c t .  There i s  then  very  l i t t l e  of t h e  t a r g e t  area t h a t  i s  
s u b j e c t e d  t o  ove rp res su res  between 4 and 10 p s i ,  where t h e s e  b e s t  
a v a i l a b l e  s h e l t e r s  can improve s u r v i v a b i l i t y .  

Single-weapon a t t a c k s  are conce ivable  from t e r r o r i s t s ,  Thi rd  
World c o u n t r i e s  w i th  menta l ly  u n s t a b l e  l e a d e r s ,  o r  a c c i d e n t a l  o r  
unauthor ized  launches from the o t h e r  nuc lea r  powers. Against  t h i s  
t y p e  of cont ingency,  a f a c t o r  of 4 r e d u c t i o n  i n  c a s u a l t i e s  i s  w e l l  
worth a t t a i n i n g .  The e x i s t i n g  system of b e s t  a v a i l a b l e  s h e l t e r  
would provide  very  few a d d i t i o n a l  s u r v i v o r s  i n  t h e  event  of an  
a l l - o u t  a t t a c k  on popu la t ion  c e n t e r s .  

For a d d i t i o n a l  i n fo rma t ion  on e x i s t i n g  o r  b e s t  a v a i l a b l e  
s h e l t e r ,  t h e  fo l lowing  r e f e r e n c e s  are suggested:  I n t e r n a t i o n a l  
Counci l  of Educa t iona l  F a c i l i t y  P lanne r s  (1973); Goodrich (1965);  
H i l l  e t  a l . ,  (1967);  H i l l  and Pa rke r  (1965);  Longinow (1974); 
O f f i c e  of C i v i l  Defense (1960, 1964);  Spangler  and Jones  (1984);  
Summers and  Burson  ( 1 9 6 6 ) ;  Wiehle (June 1974,December 1974);  
Wiehle and Bockholt  (1968, 1970, J u l y  1971, October 1971);  Wiehle 
and Durbin (1966);  Wil ton,  Z s u t t y ,  and Willoughby (1983). 

7.2 CRISIS UPGRADING 

A p o t e n t i a l l y  important  sou rce  of s h e l t e r  i n  a crisis could 
be e x i s t i n g  b u i l d i n g s  upgraded by t h e  a d d i t i o n  of e a r t h  s h i e l d i n g  
t o  f l o o r s  o r  t o  r o o f s  and  p i l e d  a g a i n s t  t h e  e x t e r i o r  w a l l s .  
F loo r s  can be s t r eng thened  by t h e  a d d i t i o n  of material t o  t h e  
bottom edge of t h e  j o i s t  o r  by breaking  t h e  span of j o i s t s  w i th  
improvised s u p p o r t  co lumns .  I n  t h i s  way, b a s e m e n t s  c a n  be  
enormously s t r eng thened  by a d d i t i o n a l  suppor t s  f o r  t h e  f i r s t  f l o o r  
and cover ings  f o r  o p e n i n g s .  The b l a s t  r e s i s t a n c e  of frame 
b u i l d i n g s  can be inc reased  t o  a few p s i  i n  many cases ,  and bu i ld -  
i n g s  wi th  heavy conc re t e  f i r s t  f l o o r s  w i th  long unsupported spans 
can have t h e  ove rp res su re  p r o t e c t i o n  of t h e  basement r a i s e d  t o  
t e n s  of p s i .  
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Murphy, Wiehle, and P icke r ing  (1976) d i d  some of t h e  e a r l y  
work on upgrading basements f o r  r a d i a t i o n  and b l a s t  e f f e c t s .  They 
concen t r a t ed  on Emergency Opera t ing  Centers ,  developing expedient  
t e c h n i q u e s  f o r  s u p p o r t  j o i s t s  and  d e v e l o p i n g  h i g h  s t r e n g t h  
c l o s u r e s  (Murphy, 1977; Murphy, e t  a l . ,  1976). Work was extended 
t o  b u i l d i n g  basements as s h e l t e r s  f o r  c r i t i ca l  workers. It w a s  
found t h a t  ove rp res su re  hardness  could be inc reased  t o  30 t o  50 
p s i  i f  t h e  unsupported s p a n s  i n  t h e  basement were 18 f t  o r  l onge r  
and i f  t h e r e  were no exposed e x t e r i o r  basement walls. Even wi th  
t h e s e  c i rcumstances  they  found t h a t  upgrading e x i s t i n g  s t r u c t u r e s  
i s  less  c o s t - e f f e c t i v e  t h a n  c o n s t r u c t i n g  va r ious  des igns  of 
cor ruga ted  metal o r  expedient  b u r i e d  s h e l t e r  (Murphy, 1 9 8 0 a ,  
1980b). 

Longinow (February 1978, August 1978) found t h a t  people  could 
s u r v i v e  a few p s i  of b l a s t  i n  s t r u c t u r e s  w i t h o u t  u p g r a d i n g  
modi f ica t ion .  Upgrading t h e  s t r u c t u r e  s i g n i f i c a n t l y  i n c r e a s e s  t h e  
b l a s t  hardness .  Longinow and Joyce (1980) found t h a t  wood f l o o r s  
i n  an  o l d  r e s idence  were 4-1/2 times s t r o n g e r  than  t h e i r  des ign  
load. Breaking t h e  span wi th  a s t u d  w a l l  could quadruple  t h i s  
s t r e n g t h .  The cavea t  i s  t h a t  t h e  s t r e n g t h  of f i r s t  f l o o r s  i n  
frame dwel l ings  d i f f e r  widely.  

G a b r i e l s e n ,  Cuzner ,  and Lindskog (1979) found t h a t  g r e a t  
improvement i n  t h e  s t r e n g t h  of  e x i s t i n g  b a s e m e n t s  c o u l d  be  
o b t a i n e d  by s i m p l e  s h o r i n g .  A wood s t r u c t u r e  shored a t  t h e  
one- th i rd  p o i n t s  a long  t h e  span of t h e  j o i s t s  gave  a t e n f o l d  
i n c r e a s e  i n  u l t i m a t e  s t r e n g t h .  A r e i n f o r c e d  conc re t e  s l a b  wi th  
s i n g l e  s h o r i n g  gave a t h r e e f o l d  improvement. This  work i n d i c a t e d  
t h e  p o s s i b i l i t y  of o b t a i n i n g  a 30- t o  40-psi s h e l t e r  from a 
s t anda rd  conc re t e  f l o o r  system. 

Wil ton,  Gabr ie l sen ,  and Tansley (1980) prepared  a manual f o r  
upgrading s h e l t e r s  i n  t h e  h o s t  area. The desc r ibed  u p g r a d i n g  
techniques  were p r i n c i p a l l y  t o  suppor t  t h e  weight of a d d i t i o n a l  
e a r t h  f o r  f a l l o u t  s h i e l d i n g .  Tansley and Bernard (1981) developed 
a similar manual f o r  keyworker s h e l t e r s .  This  manual covers  both 
upgrading e x i s t i n g  space and expedient  s h e l t e r .  The manuals were 
based on informat ion  developed i n  Gabr ie l sen ,  Tans ley ,  and Cuzner 
(1980, 1981);  t h i s  i n f o r m a t i o n  w a s  t e s t e d  a t  t h e  MILL RACE 
high-explosive t es t  ( s e e  S e c t i o n  5.1.2). 

Tests of f i r s t - f l o o r  sho r ing  systems and basement w a l l s  were 
r epor t ed  by Tansley,  Bernard,  Cuzner  and W i l t o n  ( 1 9 8 3 ) .  No 
f a i l u r e s  of w a l l s  were observed. 

B l a c k  ( 1 9 7 5 )  a l s o  d e m o n s t r a t e d  methods of s t r e n g t h e n i n g  
f l o o r s  by r e i n f o r c i n g  f l o o r  j o i s t s .  Huff (1978) demonstrated t h e  
upgrading of an  e x i s t i n g  slab-on-grade s t r u c t u r e  by p i l i n g  d i r t  on 
t h e  roof and a g a i n s t  t h e  w a l l  t o  provide  f a l l o u t  p r o t e c t i o n .  I n  
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a d d i t i o n ,  a covered t r ench  s h e l t e r  was excavated  underneath t h e  
f l o o r  s l a b .  

Crisis upgrading is  a very f e a s i b l e  method producing much 
s h e l t e r  space  i n  h o s t  areas i n  a c r i s i s .  It has  t h e  advantage of 
r e q u i r i n g  no i n v e s t m e n t  p r i o r  t o  t h e  c r i s i s  o t h e r  than  t h e  
development  of  i n f o r m a t i o n  and  t h e  d i s t r i b u t i o n  of  p r i n t e d  
material. This  might be minimized by t h e  product ion  of camera-- 
ready copy f o r  r ep roduc t ion  i n  a crisis.  The method s u f f e r s  from 
t h e  profound d isadvantage  of r e q u i r i n g  some t i m e  f o r  evacua t ing  
people  from r i s k  areas and more time t o  upgrade t h e  s h e l t e r  i n  
h o s t  areas. 

The r e s e a r c h  i n  t h i s  area s u p p o r t s  t h e  i n t u i t i v e  s u s p i c i o n  
t h a t  c o n s t r u c t i n g  separate expedient  s h e l t e r s  underground is  more 
c o s t - e f f e c t i v e  t h a n  t r y i n g  t o  upgrade even conc re t e  basements t o  a 
hardness  above 10 p s i ,  p a r t i c u l a r l y  i f  t h e  basements have l a r g e  
openings.  

For a d d i t i o n a l  i n fo rma t ion  on crisis upgrading of e x i s t i n g  
s t r u c t u r e s  o r  s h e l t e r s ,  t h e  fo l lowing  r e f e r e n c e s  are sugges ted :  
Ammann and Whitney (January  1965);  Longinow, Wu, and Mohammadi; 
(1982);  Smith,  Cousins,  Miller, and Newman (1964);  Summers and 
Burson (1966); Tansley (1985);  Tans ley ,  Cuzner, and Wil ton (1982); 
Tansley,  Gabr i e l sen ,  and Cuzner (1981);  Wil ton,  Gabr i e l sen ,  and 
Tans ley  (1981);  Zaccor,  Wil ton,  and Bernard (1981). 

7.3 EXPEDIENT S€IRLTER 

Expedient  s h e l t e r  i s  de f ined  as s h e l t e r  c o n s t r u c t e d ,  u s u a l l y  
i n  one o r  two days,  from common materials wi th  t o o l s  and l a b o r  a t  
hand. Most des igns  are planned i n  such a way t h a t  they  can be 
qu ick ly  c o n s t r u c t e d  by f a m i l i e s  t h a t  have made no p r e p a r a t i o n s  f o r  
s h e l t e r  p r i o r  t o  t h e  c r i s i s .  Most expedient  s h e l t e r  i s  designed 
f o r  p r o t e c t i o n  a g a i n s t  f a l l o u t ,  a l t h o u g h  many models  p r o v i d e  
p r o t e c t i o n  a g a i n s t  low l e v e l s  of b l a s t  ( a  few p s i ) .  One v e r s i o n  
has  demonstrated hardness  i n  excess  of 100 p s i .  

7.3.1 Expedient Shelter Designs 

The s i m p l e s t  expedient  s h e l t e r  i s  a foxhole .  Dug 30 in .  wide 
and 4 f t  deep, i t  provides  t h e  occupant wi th  a f a l l o u t  p r o t e c t i o n  
f a c t o r  of about  40. I f  covered w i t h  a canopy (a shower c u r t a i n  OK 
bed s h e e t )  which i s  kep t  f r e e  of f a l l o u t ,  t h e  occupant s i t t i n g  i n  
t h e  foxhole  could have a p r o t e c t i o n  f a c t o r  of about  200. 

Many expedient  s h e l t e r  des igns  e x i s t .  Concepts f o r  covered 
t r e n c h e s  made wi th  doors  o r  p lanks  were publ i shed  i n  t h e  e a r l y  
1960s by workers from t h e  S tan fo rd  Research I n s t i t u t e  ( 1 9 6 1 ) .  
Ex tens ive  development, t e s t i n g ,  and documentation of t h i s  form of 
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s h e l t e r  were c a r r i e d  out  by workers a t  t h e  Oak Ridge Nat iona l  
Laboratory i n  t h e  1970s ( C r i s t y ,  J u l y  1973; C r i s t y  and Kearny, 
1974; Kearny, 1976, 1979). 

E x p e d i e n t  s h e l t e r  d e s i g n s  on t h e  f o l l o w i n g  p a g e s  w i l l  
i l l u s t r a t e  t h e  concept.  F igure  7.3 i l l u s t r a t e s  some d i f f e r e n t  
techniques  of c o n s t r u c t i n g  a shored  t r e n c h  s h e l t e r .  T h i s  type  of 
c o n s t r u c t i o n  has  wi ths tood  b l a s t  p r e s s u r e s  of 20 p s i  and p rov ides  
a f a l l o u t  p r o t e c t i o n  f a c t o r ,  w i th  due a t t e n t i o n  t o  e n t r a n c e s ,  of 
about  200. F igures  7.4a and 7.4b demonstrate  a s imple  pole-- 
covered t r e n c h  which can be c o n s t r u c t e d  w i t h  unshored w a l l s  i f  t h e  
s o i l  i s  s u f f i c i e n t l y  f i rm.  

An even s i m p l e r  s h e l t e r  t o  c o n s t r u c t  is  t h e  door-covered t r ench  
i l l u s t r a t e d  i n  Fig. 7.5. This  v e r s i o n  i s  c o n s t r u c t e d  u s i n g  
i n t e r i o r  d o o r s  which are a v a i l a b l e  i n  most American homes i n  
q u a n t i t i e s  s u f f i c i e n t  t o  s h e l t e r  t h e  occupants.  

I n  areas where t h e  water  t a b l e  o r  rock i s  t o o  c l o s e  t o  t h e  
s u r f a c e  t o  permit  d igg ing  a t r ench ,  t h e r e  are v a r i e t i e s  of s h e l t e r  
which can be f a b r i c a t e d  from combinat ions of po le s ,  doors ,  and bed 
s h e e t s .  F igu re  7.6 i l l u s t r a t e s  a s h e l t e r  c o n s t r u c t e d  from e a r t h  
r o l l s  ( improvised sandbags)  wi th  t h e  e a r t h  conta ined  by bed s h e e t s  
and covered wi th  i n t e r i o r  doors.  F igu re  7.7 i s  a v a r i a n t  u s i n g  
wood po le s  i n  a r e a s  where they are a v a i l a b l e .  F igu re  7.8 i l l u s -  
t ra tes  a r idge-pole  s h e l t e r .  It has  some b l a s t  r e s i s t a n c e  but 
r e q u i r e s  a l a r g e  amount of wood f o r  i t s  cons t ruc t ion .  A g r e a t  
d e a l  of l a b o r  i s  r equ i r ed  t o  move t h e  e a r t h  t o  cover  i t .  

I n  r eg ions  expec t ing  h igh  b l a s t  p r e s s u r e s  i t  is  p o s s i b l e  t o  
bu i ld  s h e l t e r s  capable  of w i ths t and ing  ove rp res su res  i n  excess of 
100 p s i .  F igu res  7.9a and 7.9b show t h e  c o n s t r u c t i o n  d e t a i l s  
of t h e  small-pole  s h e l t e r .  This  s h e l t e r ,  adapted from a S o v i e t  
des ign  has  demonstrated g r e a t  b l a s t  hardness  (Kearny and Ches te r ,  
1974, 1978; Kearny, Ches te r ,  and York, 1980). 

7.3.2 Construction and Occupancy Experiments 

I n  experiments  c a r r i e d  o u t  i n  many a reas  of t h e  U n i t e d  
States ,  i t  has  been r epea ted ly  demonstrated t h a t  average u n t r a i n e d  
c i t i z e n s  can c o n s t r u c t  shelters from t h e s e  i l l u s t r a t e d ,  step-by- 
s t e p  i n s t r u c t i o n s  i n  24 t o  48  hours  when o f f e r e d  a cash  i n c e n t i v e  
(Kearny, 1976; Condie e t  a l . ,  1978.) These experiments  g i v e  a 
s t r o n g  i n d i c a t i o n  t h a t  Americans would be w i l l i n g  and a b l e  t o  
expend t h e  l a b o r  t o  c o n s t r u c t  t h e s e  s h e l t e r s  i f  they  were con- 
v inced  t h a t  t h e  p o s s i b i l i t y  of a nuc lea r  a t t a c k  w e r e  real. 

The expedient  s h e l t e r  o p t i o n  h a s  a number of a t t r a c t i v e  
aspects. Perhaps t h e  most a t t r a c t i v e  i s  t h a t  i t  r e q u i r e s  l i t t l e  
investment  be fo re  a crisis. The c o s t  t o  t h e  government of such a 
program would be t h a t  of simply p repa r ing  and ma in ta in ing  camera-- 
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Fig. 7.3. Methods for shoring a trench shelter. 





i. 
Fig. 7 .4b .  Pole-covered trench shelter. 
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Fig .  7.5. Door-covered t r e n c h  s h e l t e r .  
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ready i n s t r u c t i o n a l  materials. The p r e p a r a t i o n  h a s  been done w i t h  
t h e  p u b l i c a t i o n  of Nuclear War S u r v i v a l  S k i l l s ,  a n  Oak R i d g e  
N a t i o n a l  Laboratory s u r v i v a l  book, by Cresson Kearny (1979).  The 
c o n s t r u c t i o n  experiments  show t h a t  t h e  s h e l t e r s  c a n  b e  b u i l t ,  
and C r i s t y  ( J u l y  1973) h a s  shown t h a t  t h e  materials f o r  t h e i r  
c o n s t r u c t i o n  are a v a i l a b l e  i n  most p a r t s  of t h e  country.  F i e l d  
e x p e r i m e n t s  h a v e  d e m o n s t r a t e d  t h a t  t h e s e  s h e l t e r s  provide an 
e x c e l l e n t  chance of s u r v i v i n g  a t  least  f a l l o u t  e f f e c t s  of n u c l e a r  
weapons. 

A d i sadvan tage  of t h e s e  s h e l t e r s  i s  t h a t  they must be b u i l t  
i n  a cr is is  and t h u s  r e q u i r e  advance warning. Most of the d e s i g n s  
are f o r  wood c o n s t r u c t i o n .  I n  p a r t s  of t h e  country where most 
people  l i v e ,  there i s  enough r a i n  t o  cause  wood i n  c o n t a c t  w i t h  
s o i l  t o  decay ove r  a p e r i o d  of months ( s h e l t e r s  c o n s t r u c t e d  of 
t r e a t e d  wood are u s u a l l y  made u n i n h a b i t a b l e  by vapors  from t h e  
treatment chemicals) .  

No matter what p o l i c y  i s  adopted by t h e  F e d e r a l  Emergency 
Management Agency conce rn ing  s h e l t e r ,  a s  l o n g  as  o n l y  a few 
Americans are equipped w i t h  permanent s h e l t e r ,  t h i s  technology 
w i l l  remain an  o p t i o n  i n  t h e  even t  of a s e v e r e  i n t e r n a t i o n a l  
crisis. 

For  a d d i t i o n a l  i n fo rma t ion  on exped ien t  s h e l t e r ,  t h e  follow- 
i n g  r e f e r e n c e s  are suggested:  Carre (1974); Davis (1958);  Hoot e t  
a l .  (1974) ;  Kennedy, Ball ,  Hoot, and Rieck (1974);  Knott ,  A l -  
b r i g h t ,  I s enbe rg ,  and Kummer (1965);  Nash e t  a l .  (1984);  Ostroukh 
(1974);  Russe l  and York (1984).  

7.4 CAVES, MINES, AND TUNNELS 

Mines and caves are p o t e n t i a l l y  a very impor t an t  s o u r c e  of 
s h e l t e r  space  i n  many p a r t s  of t h e  country.  They p r o v i d e  a n  
extremely h igh  f a l l o u t  p r o t e c t i o n  f a c t o r ,  and i f  people  s t a y  w e l l  
back from t h e  e n t r a n c e s ,  c o n s i d e r a b l e  p r o t e c t i o n  a g a i n s t  b l a s t .  
Krupka (19651, i n  h i s  s emina l  work, e s t i m a t e d  a p o t e n t i a l  of 2 t o  
3 m i l l i o n  spaces  i n  t u n n e l s ,  4 m i l l i o n  spaces i n  caves ,  and a 
p o t e n t i a l  f o r  up t o  100 m i l l i o n  spaces  i n  mines (60 t o  70 m i l l i o n  
i n  l imes tone  mines, 20 t o  30 m i l l i o n  i n  s a l t  mines, and 5 m i l l i o n  
spaces i n  gypsum and sands tone  mines).  

The N a t i o n a l  Limestone I n s t i t u t e  e s t i m a t e d  i n  1962 t h a t  
o n e - t h i r d  of t h e  p r e s e n t  open-pit  mines could be converted t o  
underground o p e r a t i o n s  a t  a c o s t  ( i n  1962) of $0.25 p e r  f t 3  of 
rock. This  would produce b a r e  s h e l t e r  space  f o r  between $21 and 
$50 p e r  occupant ( i n  1985 d o l l a r s ) .  Krupka (1965) estimates t h a t  
a program c o s t i n g  $200 m i l l i o n  ( i n  1985 d o l l a r s )  could g e n e r a t e  1 0  
m i l l i o n  spaces p e r  year .  A c r a s h  program could g e n e r a t e  60 m i l -  
l i o n  spaces  p e r  y e a r ;  i t  might g e n e r a t e  100 m i l l i o n  spaces  i n  18 
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months. Converted open-pit limestone mines would be especially 
desirable because they tend to have large walk-in entrances. 

There is much mined-out space in salt mines at depths of 
several hundred to a few thousand feet that is accessible only by 
elevators. The elevators in many cases hold only a few tens of 
people and take several minutes for a trip. Construction of 
adequate entrances to this space would be very expensive. 

A number of studies have been conducted on ventilation, 
lighting, and sewage disposal in mines pressed into use as 
shelters in a crisis (Wright, York, Johnson, and Laney, 1 9 7 6 ;  
Wright, Hill, McKnight, and York, 1 9 7 5 ) .  The addition of venti- 
lation, light, water, and sewage disposal to mines for shelter use 
would require a modest investment. 

Recently Wright and his co-workers (Wright, Chessin, Reeves, 
and York, 1 9 8 3 ) ,  using available data bases from the Bureau of 
Mines, compiled a National Underground Mines Inventory in which 
they estimated the number of shelter spaces by county. While they 
did not provide a total of these spaces for the nation in their 
reports, their data were subsequently entered into the FEMA 
computer system. A total of 34,764,000 spaces was computed. Some 
counties show a considerable surplus of mine spaces over what 
would be needed for their population,even including relocatees. 
The report recommends that in these areas the assignment of 
population to counties should be re-examined to make use of the 
extra space. 

The conversion of open-pit limestone mines to underground 
mines in the vicinity of shelter-deficient populations should also 
be re-examined. This appears to be a low-cost method of develop- 
ing high-quality shelter space. Developing peacetime uses of the 
space, as has been done in Louisville, Kentucky, (Ullrich and 
Hagerty, 1 9 8 4 )  and in the Kansas City underground (Ward, 1 9 8 1 1 ,  
could make the conversion economically self-sustaining. 

7.5 DUAL-USE SHELTER 

A s  is indicated by the size of the bibliography for this 
report, there exists a substantial body of research on where and 
how to construct blast and fallout shelters. However, the cost of 
shelter construction still remains an obstacle to public accepta- 
bility and t o  Federal government support of shelter construction 
on a scale sufficient to provide adequate protection for even a 
small fraction of the American population. 

Previous studies (as summarized by Chester and Holladay, 
1 9 8 3 )  have indicated a wide range for the cost of shelter; even 
the most economical blast shelter designs from various studies 
have costs ranging from $300 per space (or per occupant) to almost 

135 



$3000 p e r  space.  S t rope ,  Devaney, Laurino,  and Wengrovitz (1985) 
have e s t ima ted  t h e  added c o s t  of provid ing  f a l l o u t  s h e l t e r  i n  new 
basement c o n s t r u c t i o n  t o  be about $5 p e r  f t 2  o r  $50 pe r  space. 
Recent e f f o r t s  a t  reducing  t h e  c o s t  of b l a s t  s h e l t e r  t o  a more 
a t t r a c t i v e  l e v e l  have proven t h a t  t h i s  t a s k  i s  more d i f f i c u l t  than 
was expected (Barber  and S i s son ,  1985; C a r r o l l ,  F a r a h t i ,  and  
Ga l l ahe r ,  1985). 

T h e r e  a r e  two ways t o  r e d u c e  t h e  a p p a r e n t  c o s t  of any 
commodity: ( 1 )  make i t  cheaper,  o r  (2) make some o t h e r  person o r  
a c t i v i t y  pay f o r  i t .  This  l a t t e r  method is  sometimes known t o  
economists as "cos t  displacement ."  This  i s  an o l d  concept i n  t h e  
p r o v i s i o n  of c i v i l  de fense  s h e l t e r s  and has  a l s o  been c a l l e d  
" s l a n t i n g "  and "dual-use. " The dua l -use  concept t a k e s  advantage 
of t h e  f a c t  t h a t  the s t r u c t u r a l  envelope of t h e  s h e l t e r  would have 
been cons t ruc t ed  anyway due t o  t h e  peacet ime f u n c t i o n  of t h e  
s t r u c t u r e .  Thus, t h e  t o t a l  c o s t  of t h e  s h e l t e r  comprises only 
those  a d d i t i o n a l  items which provide  t h e  r equ i r ed  p r o t e c t i o n  from 
f a l l o u t  and/or  from b l a s t .  

Prev ious  p r o t e c t i v e  s t r u c t u r e  s t u d i e s  have developed c o s t s  
and c o s t  comparisons f o r  b l a s t  and f a l l o u t  s h e l t e r .  The most 
s i g n i f i c a n t  f i n d i n g s  of those  s t u d i e s  are p resen ted  below. I n  
o rde r  t o  compare a c c u r a t e l y  t h e  c o s t  f i g u r e s  from those  p rev ious  
s t u d i e s  t o  each o t h e r ,  each set  of c o s t  estimates w a s  updated t o  
1985 d o l l a r s  u s i n g  t h e  R.S. Means " h i s t o r i c a l  c o s t  index" (God- 
f r e y ,  1985). This  index  w a s  a p p l i e d  as a s imple  m u l t i p l i c a t i o n  
f a c t o r  t o  conver t  earl ier c o n s t r u c t i o n  c o s t s  t o  J a n u a r y  1985 
v a l u e s .  T h i s  i s  a n  a c c e p t e d  method w i t h i n  t h e  c o n s t r u c t i o n  
i n d u s t r y  and i s  used t o  compare c o s t s  be tween one  y e a r  and  
ano the r ;  however, s i n c e  t h e  index inc ludes  only a weighted average 
of t y p i c a l  c o n s t r u c t i o n  material c o s t s  and l a b o r  ra tes ,  comparing 
c o s t s  between v a r i o u s  des igns  and/or  moving c o s t s  a c r o s s  a long 
time per iod  may i n t r o d u c e  e r r o r s .  

7.5.1 Dual-use Fallout Shelter 

Ear ly  c i v i l  d e f e n s e  s t u d i e s  were quick t o  i d e n t i f y  c e r t a i n  
types  of s t r u c t u r e s  as cand ida te s  f o r  t h e  a d d i t i o n  of dua l -use  
s h e l t e r  f o r  p r o t e c t i o n  from f a l l o u t .  Schools ,  community c e n t e r s ,  
and park ing  garages  w e r e  t h e  k inds  of s t r u c t u r e s  which were needed 
f o r  use throughout  t h e  United S t a t e s ,  and they  were g e n e r a l l y  
l o c a t e d  i n  a reas  where l a r g e  numbers of people  could quick ly  
occupy such s h e l t e r s .  These e a r l y  s t u d i e s  a l s o  recognized t h a t  
t h e  a d d i t i o n  of a low-cost s h e l t e r  system ( v i a  t h e  economies of 
dual-use)  t o  necessa ry  f u t u r e  c o n s t r u c t i o n  had t h e  p o t e n t i a l  f o r  
provid ing  l a r g e  amounts of s h e l t e r  space t o  t h e  U.S. popu la t ion  i n  
a reasonable  pe r iod  of t i m e .  

Schools and community c e n t e r s  are s t i l l  good cand ida te s  f o r  
such s h e l t e r  c o n s t r u c t i o n ,  s i n c e  t h e s e  are p u b l i c  s t r u c t u r e s  which 
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are u s u a l l y  c o n s t r u c t e d  wi th  t h e  endorsement of a l o c a l  popu la t ion  
i n  coope ra t ion  wi th  i t s  l o c a l  government. I n  a d d i t i o n ,  t h e s e  
types  of s t r u c t u r e s  are co loca ted  w i t h  t h e  r e s i d e n t i a l  popula t ion .  
The ch ie f  drawback t o  park ing  garages  i s  t h a t  t h e i r  peacet ime use  
i s  economical ly  compe t i t i ve  only i n  very h igh ly  developed areas, 
such  as i n  downtown c i t i e s ,  and t h i s  u s u a l l y  p r e s e n t s  a rubb le  
problem i n  an a t t a c k .  I n  suburban o r  i n d u s t r i a l  park areas, land 
is  s u f f i c i e n t l y  inexpens ive  s o  t h a t  t h e  economical s o l u t i o n  t o  
pa rk ing  is acres-upon-acres of blacktopping.  

B a s i c a l l y ,  two techniques  can be used i n  t h e  d e s i g n  a n d  
c o n s t r u c t i o n  of dual-use f a l l o u t  s h e l t e r :  b a r r i e r  s h i e l d i n g  and 
geometry s h i e l d i n g .  These two concepts  are d i s c u s s e d  and i l l u s -  
t r a t e d  i n  Sec t .  4.2. Barrier s h i e l d i n g  p l a c e s  a mass between t h e  
r a d i o a c t i v e  sou rce  ( f a l l o u t )  and t h e  s h e l t e r  occupants .  This  mass 
a t t e n u a t e s  o r  r e d u c e s  t h e  amount of r a d i a t i o n  which passes 
through. Any normal c o n s t r u c t i o n  material can be used as b a r r i e r  
s h i e l d i n g ;  however, conc re t e  and b r i c k  provide  b e t t e r  s h i e l d i n g  
than  l i g h t w e i g h t  materials, such  as wood o r  g l a s s .  Geometry 
s h i e l d i n g  places t h e  s h e l t e r  occupants  ou t  of the d i r e c t  pa th  of 
t h e  r a d i a t i o n  o r  a t  some d i s t a n c e  from t h e  source .  Loca t ing  t h e  
s h e l t e r  in a basement i s  one example of geometry s h i e l d i n g ,  s i n c e  
t h e  c o n t r i b u t i o n  of t h e  r a d i a t i o n  from t h e  f a l l o u t  on t h e  ground 
is small  (due t o  t h e  b a r r i e r  s h i e l d i n g  of t h e  sur rounding  e a r t h ) .  
The e f f e c t  of gamma r a d i a t i o n  can a l s o  be l e s sened  as t h e  d i s t a n c e  
from t h e  sou rce  i s  increased .  U t i l i z a t i o n  of t h e  c e n t r a l  co re  of 
a b u i l d i n g  o r  t h e  u p p e r  f l o o r s  of  a h i g h - r i s e  s t r u c t u r e  a s  
dual-use f a l l o u t  s h e l t e r  t akes  advantage of t h i s  p r i n c i p l e .  

The most complete se t  of c o s t  d a t a  f o r  d u a l - u s e  f a l l o u t  
s h e l t e r s  is  conta ined  i n  s i x  r e p o r t s  publ i shed  by t h e  O f f i c e  of 
C i v i l  Defense (1965, February 1966, J u l y  1966, June 1967, December 
1967 ,  1 9 7 1 ) .  T h e s e  r e p o r t s  c o n t a i n  c o n s t r u c t i o n  d e t a i l s  and 
comparat ive c o s t  d a t a  f o r  t h e  a c t u a l  c o n s t r u c t i o n  of d u a l - u s e  
f a l l o u t  s h e l t e r  i n  91 d i f f e r e n t  s t r u c t u r e s  which are l o c a t e d  i n  a t  
least 35 d i f f e r e n t  s ta tes .  A minimum f a l l o u t  p r o t e c t i o n  f a c t o r  
o f  40 was d e s i g n e d  i n t o  t h e s e  s h e l t e r s ;  some s h e l t e r s  had a 
f a l l o u t  p r o t e c t i o n  f a c t o r  i n  e x c e s s  of  1000. A l l  o f  t h e s e  
s h e l t e r s  were added  d u r i n g  t h e  o r i g i n a l  c o n s t r u c t i o n  of t h e  
s t r u c t u r e .  A l l  t ypes  of s t r u c t u r e s  a r e  i n c l u d e d :  s c h o o l s ,  
park ing  ga rages ,  banks, l i b r a r i e s ,  churches,  d o r m i t o r i e s ,  o f f i c e  
b u i l d i n g s ,  i n d u s t r i a l  f a c i l i t i e s ,  and a home f o r  t h e  aged. 

From t h e  c o s t  in format ion  conta ined  i n  t h e s e  s i x  O f f i c e  of 
C i v i l  Defense r e p o r t s ,  t h e  a d d i t i o n a l  (or inc remen ta l )  c o s t  of 
i n c l u d i n g  f a l l o u t  s h e l t e r  i n  new c o n s t r u c t i o n  can be obta ined .  I n  
over  one-third of t h e  s t r u c t u r e s  (36 of 911, dual-use f a l l o u t  
s h e l t e r  w a s  provided w i t h  no i n c r e a s e  i n  c o s t  of t h e  c o n s t r u c t i o n  
p r o j e c t .  That i s ,  t h e  added c o s t  of dual-use f a l l o u t  s h e l t e r  f o r  
t h e s e  36 s t r u c t u r e s  w a s  $0.00. A t  l eas t  25 of t h e s e  s h e l t e r s  were 
provided i n  basements o r  p a r t i a l  basements. The remainder were 
provided as p a r t  of t h e  i n t e r i o r  co re  of t h e  main s t r u c t u r e .  
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The a v e r a  e c o s t  of s h e l t e r  f o r  a l l  91 s t r u c t u r e s  was about 
$3.50 p e r  f t f  o f  s h e l t e r  space ( i n  1985 d o l l a r s ) .  Using a 

dual-use f a l l o u t  s h e l t e r  becomes about  $35 p e r  space ( o r  p e r  
occupant)  i n  1985 d o l l a r s .  This  number inc ludes  t h e  average of 
both basement and o t h e r  types  of s h e l t e r .  A s  noted above, i t  
appears  p o s s i b l e  t o  provide  basement f a l l o u t  s h e l t e r  f o r  even less 
than  $35 p e r  space. 

va lue  of 10 f t  2 f o r  each s h e l t e r  occupant,  t h e  incrementa l  c o s t  of 

For a d d i t i o n a l  in format ion  on dual-use f a l l o u t  s h e l t e r s ,  t h e  
fo l lowing  r e f e r e n c e s  are sugges ted :  C r i s t y  (October 1968); Dembo 
and Baldwin (1967);  Eber le  M. Smith Assoc ia t e s ,  Inc.  (1962);  Lamb 
e t  a l .  (1964);  Lutz ,  Lynch, and Lutz (1972); O f f i c e  of  C i v i l  
Defense (August 1962b, November 1962a, November 1962b, November 
1963); Oklahoma S t a t e  Department of E d u c a t i o n  ( 1 9 7 8 ) ;  P u b l € c  
Heal th  S e r v i c e  (1962). 

7.5.2 Dual-Use Blast Shelters 

Previous  s t u d i e s  have concluded t h a t  dual-use f a l l o u t  s h e l t e r  
(without  b l a s t  p r o t e c t i o n )  can be provided f o r  a r e l a t i v e l y  small  
a d d i t i o n a l  expense over  t h e  c o s t  of t h e  o r i g i n a l  bu i ld ing .  On t h e  
o t h e r  hand, i n v e s t i g a t o r s  of aboveground, dual-use b l a s t  s h e l t e r  
h a v e  c o n c l u d e d  t h a t  s u c h  s t r u c t u r e s  are  ext remely  expensive 
because of t h e  l a r g e  amounts of r e i n f o r c e d  conc re t e  r equ i r ed  t o  
provide  b l a s t  and r a d i a t i o n  p r o t e c t i o n .  For example, Bennedsen 
(1962a) conducted a s tudy  which m o d i f i e d  t h e  d e s i g n  of f i v e  
e x i s t i n g  bu i ld ings  (wi th  c o n s t r u c t i o n  d a t e s  between 1958 and 1962) 
i n  t h e  Norfolk,  V i r g i n i a ,  area t o  i n c l u d e  30-psi f a l l o u t  s h e l t e r  
€ n t o  t h e  f i r s t  f l o o r  p l an  of each b u i l d i n g  dur ing  i t s  cons t ruc-  
t i on .  The average  a d d i t i o n a l  c o s t  of such s t r u c t u r e s  over  t h a t  
of t h e  convent iona l  des ign  was $49 p e r  f t 2  of s h e l t e r  space ( i n  
1985 d o l l a r s ) ,  which was a n  i n c r e a s e  of about  50% over  t h e  squa re  
f o o t  c o s t  of t h e  convent iona l  bu i ld ing .  

Add i t iona l  des igns  and c o s t  estimates f o r  b l a s t - r e s i s t a n t ,  
aboveground s t r u c t u r e s  can be found i n  Ammann and Whitney (1960) 
and i n  Longinow (1967). The r eade r  i s  c a u t i o n e d  t h a t  t h e s e  
aboveground des igns ,  whi le  they  might be adequate  f o r  p r o t e c t i o n  
from f a l l o u t  r a d i a t i o n ,  p r o b a b l y  do  n o t  p r o v i d e  s u f f i c i e n t  
p r o t e c t i o n  from t h e  i n i t i a l  n u c l e a r  r a d i a t i o n  of i n t e rmed ia t e -  
y i e l d  nuc lea r  weapons a t  t h e i r  r e s p e c t i v e  d e s i g n  o v e r p r e s s u r e  
l e v e l s .  

Longinow's  r e p o r t  (1967) i s  of p a r t i c u l a r  i n t e r e s t  h e r e , '  
s i n c e  i t  p rov ides  a compendium of p r o t e c t i v e  s h e l t e r  s t u d i e s  which 
r e l a t e  t o  dual-use s t r u c t u r e s .  Both aboveground and belowground 
s t r u c t u r e s  are cons idered .  Included are reviews of comparative 
c o s t  s t u d i e s  f o r  s c h o o l s ,  community c e n t e r s ,  expressway grade  
s e p a r a t i o n s ,  park ing  garages ,  warehouses,  a d m i n i s t r a t i o n  b u i l d -  
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i n g s ,  o f f i c e  b u i l d i n g s ,  and v e h i c u l a r  tunnels .  Most of t h e s e  
s t u d i e s  are  concerned wi th  f a l l o u t  p r o t e c t i o n  only ,  o r  w i th  t h e  
a d d i t i o n a l  c o s t  of b l a s t  s h e l t e r  over  and above t h e  c o s t  of 
f a l l o u t  s h e l t e r .  S u r p r i s i n g l y ,  t h e  added c o s t  of basement b l a s t  
s h e l t e r  over  t h a t  of a conven t iona l  basement s t r u c t u r e  seems t o  
have been l a r g e l y  ignored  through about  1967. 

Under t h e  U . S .  Department of Defense,  t h e  O f f i c e  of C i v i l  
Defense (August 1962, September 1962a, September  1962b,  March 
1963, A p r i l  1963, June 1963) developed most of t h e  e a r l y  informa- 
t i o n  about  t h e  c o s t  of b l a s t  s h e l t e r .  Again, t h i s  c o s t  informa- 
t i o n  compares  t h e  p r i c e  of b l a s t  p r o t e c t i o n  t o  t h e  p r i c e  of 
f a l l o u t  p r o t e c t i o n .  I f  one can assume t h a t  t h e  c o s t  of f a l l o u t  
p r o t e c t i o n  i n  underground s t r u c t u r e s  i s  n e g l i g i b l y  small ( s e e  
S e c t i o n  7.5.11, then  a meaningful  comparison can be made. Other- 
w i s e ,  such  inc remen ta l  c o s t s  must be understood t o  r e p r e s e n t  only 
a p o r t i o n  of t h e  t o t a l  added c o s t  of b l a s t  s h e l t e r .  

Beginning i n  about  1967, i n t e r e s t  i n  t h e  incrementa l  c o s t  of 
b l a s t  s h e l t e r  seemed t o  i n c r e a s e .  Longinow, Kalinowski,  Kot, and 
S a l z b e r g  ( 1 9 7 1 a ,  1 9 7 1 b ) ;  Longinow, O j d r o v i c h ,  Bertram, and 
Wiedermann (1973);  and Murphy, Rempel, and Beck (1975) c o n t r i b u t e d  
t o  t h e  development of no t  only b l a s t - r e s i s t a n t  s h e l t e r  des igns ,  
bu t  a l s o  d e t a i l e d  c o s t  comparisons.  

Informat ion  on t h e  inc remen ta l  c o s t  of b l a s t  s h e l t e r ,  over  
and above t h e  c o s t  of convent iona l  basement c o n s t r u c t i o n  has  been 
t a k e n  from t h e  above r e p o r t s ,  t r a n s l a t e d  i n t o  1985 d o l l a r s  ( s e e  
Sec t ion  7.5 f o r  a d e s c r i p t i o n  of t h e  c o s t  convers ion  method), and 
summarized i n  Figs .  7.10 and 7.11. More s p e c i f i c  des ign  d e t a i l s  
are d i scussed  below. 

The s h e l t e r  concept i l l u s t r a t e d  i n  Fig. 7.12 ( O f f i c e  of C i v i l  
Defense,  August 1962 and June 1963) is  a basement-type, r e i n -  
forced-concre te  s t r u c t u r e  which is  designed t o  provide  p r o t e c t i o n  
a g a i n s t  t h e  e f f e c t s  of megaton-size nuc lea r  weapons. The s t r u c -  
t u r e  i s  d e s i g n e d  t o  s e r v e  a d u a l  f u n c t i o n  [e.g., a community 
c e n t e r  ( f o r  c i v i l  a d m i n i s t r a t i o n ,  r e l i g i o u s  s e r v i c e s ,  town 
as sembl i e s ,  and/or  r e c r e a t i o n  e v e n t s )  du r ing  normal occupancy and 
a s h e l t e r  du r ing  emergencies] .  The s t r u c t u r a l  des ign  d e t a i l s  are 
as g e n e r a l  as such d e t a i l s  can be. A f l e x i b l e  s t r u c t u r a l  system 
w i t h i n  a n  economical squa re  form w a s  s e l e c t e d  f o r  t h e  purposes  of 
i l l u s t r a t i o n  only .  The l a y o u t s  were in tended  t o  be rear ranged  t o  
s u i t  t h e  requi rements  of t h e  i n d i v i d u a l  u se r .  Typica l  des igns  are 
i l l u s t r a t e d  i n  t h e  r e p o r t s  f o r  s h e l t e r  capacit ies of 100, 500, and 
1000 persons.  Blast  p r o t e c t i o n  f o r  ove rp res su res  of 5 ,  25, and 50 
p s i  were inc luded  f o r  each of t h e  des igns .  

Two o t h e r  r e p o r t s  by t h e  O f f i c e  of C i v i l  Defense (September 
1962a  and  A p r i l  1963) d e s c r i b e  conceptua l  des igns  f o r  park ing  
garages  which are o n e - s t o r y ,  b e l o w g r a d e ,  r e i n f o r c e d - c o n c r e t e  
s t r u c t u r e s  (See F igs .  7.13a and 7.13b) t h a t  w i l l  p rovide  pro tec-  
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t i o n  a g a i n s t  t h e  e f f e c t s  of megaton-size r a n g e  weapons.  The 
s t r u c t u r e s  are based on m u l t i p l e s  of a 29- f t  by 27-ft  bay area 
propor t ioned  t o  t h e  dimensions of an ave rage  c i t y  block. Each 
s t r u c t u r e  c o n t a i n s  park ing  f a c i l i t i e s  f o r  150 cars du r ing  normal 
o p e r a t i o n  and s h e l t e r  space  f o r  5000 occupants  du r ing  emergencies.  

Two park ing  garage  des igns  are cons idered .  One garage  is  t o  
be l o c a t e d  below a park ing  l o t ;  i t s  roof s l a b  s e r v e s  as a deck. 
The o t h e r  garage  is  t o  be l o c a t e d  beneath a c i t y  park;  i t s  roof 
s l a b  is  modif ied t o  suppor t  a minimum of 3.5 f t  o f  s o i l  f o r  
landscaping .  The b l a s t  s h e l t e r  roof s l a b  t h i c k n e s s e s  f o r  both 
s t r u c t u r e s  were 1 2  i n .  f o r  5 p s i ,  2 1  i n .  f o r  25 p s i ,  and 36 in .  
f o r  50 p s i  ove rp res su re  r e s i s t a n c e .  

Add i t iona l  r e p o r t s  by t h e  O f f i c e  of C i v i l  Defense (September 
1962b and March 1963) i l l u s t r a t e  conceptua l  s h e l t e r  des igns  which 
are basement-type, r e in fo rced -conc re t e  s t r u c t u r e s  (See Fig.  7.14). 
The s t r u c t u r e s  are designed t o  f u n c t i o n  as s c h o o l  c lassrooms under  
normal occupancy and, i n  t h e  event  of emergency, as s h e l t e r  areas 
f o r  t h e  t o t a l  school  popu la t ion ,  i n c l u d i n g  t h a t  from t h e  unpro- 
t e c t e d  classrooms above ground.These basement shelters are s i n g l e -  
l e v e l  s t r u c t u r e s  wi th  t h e  roof s l a b s  a t  g rade  l e v e l .  Typ ica l  
des igns  are i l l u s t r a t e d  f o r  s h e l t e r  c a p a c i t i e s  of 350, 550, and 
1100 persons.  Designs f o r  5 ,  25,  and 50 p s i  ove rp res su re  l e v e l s  
are included.  

B r u c e  e t  a l .  ( 1 9 6 5 )  summarize a comprehensive s tudy  and 
a n a l y s i s  of t h e  c a p a b i l i t i e s  of 26 award-winning e n t r i e s  from t h e  
N a t i o n a l  S c h o o l  F a l l o u t  S h e l t e r  Design Competi t ion t o  provide  
p r o t e c t i o n  a g a i n s t  e f fec ts  of nuc lea r  weapons o t h e r  t han  those  
a s s o c i a t e d  w i t h  f a l l o u t .  I n  cases where t h e  o r i g i n a l  f a l l o u t  
s h e l t e r  des igns  were d e f i c i e n t  i n  p r o v i d i n g  s u c h  a d d i t i o n a l  
p r o t e c t i o n ,  recommended des ign  changes and t h e i r  a s s o c i a t e d  c o s t s  
were developed. Both aboveground and belowground s t r u c t u r e s  were 
e v a l u a t e d ;  a l though ,  no s p e c i f i c  des ign  in fo rma t ion  i s  g iven  i n  
t h e  r e p o r t .  The schoo l s  were o r i g i n a l l y  designed t o  provide  a 
f a l l o u t  p r o t e c t i o n  f a c t o r  of 100. S t r u c t u r a l  a n a l y s e s  i n d i c a t e d  
t h a t  t h e  i n h e r e n t  b l a s t  p r o t e c t i o n  p r o v i d e d  by t h e s e  s c h o o l  
s h e l t e r s  v a r i e d  f r o m  a p p r o x i m a t e l y  0 t o  2 p s i  o v e r p r e s s u r e  
r e s i s t a n c e .  With minor mod i f i ca t ions  t o  each des ign ,  a d d i t i o n a l  
p r o t e c t i o n  from thermal  and b l a s t  e f f e c t s  could be ob ta ined  f o r  a 
small  a d d i t i o n a l  c o s t .  The r e p o r t  i n d i c a t e s  t h a t  t h e  l e v e l  of 
ove rp res su re  r e s i s t a n c e  could be inc reased  t o  approximate ly  10 p s i  
f o r  a n  a v e r a g e  i n c r e m e n t a l  c o s t  of $3.20 p e r  f t 2  of s h e l t e r  
space ( i n  1985 d o l l a r s ) .  The r e p o r t  does no t  i n d i c a t e  how much, 
i f  a n y ,  t h e  c o s t  of f a l l o u t  s h e l t e r  added t o  t h e  o r i g i n a l ,  
conven t iona l  des ign .  

Longinow, Kalinowski,  Kot, and Sa lzbe rg  (1971a and 1971b) 
d e s c r i b e  two types  of d u a l - u s e  s t ruc tu res - - schoo l  basements and 
p a r k i n g  g a r a g e s .  E s s e n t i a l l y ,  t h e s e  r e p o r t s  update  t h e  1962 
O f f i c e  of C i v i l  Defense s h e l t e r  c o s t  estimates u s i n g  t h e  o r i g i n a l  
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1962 des igns  ( s e e  above).  The r e p o r t s  s ta te  t h a t  t h e  o r i g i n a l  
" f a l l o u t  s h e l t e r  on ly"  des ign  was similar enough t o  a conven t iona l  
s t r u c t u r e  t h a t  i t  could be used as t h e  r e f e r e n c e  f o r  t h e  b l a s t  
s h e l t e r  c o s t  comparisons. 

A l a t e r  r e p o r t  by Longinow, Ojdrovich,  B e r t r a m ,  and Wieder- 
mann (1973) develops c o s t  estimates from o r i g i n a l  des igns  of bo th  
a n  aboveground s h e l t e r  and a basement s h e l t e r ,  e i t h e r  of which 
would be s u i t a b l e  f o r  a d d i t i o n  t o  a s m a l l  o n e - f l o o r  o f f i c e  
b u i l d i n g  o r  o t h e r  small p r o f e s s i o n a l  s t r u c t u r e  du r ing  new con- 
s t r u c t i o n .  The basement s h e l t e r ,  w i t h  i t s  15-in. roof s l a b  a t  
grade  l e v e l ,  w a s  designed t o  wi ths t and  t h e  b l a s t  e f f e c t s  of a 15 
p s i  o v e r p r e s s u r e  f r o m  a m e g a t o n - s i z e  weapon. An emergency  
g e n e r a t o r  and l i g h t i n g  f i x t u r e s  were inc luded  i n  t h e  c o s t  es t i -  
mate. This  r e p o r t  a l s o  compares t h e  c o s t  and s u r v i v a b i l i t y  f o r  
aboveground s h e l t e r s  and concludes t h a t  t h e  belowgrade s h e l t e r  
v a r i a t i o n  appea r s  t o  be a b e t t e r  a l t e r n a t i v e .  

Murphy, Rempel, and Beck (1975) completed a f e a s i b i l i t y  s tudy  
c o n t a i n i n g  in fo rma t ion  which might be i n c o r p o r a t e d  i n t o  a "guide- 
book" on dual-use s h e l t e r  des ign .  This  r e p o r t  i s  by f a r  t h e  most 
e x t e n s i v e  and e l a b o r a t e  on basement s h e l t e r s  i n  new c o n s t r u c t i o n ;  
s e v e r a l  des igns  ( a long  w i t h  t h e  a p p r o p r i a t e  des ign  phi losophy and 
e q u a t i o n s )  and c o s t  estimates are presented .  Four case s t u d i e s  of 
e x i s t i n g  b u i l d i n g s  i n  Georgia  and North Caro l ina  were developed. 
The r e p o r t  i n c l u d e s  c o s t  e x t r a p o l a t i o n s  t o  s e v e r a l  d i f f e r e n t  
l e v e l s  of p r o t e c t i o n  from 5 p s i  up t o  30 p s i .  

The environment of i n t e r e s t  i n  t h e  Murphy s tudy  w a s  15 -ps i  
o v e r p r e s s u r e  f r o m  a 1-MT weapon. I n i t i a l  n u c l e a r  r a d i a t i o n  
from a 200-kT weapon w a s  a l s o  cons idered .  A t  t h e  15-psi l e v e l ,  an  
(unsh ie lded )  i n i t i a l  n u c l e a r  r a d i a t i o n  dose of 450 r a d s  was used 
i n  t h e  des igns .  The des igns  inc luded  two types  of s h e l t e r s .  One 
t y p e  of s h e l t e r  w a s  in tended  t o  be completely buttoned-up, p r i o r  
t o  t h e  b l a s t .  The o t h e r  t ype  of s h e l t e r  w a s  t o  be completely 
a c c e s s i b l e  f o r  i n g r e s s  u n t i l  a t  least  one f u l l  minute a f t e r  t h e  
a r r i v a l  of t h e  b l a s t  wave. Murphy h a s  u p d a t e d  h i s  o r i g i n a l  
s h e l t e r  c o s t  f i g u r e s  a t  l e a s t  twice  (Murphy and Beck, 1976; 
Appendix C i n  S t r o p e ,  Devaney, Laurino,  and Wengrovitz,  1985). 

The summar ized  f i n d i n g s  of t h e  above r e p o r t s  a p p e a r  and 
i n  F igs .  7.10 and 7.11. The d a t a  are f o r  t h e  a d d i t i o n a l  ( o r  
i n c r e m e n t a l )  c o s t ,  i n  1985 d o l l a r s ,  of b l a s t  s h e l t e r  over  t h e  
o r i g i n a l  c o s t  of t h e  conven t iona l  b u i l d i n g  ( i . e . ,  f o r  basement 
s h e l t e r s  which are added t o  new c o n s t r u c t i o n  des igns  t h a t  a l r e a d y  
i n c l u d e  a basement area). The d a t a  i n  F ig .  7.10 c l e a r l y  i l l u s -  
t r a t e  t h e  t r e n d  of h ighe r  s h e l t e r  c o s t  w i th  i n c r e a s e d  l e v e l s  of 
ove rp res su re  p r o t e c t i o n .  F igu re  7.11 i d e n t i f i e s  t h e  t r e n d  t h a t  
l a r g e r  s h e l t e r s  c o s t  less. 

F o r  a 3 0 - p s i  l e v e l  of ove rp res su re  p r o t e c t i o n ,  Fig. 7.10 
i n d i c a t e s  t h a t  t h e  inc remen ta l  c o s t  of s h e l t e r  space l i e s  between 
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$13.50 and $53.50 pe r  f t 2 .  Using a va lue  of 10 f t 2  f o r  each 
s h e l t e r  occupant ,  t h e  inc remen ta l  c o s t  of 30-psi b l a s t  s h e l t e r  
becomes $135 t o  $535 pe r  space  ( o r  p e r  occupant )  i n  1985 d o l l a r s ,  
f o r  an average  of about  $335 pe r  space.  This  average  va lue  does 
n o t  t a k e  t h e  a p p a r e n t  economy of l a r g e r  s h e l t e r  s i z e s  i n t o  
account.  

F o r  a 5 0 - p s i  l e v e l  of ove rp res su re  p r o t e c t i o n ,  Fig.  7.10 
i n d i c a t e s  t h a t  t h e  incrementa l  c o s t  of s h e l t e r  space l i e s  between 
$23.50 and $73.50 p e r  f t 2 .  Again, u s i n g  10 f t 2  f o r  each s h e l t e r  
occupant ,  t h e  inc remen ta l  c o s t  of 50-psi  b l a s t  s h e l t e r  becomes 
$235 t o  $735 p e r  space i n  1985 d o l l a r s ,  f o r  an  average  of about  
$500 p e r  space.  

I n  some of t h e  b l a s t  s h e l t e r  des igns  reviewed above, t h e  
t h i c k n e s s  of t h e  roof s l a b  w a s  determined s o l e l y  by s t r u c t u r a l  
r e s i s t a n c e  t o  t h e  s p e c i f i e d  b l a s t  overpressure .  However, f o r  some 
nuc lea r  weapon environments of i n t e r e s t  t h i s  may n o t  p r o v i d e  
s u f f i c i e n t  s h i e l d i n g  t o  i n s u r e  p r o t e c t i o n  from t h e  i n i t i a l  n u c l e a r  
r a d i a t i o n  of smal l -y ie ld  n u c l e a r  weapons. 

A r ecen t  r e p o r t  (Shaw, 1985) documents t h e  U.S. government 's  
e f f o r t  t o  de te rmine  t h e  c o s t  of a s l a n t e d  basement s h e l t e r  du r ing  
an  ac tua l  c o n s t r u c t i o n  p r o j e c t .  Two s t r u c t u r e s  t o  be b u i l t  i n  t h e  
Washington, DC, area were reviewed as cand ida te s  f o r  t h e  a d d i t i o n  
of a p r o p o s e d  1 5 - p s i  d u a l - u s e  basement b l a s t  s h e l t e r .  This  
s h e l t e r  was t o  be inc luded  as p a r t  of t h e  o r i g i n a l  c o n s t r u c t i o n .  

The basement  s h e l t e r  i n  t h e  f i r s t  s t r u c t u r e  (an  l l - s t o r y  
o f f i c e  b u i l d i n g )  r e q u i r e d  s u b s t a n t i a l  mod i f i ca t ion  t o  t h e  f o o t i n g s  
of t h e  e x i s t i n g  a d j a c e n t  bu i ld ings .  This  s t r u c t u r e  w a s  t h e r e f o r e  
removed from f u r t h e r  c o n s i d e r a t i o n ;  n e v e r t h e l e s s ,  a c o n t r a c t  b i d  
p r i c e  f o r  t h e  s h e l t e r  c o n s t r u c t i o n  was developed. 
f t 2  s h e l t e r ,  t h e  c o s t  of adding s h e l t e r  t o  t h e  s t r u c t u r e  was $112 
pe r  f t 2  of s h e l t e r  space i n  1985 d o l l a r s .  I f  t h e  f o o t i n g  modifi-  
c a t i o n s  had been removed from t h e  s h e l t e r  c o s t ,  t hen  t h e  i n c r e -  
mental  c o s t  of adding t h e  s h e l t e r  would have been $64 p e r  f t 2 .  

For t h e  1590- 

A s h e l t e r  was a c t u a l l y  c o n s t r u c t e d  i n  t h e  second s t r u c t u r e  
( t h e  N a t i o n a l  R e h a b i l i t a t i o n  H o s p i t a l ) .  Cons t ruc t ion  began i n  
mid-May 1984;  t h e  basement  s h e l t e r  o c c u p i e d  2300 f t 2 .  Two 
c o n t r a c t o r  b ids  were rece ived  f o r  t h i s  s h e l t e r :  $38.30 p e r  f t 2  and 
$61.70 pe r  f t 2  ( i n  1985 d o l l a r s ) .  Both b ids  r e f l e c t  t h e  added 
c o s t  f o r  t h e  s h e l t e r  space  over  and above t h e  c o s t  of t h e  b u i l d i n g  
w i t h o u t  s h e l t e r ;  no reason f o r  t h e  wide v a r i a t i o n  i n  t h e  two 
s h e l t e r  c o s t s  i s  g iven  i n  t h e  r e p o r t .  Tests  p e r f o r m e d  on  a 
one - f i f th - sca l e  model of t h i s  s h e l t e r  i n d i c a t e  t h a t  i t  i s  sub- 
s t a n t i a l l y  overdes igned;  only h a i r l i n e  c racks  were obse rved  i n  
the  roof of t h e  model a f t e r  exposure t o  50 p s i  from a s imula ted  8- 
kT nuc lea r  b l a s t .  
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For additional information on dual-use blast shelters, the 
following references are suggested: Bennedsen (1962b); Cristy 
(October 1968, 1971, 1972, February 1973); Feinstein and Wingfield 
(1970); Lin, O'Donnell, Yauger, Burt, and Kling (1972); McGavin 
(1970); Murphy (1969, 1970a, 1970b); Smith and Lasky (1963); 
Stepenek (1970). 

7.5.3 Earth-Sheltered Residences 

"Earth-sheltering" is the term given to the practice of  
designing and constructing a residence or other small building in 
such a way that all or  part of the perimeter walls and all o r  part 
of the roof are covered with earth. This can be done by siting 
the structure in a number of ways. The most popular method is to 
construct the building on a slope so that its rear wall is 
belowgrade (See Fig. 7.15). The front wall (usually facing south) 
is completely exposed and the end walls are all o r  partially 
earth-covered. The roof is usually earth-covered and extends 
naturally into the slope of the hill. The designs are normally 
intended to be solar heated through windows in the exposed 
south-facing wall. See Carmody and Sterling (1985) and Wade 
(1983) for a complete discussion of earth-sheltered housing 
design. 

Earth-sheltered buildings are usually designed so as to 
conserve heating and air-conditioning energy, which they do very 
well. They also provide protection against violent storms, 
especially tornadoes, as well as other natural disasters (such as 
winter ice storms and brush or forest fires). Recognition of the 
effectiveness of earth-sheltered structures against tornadoes and 
cold weather is demonstrated 'by the map, Fig 7.16, of earth- 
shelter locations in the United States. 

Concrete construction and earth-covering provide inherent 
fallout protection which in most cases is superior to that avail- 
able in the basements of frame houses. With minor modifications 
to the designs, such as appropriate arrangement of interior solid 
walls, quite high levels of protection against radiation can be 
obtained in the rooms in the rear of the building (Chester, 1981, 
November/December 1981; Chester, Torri-Safdie, et al., 1984, 
1985). For a few percent increase over the cost of a "conven- 
tional" earth-sheltered residence, a strengthened building can be 
constructed which has significant blast resistance and which can 
be upgraded to one or two atmospheres of blast resistance (Ches- 
ter, Shapira, et al., 1983). 

The disadvantage of earth-sheltered structures is that they 
cost 30 to 40% more than comparable conventional aboveground 
frame buildings (Shapira, et al., 1983). This increased cost is  
in the concrete construction and in the additional expense of 
running utility lines in conduit o r  service ducts inside solid 
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Used by Permission. 

Fig. 7.16. Locations of earth-sheltered buildings in the 
United States. 



concrete walls and roofs. If the cost problems could be sur- 
mounted, the U.S. housing industry, which can build close to 2 
million houses a year, could construct enough underground housing 
in a single year to provide shelter for the entire U.S. popula- 
tion. Even a few percent of the houses constructed each year 
as dual-use earth-sheltered residences would add significantly to 
the national inventory of shelter space in a very few years. 

It was estimated by Chester et al. (1985) that the cost of 
blast-slanted, earth-sheltered structures would be a proximately 
$70 per ft2; this is approximately $17.40 per ft5 more than 
comparable conventional aboveground construction. If people were 

the incremental cost for 15-psi blast shelter would be approxi- 
mately $174 per space. This cost is quite competitive with other 
dual-use shelter costs. 

crowded into these buildings at the rate of 1 person per 10 ft 2 , 

The use of private residences for public shelter can raise 
some social, legal, and even constitutional problems, even if 
constructed with Federal subsidies. 

For additional information on earth-sheltered residences, 
waterproofing underground structures, and policy issues for 
shared, underground shelter, the following references are sugges- 
ted: Anderson (1984); Barker(l980); Barnard (1981); Burson and 
Borella (1961); Fairhurst (1976); Haaland (1983); Heck (1968); 
Hollon, Kendall, Norsted, and Watson (1980): Korrell (1979); Lane 
(1984); Logan (1984); Metz (1980); Moreland et al. (1981); 
Regional and Urban Planning Implementation, Inc. (1977); Sisson 
(1977, 1980); Sterling, Aiken, and Carmody (1981); Sterling, 
Carmody, and Elnicky (1981); Thorsen (1980); University of 
Minnesota (1980, 1981); Zaccor (1979). 

7.5.4 Dual-Use Tunnel Systems 

Boegly, Griffith, and Nelson (1969) developed a conceptual 
design and cost estimate for a dual-use tunnel adapted to provide 
blast shelters for White Plains, New York. The tunnel system was 
designed for an area which would have a daytime population of 
20,000 and a nighttime population of 5000. By extreme crowding 

tion could be accommodated in the shelter. The cost per occupant 
under these circumstances would be $836 (in 1985 dollars). If 
civil defense standards of the 
cost would very nearly triple to approximately $2500 per occupant. 
The costs include food storage, ventilation and air conditioning 
requirements, and sanitation, with optional carbon dioxide 
removal and oxygen supply for 8 hours. The lower costs above do 
not include this long a button-up period. 

(3.5 ft 2 per occupant or 45  ft3 per occupant) the daytime popula- 

10 ft2 per person were required, 
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Boegly, G r i f f i t h ,  and Nelson estimate t h e  hardness  of t h e  
t u n n e l  system a t  60 p s i .  Subsequent expe r i ence  wi th  t h e  hardness  
of underground s t r u c t u r e s  s u g g e s t s  t h a t  t h e  hardness  i s  probably 
i n  excess  of 100 p s i .  The system i n  t h e  above s tudy  i s  c o n s i s t e n t  
w i t h  o t h e r  s l a n t e d  t u n n e l  systems which have r a t h e r  h igh  c o s t s  p e r  
s h e l t e r  space ,  u n l e s s  extreme overcrowding t a k e s  p lace .  Also,  i n  
common wi th  o t h e r  s t u d i e s ,  t h i s  s y s t e m  i s  designed f o r  an  a r e a  of 
very h igh  popu la t ion  d e n s i t y  which can be e f f e c t i v e l y  a t t a c k e d  
w i t h  groundburst  weapons. 

A t u n n e l  g r i d  system cons t ruc t ed  of 8-ft-diam conc re t e  p ipe  
w a s  designed f o r  D e t r o i t  by t h e  f i r m  of Holmes and Narver (Robbins 
and Narver,  1965; Narver and Robbins, 1965). The en t r ances  on 
t h i s  des ign  were very c o s t l y  and complex. The c o s t  p e r  space  f o r  
t h e  system w a s  $1722 i n  1985 d o l l a r s .  Holmes and Narver a l s o  
conducted t h e  des ign  and c o s t  estimate of t h e  deep underground 
highway a c r o s s  town on Manhattan I s l a n d  which could be adapted t o  
a b l a s t  s h e l t e r  ( P e r l a  and Haller, 1965). The s t r u c t u r e  f o r  on ly  
peacetime u s e  would c o s t  $2.08 b i l l i o n  ( i n  1985). For an addi- 
t i o n a l  2.2 b i l l i o n  ( i n  1985 d o l l a r s )  1.8 m i l l i o n  s h e l t e r  spaces  
could be c r e a t e d  a t  a c o s t  of $1229 p e r  space.  

For a d d i t i o n a l  i n fo rma t ion  on t u n n e l s  used as s h e l t e r s ,  t h e  
fo l lowing  r e f e r e n c e s  are suggested:  C r i s t y  (1967a, November 1968, 
1971);  Heier l i  and Jundt  (1983);  Heier l i ,  J u n d t ,  and  Kessler 
( 1 9 8 5 ) ;  Hendrey e t  a l .  (1981);  Newman (1966);  Shimizu, E lde r ,  
Shepetys ,  and Williamson (1969);  Shimizu, Snow, and Wi l l i amson  
( 1 9 6 9 ) ;  U n i v e r s i t y  of Arizona (1965);  W i l l i a m s ,  Huffaker ,  and 
Abele (1967);  Williams and Kennedy (1968). 

7.6 DEDICATED SHELTERS 

The term "dedica ted"  o r  s ing le-purpose  s h e l t e r s  i s  a p p l i e d  t o  
s t r u c t u r e s  whose p r i m a r y  funct- ion i s  t o  s e r v e  as a s h e l t e r  a g a i n s t  
t h e  e f f e c t s  of n u c l e a r  weapons. The t e r m  i s  used t o  d i f f e r e n t i a t e  
t h e s e  s t r u c t u r e s  from "dual-use" s t r u c t u r e s  whose primary purpose 
i s  some o t h e r  f u n c t i o n  (such as a basement, s choo l ,  o r  subway). 
Dedicated s h e l t e r s  do no t  have t o  make any compromises wi th  r ega rd  
t o  peacetime f u n c t i o n s  and can e a s i l y  be des igned  f o r  very h igh  
l e v e l s  of p r o t e c t i o n .  Without t h e  peacetime use t o  d e f r a y  t h e  
c o s t ,  ded ica t ed  s h e l t e r s  are g e n e r a l l y  much more expensive than  
dual-use s t r u c t u r e s .  

The d e s c r i p t i o n  of examples of ded ica t ed  s h e l t e r s  i n  t h i s  
s e c t i o n  are in tended  t o  be i l l u s t r a t i v e  r a t h e r  t han  exhaus t ive .  
F o r  a more complete  l i s t  of s h e l t e r  des igns  and o p t i o n s ,  the  
fo l lowing  r e f e r e n c e s  are sugges ted :  Allgood, Webb, and S w a l l e y  
(1962);  Baker, Heck, e t  a l .  (1964);Bauer (1981);  Bigelow (1965);  
C e n t r a l  Mor tgage  and Hous ing  C o r p o r a t i o n  ( 1 9 5 9 ) ;  Emergency 
Measures Organiza t ion  (no  d a t e ,  1961, 1962b); Fede ra l  Emergency 
Management Agency (1979, A p r i l  1980b, A p r i l  1980d, A p r i l  1980f) ;  

153 



F i t z S i m o n s  (1957);  Havers and Lukes (1964); Holmes and Narver 
(1960);  Home O f f i c e  and t h e  C e n t r a l  O f f i c e  of Informat ion  (1982);  
Hoot (1971);  Lamb (1967);  Lawrence Rad ia t ion  Labora tory  (1961);  
Leland (1958);  Longinow and Stepanek (1968); Mason and Schroeder  
(1953);  O f f i c e  of C i v i l  Defense (no d a t e ,  August 1962b, August 
1962c, Augus t  1962d); Ormerod (1983); Oster (1985b); Os t rowsk i  
( 1 9 6 2 ) ;  Ra lph  M. P a r s o n ,  Company (1968);Rush (1965);  S a r t o r ,  
LaRiviere ,  Lee, and Pond (1963);  Sawyer (1969 ,  1 9 8 5 ) ;  S i b l e y  
( O c t o b e r  1981, November 1981, December 1981, March/April  1984, 
September/October 1984, November/December 1985); Ward (1982, 1983, 
1984). 

7.6.1 Swiss Basement Shelters 

S w i t z e r l a n d  h a s  t h e  most h i g h l y  developed c i v i l  defense  
program i n  t h e  world; t h e  same is  t r u e  of t h e i r  s h e l t e r  technol-  
ogy. R e l i a b i l i t y  and p r o t e c t i o n  are t h e i r  f i r s t  c o n s i d e r a t i o n s ;  
c o s t  is a secondary concern.  The c o s t  p e r  Swiss s h e l t e r  space has  
been  e s t i m a t e d  a t  between $350 and $500 U.S. d o l l a r s  (Fede ra l  
O f f i c e  of C i v i l  Defense, 1983, 1985; Heinzmann, 1985). These  
c o s t s  i n c l u d e  wel l -engineered v e n t i l a t i o n  systems,  b l a s t  doors ,  
b l a s t  va lves ,  and escapeways. 

A comprehensive d e s c r i p t i o n  of t h e  s t anda rd  des ign  f o r  S w i s s  
s h e l t e r s  i s  a v a i l a b l e  i n  C r i s t y  (1973a). The S w i s s  concept i s  t o  
c o n s t r u c t  a r e in fo rced  conc re t e  s h e l t e r  i n  t h e  basement of every  
new bu i ld ing ;  t h e  s h e l t e r  must c o n t a i n  enough space f o r  t h e  
e s t i m a t e d  p o p u l a t i o n  of t h e  bu i ld ing .  Two s t a n d a r d  sets of 
des igns  are inc luded ,  one f o r  one-atmosphere (14.7-psi)  and one 
f o r  3-atmosphere (44.1-psi)  s h e l t e r s .  These p r e s s u r e s  are s t a t i c  
r a t h e r  than  dynamic ove rp res su res ,  bu t  g i v e  an adequate  estimate 
of t h e  u l t i m a t e  s t r e n g t h  of t h e  s h e l t e r s .  

The Swiss have recognized t h a t  rubble  and f i r e  pose problems 
i n  t h e  u s e  of basement s h e l t e r s .  I n  a basement which might be 
f i l l e d  wi th  burning d e b r i s ,  t h e r e  c o u l d  be two w a l l s  of t h e  
s h e l t e r  exposed t o  t h e  f i r e .  To d e a l  w i th  t h e  f i r e  problem they  
s p e c i f y  a 12-in. t h i c k n e s s  f o r  conc re t e  w a l l s  e x p o s e d  t o  t h e  
basement area i n  bu i ld ings  which have one frame s t o r y  aboveground. 
I n  bu i ld ings  wi th  two o r  more wood frame s t o r i e s  aboveground, t hey  
s p e c i f y  a 16-in.  t h i c k n e s s  f o r  walls and roof which could be 
exposed t o  t h e  f i r e .  

Recognizing t h a t  rubble  can block t h e  basement s h e l t e r  access 
door ,  they r e q u i r e  a minimum of one e x t e r n a l  escape  s h a f t  f o r  t h e  
smallest s h e l t e r - - l e s s  than  13  spaces .  For s h e l t e r s  of 50 spaces  
or more, an escape  tunne l ,  ex tending  out  a t  least one-half t h e  
b u i l d i n g  h e i g h t ,  i s  s p e c i f i e d  i n  a d d i t i o n  t o  escape  doors.  This  
l e n g t h  can be shor tened  i f  i t  connects  t o  escape t u n n e l s  from 
o t h e r  s h e l t e r s .  
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I n i t i a l  n u c l e a r  r a d i a t i o n  i s  a hazard  recognized by t h e  Swiss 
a u t h o r i t i e s  bu t  t h e  p r o v i s i o n  f o r  s h i e l d i n g  i n  t h e s e  1966 i n -  
s t r u c t i o n s  a p p a r e n t l y  e n v i s i o n s  very large nuc lea r  weapons which 
p r e s e n t  a much less s e r i o u s  i n i t i a l  n u c l e a r  r a d i a t i o n  t h r e a t .  For 
example, a 22-in. t h i c k n e s s  of conc re t e  i s  s p e c i f i e d  f o r  t he  roof 
of a basement s h e l t e r  designed f o r  three-atmospheres  (44.1-psi)  
ove rp res su re .  This  t h i c k n e s s  i s  margina l  f o r  t h e  i n i t i a l  n u c l e a r  
r a d i a t i o n  from megaton y i e l d s  and inadequate  f o r  100-kT y i e l d  
exp los ions .  

F igu re  7.17 i s  a r e p r e s e n t a t i v e  example of a one-atmosphere 
(14.7-psi) ,  small Swiss basement s h e l t e r  f o r  a maximum of  25 
o c c u p a n t s .  An e s c a p e  s h a f t  t o  t h e  o u t s i d e  i s  s p e c i f i e d  i n  
a d d i t i o n  t o  t h e  a c c e s s  door  from t h e  i n t e r i o r  of t h e  basement. 
One s h e l t e r  w a l l  is  shown p a r t l y  exposed aboveground w i t h  t h e  
ground l e v e l  coming w i t h i n  about  two f e e t  of t h e  c e i l i n g  of t h e  
s h e l t e r .  The t h i c k n e s s  of t h a t  w a l l  is  s p e c i f i e d  as 50 centime- 
ters, o r  20 inches .  The w a l l s  exposed t o  t h e  basement i n t e r i o r  
are s p e c i f i e d  as 35 c e n t i m e t e r s ,  o r  14 inches .  

The r e i n f o r c i n g  steel  schedu le  i s  s p e c i f i e d  i n  metric u n i t s .  
The number f o l l o w i n g  t h e  symbol  " b "  i s  t h e  r e i n f o r c i n g  ba r  
d iameter  i n  m i l l i m e t e r s ;  t h e  number fo l lowing  t h e  le t ter  "a" i s  
t h e  ba r  spac ing  i n  cen t ime te r s .  Most of t h e  s t e e l  b a r s  i n  t h i s  
Swiss des ign  are 10 millimeters i n  d iameter ,  which i s  about 5% 
l a r g e r  t h a n  t h e  U.S. No. 3 r e i n f o r c i n g  b a r  (3/8-in.-diam). 
A l l  t h e  b a r s  have 6-in. spac ing  both  ways,  except  a t  t h e  e x t e r i o r  
f a c e s  of t h e  roof and w i t h i n  t h e  bur ied  w a l l  where t h e  spac ing  
i s  12 inches .  The des ign  depends c r i t i c a l l y  on t h e  o u t e r  b a r s  i n  
t h e  w a l l s  be ing  bent  over  and i n t o  t h e  t o p  l a y e r s  of t h e  roof .  
The roof then  a c t s  l i k e  a f i x e d  s l a b  r a t h e r  t h a n  a s i m p l y  
suppor ted  s l a b  wi th  a f a c t o r  of 3 r e d u c t i o n  i n  bending moment a t  
t h e  cen te r .  It i s  a ve ry  economical design.  

The b l a s t  d o o r  i s  n o t  shown i n  F ig .  7.17. Reinforc ing  
around t h e  e n t r y  opening i s  shown t o  t a k e  t h e  load  of t h e  h inges  
and l a t c h e s  of t h e  b l a s t  door. Add i t iona l  re inforcement  has  been 
added i n  t h e  s l a b  above t h e  entryway t o  c a n t i l e v e r  t h i s  p o r t i o n  i n  
hopes of p reven t ing  rubb le  from blocking  t h e  ce l la r  door. 

A s  m e n t i o n e d  e a r l i e r ,  t h i s  d e s i g n  i s  f o r  l - a t m o s p h e r e  
(14.7-psi) s t a t i c  p res su re .  If t h i s  s h e l t e r  is analyzed by y i e l d  
l i n e  theory  (see S e c t i o n  4.1.11, which  a s sumes  t h e  s t e e l  i s  
s t r e s s e d  w e l l  i n t o  i t s  p l a s t i c  reg ion ,peak  shock loads  about  30% 
g r e a t e r  t han  t h e  s t a t i c  load  can be s u s t a i n e d  (Denton, 1967). I f  
c r e d i t  is  taken  f o r  two-way s l a b  a c t i o n  as w e l l  as f i x e d  edges of 
t h e  r o o f ,  t h e  s t r e n g t h  of t h e  s h e l t e r  i s  about  22 p s i .  
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7.6.2 Retrofit Family Shelters 

There has  been cons ide rab le  i n t e r e s t  over  t h e  y e a r s  i n  f a m i l y  
s h e l t e r s  which can be added t o  e x i s t i n g  homes e i t h e r  i n  t h e  
basement o r  bu r i ed  i n  t h e  yard  wi th  o r  wi thout  connec t ion  t o  t h e  
basement. R e t r o f i t  f ami ly  s h e l t e r s  can i n c l u d e  s h e l t e r s  t h a t  
p rovide  only  f a l l o u t  p r o t e c t i o n  as w e l l  as those  t h a t  provide  both 
f a l l o u t  and b l a s t  p r o t e c t i o n .  

7.6.2.1 Family Fallout Shelters 

The U . S .  Federa l  Emergency Management Agency (FEMA) and i t s  
p redecesso r s  have produced pamphlets w i t h  i n s t r u c t i o n s  on t h e  
c o n s t r u c t i o n  of r e s i d e n t i a l  f a l l o u t  p r o t e c t i o n .  

F igu re  7.18 i s  t h e  cover  i l l u s t r a t i o n  of FEMA P u b l i c a t i o n  
H-12-A, which i n c l u d e s  t h e  p l a n s  f o r  i n s t a l l i n g  c o n c r e t e  block i n  
a basement c e i l i n g  t o  improve f a l l o u t  p r o t e c t i o n  i n  t h e  co rne r  of 
t h e  basement (Fede ra l  Emergency Management Agency, 1980a). F igure  
7.19 is  t h e  i l l u s t r a t i v e  cover  of FEMA P u b l i c a t i o n  H - 1 2 - C ,  a 
" s t o o p - i n "  c o n c r e t e  b l o c k  basemen t  c o r n e r  s h e l t e r  ( F e d e r a l  
Emergency Management Agency, 1 9 8 0 ~ ) .  These s h e l t e r s  provide  a 
f a l l o u t  p r o t e c t i o n  f a c t o r  b e t t e r  t han  40. They have t h e  d isad-  
vantages  of be ing  i n  a basement vu lne rab le  t o  p o s s i b l e  f i r e  if 
a l a r g e  weapon explodes  w i t h i n  20 miles, and of no t  be ing  provided 
wi th  f o r c e d  v e n t i l a t i o n  capab le  of main ta in ing  endurab le  tempera- 
t u r e s  i n  h o t  weather.  

F igu re  7.20 i s  t h e  i l l u s t r a t i v e  cover  of FEMA P u b l i c a t i o n  
H-12-1, t h e  "Belowground Home F a l l o u t  S h e l t e r "  (Fede ra l  Emergency 
Management Agency,l983a). This  s h e l t e r  i s  an  8- f t  by 12-f t  con- 
crete box p laced  under  a p a t i o  o r  under  two o r  t h r e e  fee t  of 
e a r t h  cover.  Under t h e  p a t i o  i t  has  a p r o t e c t i o n  f a c t o r  on t h e  
o r d e r  of 1000; t h i s  i s  much h i g h e r  w i th  t h e  a d d i t i o n a l  e a r t h  
c o v e r .  A p r o t o t y p e  of t h i s  s h e l t e r  was t e s t e d  i n  an a c t u a l  
n u c l e a r  weapons exp los ion  (Roembke, 1958b). It was s u b j e c t e d  t o  
13  p s i  from a sma l l -y i e ld  dev ice  wi thou t  d e t e c t a b l e  damage. 

For areas wi th  a h igh  water t a b l e ,  FEMA P u b l i c a t i o n  H-12-2 
p rov ides  t h e  p l ans  f o r  an  aboveground home f a l l o u t  s h e l t e r  which 
i s  detached from t h e  dwel l ing ,  s e e  Fig.  7.21 (Fede ra l  Emergency 
Management Agency, 1983b). It i s  a thick-walled t o o l  shed w i t h  a 
l a b y r i n t h  en t r ance .  It probably p rov ides  a f a l l o u t  p r o t e c t i o n  
f a c t o r  i n  excess  of 100. 

F igu re  7.22 i s  an example of a backyard,  f i b e r g l a s s  s h e l t e r  
which i s  c u r r e n t l y  o f f e r e d  f o r  sale i n  t h e  United States;  t h e  
Homestead Company sells a series of t h r e e  such s h e l t e r s .  These 
s h e l t e r s  have been p r i m a r i l y  marketed as s torm cel lars ,  but  they  
would  a l s o  p r o v i d e  some minimal amount of p r o t e c t i o n  a g a i n s t  
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Protection is provided 
in a basement corner 
by bricks 
or concrete blocks 
between the overhead joists. 
A beam 
and jack column 
support the extra weight. 

Fig. 7.18. Home fallout shelter--modified ceiling design, basement 
she1 te r. 
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A compact shelter 
is provided 
in a basement corner 
by the use of 
common lumber 
and concrete blocks 
with mortar joints 
for permanent construction. 

Fig. 7.19. Home fallout shelter--concrete block design, basement 
location. 
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H-12-1 I November 1983 
(Supnud" H-12-1 dated June 1080) 

BELOWGROUND 
HOME 

, .  

Federal Emergency Management Agency 

Fig. 7.20. Belowground home f a l l o u t  shelter. 
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K12-2 1 November 1983 
( S u p r u d n  H.12-2 d a t d  June 1980) 

ABOVEGROUN D 
HOME 
FALLOUT 
SHELTER 

Federal Emergency Management Agency 

Fig. 7.21. Aboveground home fallout shelter. 
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f a l l o u t .  The t h r e e  c e l l a r - s h e l t e r s  range i n  p r i c e  from $1600 t o  
$2900; t hey  a l l  have an  a d v e r t i s e d  c a p a c i t y  of t e n  p e r s o n s ,  
a l t h o u g h  s u c h  a l a r g e  number o f  o c c u p a n t s  could no t  remain 
i n  t h e  s h e l t e r  f o r  l o n g  pe r iods  of t i m e .  

7.6.2.2 Family Blast Shelters 

FEMA, i t s  p redecesso r s ,  and t h e  Canadian Emergency Measures 
Of f i ce  (EMO) have developed a number of b l a s t  s h e l t e r  des igns  f o r  
c o n s t r u c t i o n  u n d e r  o r  on suburban yards .  FEMA’s p a t i o  b l a s t  
s h e l t e r ,  see Figs .  7.23a, 7.23b, and 7.23c, can be c o n s t r u c t e d  
i n  an  e x i s t i n g  y a r d  and i s  a d v e r t i s e d  as p rov id ing  one atmosphere 
b l a s t  p r o t e c t i o n ;  a f a l l o u t  p r o t e c t i o n  f a c t o r  approaching 1000 can 
b e  o b t a i n e d  when t h i s  s h e l t e r  i s  cons t ruc t ed  f l u s h  w i t h  grade  
(Fede ra l  Emergency Management Agency, 1 9 8 3 ~ ) .  This  s h e l t e r  i s  a n  
8 - f t  by 12-f t  c o n c r e t e  box w i t h  a v e r t i c a l  entryway covered by a 
wooden h a t c h  of s u f f i c i e n t  s t r e n g t h  t o  resist t h e  b l a s t .  Vent i -  
l a t i o n  i s  accomplished by a hand-cranked blower connected t o  a 
4-in.-diam a i r  i n t a k e  and exhaus t .  F u r n i s h i n g s ,  s a n i t a t i o n ,  
food,  and water s t o r a g e  are not  s p e c i f i e d .  

This  s h e l t e r  i s  a n  i n t e r e s t i n g  c o n t r a s t  t o  t h e  Swiss basement 
b l a s t  s h e l t e r  s i n c e  they  are both a d v e r t i s e d  as r e s i s t i n g  t h e  same 
ove rp res su re  (15 p s i ) ,  and they both  have t h e  same roof t h i c k n e s s  
--about 13-1/2 inches .  The FEMA s h e l t e r  has  an 8- f t  minimum roof 
span,  and t h e  Swiss s h e l t e r  has  a 13-f t  span. The FEMA s h e l t e r  
ca l l s  f o r  0.5% r e i n f o r c i n g  s t ee l  i n  t h e  roof s l a b ,  and t h e  Swiss 
s h e l t e r  ca l l s  f o r  0.16% s t ee l  i n  t h e  roof .  On t h e  f a c e  of i t ,  t h e  
FEMA s h e l t e r  shou ld  be about s i x  times s t r o n g e r  than  t h e  S w i s s  
s h e l t e r .  This  i s  i n  f a c t  t h e  case; analyzed by y i e l d - l i n e  theo ry ,  
i t  should  w i t h s t a n d  200 p s i .  It i s  designed very  conse rva t ive ly  
t o  remain w i t h i n  t h e  e l a s t i c  range of t h e  s t r u c t u r e  and no t  t o  
c rack  under t h e  d e s i g n  load.  

I n  t h e  FEMA s h e l t e r  no c r e d i t  was taken  f o r  two-way a c t i o n  i n  
t h e  roof s l a b .  The roof  i s  designed as a pne-way s l a b .  It was 
des igned  t o  resist 30 p s i  i n  o r d e r  t o  remain w i t h i n  i t s  e l a s t i c  
range a t  under  a 15-psi  shock loading.  There i s  one impor tan t  
advantage t o  t h i s  c o n s e r v a t i v e ,  one-way roof s l a b  des ign:  addi-  
t i o n a l  l e n g t h s  of s h e l t e r  (which use  t h e  same roof re inforcement  
s c h e d u l e )  can b e  c o n s t r u c t e d  w i t h  no l o s s  of des ign  s h e l t e r  
s t r e n g t h .  This  i s  n o t  t r u e  f o r  t h e  two-way roof d e s i g n  of the  
Swiss s h e l t e r ,  which s p e c i f i c a l l y  matches t h e  size of t h e  roof 
s l a b  wi th  t h e  d e s i r e d  des ign  s t r e n g t h ;  each d i f f e r e n t  s i z e  of  
Swiss s h e l t e r  shou ld  have a d i f f e r e n t  roof s l a b  design.  

I f  des igned  as a fixed-edge, two-way s l a b  by y i e l d  l i n e  
theo ry ,  ( s e e  S e c t i o n  4.1.1), t hen  80% of t h e  s t e e l  on t h e  FEMA 
s h e l t e r  could be e l i m i n a t e d  without  compromising i t s  a d v e r t i s e d  
15-psi  b l a s t  r e s i s t a n c e .  However, i f  exposed t o  a 15 p s i  b l a s t ,  
t h e  redes igned  s l a b  would c rack  and subsequent ly  would most l i k e l y  
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HOME 
BLAST 
SHELTER 

Federal Emergency Management Agency 

Fig. 7.23a. FEMA home blast shelter. 
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Fig. 7.23~. FEMA home b l a s t  shel ter .  
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leak during rainstorms, particularly when installed at grade 
levels. These leaks could carry radioactive fallout inside the 
she 1 t er . 

While the FEMA shelter provides a protection factor of 1000 
against fallout at grade level, if the shelter were subjected to 
an intermediate-yield explosion, it would be exposed to high 
levels of initial nuclear radiation. Its protection factor 
against this radiation from a low-altitude airburst is only in the 
neighborhood of 50 (See Section 4.2). This is marginal against an 
intermediate-yield threat. 

The Emergency Measures Organization (EMO) of Canada (1962a) 
has published plans and specifications for 30-psi family blast 
shelters (see Figs. 7.24a and 7.24b). This is generally a good 
design which does attempt to fix the edges of the roof slab to the 
walls. It has even more steel than the FEMA shelter and hence has 
an ultimate strength much greater than 200 psi with the recom- 
mended 2 ft of earth on the roof. The weak point on this shelter 
may be the blast door which is claimed to be good for slightly 
more than 30 psi. 

An attempted improvement on the FEMA shelter is the' "wine 
cellar/root cellar/tornado shelter" (Fig. 7.25) described by 
Chester and Holladay (1983). This shelter design incorporates an 
attempt to use earth arching to obtain overpressure resistance of 
3 atmospheres (44.1 psi), provide protection against initial 
nuclear radiation, and at the same time offer some peacetime uses 
due to improved access. It is classified here as a single-purpose 
shelter rather than dual-use, since the dual-uses cannot be 
considered economic necessities. 

Connecting this shelter to an existing basement will make its 
peacetime uses much more convenient. With the skylight it should 
have a much more pleasant atmosphere. Connection to the basement, 
although increasing the cost of the shelter substantially, would 
make possible a safer, more rapid access in an emergency--either 
an approaching tornado or a warning of imminent nuclear attack. 
The cost of this 8-ft by 12-ft shelter was estimated at close to 
$10,000 in 1983. 

7.6.2.3 Corrugated Metal Blast Shelters 

Arch or pipe shelters constructed from corrugated metal 
sheets have been demonstrated to have remarkably high blast- 
resistance when covered with at least half a span or diameter, or 
more, of a granular soil (see Sections 4.1.2 and 5.1). DONN 
Products (Brown, 1978; Petras et al., 1979a, 1979b) developed and 
tested a version of their corrugated metal shelter (Fig. 7 .26)  
which they believe could be sold for around $200 per space. 
Chester and Holladay (1983) slightly modified the DONN design to 
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Fig. 7.25. Wine/root ce l la r  shelter. 
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make access more convenient  and inco rpora t ed  some h a b i t a b i l i t y  
equipment,  v e n t i l a t i o n ,  and water s t o r a g e  ( F i g .  7 .27 ) .  They 
e s t i m a t e d  t h e  c o s t  p e r  space t o  be i n  t h e  neighborhood of $500. A 
1/4-scale model of t h i s  s h e l t e r  was t e s t e d  s u c c e s s f u l l y  a t  50, 
100, and 200 p s i  i n  an a c t u a l  high-explosive f i e l d  t es t  (Zimmerman 
and Ches t e r ,  1984). The U.S. Army Corps of Engineers  a c t u a l l y  
c o n s t r u c t e d  and  s u c c e s s f u l l y  t e s t e d  a f u l l - s i z e d ,  somewhat 
over-designed, v a r i a n t  of t h i s  s h e l t e r  which c o s t  about  $2000 p e r  
space  (Woodson, Slawson, and Holmes, 1986). It i s  be l i eved  t h a t  
t h e  price could  be reduced t o  $1000 pe r  space  i n  q u a n t i t y  produc- 
t i o n .  

A l uxur ious  v e r s i o n  of a co r ruga ted  metal b l a s t  s h e l t e r  i s  
being o f f e r e d  f o r  sale i n  t h e  United S t a t e s  by S u r v i v a l  Products ,  
Inc.  (Fig.  7.28). This  s h e l t e r ,  which i s  r e c t a n g u l a r  with an 
a rched  roof and f l a t  ends,  w i l l  accommodate 6 people  i n  r e l a t i v e  
luxury.  A c o s t  of $20,000 i s  quoted f o r  a completely assembled 
s h e l t e r .  A k i t  t o  be assembled by t h e  purchaser  i s  o f f e r e d  f o r  
$5000 wi thou t  any h a b i t a b i l i t y  equipment. The c o s t  approaching 
$4000 pe r  space  i s  characterist ic of luxur ious  s h e l t e r s  f o r  s m a l l  
groups of people.  While i t  may be of i n t e r e s t  t o  a few weal thy 
i n d i v i d u a l s ,  i t  c a n n o t  be c o n s i d e r e d  a b a s i s  f o r  a s e r i o u s  
n a t i o n a l  s h e l t e r  program wi thout  some s t r enuous  c o s t  engineer ing .  

7.6.3 Retrofit Critical Worker Shelters 

I n  any s e r i o u s  c i v i l  de fense  program whether i t  i n v o l v e s  
s h e l t e r - i n - p l a c e  o r  evacua t ion ,  c e r t a i n  a c t i v i t i e s  i n  very h igh  
r i s k  areas w i l l  have t o  be maintained.  These a c t i v i t i e s  can 
inc lude  l o g i s t i c  suppor t  f o r  U.S. m i l i t a r y  f o r c e s ,  maintenance of 
v i t a l  s e r v i c e s  f o r  t h e  c i v i l i a n  popu la t ion  ( s u c h  as  f o o d  and  
electric power) and ma in ta in ing  v i t a l  economic func t ions .  High 
q u a l i t y  s h e l t e r  w i l l  have t o  be provided f o r  t h e  people  ( c r i t i c a l  
workers )  who carry ou t  t h e s e  necessary  f u n c t i o n s  i n  r i s k  areas. 
S h e l t e r s  must be l o c a t e d  near  t h e i r  place of employment s o  t h a t  
they  can g e t  t o  s h e l t e r  i n  t h e  a n t i c i p a t e d  warning t i m e ,  which 
could be very s h o r t .  

Design ove rp res su re  f o r  t h i s  t ype  of s h e l t e r  i s  c u r r e n t l y  
s p e c i f i e d  as 50 p s i  by FEMA. The r a t i o n a l e  i s  t h a t ,  above t h i s  
ove rp res su re ,  ground motion (wi th  i t s  consequent expense i n  shock 
i s o l a t i o n )  becomes a problem. This  is a l s o  t h e  approximate b l a s t  
ove rp res su re  on t h e  ground d i r e c t l y  underneath an a i r b u r s t  which 
occurs  a t  t h e  a l t i t u d e  necessa ry  t o  opt imize  t h e  area coverage of 
20 p s i ,  a t y p i c a l  ove rp res su re  in t ended  t o  des t roy  indus t ry .  

These s h e l t e r s  would of n e c e s s i t y  be c o n s t r u c t e d  f o r  rela- 
t i v e l y  small numbers of people ,  perhaps 20 t o  100 persons  a t  any 
g iven  l o c a t i o n  and i n  g e n e r a l  would be c o n s t r u c t e d  a t  e x i s t i n g  
v i t a l  f a c i l i t i e s .  T h r e e  g e n e r a l  c a t e g o r i e s  of des ign  e x i s t :  
(1) r e c t a n g u l a r  conc re t e  c o n s t r u c t i o n ,  ( 2 )  c o n c r e t e  o r  co r ruga ted  
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SURVIVAL AND RECREATIONAL SHELTER 

Copyright:  THE SURVIVAL CENTER, 1986. 
Used by Permission. 

A Complete Informat ion Package 
i s  A v a i l a b l e  f o r  $2 .00  from: 

THE SURVIVAL CENTER 
5555 Newton F a l l s  Road 
Ravenna, OH 44266 
phone: ( 2 1 6 )  678-4000 

Fig. 7.28. S u r v i v a l  Products  blast s h e l t e r .  



metal h e m i c y l i n d r i c a l  a r ches  of 12-f t  r a d i u s ,  o r  ( 3 )  conc re t e  o r  
cor ruga ted  metal p ipes  8 f t  o r  more i n  diameter .  I n s t a l l a t i o n  
would be by cu t  and cover  i n  open a r e a s  o r  park ing  l o t s  near  t h e  
f a c i l i t i e s  which must be kept  opera t ing .  F igure  7.29 is  a drawing 
of a des ign  of a cor ruga ted  metal a r c h  s h e l t e r  (Por teous ,  1962; 
S t rope ,  Por teous ,  and Greig,  1959). F igure  7.30 shows a corru-  
ga t ed  c u l v e r t  ve r s ion  of a c r i t i c a l  worker s h e l t e r .  A conc re t e  
box s h e l t e r , s e e  Fig.  7.31, w a s  des igned  by t h e  U.S. Army Corps of 
Engineers  (Kiger  and Slawson, 1977) and cons t ruc t ed  i n  F o r t  Worth, 
Texas. The c o s t  pe r  space  w a s  a p p r o x i m a t e l y  $2500 f o r  t h i s  
one-of-a-kind f i r s t  a t t e m p t .  It is  expected t h a t  t h e  p r i c e  would 
drop s i g n i f i c a n t l y  i n  s e r i a l  product ion ,  p o s s i b l y  toward $1000 p e r  
space.  

7.6.4 Dedicated Tunnel Systems 

I n  s t u d i e s  of s h e l t e r  w i t h i n  c e n t r a l  c i t i e s ,  i t  has  been 
recognized t h a t  t h e  product ion  of rubb le  and l a r g e  f i r e s  compli- 
c a t e  t h e  des igns  of escape r o u t e s  and v e n t i l a t i o n  of s h e l t e r s  
underneath bu i ld ings .  An obvious s o l u t i o n  used by t h e  S w i s s ,  
among o t h e r s ,  i s  t o  connect s h e l t e r s  t o  lengthy ,  i n t e rconnec ted  
escape  tunne l s .  It w a s  d i scovered  t h a t  f o r  most urban popu la t ion  
d e n s i t i e s ,  t h e s e  escape t u n n e l s ,  i f  made 8 f t  i n  d iameter ,  p rovide  
enough area and volume f o r  t h e  popu la t ion  wi thout  t h e  n e c e s s i t y  
f o r  s h e l t e r s  under t h e  bu i ld ings  (Un ive r s i ty  of Arizona,  June 
1964; Holmes and Narver,  1965). 

I n  t h e  U n i t e d  S t a t e s  t h e  c o n c e p t  of a connected t u n n e l  
s h e l t e r  system f o r  c i v i l i a n s  has  never  g o t t e n  beyond t h e  concep- 
t u a l  des ign  s t age .  I n  c o n t r a s t ,  t h e  Peop le ' s  Republ ic  of China 
has  cons t ruc t ed  e x t e n s i v e  t u n n e l  networks underneath a l l  of i t s  
p o p u l a t i o n  c e n t e r s  f o r  p r o t e c t i o n  of t h e  c i v i l i a n  popu la t ion  
a g a i n s t  both b l a s t  and f a l l o u t  from a nuc lea r  a t t a c k .  Tonnels are 
c o n s t r u c t e d  a t  d e p t h s  f rom 10 t o  100 f t .  w i th  access  p o i n t s  
throughout  t h e  c i t i es .  Cons t ruc t ion  g e n e r a l l y  employs conc re t e  o r  
masonry a r c h e s  ( N a t i o n a l  C i v i l  Defense Guidance Group O f f i c e ,  
1981; Wukasch, 1982). The underground systems i n c l u d e  connec t ing  
t u n n e l s  a t  least  4.5 f t  wide by 7 t o  9 f t  h igh ,  l a r g e r  tunnel-- 
s h e l t e r s  about  25 f t  i n  wid th ,  and s i d e  rooms of vary ing  s i z e s .  
They are equipped w i t h  e lec t r ica l  i l l u m i n a t i o n ,  piped-in water ,  
and v e n t i l a t i o n .  The t u n n e l s  were c o n s t r u c t e d  i n i t i a l l y  f o r  
p r o t e c t i o n  of t h e  c i v i l i a n s  and as f o r t i f i c a t i o n s ,  p e r m i t t i n g  
movement of t h e  m i l i t a r y  i n  t h e  f a c e  of enemy occupat ion.  A s  
c o n s t r u c t i o n  has  cont inued ,  most of t h e  l a r g e r  spaces have been 
used f o r  compat ible  p e a c e t i m e  p u r p o s e s  s u c h  as  r e s t a u r a n t s ,  
i n d u s t r i a l  manufactur ing,  o r  r e c r e a t i o n  areas. New complexes of 
b l a s t - p r o t e c t e d  rooms have  been  added  f o r  u s e  as p e a c e t i m e  
h o s p i t a l s ,  capable  of s h e l t e r i n g  many more people  i n  a crisis. 

The c o s t  f o r  a comparable government-financed s y s t e m  would be 
p r o h i b i t i v e  i n  t h e  United S t a t e s .  The Chinese appa ren t ly  c a r r i e d  
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(SOURCE: U . S .  
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Fig. 7.30. Corrugated metal blast shelter for keyworkers. 



(SOURCE: U.S. Army Corps o f  Engineers, Huntsville Division.) 

Fig. 7 . 3 1 .  Belowground, reinforced concrete blast shelter 
for key workers. 
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o u t  t h e  c o n s t r u c t i o n  of t h e i r  t u n n e l  system wi th  l i t t l e  o r  no 
impact on t h e i r  economy. One reason  why t h i s  was p o s s i b l e  i s  t h a t  
t h e  c i t i e s  of China are no t  u n d e r l a i n  wi th  t h e  complexi ty  of 
u t i l i t i e s  which are found benea th  U.S. ci t ies .  Most impor t an t ly ,  
t h e  t u n n e l s  were c o n s t r u c t e d  from indigenous ly  produced b r i c k  and 
masonry u n i t s  and r e q u i r e d  remarkably l i t t l e  s teel  reinforcement .  
Both t h e  product ion  of t h e  b u i l d i n g  materials and t h e  d igging  and 
c o n s t r u c t i o n  of t h e  t u n n e l s  were performed most ly  by "vo lun tee r "  
l a b o r  working a f t e r  normal working hours  and on weekends. When 
t h e s e  t u n n e l s  were s t a r t e d  i n  1968, China was i n  g r e a t  f e a r  of a 
p r e e m p t i v e  S o v i e t  n u c l e a r  a t t a c k  in tended  t o  d e s t r o y  Chinese 
n u c l e a r  c a p a b i l i t y  and p o s s i b l y  l e a d i n g  t o  t h e  Sov ie t  occupat ion  
of t h e  i n d u s t r i a l  areas i n  Manchuria. The a n x i e t y  l e v e l s  must 
have been much h i g h e r  t han  they  were i n  t h e  United S t a t e s  i n  t h e  
summer of 1961. 

For a d d i t i o n a l  i n fo rma t ion  on ded ica t ed  t u n n e l  s h e l t e r s ,  t h e  
fo l lowing  r e f e r e n c e s  are suggested:  Ba rne t t  (1958); B a s c h i e r e ,  
Humphreys, McKee, and Vey (1958);  Cou l t e r  (1966); DeLeuw, Cather  
and Company ( 1 9 6 3 ) ;  H i b b a r d  e t  a l .  ( 1 9 7 1 ) ;  K r i e b e l  ( 1 9 7 2 ) ;  
Lamoureur (1967);  Newman (1966); S c o t t  and Holmes (1965); U . S .  
Army Corp of Engineers  ( January  1961, A p r i l  1961); U n i v e r s i t y  of 
Arizona (1965). 
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8.  CONCLUSIONS 

T h i s  r e p o r t  i s  a comprehensive review of what is  known about  
s h e l t e r  from t h e  a v a i l a b l e  l i t e r a t u r e  i n  t h e  United S t a t e s .  An 
a t t e m p t  has  been made t o  c o n c e n t r a t e  on t h e  in fo rma t ion  which 
should  be known by a U.S. p lanner .  S h e l t e r  a g a i n s t  a number of 
n a t u r a l  and  t e c h n o l o g i c a l  hazards  i s  cons idered ,  but  t h e  most 
impor tan t  t h r e a t  and t h e  one about  which t h e  most i n f o r m a t i o n  
ex is t s  is  s h e l t e r  a g a i n s t  n u c l e a r  weapons e f f e c t s .  

The most impor tan t  f a c t  t o  recognize  i s  t h a t  t h e r e  is  a very  
w e l l  developed technology f o r  t h e  p r o t e c t i o n  of c i v i l i a n s  a g a i n s t  
t h e  e f f e c t s  of n u c l e a r  weapons. It i s  p o t e n t i a l l y  very  e f f e c t i v e  
and has  been e x t e n s i v e l y  t e s t e d  a g a i n s t  real  n u c l e a r  weapons i n  
t h e  1950s and,  subsequen t ly ,  b l a s t  t e s t e d  wi th  very l a r g e  high-  
e x p l o s i v e  c h a r g e s  and  s h o c k  s i m u l a t i o n  t e c h n i q u e s .  Design 
t echn iques  are  covered i n  a v a r i e t y  of manuals, a l l  of which w i l l  
p r o d u c e  s h e l t e r  w i t h  v e r y  h i g h  c o n f i d e n c e  of e f f e c t i v e n e s s .  
However, t h e  r e l i a b i l i t y  of des ign  i s  u s u a l l y  a t t a i n e d  a t  t h e  c o s t  
of g r e a t  conserva t i sm and e x c e s s i v e  expense. The p r e s e n t  s t a t e  
of t h e  a r t  i n  s t r u c t u r a l  des ign  of b l a s t  s h e l t e r s  i s  comprehen- 
s i v e l y  d e s c r i b e d  i n  Manual No. 4 2 ,  Design of S t r u c t u r e s  t o  Resist 
N u c l e a r  Weapon E f f e c t s  (American S o c i e t y  of C i v i l  Engineers ,  
1985). 

S i g n i f i c a n t  s av ings  on t h e  c o s t  of b l a s t - r e s i s t a n t  s t r u c t u r e s  
can be achieved  by making use  of t h e  most advanced des ign  tech-  
n iques ,  such as " y i e l d - l i n e  t h e o r y , "  and making maximum use of 
improved unders tanding  of s o i l - s t r u c t u r e  i n t e r a c t i o n s ,  s u c h  a s  
" e a r t h  a rch ing .  " 

The t h r e a t  t o  t h e  American p u b l i c  from n u c l e a r  weapons is  now 
be l i eved  t o  be of such  magnitude t h a t  a f u l l  s h e l t e r  program would 
have t o  i n c l u d e  160 m i l l i o n  b l a s t  s h e l t e r  spaces  and approximately 
80 m i l l i o n  f a l l o u t  s h e l t e r  spaces .  Blast  p r o t e c t i o n  i s  be l i eved  
t o  be r e q u i r e d  i n  t h e  areas sur rounding  m i l i t a r y  t a r g e t s  and 
u r b a n - i n d u s t r i a l  areas. F a l l o u t  p r o t e c t i o n  i s  b e l i e v e d  t o  be  
r e q u i r e d  over  t h e  e n t i r e  country.  

E x i s t i n g  s t r u c t u r e s ,  p a r t i c u l a r l y  l a r g e  masonry o r  c o n c r e t e  
b u i l d i n g s ,  c a n  p r o v i d e  s i g n i f i c a n t  though va ry ing  amounts of 
f a l l o u t  p r o t e c t i o n .  An e f f o r t  by t h e  U.S. government t o  i d e n t i f y  
such  s t r u c t u r e s  i n  t h e  1960s and  OS, has i d e n t i f i e d  an  inven to ry  
of 245 m i l l i o n  spaces  which can provide  p r o t e c t i o n  f a c t o r s  of 40 
o r  more a g a i n s t  f a l l o u t  r a d i a t i o n .  

Unfo r tuna te ly ,  most of t h e s e  spaces are i n  what are p r e s e n t l y  
b e l i e v e d  t o  be r i s k  areas, and many of them are i n  t h e  upper  
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s t o r i e s  of m u l t i s t o r y  bu i ld ings  which are vu lne rab le  t o  b l a s t  
e f f e c t s .  The b a s e m e n t s  of  c o n c r e t e  b u i l d i n g s  p r o v i d e  some 
p r o t e c t i o n  a g a i n s t  b l a s t  e f f e c t s  bu t  only a t  low ove rp res su res .  
There i s  not  n e a r l y  enough of t h i s  "bes t  a v a i l a b l e "  s p a c e  t o  
p r o t e c t  more than  a very small f r a c t i o n  of t h e  r i s k  area popula- 
t i o n .  With today ' s  r e sources ,  t h e  o n l y  hope  of s u r v i v a l  of  
t h e  r i s k  area popu la t ion  i n  an a l l - o u t  a t t a c k  would be a large- 
scale evacua t ion  of t h e  t a r g e t  a r e a s  i n  s e v e r a l  days preceding  t h e  
a t t a c k .  

I f  s e v e r a l  h o u r s '  o r  days '  warning of a n  a t t a c k  are a v a i l -  
a b l e ,  h igh ly  e f f e c t i v e  f a l l o u t  s h e l t e r  can be improvised. This  
p r o t e c t i o n  can i n c l u d e  improvisa t ion  of s h e l t e r  i n  t h e  co rne r  of a 
basement by s t a c k i n g  books, f u r n i t u r e ,  bags and boxes of e a r t h ,  
and o t h e r  mass on and around a t a b l e  i n  a p r o t e c t e d  co rne r  of t h e  
basement. 

I n  t h e  1 9 7 0 s ,  a technology of producing h i g h l y  e f f e c t i v e  
s h e l t e r  from t o o l s ,  materials, and l a b o r  a t  hand w a s  developed. 
This  technique  c a l l e d  "expedient  s h e l t e r "  involved  t h e  cons t ruc-  
t i o n  of covered foxho les  or  covered t r enches .  A l l  t h e s e  s h e l t e r s  
provide  f a l l o u t  p r o t e c t i o n  f a c t o r s  i n  excess  of 100. The des igns  
us ing  unshored t r e n c h e s  w i l l  s u r v i v e  b l a s t  ove rp res su res  i n  t h e  
r e g i o n  of 5 t o  7 p s i .  L i g h t l y  shored ve r s ions  w i l l  s u r v i v e  15 o r  
more p s i ,  and one des ign  has  r epea ted ly  surv ived  ove rp res su res  i n  
excess  of 50 p s i .  I f  t h e  informat ion  on c o n s t r u c t i o n  of t h e s e  
s h e l t e r s  could  be d isseminated  t o  t h e  p u b l i c  and 24 t o  48  hours  
were a v a i l a b l e  f o r  c o n s t r u c t i o n ,  very good p r o t e c t i o n  could be 
developed f o r  very l a r g e  numbers of people.  For t h e  f o r e s e e a b l e  
f u t u r e ,  i t  i s  a l l  they  are l i k e l y  t o  have. 

Far more people  would s u r v i v e  a nuc lea r  war i f  s h e l t e r  were 
a l r e a d y  i n  p l a c e  be fo re  t h e  o n s e t  of a nuc lea r  c r i s i s .  One of t h e  
major d e t e r r e n t s  t o  a program provid ing  s h e l t e r  f o r  a l l  Americans 
i s  i t s  c o s t  which w i l l  be t h e  product  of t h e  c o s t  p e r  space  times 
t h e  number of spaces needed. I n  t h e  case of b l a s t  s h e l t e r s ,  t h e  
number of spaces  needed i s  approximately 160 m i l l i o n .  F a l l o u t  
s h e l t e r  spaces needed a r e  approximate ly  80 mi l l i on .  Small s i n g l e -  
purpose small b l a s t  s h e l t e r s  can c o s t  from $500 t o  $2500 a space 
or more, wi th  $1000 being r e p r e s e n t a t i v e .  Blast s h e l t e r s  b u i l t  
i n t o  t h e  basements of new c o n s t r u c t i o n  can be c o n s t r u c t e d  f o r  $250 
t o  $500 p e r  space ,  w i th  $300 being a good r e p r e s e n t a t i v e  number. 
F a l l o u t  s h e l t e r  b u i l t  i n t o  new masonry c o n s t r u c t i o n  may c o s t  only 
i n  t h e  range of $50 p e r  space.  S l i g h t l y  a l t e r i n g  new c o n s t r u c t i o n  
t o  make maximum use  of f e a t u r e s  which would have been cons t ruc t ed  
i n  any case, such as basements,  i s  c a l l e d  " s l an t ing . "  This  tech-  
n i q u e  i s  by f a r  t h e  most e c o n o m i c a l  a p p r o a c h  t o  developing 
she  1 t e  r. 

Cons t ruc t ion  wi th  t h e  p o t e n t i a l  f o r  b l a s t  s l a n t i n g  i n c l u d e s  
basements of masonry b u i l d i n g s  wi th  conc re t e  f i r s t  f l o o r s ;  s choo l s  
and r e s idences  des igned  p a r t i a l l y  o r  wholly underground f o r  energy 
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conse rva t ion ,  a e s t h e t i c s ,  o r  to rnado p r o t e c t i o n ;  and underground 
mining o p e r a t i o n s  f o r  t h e  product ion  of c o n c r e t e  a g g r e g a t e  o r  
a g r i c u l t u r a l  l imes tone .  

The r e a d e r  i s  reminded t h a t  s h e l t e r  is  but  one l i n k  i n  a 
whole cha in  of measures t o  enab le  a s o c i e t y  t o  s u r v i v e  and r ecove r  
from a c a t a s t r o p h e ,  p a r t i c u l a r l y  a n u c l e a r  war. The s p e c t a c u l a r  
py ro techn ics  of n u c l e a r  weapons makes i t  e a s y  t o  f o r g e t  t h a t  
measures o t h e r  t h a n  s h e l t e r  are r e q u i r e d  f o r  t h e  u l t i m a t e  s u r v i v a l  
of s o c i e t y .  The problems of water  supply  and food supply  f o r  t h e  
s u r v i v o r s  are only t h e  most immediate of t h e s e  problems. Equal ly  
impor tan t  i n  t h e  long  run  i s  t h e  r ees t ab l i shmen t  of food produc- 
t i o n  and p roduc t ion  of t h e  v i t a l  n e c e s s i t i e s  such  as c l o t h i n g ,  
s h e l t e r ,  and t r a n s p o r t a t i o n .  These w i l l ,  i n  t u r n ,  r e q u i r e  e s t ab -  
l i shment  of some t y p e  of economy and government a u t h o r i t y .  

8.2 SHELTER PROGRAM OPTIONS 

T a b l e  8.1 v e r y  b r i e f l y  summarizes p o s s i b l e  d i f f e r e n t  ap- 
proaches t o  product ion  of s h e l t e r  f o r  the American p u b l i c ,  t h e  
approximate c o s t ,  and major advantages and d isadvantages .  While 
t h e  d i f f e r e n t  s h e l t e r  t e c h n i q u e s  a r e  p r e s e n t e d  as o p t i o n s ,  
o b v i o u s l y  any  r e a l  p rogram would h a v e  a mix tu re  of s h e l t e r  
t echn iques ,  depending on t h e  t h r e a t  and c o n d i t l o n s  i n  t h e  area 
cons idered .  

For  completeness  a z e r o  op t ion  i s  inc luded  i n  which noth ing  
i s  s p e n t  f o r  s h e l t e r  space.  Under t h e s e  c i rcumstances ,  people  
would make t h e  b e s t  u s e  of a v a i l a b l e  basement o r  o t h e r  indoor  
space i n  a crisis. With no expend i tu re  even f o r  educa t ion  o r  
marking of s h e l t e r s ,  use of t h e  e x i s t i n g  space  would be r e l a t i v e l y  
i n e f f i c i e n t  and t h e  c a s u a l t i e s  i n  an  a l l - o u t  a t t a c k  would be very 
h igh ,  probably g r e a t e r  than  100 mi l l i on .  Of more in te res t  t o  t h e  
p o l i t i c a l  component of our  s o c i e t y ,  t h e  n a t i o n  would be much more 
s u b j e c t  t o  n u c l e a r  b l a c k m a i l  under t h e s e  c i rcumstances .  The 
t h r e a t  o r  impl ied  t h r e a t  of  a n u c l e a r  a t t a c k  by t h e  S o v i e t  
Union could  be very c o e r c i v e ,  p a r t i c u l a r l y  i f  t h e  S o v i e t s  adopted 
p r o t e c t i v e  p o s t u r e s  f o r  t h e i r  c i v i l i a n  popu la t ion  ( i . e . ,  evacua- 
t i o n  of t h e  c i v i l i a n s  and s h e l t e r i n g  of t h e i r  c r i t i c a l  workers and 
e l i t e s  1. 

Option 1 i s  desc r ibed  as "bes t  a v a i l a b l e "  s h e l t e r .  It i s  
Option 0 w i t h  t h e  a d d i t i o n  of s h e l t e r  marking and some informat ion  
and educa t ion .  Th i s  o p t i o n  is e f f e c t i v e l y  t h e  p r e s e n t  c i v i l  
de fense  program. It could add a small percentage  t o  t h e  s u r v i v o r s  
of an  a t t a c k  on congested urban areas i f  t h e  a t t a c k  were not  t o o  
massive.  It can add s i g n i f i c a n t l y  t o  s u r v i v o r s  of t h e  f a l l o u t  
o u t s i d e  t a r g e t  areas. 

Option 2 i s  desc r ibed  as crisis upgrading,  a l though i t  would 
c e r t a i n l y  i n c l u d e  t h e  use  of space  t h a t  r e q u i r e d  no upgrading. 
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Table 8.1. Shelter options 

cost No. of 

( $ )  spaces 
NO Option per space potential Advantages Disadvantages 

(mi llion ) 

-- 0 Do nothing 0 

1 "Best available" 1 240 
shelter 

2 Crisis upgrading 1-20 240 

3 Expedient 
she 1 t e r 

1-20 240 

4 Fallout shelter 0-20 240 
in new con- 
s t ruct ion 

5 Mines (modify 10-100 40-100 
quarrying 
near cities 

6 Earth-sheltered 60-300 160 
structures 

7 Dual-use base- 250-750 240 
ment In new 
construction 

No cost 

Very low cost 

Very low cost 
before crisis, 
low cost during 
crisis 

Very low cost 
for planning; 
low cost during 
crisis; good 
protection 

Low cost 

Moderate cost; 
good protection 

Moderate cost; 
2-yr deployment 

Cost at low end 

Vulnerable to nu- 
clear b la ckma i l ; 
very high 
casualties 

High casualties 

Requires 1-week 
warning; use of 
private proterty; 
possible cleanup 
cost; some evac- 
ua t ion required 

One-week warning 
required; some 
evacuation re- 
quired; short 
life of shelter 

No help for risk 
area; requires 
legislation; may 
require evacua- 
tion; long de- 
ployment time 

Not applicable 
to all cities; 
2- to 15-year de- 
ployment time 

Requires legis- 
lation, home- 
sharing, blast 
upgrading 

Rubble & fire in 
central cities; 
5- to 10-yr de- 
ployment time; 
requires some 
evacuation 
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Table  8.1. (Continued)  

c o s t  No. of 

($1 spaces  
NO Option p e r  space p o t e n t i a l  Advantages Disadvantages 

(mi 1 l i o n  ) 

8 Swiss basement 350-500 
s h e l t e r  i n  new 
c o n s t r u c t i o n  

9 R e t r o f i t  500-2500 
fami ly  s h e l t e r  

10 R e t r o f i t  dedi-  1500-2500 
ca t ed  b l a s t  
s h e  1 t ers 
(30-50 p s i )  

11 Tunnel s h e l -  2000-5000 
ters under 
c i t ies  

240 Good p r o t e c t i o n ;  Long deployment 
l i t t l e  warning t i m e ;  rubble  & 
r e q u i r e d  f i r e  problem 

240 2-yr deployment; High c o s t ;  not  
good p r o t e c t i o n ;  a p p l i c a b l e  i n  
l i t t l e  warning c e n t r a l  c i t i e s  
r e q u i r e d  

200 Good p r o t e c t i o n ;  
2 t o  5-yr 
deployment 

100 Good p r o t e c t i o n ;  
l i t t l e  warning 
r e q u i r e d ;  reduced 
r u b b l e  & f i r e  
problem; maximum 
p o p u l a t i o n  
d e n s i t y  

Very high c o s t  ; 
l and  r e q u i r e -  
ments i n  some 
a r e a s  

Very h igh  c o s t ;  
long deployment 
t i m e  
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The p r e c r i s i s  inves tment  i s  l i s t e d  as $1 t o  $20 p e r  space and 
would c o n s i s t  p r i n c i p a l l y  of l o c a l  p lanning  e f f o r t s .  The U . S .  
c i v i l  de fense  c a p a b i l i t y  has  a l a r g e  component o€ t h i s  op t ion  i n  
it a t  t h e  p r e s e n t  t i m e .  When coupled w i t h  e v a c u a t i o n ,  t h i s  
technique  i s  c a p a b l e  of producing space  f o r  t h e  e n t i r e  popu la t ion  
f o r  p r o t e c t i o n  a g a i n s t  a t  least  f a l l o u t  r a d i a t i o n .  

The p r i n c i p a l  advantage  of t h i s  technique  is  t h e  low p r e c r i -  
sis c o s t .  I n  a s u f f i c i e n t l y  t e n s e  p o l i t i c a l  s i t u a t i o n ,  p lanning  
and  i n s t r u c t i o n s  f o r  cr is is  upgrading could be developed and 
d isseminated  i n  a few weeks. The p r i n c i p a l  d i s a d v a n t a g e  of  
t h i s  technique  i s  t h a t  f o r  t h e  t a r g e t  area popu la t ions ,  i t  has t o  
work i n  con junc t ion  w i t h  an evacua t ion  and t h u s  would r e q u i r e  a t  
least a week's s t r a t e g i c  warning i n  o r d e r  t o  make maximum e f f e c -  
t i v e  u s e  of t h e  approach. It u t i l i z e s  e x i s t i n g  b u i l d i n g s  w i t h  
m o d i f i c a t i o n  i n  some cases which can i n c l u d e  t h e  dumping of l a r g e  
amounts of d i r t  on t h e  f i r s t  f l o o r  f o r  a d d i t i o n a l  s h i e l d i n g .  I f  
war d i d  not  occur ,  t h e r e  would be a s i z a b l e  cleanup c o s t  a s soc i -  
a t e d  wi th  t h e  use  of t h e  technique. 

Option 3 i s  d e s c r i b e d  as expedient  s h e l t e r .  This technique  
employs t h e  c o n s t r u c t i o n  of t h e  v a r i o u s  expedient  s h e l t e r  des igns  
which are a v a i l a b l e  i n  handbooks (Kearny, 1979) .  The c o s t  i s  
g i v e n  as a v e r a g i n g  $10 p e r  s p a c e  which  would be a r e q u i r e d  
investment by t h e  i n d i v i d u a l  f a m i l i e s  i n  d i g g i n g  t o o l s  and  
commercially a v a i l a b l e  p r i n t e d  handbooks. The c o s t  t o  t h e  govern- 
ment would be much less. I n  con junc t ion  wi th  an evacua t ion ,  t h i s  
technique  combined w i t h  crisis upgrading of e x i s t i n g  b u i l d i n g s  has  
t h e  p o t e n t i a l  f o r  s h e l t e r i n g  t h e  e n t i r e  p o p u l a t i o n  w i t h  much 
b e t t e r  f a l l o u t  p r o t e c t i o n  than can be a t t a i n e d  by crisis upgrading 
alone. Its advantage  is  t h a t  t h e  c o s t  t o  t h e  government would be 
small. The i n f o r m a t i o n  r equ i r ed  could  be d isseminated  i n  days. 

Expedient s h e l t e r s  a l s o  have t h e  advantage of p rov id ing  h i g h  
l e v e l s  of p ro tec t ion - - in  one case, comparable t o  t h e  b e s t  c i v i l i a n  
b l a s t  s h e l t e r  des igns .  F a l l o u t  p r o t e c t i o n  f a c t o r s  i n  excess  of 
200 are r e l a t i v e l y  e a s y  t o  achieve.  

The d i sadvan tage  of expedient  s h e l t e r  i s  t h a t  i t  does r e q u i r e  
s e v e r a l  days ' s t r a t e g i c  warning f o r  t h e  evacua t ion  and cons t ruc-  
t i o n  of t h e  s h e l t e r .  Expedient s h e l t e r s ,  once c o n s t r u c t e d ,  would 
have a f i n i t e  l i f e t i m e  in most l o c a t i o n s  of months t o  a y e a r  o r  
two, a l though more t h a n  adequate f o r  any crisis. The m a j o r i t y  of 
des igns  i n c l u d e  wood s t r u c t u r a l  members which would be g r e a t l y  
weakened by decay and  by bor ing  i n s e c t s  i n  c o n t a c t  wi th  t h e  s o i l ,  
except  i n  very dry areas. 

Option 4 would invo lve  t h e  i n c o r p o r a t i o n  of f a l l o u t  s h e l t e r  
i n t o  new c o n s t r u c t i o n .  The Na t iona l  F a l l o u t  S h e l t e r  Survey has 
a l r e a d y  l o c a t e d  o v e r  245 m i l l i o n  s h e l t e r  spaces  i n  e x i s t i n g  con- 
s t r u c t i o n  where  adequa te  p r o t e c t i o n  from f a l l o u t  i s  c u r r e n t l y  
a v a i l a b l e .  However, most of t h e s e  s h e l t e r  l o c a t i o n s  l i e  i n  
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potential high-risk areas (in other words, in cities). A "new 
construction" option would supplement this existing shelter with 
additional spaces in those areas where shelter is needed the most. 
Such an option has the potential for providing fallout shelter 
outside of the risk areas for the entire U.S.  population. 

Every building contains construction materials which provide 
some inherent shielding against radiation from fallout. In some 
of these structures, adequate fallout shelter spaces could be 
provided at little or no additional construction cost. Buildings 
with basements appear to fit perfectly into this category. Other 
structural modifications to new buildings might involve more cost, 
but 1960s Office of Civil Defense programs have demonstrated that 
the incremental cost of adding fallout shelter can be small in a 
large number of cases. 

Legislation requiring or providing incentives for fallout 
shelter in new construction outside risk areas would be contro- 
versial. Furthermore, the time to construct sufficient shelter 
space in those locations where it is needed would be controlled by 
general construction trends. 

Option 5 is to modify concrete aggregate quarrying techniques 
to produce usable underground space near population centers as is 
being done in Kansas City and Indianapolis. The cost for space 
production alone is estimated from $20 to $100 (in 1985 dollars), 
and it is estimated by Krupka (1965)  that up to 100 million spaces 
could be produced in this manner. Krupka estimated that this 
space could be developed in 2 to 15 years, depending on the 
government incentives offered the limestone miners. It is 
estimated by Wright, Chessin, Reeves, and York (1983)  that 
approximately 35 million spaces could presently be developed 
in existing mining operations. 

The advantage of this approach is cost, which is the lowest 
for any high-quality permanent protection. The other advantage is 
the level of protection available--an effectively infinite fallout 
protection factor and very high blast protection. 

The principal disadvantage of this approach is that it is not 
useful for the entire population. Some areas simply do not have 
the necessary geological features that are adaptable to the 
economic mining operations that produce usable space. In most 
cases, to use such space would require some evacuation. 

Option 6 is the use of slanted earth-sheltered residences and 
small commercial buildings. Once a decision has been made to 
adopt earth-sheltered structures for their energy conservation or 
aesthetic features, the modification of the design to provide 
fallout protection and modest levels of blast-upgradable capabil- 
ity involves very little additional expense. It has been esti- 
mated by Chester, Shapira, Cristy, Schweitzer, Carnes, and 
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Torr i -Safd ie  (1983) t h a t  such s h e l t e r  could be produced u s i n g  t h i s  
approach f o r  $60 o r  less p e r  space.  Ea r th - she l t e red  c o n s t r u c t i o n  
i s  a p p l i c a b l e  almost anywhere t h e r e  i s  land  a v a i l a b l e  t o  b u i l d  
detached dwel l ings ;  i t  has  t h e  p o t e n t i a l  f o r  s h e l t e r i n g  t h e  e n t i r e  
popula t ion .  

The advantage of t h i s  approach i s  t h e  c o s t  per  space and t h e  
f a c t  t h a t  an a g g r e s s i v e  Fede ra l  program o f  i n c e n t i v e s ,  which  
succeeded i n  mobi l iz ing  t h e  e n t i r e  housing i n d u s t r y ,  could produce 
enough space i n  two y e a r s  f o r  t h e  e n t i r e  popula t ion .  The Fede ra l  
i n c e n t i v e  payment t o  r ep lace  frame c o n s t r u c t i o n  wi th  e a r t h -  
s h e l t e r e d  c o n s t r u c t i o n  would c o s t  approximately $300 p e r  space.  

A m a j o r  drawback t o  t h i s  a p p r o a c h  i s  t h a t  i t  would be 
necessary  f o r  people  who p a r t i c i p a t e d  i n  t h i s  program t o  accept 
o t h e r s  i n t o  t h e i r  home dur ing  t h e  crisis. Agreements between t h e  
homeowner and t h e  government t o  accept  a F e d e r a l  s u b s i d y  i n  
exchange  f o r  accep t ing  re fugees  i n  a crisis would have t o  be 
c a r e f u l l y  worded t o  avoid a l e g a l  cha l lenge .  

Option 7 involves  dual-use basements i n  new cons t ruc t ion .  I n  
t h i s  o p t i o n ,  t h e  e n t i r e  basement  i n  new b u i l d i n g s  would be 
hardened t o  w h a t e v e r  l e v e l  of weapons e f f e c t s  i s  e x p e c t e d :  
approximately 30 t o  50 p s i  i n  t a r g e t  areas. The incrementa l  c o s t  
per  space  is es t ima ted  i n  va r ious  s t u d i e s  from $250 t o  $750 ( i n  
1985 d o l l a r s ) .  The technique  i s  a p p l i c a b l e  t o  t h e  e n t i r e  popula- 
t i o n ;  a l though,  f u l l y  developed downtown areas may not  have enough 
c o n s t r u c t i o n  f o r  s e v e r a l  decades t o  provide  new basement space f o r  
t h e i r  en t i r e  popula t ion .  The major advantages t o  t h i s  approach 
are c o s t  and c o n s t r u c t i o n  o f  t h e  s h e l t e r  space  where s h e l t e r  is 
needed. It i s  a l so  a p p l i c a b l e  over  t h e  e n t i r e  n a t i o n  whenever 
basements are f e a s i b l e .  

The main d isadvantage  t o  t h i s  approach i s  t h a t  t h e r e  may be 
rubble  and f i r e  problems f o r  such s h e l t e r s  i n  c e n t r a l  c i t i es .  It 
would a l s o  t a k e  s e v e r a l  yea r s  t o  b u i l d  enough of t h i s  space  even 
assuming t h a t  Fede ra l  funding was no t  l i m i t e d .  Cos ts  w i l l  be 
h i g h e r  in a r e a s  wi th  high water t a b l e s .  

Option 8,  a Swiss basement s h e l t e r  i n  new c o n s t r u c t i o n ,  i s  a 
carbon copy of t h e  Swiss program. One o r  more rooms a r e  con- 
s t r u c t e d  o f  conc re t e  i n  t h e  basement of new b u i l d i n g s  t o  provide  
s u f f i c i e n t  s h e l t e r  a r e a  f o r  t h e  expected occupants  of t h e  bui ld-  
ing.  It i s  e s t ima ted  by t h e  Swiss t h a t  t h e i r  p rog ram c o s t s  
between $350 and $500 per  space (Fede ra l  O f f i c e  of C i v i l  Defense,  
1983, 1985; Heinzmann, 1985). This  c o s t ,  developed a f t e r  25 y e a r s  
of c o n s t r u c t  i o n  expe r i ence  i n  Swi t ze r l and ,  does inc lude  b l a s t  
va lves  and r a t h e r  e l a b o r a t e  a i r  f i l t r a t i o n  equipment. 

The Swiss s h e l t e r  system has  t h e  g r e a t  advantage of r e q u i r i n g  
only minutes of warning, s i n c e  t h e  s h e l t e r  i s  l o c a t e d  very c l o s e  
t o  t h e  p e o p l e .  The l a rges t  d isadvantage  is t h e  c o s t ,  which 

186 



i m p l i e s  a program of $80 b i l l i o n .  S h e l t e r s  under basements a l s o  
are put  a t  r i s k  from rubb le  and € i r e  u n l e s s  they  are very care- 
f u l l y  d e s i g n e d  w i t h  r a t h e r  e l a b o r a t e  escape  t u n n e l s  and a i r  
i n t a k e s .  The o t h e r  d i sadvantage  i s  t h a t  t h e  price of even $500 
p e r  space  is  only  p o s s i b l e  when i t  is  cons t ruc t ed  i n  t h e  course  of 
new c o n s t r u c t i o n .  To t u r n  ove r  t h e  U.S. i nven to ry  of b u i l d i n g s  
may t a k e  from 30 t o  50 y e a r s  i n  some areas. 

Option 9 i s  a r e t r o f i t  f ami ly  b l a s t  s h e l t e r  program. The 
e s t i m a t e d  c o s t  v a r i e s  from $500 t o  $2500 p e r  space ,  depending on 
t h e  t y p e  of s h e l t e r  and t h e  number of people  t h a t  would be u s i n g  
i t .  It would be a p p l i c a b l e  t o  t h a t  pa r t  of t he  popu la t ion  t h a t  
l i v e  i n  one- and two-family de tached  dwe l l ings ,  approximate ly  160 
m i l l i o n  people.  I ts  advantage i s  t h a t  i t  could  be deployed i n  
approximate ly  2 yea r s .  

The system of fami ly  s h e l t e r s ,  supplemented by some o t h e r  
s h e l t e r  c o n s t r u c t i o n  i n  t h e  mult i - family housing areas, has  t h e  
a d v a n t a g e  t h a t  i t  would be very  e f f e c t i v e  w i t h  only t ac t ica l  
warning of a n u c l e a r  a t t a c k .  It has  t h e  d isadvantage  t h a t  t h e  c o s t  
becomes f a i r l y  s u b s t a n t i a l ,  even a t  $500 per '  space  c h a r a c t e r i s t i c  
of co r ruga ted  metal s h e l t e r s .  A program t o  house t h e  e n t i r e  
popu la t ion  would c o s t  $120 b i l l i o n .  The more e l a b o r a t e  d u a l - u s e  
fami ly  s h e l t e r s  can c o s t  upwards of $2000 p e r  space implying a 
n a t i o n a l  program of a lmost  $500 b i l l i o n .  The r e t r o f i t  fami ly  
b l a s t  s h e l t e r  g e n e r a l l y  requires a detached dwe l l ing  (a yard t o  
d i g  i n )  and i s  not  a p p l i c a b l e  i n  most bu i l t -up  c e n t r a l  c i t i e s .  

O p t i o n  10 i s  t h e  c o n s t r u c t i o n  of s ing le-purpose  s h e l t e r s  
h o l d i n g  from 100 t o  a few thousand people.  These can be con- 
s t r u c t e d  as c o n c r e t e  p i p e s ,  co r ruga ted  metal a r c h e s ,  o r  c o n c r e t e  
boxes belowgrade o r  bermed. A number of s t u d i e s  have e s t ima ted  t h e  
c o s t  of t h i s  t ype  of s t r u c t u r e  f o r  c r i t i c a l  workers as $1500 t o  
$2500 pe r  space, a l though t h i s  pri.ce should  come down i n  a l a r g e  
program and f o r  l a r g e r  numbers of s h e l t e r s .  It would be a p p l i c a b l e  
i n  most  p l a c e s ,  e x c e p t  dense ly  bui l t -up  c e n t r a l  c i t i es .  Its 
p r i n c i p a l  advantage would be a r e l a t i v e l y  r a p i d  deployment,perhaps 
2 t o  5 years, s i n c e  i t  doesn ' t  depend on t h e  c o n s t r u c t i o n  of new 
bu i ld ings .  The p r i n c i p a l  d i sadvantage  is  c o s t ;  a program r e l y i n g  
e x c l u s i v e l y  on t h i s  technique  f o r  t h e  e n t i r e  popu la t ion  would c o s t  
more than  a Swiss program. 

Option 11 is  t h e  c o n s t r u c t i o n  of i n t e rconnec ted  tunne l  s h e l -  
t e r s  under  c i t i e s .  This  has  been proposed by a few American 
i n v e s t i g a t o r s  and has  a p p a r e n t l y  been c a r r i e d  out  t o  a cons ider -  
a b l e  e x t e n t  by t h e  Chinese under  t h e i r  major c i t i e s .  The c o s t  i s  
h igh ,  approximate ly  $2000 pe r  space. I f  t h e  program were poor ly  
managed, i t  could escalate t o  s e v e r a l  t i m e s  t h i s  amount. The 
system would be only used i n  very h igh  d e n s i t y  popu la t ion  areas, 
s i n c e  i t s  c o s t  p e r  space becomes p r o h i b i t i v e  i n  low popu la t ion  
d e n s i t i e s .  
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This  program produces t h e  C a d i l l a c  of c i v i l  defense  s h e l t e r s .  
Given enough entryways,  people  can g e t  i n t o  t h i s  system i n  a very  
few minutes.  The in t e rconnec tedness  of t h e  system g i v e s  e x c e l l e n t  
p r o t e c t i o n  a g a i n s t  rubb le  and f i r e :  i f  one entryway o r  v e n t i l a t i o n  
a i r  i n t a k e  i s  blocked o r  i n  a f i r e ,  then  i t  can be simply c losed  
of f  and a i r  drawn through t h e  t u n n e l  from o t h e r  unblocked v e n t i -  
l a t i o n  i n t a k e s .  I t  a l s o  pe rmi t s  movement w i t h i n  t h e  s h e l t e r  
system s o  t h a t  very h igh-dens i ty  popu la t ion  can be moved ou t  t o  
lower d e n s i t y  a reas .  

To a f i r s t  approximation t h e s e  d i f f e r e n t  s h e l t e r  o p t i o n s  can 
be broken down i n t o  t h r e e  classes: ( 1 )  t hose  i n  t h e  range of 1 t o  
20 d o l l a r s  pe r  space,  ( 2 )  t h o s e  i n  t h e  range of a few hundred 
d o l l a r s  pe r  space, and ( 3 )  t hose  i n  t h e  low thousands of d o l l a r s  
p e r  space.  Those c o s t i n g  one t o  a few d o l l a r s  pe r  space ,  i f  
acqui red  over  s e v e r a l  y e a r s ,  imply an  annual  expend i tu re  i n  t h e  
v i c i n i t y  of FEMA's p r e s e n t  t o t a l  budget. Usefu l  space  could then  
be developed wi th  o n l y  a modes t  i n c r e a s e  i n  FEMA's  b u d g e t .  
S h e l t e r  o p t i o n s  f a l l i n g  under t h i s  ca tegory  are t h e  d i s semina t ion  
of crisis upgrading in fo rma t ion ,  t h e  d i s semina t ion  of t h e  expe- 
d i e n t  s h e l t e r  in format ion  and p l a n s ,  and t h e  low end of modifying 
quar ry ing  a c t i v i t i e s  near  c i t i es .  

S h e l t e r  o p t i o n s  c o s t i n g  a few hundred d o l l a r s  p e r  space 
involve  an expend i tu re  f o r  t h e  e n t i r e  popu la t ion  of a few t e n s  of 
b i l l i o n s  of d o l l a r s  spread  over  t e n  yea r s .  Annual expend i tu re s  
f o r  c i v i l  defense  approximating 1% of t h e  1986 Defense b u d g e t  
would be r equ i r ed .  This  amount i s  t h e  low end of t h e  expend i tu re  
on major s t r a t e g i c  systems. Monies i n  t h e s e  q u a n t i t i e s  migh t  
become a v a i l a b l e  i f  t h e  United S t a t e s  dec ides  t o  deploy a b a l l i s -  
t i c  missile defense  and go g e n e r a l l y  t o  a de fens ive  s t r a t e g i c  
pos ture .  S h e l t e r  op t ions  i n  t h i s  ca tegory  inc lude  e a r t h - s h e l t e r e d  
s t r u c t u r e s ,  dual-use basements i n  new c o n s t r u c t i o n ,  and  S w i s s  
basement s h e l t e r s  i n  new cons t ruc t ion .  

Systems r e q u i r i n g  $1000 o r  more p e r  s p a c e  i m p l y  t o t a l  
expend i tu re s  of hundreds of b i l l i o n s  of d o l l a r s  and are u n l i k e l y  
f o r  t h e  whole popu la t ion  under p r e s e n t  c i rcumstances.  S h e l t e r  
o p t i o n s  i n  t h i s  c a t e g o r y  i n c l u d e  r e t r o f i t  f a m i l y  s h e l t e r s ,  
r e t r o f i t  ded ica t ed  b l a s t  s h e l t e r s ,  and t u n n e l  s h e l t e r s  u n d e r  
ci t ies.  S h e l t e r s  of t h e s e  types  may be b u i l t  by weal thy i n d i v i d -  
u a l s  o r  do - i t -your se l f e r s  o r  cons t ruc t ed  f o r  small numbers  of 
s e l e c t e d  personnel  r equ i r ed  t o  remain i n  very high r i s k  areas i n  a 
c r i s i s  ( c r i t i c a l  workers).  
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9. BESKARCE AND DEVELOPWBNT RECOMMENDATIONS 

While a g r e a t  d e a l  is  known a b o u t  s h e l t e r  f rom n u c l e a r  
weapons a s  a r e s u l t  of e x t e n s i v e  r e s e a r c h  conducted over  t he  p a s t  
40 y e a r s ,  t h e r e  i s  room f o r  a d d i t i o n a l  work. I n  a d d i t i o n  t o  
impor tan t  gaps i n  knowledge (e.g. ,  t h e  p o t e n t i a l  € o r  t h e  produc- 
t i o n  of s h e l t e r  space by changes i n  c o n c r e t e  aggrega te  m i n i n g  
p r a c t i c e s  around c i t i e s ) ,  t h e r e  have a l s o  been changes i n  t h e  
t h r e a t  and t h e  p o s s i b i l i t y  of d rama t i c  changes i n  t h e  p o l i t i c a l  
and economic environment i n  t h e  count ry .  

The t h r e a t  is  changing from l a rge -y ie ld  weapons f i r e d  a g a i n s t  
u rban  areas t o  interrnediate-range weapons t a r g e t e d  wi th  g r e a t l y  
improved accuracy  on more s p e c i f l c  i n d u s t r i a l  c o n c e n t r a t i o n s  and 
m i l i t a r y  ta rge ts .The  advent  of t h e  cruise m i s s i l e  means t h a t  an  
a c t i v e  defense  system i s  a p t  t o  cause many nuc lea r  e x p l o s i o n s  
o u t s i d e  of p r e s e n t l y  recognized r i s k  areas. There i s  i n d i c a t i o n  
t h a t  t h e  b i o l o g i c a l  weapon t h r e a t  may need t o  be recons idered .  
L a s t l y ,  t h e  upsurge of t e r r o r i s m ,  i n c l u d i n g  t h a t  no t  r e l a t e d  t o  
t h e  Sov ie t  Union, ho lds  t h e  p o t e n t i a l  f o r  l a r g e - s c a l e  t h r e a t s  
a g a i n s t  c i v i l i a n  popu la t ions  invo lv ing  e i t h e r  n u c l e a r ,  b i o l o g i c a l ,  
o r  chemical  weapons. 

The p o l i t i c a l  and economic c l i m a t e  may change i n  such a way 
t h a t  i n t e r e s t  i n  s h e l t e r  is  r e s t o r e d .  I n  p a r t i c u l a r ,  i f  t h e  
P r e s i d e n t ' s  r e s e a r c h  program on missile defense  ( t h e  S t r a t e g i c  
Defense I n i t i a t i v e )  proves t h a t  a d e f e n s i v e l y  o r i e n t e d  s t r a t e g y  i s  
t e c h n i c a l l y  f e a s i b l e ,  a "bottom 1ayer"of  p a s s i v e  de fenses  f o r  t h e  
c i v i l i a n  popu la t ion  is l o g i c a l l y  unavoidable .  

9.1 ADAPTION OF MINeS FOR SHELTER 

A review should  be made of c o n c r e t e  aggrega te  mining prac- 
t i c e s  i n  t h e  v i c i n i t i e s  of popu la t ion  concen t r a t ions .  Those 
mining areas where t h e  g e o l o g i c a l  format ions  permi t  c o n v e r s i o n  
from open-pit  mining t o  sub-sur face  mining should be i d e n t i f i e d  
and t h e  c o s t  of t h e  convers ion  es t imated .  Monetary and o t h e r  
i n c e n t i v e s  f o r  t h e  convers ion  should  be explored  w i t h  t h e  poss i -  
b i l i t y  of recommending i t s  i n c o r p o r a t i o n  i n  t h e  FEMA program. 

The in fo rma t ion  d a t a  base on caves maintained by t h e  American 
S p e l e o l o g i c a l  S o c i e t y  should be reexamined and t h e  i d e n t i f i c a t i o n  
of p o t e n t i a l  s h e l t e r  areas brought up  t o  da t e .  

9.2 S W I N G  SHELTER BUILDING EXPERIENCE 

Exper ience  i n  s h e l t e r  c o n s t r u c t i o n  s h o u l d  be o b t a i n e d ,  
i n c l u d i n g  a c t u a l  c o n s t r u c t i o n  of s l a n t e d  s h e l t e r  space i n  bu i ld -  

189 



ings built with 1980-1990 technology. In particular, some actual 
earth-sheltered residences or small commercial buildings should be 
constructed using designs slanted €or protection against nuclear 
weapons. It is expected that the cost to the government in this 
endeavor would be that of providing architectural services to 
those who want t o  build earth-sheltered or slanted earth-sheltered 
residences and that of documenting the construction and costs. 

9.3 PLANS FOR PRIVATE CITIZENS 

An ongoing effort to expand and maintain a compendium of 
family shelter plans which would be available to private citizens 
on request should be established. The plans should be on 8-112 X 
11 sheets to permit economical reproduction on widely available 
commercial copiers and should include documentation of construc- 
tion experience, cost, and critique by experts where available. 
Emphasis should be on dual-use construction with peacetime 
functions such as root cellars, wine cellars, study, music room, 
etc. 

9.4 HABITABILITY TESTING 

It has been decades since experiments have been done with 
people actually living in shelters for more than a day or two. 
Some experience should be obtained with modern habitability 
equipment, particularly that developed for recreation vehicles and 
boats, such as improved equipment for sanitation, lighting, 
electrical power generation, water storage and purification, and 
bedding. The same is true for the expedient versions of these 
technologies. 

9.5 BLAST TESTING 

In addition to habitability testing, an ongoing program of 
blast testing new or modified shelter concepts, in conjunction 
with the large Defense Nuclear Agency field tests, should be 
maintained. Without continual exposure t o  reality , knowledge 
tends to deteriorate as important details are forgotten o r  left 
out of revised plans. In addition, the expert personnel disappear 
due either to reassignment or retirement. While much detail can 
be stored in handbooks, some live experts can obviate the need f o r  
reinventing solutions to unanticipated problems in the field. 
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B I B L I O G R A P H Y  





EXPLANATORY MATERIALS FOR BIBLIOGRAPHY 

A l l  r e f e r e n c e s  conta ined  i n  t h e  body of  t h i s  r e p o r t  a r e  
quoted u s i n g  e i t h e r  t h e  format  of AUTHOR (YEAR) or t h e  format  of 
(AUTHOR, YEAR). AUTHOR w i l l  be t h e  l a s t  name(s) of t h e  a u t h o r ( s )  
of t h e  r e f e r e n c e ,  and YEAR w i l l  be t h e  y e a r  of p u b l i c a t i o n .  I n  
o r d e r  t o  avoid  ambigui ty  i n  c e r t a i n  cases, some r e f e r e n c e s  are  
a l s o  g iven  w i t h  a n  a u t h o r ' s  f i r s t  name o r  i n i t i a l s  o r  w i t h  both a 
month and a yea r .  

The b i b l i o g r a p h y  f o l l o w s  t h i s  same format .  E n t r i e s  are 
ar ranged  a l p h a b e t i c a l l y  by a u t h o r ' s  l a s t  name. M u l t i p l e  e n t r i e s  
by a p a r t i c u l a r  a u t h o r ,  o r  group of a u t h o r s ,  are ar ranged  i n  
r e v e r s e  ch rono log ica l  o r d e r  ( i . e . ,  wi th  t h e  most r e c e n t  r e p o r t s  
l i s t e d  f i r s t ) .  It i s  hoped t h a t  t h i s  methodology f o r  r e f e r e n c i n g  
r e p o r t s  i n  t h e  t e x t  and l i s t i n g  t h o s e  same r e p o r t s  i n  t h e  b i b l i o g -  
raphy w i l l  n o t  be confus ing  t o  t h e  reader .  

A few comments must be made about  t hose  r e f e r e n c e s  which have 
c o r p o r a t e  au tho r s .  A l l  c o r p o r a t e  a u t h o r s  w i t h  l e a d i n g  i n i t i a l s  
(e.g. ,  T.Y. L in  and Assoc ia t e s ;  U.S. Department of t h e  Army; and 
W.L. Badger A s s o c i a t e s ,  Inc . )  are l i s t e d  a l p h a b e t i c a l l y  by those  
i n i t i a l s .  A l l  c o r p o r a t e  a u t h o r s  wi th  multi-word names ( e . g . ,  
Defense C i v i l  Preparedness  Agency; Guy B. Panero,  Inc.;  and Norman 
S t e u e r  A s s o c i a t e s )  are l i s t e d  a l p h a b e t i c a l l y  by t h e  f i r s t  l e t t e r  
of t h e  c o r p o r a t i o n  name. 

The m a j o r i t y  of documents conta ined  i n  t h i s  b ib l iog raphy  were 
o r i g i n a l l y  produced under  t h e  sponsorsh ip  of one o r  more agenc ie s  
of t h e  Uni ted  S t a t e s  government. Except where o the rwise  no ted ,  
cop ie s  of those  s p e c i f i c  r e f e r e n c e s  may be o b t a i n a b l e  from e i t h e r :  

Na t iona l  Techn ica l  Informat ion  Se rv ice  
U.S. Department of Commerce 
5285 P o r t  Royal Road 
S p r i n g f i e l d ,  VA 22161 

Defense Techn ica l  In fo rma t ion  Center  
Defense L o g i s t i c s  Agency 
Cameron S t a t i o n  
Alexandr ia ,  VA 22304-6145 

o r  

The r e a d e r  should  be aware t h a t :  (1) any document ordered  
from e i t h e r  s e r v i c e  w i l l  have an  a s s o c i a t e d  f e e  f o r  r ep roduc t ion ,  
sh ipp ing ,  and hand l ing ,  (2) c e r t a i n  o l d e r  documents may no longe r  
be a v a i l a b l e ,  and ( 3 )  due t o  con t inu ing  s e c u r i t y  c l a s s i f i c a t i o n  
r e v i e w s ,  c e r t a i n  documents may have a r e s t r i c t i o n  p laced  upon 
t h e i r  a v a i l a b i l i t y .  

Any of t h e  p u b l i c a t i o n s  by t h e  Fede ra l  Emergency Management 
Agency (FEMA), i n c l u d i n g  e x i s t i n g  s h e l t e r  p l a n s  ( t h e  H-12 se r ies ) ,  
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are a v a i l a b l e ,  s u b j e c t  t o  q u a n t i t i e s  i n  s t o c k ,  from: 

FEMA, P u b l i c a t i o n s  O f f i c e ,  
P.O. Box 8181, 
Washington, DC 20024. 

The c u r r e n t  FEMA P u b l i c a t i o n s  Cata log  i s  a v a i l a b l e  as document 
FEMA-20. 

Those r e f e r e n c e s  which a r e  conta ined  i n  t h i s  b ib l iog raphy  and 
which d i d  no t  d i r e c t l y  resul t  from government-sponsored r e s e a r c h  
( such  as j o u r n a l  ar t ic les  and p r i v a t e l y  publ i shed  books) must be 
ob ta ined  from o t h e r  sou rces .  

I n t e r e s t e d  r e a d e r s  are r e f e r r e d  t o  t h e  fo l lowing  documents 
f o r  a d d i t i o n a l  b i b l i o g r a p h i c  informat ion:  Defense Documentat ion 
Center  (1972); Gailar (1970); M i t c h e l l  (1961) Nat iona l  Technica l  
Informat ion  Se rv ice  (1984); U.S. Naval C i v i l  Engineer ing  Labora- 
t o r y  (1964). 
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