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CHAPTER I 

I n  the  l a s t  few (5-10) years, the c i v i l  engineering profession 

t d  has seen an increasing amou'nt of i n t e r e s t  in the  placing of  buildings-- 

indeed, in some instances,  complete community' units--underground. ..' 

This i n t e r e s t  has been predicated upon the  development of extremely 

powerful weapons having a very l a rge  radius  of des t ruct ion f o r  con- . . 

ventional  buildings located above ground. Most of the ex i s t i ng  

instances of the  construction of underground buildings have been 

fo r  the protect ion of m i l i t a ry  personnel and material ,  However, some 
I 1  

underground buildings have been b u i l t  f o r  the  protect ion of the  civ-.  

i l i a n  population. I t  is  conceivable t h a t  t h i s  c ivi l ian-use  t rend  w i l l  

increase i n  t h i s  country a s  it already has in ce r t a in  foreign countries,  

Considering the  s i t ua t i on  described above, today's young c i v i l  

engineer should take it upon himself t o  become aware of the  many' prob- . 
. ., 

. lems--construction as  wel l  a s  design--that a re  associated with the: . . 

locat ion of buildings below the  surface o f  the  ground. During h i s  

ensuing career ,  it may wel l  be, i f  the  present world s i t ua t i on  con- 

t inues ,  t h a t  he may become involved i n  such a project ,  Fortunately, 

there  is  now avai lable  information--not a s  p l en t i fu l '  nor a s  accurate 

a s  might be desired--on t h i s  subject  t ha t  he may obtain t o  educate . 

himself. 
, . 



Pumose of t h i s  P a ~ e r  

It i s  the  purpose of t h i s  paper t o  provide a b r i e f  survey of the  
a- 

general  subject  of underground protect ive  buildings. I t  i s  no t  intended 

to be a handy-dandy design manual on the  subject .  But, by' ser ious  study.  

of the  references l i s t e d  i n  the bibliography--all of which may be easi-  

ly obtained--a competently t ra ined c i v i l  engineer can become prof i -  

c i en t  t o  some degree i n  t h i s  subject .  I f  t h i s  paper .serves  t o  stimu- 

l a t e  an i n t e r e s t  and provide some help i n  continuing study of  the  sub jec t  . 

a t  hand, it w i l l  have s a t i s f i e d  the author ' s  in tent .  
. . 

Subject  Covera.ge 

The general subject  of  underground protect ive  buildings i s  very 

. broad. . The coverage of it i n  t h i s  paper is' not  complete bu t  must be 
. . 

l imi ted  i n  order t o  keep the  paper manageable.. 'For  the  most' pa r t ,  

t h i s  paper w i l l  be l imi ted t o  
. . 

--weapon y i e ld s  i n  the megaton and. lapger range . . 

--blast  overpressures (on the  surface.) of 200 p s i  o r  i e s s  ' 0  

.- 

--surface burs t  (contact )  cases 

I n  general the  discussions w i l l  be l imi ted t o  shallow buried h i  

buildings--within one.hundred f e e t  of the  surface of the ground-- 

bu t  some information w i l l  be included on examples of deep underground 

Types of Underground Buildings , 

Four general types of underground buildings w i l l  be described 

i n  t h i s  paper. 

Personnel she l te r s .  Underground buildings designed pr imari ly  , f o r  

the  protect ion of groups of  people w i l l  be considered as personnel . 



shel ters .  These buildings range from simple, sha l la r ,  home-built, 

f a l l -ou t  s h e l t e r s  throuch a community of underground homes t o  l a rge  
0 

buildings located dee? enough t o  provide a l a rge  amount of b l a s t  

protect ion t o  the occupants. A n  e n t i r e  school building has been located 
3 .  

underground i n  New Mexico.. Although t h i s  paper w i l l  not dea l  w i t h  4 "  

5 .  
simple, shallow f a l l - ou t  she l t e r s ,  some of the  mater ia l  i n  Chapter II i:, 

? 
i s  useful  f o r  t h i s  s o r t  of s t ructure .  . :, /. 

. I 

Launch s t ruc tu r e s  ( s i.los ) . The launch struc. tures of  hardened 

miss i l e  s i t e s  a r e  probably the  most common ( i n  numbers) of underground :I 
.). 

1;: 
i '. 
!,J 

buildings b u i l t  t o  date. Several  hundred such s t ruc tu r e s  have been 1 . s: 
f . 
I .  completed. Construction and design procedures have been r a the r  wel l  

' ;" 
\,: '.', 

worked out  based on the experience to'  date. Although I 

<: 
* .  i'. 

launch s t ruc tu r e s  a r e  a very specia l ized type of underground building, . . 'c i, 
. . b;%' 

the re  a r e  many i n t e r e s t i ng  aspects t o  t h e i r  design and construction. . ii 
Launch control  buildings. Closely associated with launch s t ruc tu r e s  

a r e  the  underground buildings t h a t  serve a s ' c o n t r o l  cen te rs  f o r  the  

hardened miss i le  s i t e s .  Designed t o  p ro tec t  the  operating perssnnel  . . 
u;, s, 

', ;Pi.' k' 
,J '  

and de l i ca t e  con t ro l  equipment necessary f o r  launching and. con t ro l l ing  . h?:! t: 
modern miss i les ,  these buildings contain many, sophis t i ca ted  design $, 

k 
. . 

and construction de t a i l s .  ' [/ 

!:. . . 
Deep underground buildings. ~ h o r e  a re  a. few ins tances  where . , 

t he  construction of extensive building complexes have been made deep ' 

. . 
f,: 

underground. These i n s t a l l a t i o n s  a re  usually b u i l t  i n  hard rock I: 
i.' 

areas  and a r e  designed t o  permit the  surv iva l  of personnel and equip- 
. 

merit of major command centers  from any type of at tack.  The problems 

i n  construction and design of these buildings present  r e a l  challenges 

t o  the  engineers involved. . . 



CHAPTER 11 

SURFACE ENVIRONMENT NECESSITATING' 

UNDERGROUIJD BUILDINGS 
I 

. . 

A b r i e f  survey of the  envi ronment ' resul t ing  from a su r face  b u r s t  I .  

of .a megaton o r  l a r i e r  nuclear  weapon i s  contained i n  t h i s  chapter.  . . 

. . 
An understanding .of t h e  su r face  environment is  ve ry  important in the . 

design and cons t ruc t ion  o f  underground buildings.  It i s  the  source 

of the  s p e c i a l  loadings  t h a t  must be considered i f  such bu i ld ings  
' 

a r e  t o  survive and perform t h e i r  intended functions.  

A g r e a t  mound of work and s tudy oV def in ing t h i s  environment 

and i t s  e f f e c t s  has been Performed during the  i a s t  decade and a hal f .  

Two exce l l en t  references  a r e  ava i l ab le  t h a t  desc r ibe  t h i s  environment 

i n  considerable d e t a i l  (both have been used ex tens ive ly  i n  
1 '  

' t h i s  chapter) .  They a r e  The E f f e c t s  of Nuclear weapons1 and A . , 

. of Nuclear Explosion Phenomena P e r t i n e n t  t o  P r o t e c t i v e  Construction, 2 '  
. . , .  . . 

An engineer i n t e r e s t e d  i n  f u r t h e r  s tudy of  the  s u b j e c t  o f  underground ' ' 

% 

bui ld ings  should obta in  copies of each. 

. . 

A i r  B l a s t  

The severe a i r  b l a s t  overpressures r e s u l t i n g  from a nuclear  

explosion a r e  the  primary reasons d i c t a t i n g  t h e  underground l o c a t i o n  

LThe E f f e c t s  of  Nuclear Weapons, U. S .  Department o f  Defense and 
Atomic Energy Comrn., U. S. Government P r i n t i n g  Office,  Washington, D. C., 
Apr i l  1962, (#3 ) . 

2 ~ .  L. Brode, A Review of Nuclear Explosion Phenomena P e r t i n e n t  
t o  .Protec t ive  Construction; A Report Prepared f o r  U. S. A i r  Force P r o j e c t  
Rand, R-425-PR, (Santg Monica, Ca l i fo rn ia :  The Rand Corporation, May 1964). - -- 



I 

of bui ld ings  intended t o  survive such an a t t ack .  Although t h e  i n t e r -  

a c t i o n  o f  these  overpressures with the  ground r e s u l t  i n  s i z a b l e  induced 

ground shocks, t h e  s o i l  s t r u c t u r e  a t t e n u a t e s  t h i s  e f f e c t  t o  a very  g r e a t  

degree. U t i l i z a t i o n  of  t h i s  a t t enua t ion  permits  the  uonst ruct ion  o f  

underground bu i ld ings  w i t h . f a r  g r e a t e r  economy than if B l a s t - r e s i s t a n t  
I 

above-ground constructi 'on were used. i 
The magnitude of the  peak overpressure a.s it v a r i e s  w i t h ' d i s t a n c e  

' from ground zerc$point of  b u r s t  on t h e  su r face )  f o r  a 20 megaton sur-  

face  b u r s t  i s  shown i n  Figure 1. A normal, i.e. n o h - b l a s t  ' r e s i s t a n t , '  
. . 

designed bui ld ing w i l l  be severe ly  damaged a t  overpressure l e v e l s  6m.EFnd 5 

ps i .  Referr ing  t o  Figure 1 shows t h a t  t h i s  type o f  bu i ld ing  would n o t  
40,000 

survive  i n s i d e  a r a d i u s  from ground zero  of A f e e t .  It is generally",'.. '  
. . 

regarded a s  uneconomical' t o  cons t ruc t  an afioveground reotangular  1 
f 

bui ld ing t o  r e s i s t  p.ressures g r e a t e r  than 30 p s i  peak. o ~ e r p r e s s u r e ,  

hence such a bui ld ing would no t  survive  i n s i d e , . t h e  two,niile radius6 f 

( ~ o t e - d i s , t a n c e  s c a l e s  a s  the  cube r o o t  o f  f o r  t h e s e  'kinds o f  
' 1  

', 
. . I, 

explosions. ) . , {I 

I. 
1 

O f  i n t e r e s t ,  Figure 2 shows the  dura t ion  o f  t h e  p o s i t i v e  phase o f  
. , !, 

[ . :  . t h e  a i r  b l a s t  as it var ies  with d i s t ance  from ground zero  f o r  t h e  same . . , , ! .  . . . . .I 
s i z e  (20 < M T ) . ~ ,  surface  burs t .  A s  can be seen, the  dura t ion  o f  t h i s  1. 

, . I :  
p o s i t i v e  phase is q u i t e  s izable .  

I 

i 

Ground Shock 

An underground bui ld ing may be made q u i t e  s a f e  from the  d i r e c t  . 
@ I 

I: 
. . 

e f f e c t s  o f  a i r  b l a s t ,  a s  ,wel l  a s  from nuclear  and thermal r a d i a t i o n s  

as shown l a t e r ,  s o  t h a t  the  primary remaining problem is assoc ia ted  
rhoek. 

with' t h e  v i o l e n t  movcmcnt3 of the  surrounding earth-- the g r o ~ d ~ w .  
, a  

. . ,- . i.1 i*t;'~.i,>~? z' :,.!:T 







Ground shock transmit ted t o  an underground bui ld ing comes from 

two causes, d i r e c t  shock and air-induced ground shock. I n  most under- 

ground bui ld ings  ( l e s s  than 'one hundred f e e t  . b u r i a l ) ,  t h e  air-induced 

ground shock is  of g r e a t e r  s ign i f i cance  s ince  it is extended' t o  l a r g e  

r a d i a l  d i s t ances  from ground zero  by the  a i r  b l a s t  (Figure l ) ,  while 

d i r e c t  ground shock is  r a p i d l y  a t tenuated  by passing'  through t h e  

in tervening ground mass. 

The geometric s t r e s s  a t t enua t ion  i n  s o i l s '  wi th  depth has been. 

approximated from the  formula proposed by ~ e w m a r k ~ ;  

Trn = APs 

where AP is the  peak overpressure a t  t h e  surface  ( p s i ) ,  QVn is  t h e  s 

maximum s t r e s s  (ps i )  a t  depth Z ( f t . ) ,  i s  the  geometric at tenua- 

t i o n  f a c t o r ,  and W i s  the  y i e l d  (megatons). This express ion a p p l i e s  

only f o r  the  lower surface  overpressures ( 41300 p s i ) .  This relation- 
. . 

s h i p  i s  p l o t t e d  i n  Figure 3 f o r  t y p i c a l  overpressures and 'yields.  

.. ' 

Thermal ~ a d i a t i o n  

Approximately one-third of  the  energy o f  a nuclear  'detonation is  

re leased i n  the .  form of thermal radia t ion .  Since t h i s  r a d i a t i o n  . . 

has p r o p e r t i e s  damaging t o  ma te r i a l s  and hwnsns it must be considered 

i n  the  planning of  the  d e t a i l s  (ent rance  ways, c losures ,  b l a s t  doors, 

e t c .  ) of an undergrol~nd buildj.ng. Generally, t h e  thermal e f f e c t s  a r e  

of  secondary importance s ince  i n  p ro tec t ing  a g a i n s t  nuclear  r a d i a t i o n  

3 ~ .  M. Newmark and J. D. Haltinwangcr, P r i n c i p l e s  and P r a c t i c e s  
f o r  Design of  Hardened S t r u c t u r e  ~ ~ d C - ~ ~ ~ - 6 2 - 1 3 8 ,  (Albuquerque : 
A i r  Force S p e i c a l  Weapons Center, December 1962). 





and b l a s t  pressures,  t he  thermal radia t ion problem is  automatically . 

eliminated. 

The thermal rad ia t ion  environment , is qu i t e  excessive and i s  . shown . 

here f o r  general  appreciation. ' ~ i ~ u r e  .b  ind ica tes  the  thermal energy 
$ 

received a t  various distances f o r  a 20 megaton surface burst .  
. I 

. . 
Nuclear Radiation ( I n i t i a l )  

The i n i t i a l  r ad ia t ion  from a nuclear explosion i s . de f ined  as t h a t  

re leased wi thin  t h e . f i r s t  one minute. The gamma rays and neutrons 

emitted can t r a v e l  considerable dis tances  through the  a i r  and cause 

harmfbl e f f e c t s  i n  huians and eo,uipment. A graphical  display of  radi-  

a t i on  dose versus' distance is  shown i n  Figure 5. As a po in t  of .  inter- . 

est ,  d o s e s  of about 450 R may be expected t o  k i l l  50 percent of t h e  ' 
. . 

humais exposed, while doses of over 700 k w i l l  cause100  percent fa la-  

l i t i e s .  

~ u c l e a r  Radiation (~esidual- allo out) . . 

The res idua l  radiation--defined a; t h a t  emitted a f t e r  one minute 

from the  time of the burst--is commonly termed l l localt l  o r  l1earlytt 
. . 

fa l lou t .  This hazard is  t h e  r e s u l t  of f i s s i o n  products from the  explosion 

a t taching t o  ea r th  debris  thrown out o f '  the c r a t e r .  t o  a l t i t u d e s  of 

several  t ens  o f  thousands. of f e e t .  This debr is  then d r i f t s .  back t o  
.r ,_ .-: . . 

e a r t h  in a matte,? of hours. 

There a re  many f ac to r s  that- en t e r  i n t b  the c a l c u l a t i o n  of res idua l  

rad ia t ion  including t e r r a in ,  yield,  wind conditions, humidity, etc.. 

For fu r the r  information, a study of The Ef fec t s  of Nuclear weapons4 

 a he Ef fec t s  of ~ u c l e a r  Weapons, q - c i t ,  ,Ch. a. ' 







Fi re  Storms 

The e f f e c t s  of  thermal rad ia t ion  and the r e s u l t s  of s t r u c t u r a l  

damage'.by the a i r  b l a s t  cause wide-spread f i r e s  over an a r ea  subjected 

t o  a nuclear  explosion. Under c e r t a i n  condit ions of  'weather and ; 
. 1 

densi ty  of  combustible mater ia ls ,  a raging, all-consuming "fire stormu 

can develop. I n  such a ' c a se ,  the hegt i s  so  in tense  and the'oxygen 

of the  l o c a l  atmosphere i s  so  depleted t h a t  any underground b u i l d i n g ,  . + : 
1 
i 

i n  the  a rea  must be completely closed o f f .  A method t o  p o v i d e  su f f i -  1 

l 

(oxygen) must be ava i l ab le  within '  the  bui ia ing t o  enab1e:thet: . . 
I 

occupants t o  survive. The duration of a f i r e  storm has been observed 

t o  be severa l  (6-8) hours, a f t e r  which only separate  fires continue. 
/ 

, . ,' 



, CHAPTER I11 

STRUCTURAL SYSTEMS FOR UNDERGROUND BUILDINGS 

It has been s t a t ed  e a r l i e r  t h a t  aboveground b l a s t - r e s i s t an t  

buildings a r e  uneconomical t o  const ruct  in regions of overpressures 

g r ea t e r  than 30 ps i .  For oveqiressures of 100. p s i  o r  greater ,  under- 
. . 

ground buildings must.be constructedc ,Semi-underground buildings may 

survive i n  regions of 30-100 p s i  overpressures, ,but  t h i s  cannot be 

regarded as a blanket, statement. Foundation conditions, s i z e  of building, 
. . 

, shie lding requirements, entrance conditions, and l o c a l  geology a l l  ' 

a f f e c t  t h e  r e l a t i v e  economy. of f u l l y  underground versus semi-underground 

construction. 

{: 
Basic Consideration I , ,  . F. 

& I  

. The .p r inc ipa l  s t r u c t u r a l  mater ia ls  used in underground pro tec t ive  1, s,' 
It. ",. . p.; 

buildings a r e  s o i l ,  reinforced concrete, and.stee1.  S o i l  is an impor- $ 

. t a n t  mater ia l  f o r  t h i s  usage s ince  it i s  a good sh ie ld  aga ins t  nuclear ' . 
6 

. . D' 1: . . t;. ' 

. . . . and thermal rad ia t ion  and it may be used t o  reduce the  magnitude of . .  i;' p, . 1'. 
. b l a s t  loading on the  build.ing. 

. , 8 
f 

Reinforced concrete i s  the predominant. mater ia l  used i n  thi's t! 
1, 
$, : 

' type 'of construction. . If properly designed and placed, it can o f f e r  , - 1: 
y4 
y: ' 

.good s t reng th  and d u c t i l i t y  while having the  mass t o  serve as_: a radi- i " '  

a t ion  shield.  , , 
i 

St ruc tu ra l  s t e e l ,  used alone nr i n  reinforced concrete, has the' , 
I 

5 1 

desi rable  s t reng th  and d u c t i l i t y  cha rac t e r i s t i c s  f o r  t h i s  application.  . 11 

?'*, 
I I , .  

: \ 
[ ,- 



I n  the  form o f  archpla te ,  it i s  p a r t i c u l a r l y  economical f o r  underground 

buildings.  

Severa l  types o f .  s t r u c t u r a l  systems f o r  underground bui ld ings  

using t h e  des i rab le  ma te r i a l s  noted above have been considered and used. 

The most commonly used ones a r e  : rec tangular  s t r u c t u r e s ,  arches,  domes, 

and v e r t i c a l  cyl inders ,  Severa l  combinations and v a r i a t i o n s  of t h e s e  

common s t r u c t u r a l  systems have .been used. 

A s  .wi.th any bui ld ing,  the  s t r u c t u r a l  system used depen'ds upon t h e  . 

inf luence  of , s e v e r a l  f a c t o r s .  Some. of  these cons idera t ions  are., ;economy . 
',. : 

. .:C .' 

of  cons t ruct ion ,  a v a i l a b i l i t y  o f  ma te r i a l s ,  s i t e  condi t ions ,  co*tractor  
1 

experience, time schedules, e t c .  The most important considerati:on, . 

however, f o r  the  s t r u c t u r a l  system s e l e c t i o n  i n  the  h igh ly  s p e c i a l i z e d  . 

. f i e l d  of  underground p r o t e c t i v e  buildings,  is the  a b i l i t y  o f  t h e  s t r u c t u r e  

t o  withstand the  loads  t o  which it is subjected.  
\ 

Design of  S t r u c t u r a l  System 

Rectangular s t r u c t u r e s . .  The depth o f  b u r i a l  of a  r ec tangu la r  
, I 

s t r u c t u r e  is of  g r e a t  importance i n  determining the  type of  loading I 

! 

it w i l l  rece ive  and thus  i ts  s t r u c t u r a l  s t rength .  Figure 6 shows . . .  i 

t h e  two condi t ions  of primary i n t e r e s t  f o r  r ec tangu la r  s t ruc tu res .  

I n  both cases,  t h e  s t r u c t u r e  can be considered underground from t h e  

s tandpoint  o f  b l a s t  loading. 
e 

When loca ted  as shown i n  Figure 6 ( a )  the  s lope  o f  the  surface  

o f  the  e a r t h  should n o t  be g r e a t e r  than '1 on b f o r  a d i s t ance  o f  twice 
. . 

t h e  h e i g h t  of  t h e  bu i ld ing  on a l l  s ides .  However, i f  loca ted  as shown 

wi th  the  bui ld ing roof f lush  with, the  surfaco,  the  roof elements must 

survive t h e  loading r.cjsullirrg Pmn~ the air* b l a s t  d i r e c t l y .  I 
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I f  the building i s  located completely beluw the  surface a s  shown 
r\ 

i n  Figure 6 (b), the loading from the a i r  b l a s t  can be modified t o  

, account f o r  t he  at tenuation of peak pressure using t he  Newmark formula 

given e a r l i e r .  I n  addit ion,  i f  the  b u r i a l  depth D i s  considerably . 'I 

grea t e r  than the  building length L divided by 2, the  loadings on the  
I 

s t ruc tu r e  may be reduced because of arching i n  the so i1 , i f  back f i l l i ng  i' 

during construction has been wel l  accomplished. 
i 

The v e r t i c a l  walls should be designed t o  have a s t reng th  su f f i -  

c i e n t  t o  resist a uniformly d i s t r ibu ted  load from the surface pressure 
I 

pulse t h a t  has been at tenuated (using the  Newmark formula) t o  the  depth I 

I ' 

of t he  mid-height of the well. This a t tenuated v e r t i c a l  pressure must I, 

> 
, : 

be re la ted  t o  the  uniformly d i s t r ibu ted  hor izontal  pressure by using I .  

a f ac to r  depending upon the  s o i l  t n e  and condition. Estimated values 
i' 
j 

1 of t h i s .  f a c to r  may be found i n  t he  ASCE Manual No. 42. t 
f 

Arches. An underground building i n  an arch shape possesses very . ?I - 
I '  

11 
high s t r u c t u r a l  strength..  This is  due primarily t o  the  manner i n  , 6 L. 

I 

which it i s . l oaded  when buried. initially, the underground arch i s  
I .  1 
s; 

subjected t o  non-uniform i n t e n s i t i e s  of load a t  any depth t o  which ' . v. 
. I  it is  buried. ,However, a s  the shock progresses across  the  arch, one b 

I 
s ide  i s  loaded p r i o r  t o  the  opposite s i de  and tends t o  de f l ec t  inward . . :  

1% 
. 1,'' 

,. . , 1. 
which i n  turn  forces  thekpposite s ide  outward i n t o  the  s o i l .  This . t I ,  

i; 
'outward def lect ion i s  res i s ted  by t h e  passive pressure developed i n  

I' 
) .  

the  s o i l  which is  a very sizeableeaisazu&. Therefore, below some c r i t i c a l  
I '  
7 
F 
i. 
0 

depth a t  which the  passive res is tance o f '  t h e  s o i l  becomes adequate I. 
i' 

t o  prevent s i gn i f i c an t  f l exura l  deflections,  the pressures on the arch 
, 

f 

%esign of Structures  t o  Resist Nuclear ~eapons '  Effectsqq Manual 
of Eng. isee .=iiii- 'Frac.ii & .  Zi2; .(*& G-.Ygi'.:-. ...A 66i.ican'600iCt.j; .'.'. 
hngineers, 19611, P. 54. 



from the  loading tend t o  be equalized. Below t h i s  c r i t i c a l  depth, t h e  

arch  must r e s i s t  a uniform r a d i a l  pressure ,  an i d e a l  sCituation f o r  such 

a s t r u c t u r a l  system. It is  bel ieved t h a t  t h i s  c r i t i c a l  depth a t  which 

t h e  arch i s  subjec ted  t o  uniform r a d i a l  pressure  is  ~ / 8  where L i s  t h e  

l eng th  o f  t h e  a rch  from hinge p o i n t  t o  hinge point .  

If c lose  ' con t ro l  is  exerc ised  over the  const,ruction procedures, . , :' 

e s p e c i a l l y  b a c k f i l l i n g , ,  the  pressure  pulse  a l r eady  a t t enua ted  by t h e  - I 

@ l E e ~ v s C  r t  7-#A5 . . 

depth f a c t o r ,  can be f u r t h e r  reduced,- arching.  . 
, 

Domes. The previous d iscuss ion on arc.hes a p p l i e s  d i r e c t l y  t o  - 
underground bui ld ings  b u i l t  a s  domes. 

V e r t i c a l  Cylinders. The design l g d i n g s  t o  be used i n  determining. . '.* 
, .  

t he  s t r u c t u r a l  s t r e n g t h  of  v e r t i c a l  c y l i n d r i c a l  bui ld ings  ( s i l o s )  . . ,  . . I  

2 
i s  based on. judgment and l imi ted  t h e o r e t i c a l  s tudies ,  ~ e n a g h i  has ': , . ' 

. . s tud ied  the  s t a t e  of  s t r e s s  around v e r t i c a l  sMfts i n  g ranu la r  k a t e ' k a l s .  ', 

c. ;sse 
I n  the,- of v e r t i c a l  cy l inders  ( s i l o s ) , t h e  s t a t i c  ' loads  due to '  t he  . : 

. . 
cL 

. . 
. . . dead weight of t h e  s o i l  may beAvery important con t r ibu t ion  t o  t h e  , . . 

loading. 
. . .  

I n  regard t o  the  t r a n s i e n t  loading of  a v e r t i c a l  cy l inder ,  t h e  
. . 

s i t u a t i o n  i s  the '  same a s  discussed f o r  arches. However, t h e  h o r i z o n t a l  

. . component of the  v e r t i c a l  load must be used a3 discussed f o r  s i d e w a l l '  

loading o f  rec tangular  buildings.  The c r i t i c a l  depth a t  which un2form . . 

" 
r a d i a l  loading occurs f o r  v e r t ' i c a l  cy l inders  is considered t o  be equa l  

t o  $he .diameter o f  t h e  cyl inder .  

General c r i t e r i a .  The design of  underground. p r o t e c t i v e  bui ld ings  

i s  e s s e n t i a l l y  an u l t ima te  s t r e n g t h  design asmed a t  the  s tandards  o f  

performance requi red  by t h e  funct ion  o f  the  buildink. Thus, the  

2 K. Terzaghi; Theore t i ca l  S o i l  Mechanics, ( ~ e w  York: John Wiley 
and Sons, Inc., 1943) pp. 206-215. 



. , 

r e s u l t i n g  t l f a c t o r  of  safetyt t  can be considered a s  being, uni ty ,  cons ider ing  
I 

' one predetermined s e t  of  loading condit ions.  
, . 

An underground p ro tec t ive  bui ld ing should be designed t o  have as 

l a r g e  a Itduc t i l i t y  ra t io t !  a s  performance requirements w i l l  permit. ,. 
: 1 

r,' 
D u c t i l i t y  r a t i o  i s  defined a s  the  r a t i o  o f  the  maximum response t o  

I 

thal+esponse a t  which e l a s t i c  behavior s tops.  I t  is  important t h a t ,  ! 
! 

t h i s  r a t i o  be l a r g e  because, (1 )  g r e a t e r  d u c t i l i t y  permits  ". . ,.I 

energy absorpt ion  capab i l i ty ,  i.e. g r e a t e r  e f f i c i e n c y  i n  r e s i s t i n g  
i 

t i m e  dependent loads,  (2 )  d u c t i l i t y  i s  e s s e n t i a l  t o  pe rmi t  $ t r u c t u r a l  .:.: 

r!, 
deformations required t o  mobilize t h e  inheren t  s t r e n g t h  (pass ive )  o f  , 

' , ?  

t h e  s o i l  t h a t  surrounds the  underground building. The choice o f  the  .' I' i 

d u c t i l i t y  r a t i o  depends upon s e v e r a l  conside'rations: ( 1 )  the  f u n c t t o n a l  , 

I: 

I .  
" 

- requirements o f  the  building,  ( 2 )  r e p e t i t i o n s  of design loads, (3)  1 ;  Y. 
!! 

allowable damage t o  equipment and personnel  f romconcre te  s p a l l i n g ,  b' 

a d  *he : i? cj 

(4) d u c t i l i t y  o f  the  cons t ruct ion  materiaU,,,(5),failure mode o f  the  , . I 

. . I I: ,' 
' s t r u c t u r a l  sys  tem. my 

p 
Since design o f  bui ld ings  of t h i s  type is based on u l t ima te  s t r e n g t h , .  p'. 

5, 
?., ' t h e  dynamic s t r eng ths  of the ma te r i a l s  of cons t ruct ion  must be used t o  : . I: : 
I: 

. , !', 

account f o r  t h e  r ap id  r a t e s  of s t r a i n i n g  t h a t  occur i n  a bui ld ing l o a d e d '  
. . t, 
. by b l a s t  forces .  Under these  condi t ions ,  m a t e r i a l s  develop h i g h e r .  I:.. 

i' 
i. 

s t r e n g t h s  than- they  do i n  the  case  o f  s t a t i c a l l y  loaded members. Not .I 

I. 
a g r e a t  dea l  i s  known y e t  about dynamic s t rengths '  o f  mater ia ls ,  b u t  . . j 

3 ;{ some information can be obtained from ASCE Manual No. 42. 2 .. 
F. , 

I ( 

.. 3 ~ 1 ~ e s i g n  o f  S t r u c t u r e s  t o  R e s i s t  Nuclear Weapons ~ f ' f e c t s ! ~ ,  2. G., 
PP. 63-64. 
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CHAPTER N . ;., 

I 

. .  
t 

FUNCTIONAL RXQUIREMENTS'OF UNDERGROUND BUILDINQS i I,' 

' <. 

The func t iona l  requirements of underground p r o t e c t i v e  bui ld ings  ?:,, 
;' , 

v a r y . g r e a t l y  according t o  t h e i r  intended usage. Personnel  s h e l t e r s  ' ,. .. .' 
',j 

a r e  intended ' t o  i n s u r e  the  s u r v i v a l  of the  oc.cupants and t h e i r  s a f e  
* . 

;I!, ,.! .,, 
' + ,  . .#I 

:$:I 
1. .. 

e x i t .  A launch s t r u c t u r e  should p r o t e c t  i ts  miss i l e  a n d  assoc ia ted  , .' ,',;, i !' : .. 
, 

.' . ... 
equipment i n  an undamaged condi t ion  s o  t h a t  it can perform i t s  mission 

/ , . .  n ! bl; 
I' ; 

when required. ,  A launch c e n t e r  bu i ld ing  must p r o t e c t  personnel  and t c  
, . O.', . . i: . ) !  . 

. d e l i c a t e  equipment s o  t h a t  i t s  opera t ion  can proceed smoo'thly. , y.~, 
: $ J  fi : 

The command,, (deep underground bui ld ing)  must p r o t e c t  i t s  occupants and , . r.... h.:, . 
it,' 
I 

communication systems t o  insure  maintenance o f  i n t e l l i g e n c e  and con- ;&;:, 

. t i n u i t y  o f  operat ions.  
, . i?.. 

Provis ions  must be made i n  the  buizdings a s - c o n s t r u c t e d  t o  p e r m i t ,  i j 5  
, ' .\\,I 

\.< , y 
t he  r e a l i z a t i o n  of  thes'e , requirements. r-!!," $$ 

:;; 
Environmental Equipment li... P. ,' 

. . 

The environmental equipment must be designed t o  e l iminate  t h e  
p,.; 
,:. I i 

p o s s i b i l i t y  o f  nuclear  r a d i a t i o n  en te r ing  v i a  su r face  connected ducts  1.' s.,'. 
::.; # 

i n t o  the  b u i w i n g  a reas  where it canriot be to le ra ted .  The geometry ji',: 

Q ' 
bf the  ducting system may be t h e  c r i t i c a l  f a c t o r  and,. in some cases,  y . .  

..t:. 

.(,V 

. . 
occupants and equipment may need be i s o l a t e d  from rad ioac t ive  areas .  

J 
b 
3 ,  0 

The provis ion  of  a  h ighly  r e l i a b l e  environment may be a c r i t i c a l  :. . I 
.( , 

problem, Commei-cia1 a i r -condi t ioning equipment may requ i re  upgrading 



L ' 
i, 

i 
t 
I ' 

t o  meet the  r e l i a b i l i t y  requirements. The system must, be adequate to i 
, a 

handle a l l  of the  nornal  loads,  p lus  providing capac i ty  t o  maintain 
k.' . 'I , 

t he  des i red  environment f o r  extended per iods  during which t h e  bu i ld ing  
.'I . . 
:.! * 

must be "buttoned uptn . I  . 
J , (  

; 

Power Supplx - 

An underground p ro tec t ive  bui ld ing must be independent o f  a com- 

mercia l  power supply system which may be destroyed. To provide t h i s  t, . . . . t ,' 

sr5 
independence, stand-by genera t  must be i n s i d e  t h e  p r o t e c t i v e  

<I c-i 
bui ld  ing . 5 w i l l  then survive and be ava i l ab le  t o  provide power during 

!; ', 3, .. .. 
t he  button up period. The power demand should be minimized during ,:,!, :, , 

,!.*.. , . 
. I  .I 

i,?. 6 

t he  period of  opera t ion  on stand-by power. Provisions f o r  adequate ; a .  

jy .. . , . '. ,: 

f u e l  and water  suppl ies  must be made a s  we l l  a s  accomodations f o r  re- ;?..: 
' L:,. 

;t, ; 
moving exhaust  fumes. 

. . 
- , !!,;I v',, ;, 

2.1' 

. . i;'. I 

B l a s t  ' c l o s u r e s  IIv, . , 

)' 
;I,.'. 
,.:,'. ,,ti'! 
;,3; #'. B l a s t c l o s u r e s  a r e  o f t w o t y p e s - - b l a s t v a l v e s  f o r ' s m a l l e r  - . )?..:. . . ( (5:  
3. : 
I '  * 

, diameter  ducts ,  and b l a s t  doors f o r  ent rance  and e x i t  ways. B l a s t  Y s . 2  :'., ,, 
:y,;,., 
i i:. 

valves should be designed t o  s t a y  open during nornal  opera t ions  t o  $4 .; s;:; 
: , 

5 ,$, 

. p e r m i t  t h e  normal flow khrough the  ducts  t o  the  su r face  t o  continue. I<; 
{%; 
'c:'; , 

I;.:; ' 
They must be closed immediately upon the  occurrance of a ' b l a s t  hazard. 1.;. . 

They usua l ly  have a moving component t h a t  causes the  valve t o  c l o s e  

t i g h t l y  e i t h e r  0 n . a  s i g n a l  o r  by t h e  momentum caused by the  b l a s t  forces. 

.., i:;; 1 
A b l a s t  valve must survive t h e  ground' shock and b l a s t  and be ab le  t o  I 

L !  . 
' . 

open 'following the  passage o f  the  overpressure. , . 
,, ' 

B l a s t  doors a r e  usua l ly  built; : . to remain closed ' during normal I 
,I I 8 " , .: 
,'%, J 

operat ion.  They requi re  no ouick-closing components. However, they  2 .  
1;: . ;> : 
I! I 

boo must survive  the  ground shock and b l a s t  so  t h a t  they can be operated 9 ,  

: 'I ' 

afterwards.  



1 .  
Shock I s o l a t i o n  Systems 

i. 

Under the  ground shock environment discussed i n  Chapter 11, t h e  ; 
t, '* 

~ 6 7 )  t a f  a 1 % ~  . . !;I. , 

e n t i r e  s o i l  masq an underground bui ld ing is  given a s i zeab le  8 .  ... 

.. . 
displacement, v e l o c i t y  and accelera t ion .  Human and equipment shock .# ... I. - . 

. . .I : I 

t o l e rances  a r e  must lower than the  expected shock environment from the 
'. . 

nuclear  'explosion. For that; reason, a shock i s o l a t i o n  system must 

be builtl  w i t h i n  the  bui ld ing t o  p r o t e c t  i t s  occupants, 
, . 

Severa 1 sys  tems f o r  providing i s 'o la t  ion from ground shock have 
r, ': 

been used. In some ins tances ,  what amounts t o  a bui ld ing wi th in  a : 1 1 ,  

)C ,. 
I", 

bui ld ing i s  constructed,  The i n n e r  s t r u c t u r e  being i s o l a t e d  foom t h e  $! . ! 2. 
: !%. 
!\I%. . . .I: 

o u t e r  p r o t e c t i v e  s t r u c t u r e  by a s e r i e s  of  sp r ings  and damperse. This  .., . 

..1. 

permits  the  reduct ion  of the  ground motion fakes t o  acceptable shock . f.'. ,. 
. . 

l e v e l s  f o r  people (about 1 g. is  the &sign goal).  ' 



CHAPTER V 

CONSTRUCTION' OF EXISTING UNDERGROUND BTin;LDINGS 

;:..' 
Underground cons t ruc t ion  is  no t  a new f i e l d  of endeavour f o r  

t h e  c i v i l  engineer .  Indeed, c o n s t r u c t i o n  pro , jec ts  o f  s i z e a b l e  na tu re  

i n  underground l o o a t i o n s  have been b u i l t  f o r  thousands o f  years .  

Cons t ruc t ion  o f  underground aqueducts is  known t o  have occurred long  

before  t h e  b i r t h  o f  .Chr i s t .  Extensive underground mines are known from 

b i b l i c a l  t imes. 

These ' a n c i e n t  p r o j e c t s  and indeed nos t o f  the underground 

c o n s t r u c t i o n  u n t i l  t h e  p a s t  few decades w a s  o f  a na tu re  t h a t  d i d  n o t .  

provide f o r  human l i v i n g  accomodations f o r  e x w i v e  per iods .  N e i t h e r  . 

were t h e  p a s t  underground p r o j e c t s  designed to '  su rv ive  t h e  environments 

desc r ibed  i n  Chap.ter 11.. 

The acce le ' ra ted  program o f  t h e  U. S. Department o f  Defense f o r  . ' 

b u t l d i n g  ex tens ive  complexes o f  ~ n d e r ~ r o h n d  b u i l d i n g s  f o r  launch  

s t r u c t u r e s  and c o n t r o l  c e n t e r s  has  r e s u l t e d  i n  a . v a s t  . i n c r e a s e  i n  t h e  
8 .  

exper ience  09 underground bui ld ing .  

M i s s i l e  Base P r o j e c t s  

Warren A i r  Foroe Base c o n s t r u c t i o n  was begun i n  l a t e . .  1962. Under- 

.. .ground bu i ld ing  cons t ruc t ion  cons i s t ed  o f  209 launch s t r u c t u r e s  f o r  

u e  a Minrternen m i s s i l e s  and 20 launch c o n t r o l  buildings. '  It is l o c a t e d  

I 
. ICBM S i l o s  Excavat ing Like Postholes,ll '  Fngineering News-Record, 

(~ovember  14, 1963) p. 99. 



i n  on 8,003 square mile  a rka  where Wyomkng, Nebraska and Colorado meet. 

Many g e o l o g i c a l  formations were encountered i n  c o n s t r u c t i n g  such 

a number.of underpround b u i l d i n g s  s ~ r e a d  o u t  over  s o  l a r g e  an area .  
I-. .. 

Clay, s t a b l e  sand, sa.ndstone, g rave l ,  s i l t s t o n e ,  s h a l e  and l imes tone  . .  

have' been encountered. The c o n s t r u c t i o n  problems t h a t '  have r e s u l t e d  

from working 'under  such. a v a r i e t y  of cond i t i ons  have requi red  many unu- 

s u a l  solut ions. '  when s a t u r a t e d ,  dome o f  t h e s e  m a t e r i a l s  have  r e s u l t e d  
. * 

i n  .llquickn. cond i t i ons  t h a t  have g r e d t l y  hampered cons t ruc t ion .  

'Cons t ruc t ion  of m i s s i l e  bases  t o  da te  has  been done under s h o r t .  ? 

t ime schedules .  The c o n t r a c t o r s  have opera ted  under extreme p r e s s u r e  . 

t o  complete t h e i r  c o n s t r u c t i o n  i n  t he  s h o r t e s t  p o s s i b l e  time. AS' a 

r e s u l t ,  many.novel methods t o  expedi te  c o n s t r u c t i o n  have been evolved. 

Minuteman s i l o # v e r t i c a l  launch s t ruc tu re s - - r equ i r e  a l4 f o o t  8 inch  
1 

diameter  ho le  about  94 f e e t  deep. One method of digging t h i s  h o l e  1:' 
3 i' 

rcv.~W qse ' < 
t h a t  has  been used e x t e n s i v e l y  i s  t o  bore it as one ssowW doAa g i a n t  i 

4; 

post-hole.  A l a r g e  arzge,r has  been developed and . s e v e r a l  of them have ; 
;; 
ii 

been bu i l t '  f o r  t h e s e  jobs. . . 1; 
i.. 

I n  s t a r t i n g  t h e  c o n s t r u c t i o n  of a s i l o ,  a 30 f o o t  deep excavat ion  . k' i,: 
I .  

about  k O  f e e t  i n  diameter  i s  scraped o u t  .using convent iona l  earih-rn6itiiIg . I ,  
: r 

equipment. A t  t h e  bo.ttom o f  t h i s  ho le ,  a d r i l l  r i g  is s e t  up and a 
,~ I . 

3 f o o t  d iameter  p i l o t  h o l e  i s  bored f o r  a n  depth o f  64 f e e t .  S o i l  L 

i 
samples a r e  taken as t h i s  boring is done. If s o i l  cond i t i ons  permit ,  - '  " ( 9 
one of  t he  g i a n t  atzgers is  moved i n  and the  f i n a l  'I.41811 ho le  is bored. , . 

 his attger r o t a t e s  very  s lowly  (3  e m )  whi le  c u t t i n g .  ' After  it h a s  I .  
1 

, !' 
c u t  about  3 cubic  ya rds  of s p o i l ,  it i s  r a i s e d  above t h e  l i p  o f  t h e  . 

2 
V. E. Zadnik, IfEngineei.ing Geology Problems a t  Mias i l e  S i t e s i l l  

The M i l i t a r y  Engineer ,  November-December, 1963. 
' 



hole and accelera ted t o  about 20 rpm. This causes the s p o i l  mate r ia l  

t o  be thrown o f f  the auger beyond the l i p  o f  the hole where it is  removed I 

: 

by conventional loaders. 

I n  cases where the  s o i l  is  too hard t o  bo re , t he  b i g  hole i n  one 

pass, the  p i l o t  hole i s  f i r s t  enlarged with a 6 foo t  diameter anger, 

f u r t h e r  enlargement is made with a 10 foo t  atrger and f i n a l l y  f in ished 

with the fu l l - s i zed  one.. 

to1.b 
The occurrance of l a rge  boulders o r  strong,formations require '  

conventional b i a s  t i n e  operations before boring can continue To main-. 
. . 

t a i n  the  s ides  of the hole under unstable s o i l  conditions, s t e e l  l i n e r  

p l a t e  is  i n s t a l l e d  a s  ' the d r i l l i n g  progresses, I n  some cases, t he  s i de s  
. , 

a e  
of the holes  w e e  sprayed with Gunite t o  prevent sloughing. 

A f t e r . d r i l l i n g  is completed, the base of t h e  hole i s  bel led  ou t  

by hand labor.  A concrete base is poured i n  the  bottom of  the  hole. 
' Z .  ' 

A 1 2 ' f o o t  diameter s t e e l  l i n e r  is then lowered i n t o  the  s h a f t  and the  ! . ,  

'I : : 
15 

, . space between the l i n e r  and the s ides  of the holeA- f i l l e d ,  with 

Concrete. It is very important t h a t  g rea t  care  kcobserved i n p l a d i n g  . ' 

t h i s  concre te ' so  t h a t  it 'is i n  int imate contact  with the ground surface  
P P e ' ~ +  . , 

around t h e  hole w i t 2 1  no void$ This i s  necessary s o  t h a t  f u l l  advan- . . 

.- 
tage can be taken from t h e . s o i 1  arching e f f e c t  when the  s t r u c t u r e ' i s  

loaded by .the shock wave. . 

5 , l e  
The upper por t ion of t h e A W  t h a t  houses the  operating equipment, 

doors, etc.,  i s  completed a f t e r  the  l i n e r  has been placed*. The 

hor izon ta l  s l i d ing  doors a r e  builB of concrete and operate on a s e t  

-.. 
of  r a i l s .  3 

3f~yoming  Missi le Rase Pro jec t  ," Western Construction, July ,  1963, 
pp. 41-411- 



6 

The launch cont.ro1 s t r u c t u r e s ,  housing the opera t ing  personnel  

and d e l i c a t e  contol  and launch equipment f o r  ten  miss i l e s ,  a r e  b u i l t  
1 .  . 

by more conventional methods. These bui ld ings  a r e  o f  a h o r i z o n t a l  
*4 

d o m , d  
cylindrikal,8t@p with denepd-ends. They a rc  b u i l t  of heav i ly  re inforced - 

1 

. concrete i n  open~~~excavations.  Ins ide  the  p r o t e c t i v e  s t r u c t u r e ,  a 'two % .  

s tory  I 

sCerkd s t e e l  framed bui ld ing mounted on l a r g e  spr ing  suspension system ". 

' 3 
f o r  shock i s o l a t i o n  i s  b u i l t .  Located in t h i s  s t r u c t u r e  are the  personnel  

i 
i ' ." 

and equipment. . I  ' . ,  . . . 

~ s s o c i i t e d  with the  launch c o n t r o l  bui ld ing a r e  s e v e r a l  s a t e l l i t e  . . , , I .  . ' ,  
. . <r 

' I  

s t r u c t u r e s  inc luding water  tanks, f u e l  supply tanks,  e t c .  Automatic,. ; a ,  

<d .  . ; 
pressure-actuated b l a s t  valves a r e  b u i l t  i n t o  a l l  vents leading t o  ?. 

!. 

t h e  surface.  These bui ld ings  a r e  equipped with environmental equipment . . Y I , .  

1 , .  '. . ... 
, ,  :,, ' '; 

- . .  
and supp l i e s .  t o  maintain normal opera t ion  f o r  extended per iods  of I :  

I *  1' 

t i y e  wi th  n'o outs ide  contact .  

Deep Underground Buildings 
. , .  . . +;. 

A most i n t e r e s t i n g  example of  c u r r e n t  underground bu i ld ing  con-! :, . , ?' 
. . .  3 

s t r u c t i o n  is  t h a t  o f  command cen te r s  t h a t  a r e  b u i l t  very deep under- v :., 
' . 

, ground, These.buildings a r e  .genera l ly  located  i n  mountain s i d e s  o r  
k 

o t h e r  loca t ions  where they can be b u i l t  under many f e e t  of  hard rock. A b: 
td 

, + .  

, . 
;; 

U t i l i z i n g  the  b l a s t  r e s i s t a n c e  of  hard, s t rong rock, these  build ings  , I *  

. can 'prdvide  a very high degree o f  p ro tec t ion  from nuclear  explosions. 4 
? 

Space f o r  the  cons t ruct ion  o f  these  bui ld ings  i s  obta ined by !' 

b l a s t i n g  and excavating huge caverns o u t  o f  the  s o l i d  rock. Con- 

ven t iona l  hard-rock mining techniques u t i l i z i n g  the  l a t e s t  methods 

and equipment a r e  used i n  opening these  caverns. The i n s i d e  su r faces  

'b. M. Norvell,  JIThe Rock-NOPAD COCU., The M i l i t a r y  Engineer, 
September-October, 1963, pp. 309-311. 

, I  

. . A /  
' 4 

': 



of the  tunnels and chambers thus excavated a r e  covered with wire mesh . 

f ab r i c  held i n  place with rock b o l t s  up t o  20 f e e t  long. This cover- ' . ' \ .  

ing i s  necessary ' to  p ro tec t  the fu ture  buildings.from rock fragments 

,. 
t h a t  may be spal led off  from the ground shock of  the  explosion., Some . : 

i 
of the  caverns t h a t  have been thus constructed a re  a s  l a rge  a s  45 f e e t  

! : 

vide,  60 f e e t  high, a n d  300 f e e t  long. 
C 
, # .  

I 

+ :. 

Within the  caverns, three  s to ry  bui ldings  a r e  constructed. S t e e l  pa r 

rigid-frame, ship- type construction with metal outer  wal lssare  used. <:. 
i' 
.< 
I I 

Working quar ters ,  s leeping quar ters ,  kitchen and dining f a c i l i t i e s  . . $.  

I! 
8, 

and a medical dispensary a r e  provided f o r  ful l - t ime operation. Cellu- ,'.; 
;:' 

l a r  s t e e l  deck f1oo . r~  t o  provide f o r  ducts and condui* t o  the  operating , . 
;i ,. V. 

1.' 

equipment a r e  used. .\ . 
!,, 

. Several  such buildings a re  b u i l t  and .a re  separated by narrow a i r  
. . Q U A  i!.',, 

spaces. They a r e  joined by f l ex ib l e  walkways a t . leve1.  Each building . .. i! : 
i .  . "! . g , ,  

F' 
i s  mounted on spr ings  made of 3 inch diameter s t e e l  wire.  The .spr ings  $/ 

ti. I;:. .,.. are  about 48 inches i n  height  and up t o  20 inches i n  diambter. They , !. i. 
. . t. 

> ' 
,111 ?; . 

provide shock i so l a t i on  f o r  the  e n t i r e  building'and i ts  contents. . 6;. 
9 1 .  c.., 

' Fuel and water supgl ies  a r e  s tored i n  huge open va t s  carved from ' . 1:;; 

. - , . 1 
the:rock a t  a l e v e l  lower than the buildings. Water is  piped i n  from I!, p 

r; 
outside t o  mah ta in  the  supply. Small tunnels t o t h e  outside a r e  u s e d .  

, . 
t!; G 

. : . y, ' ".' ,: 
f o r  exhaust air. ti; r: , . A 

Massive b l a s t  do,ors a r e  provided t o  s e a l  o f f  entranceways to  the . i j  9 . :  . 
,'! 
1 .; 

outside. Exhaubt tunnels have b l a s t  valves i n .  them.. I n  the  event . k!..' 
. . !;. 

j;' 

of  a nuclear a t t ack , .  such a f a c i l i t y  can be t i g h t l y  sealed of f  fmm ' .. , . !:! 
i:' 

the  outkide. Normal operations can continue and such a v i t a l  nerve , 
I I 

cen te r  can function f o r  v e v  long periods. 
f. . 
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