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FOREWORD

Thls report summarizes a study effort undertaken by
the Special Projects Staff of Guy B, Panero Inc, of New York
for the Department of Defense, Office of Civil Defense, to
investigate and evaluate those factors which influence the
design of below-ground protective structures., The specific
aim of the overall project was to identify those configura-
tlons which offer the best compromise for use in planning
new shelter construction,

Many of the criteria used in analyzing or evaluating
factors affecting shelter configuration have been generalized.
Thls was necéssary due to the breadth and complexity of sub-
Ject matter and, partially, due to the unaveilability of in-
puts from concurrent research efforts, While only a broad
treatment can be expected in such a case, we do not feel that
results evolving from such generallzation wlll be overly sen-
sitive to changes in requirements,

15 April 1963 GUY B, PANERO INC,

Blt Q gt oo

Robert A. Krupka
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SUMMARY

This report was prepared for the purpose of ldentifying shelter
shapes and slzes that appear to offer the best compromise for stand-
ardizing new shelter deslgn. The study had the following general
conditions and criteria:

1 - Below-ground, single-unit structures with a minimum
of three feet of earth cover such as might be con-
structed under parks or playgrounds. This will re-
sult in radiation protection factors of 1000 or more.

2 - Consideration of both fallout and blast shelters.
Fallout shelters to be designed on a "nominal live-
load" * basis and blast shelters to be designed at
35 and 60 psi overpressure,

3 - An extended shelter occupancy. time and a closure
capabllity of up to 24 hours.

4 - Protection agalnst the induction of chemical, blo-
loglical and radicloglcal contaminants,

5 - Sihgle-unit capaclties of 100, 500 and 1000 persons -
each with a S5-minute loading capabillity.

Other items such as inslde and outside environmental conditlons,
soll conditions, heat loads, habitablility needs and access and load-
ing were selected 1n a general way and/or according to current OCD
practice,

The basic structures considered for study were: semlcircular
reinforced concrete and corrugated steel arches, reinforced concrete 2
domes (hemispheres) and "conventional" steel and concrete rectangular
gstructures. Each shape was analyzed and evaluated in terms of struc-
tural requirements, utilization of space, heat transfer to soll and
cost, Side investigations were conducted in the categorles of en-
vironmental control systems and entrances to the extent thaf, these
items influenced shelter configuration,

# These structures are designed for fallout only with a nominal
live-load surcharge of 300 pounds per square foot, such as
might be delivered to a structure under a playground or park.
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In summary, the significant findings of this effort are:

1 - Single-level, rectangular fallout shelters designed to
accomodate 4-high tiering of bunks will result in
minimum cost, regardless of capacity. Calculated
physical and installed cost data for such structures and
protected entrances only, are as follows:

Capacity Size Area/Person Cost/Sq.Ft. Cost/Person *
100-persons 25'-4" x 32'-0" 8.1 sq. ft. & 9.30 $ 75
500-persons 63'-4" x 62!'-0" 7.9 sq. ft. 4,90 39
1000-persons 88'-8" x 84'-0" 7.5 8q. ft. 4,70 35

2 - Large fallout shelters (500-1000 persons) appsar to be
about half the per-capita sost of small 100-person)
fallout shelters.

3 - Large rectangular structures appear to be optimum
for use as 35 psl blast shelters and probably as
60 psi blast shelters. Outr estlmates show cost
differentials between optimum fallout and blast struc-
tures as follows:

Fallout Shelter $ 35/person*
35 psi Blast Shelter 51/person
60 psi Blast Shelter 81 /person

In addition, our calculations indicate that the blast
protection inherent in the rectangular fallout shelters
is about 5 psi. The protection inherent in steel and
concrete arch and concrete dome fallout shelters is
about 35psi.

4 - High-quality (CBR protected) environmental control
systems may cost as much as (or more than) the basic
fadiout shelter structure. Among the three systems
studied— outside-alr cooled, well-water cooled and
refrigerant cooled, well-water cooled systems are
lowest in cost and highest in performance, Costwise,
the optimum location for emvironmental control equip-
ment appears to be within the shelter proper rather
than in or alongside the entrance unit. Calculated

*These are baslc structure and entrance costs and do not
include contractors' profit, overhead or contingencies
and are based on nationwlide averages.
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costs for environmental control equipment for 1000-
person shelters based on 2 unlts per shelter(2-500-
person packages) are approximately as follows:

Outside-air dboled $ 46/person
Well-water cooled 31/person
Refrigerant cooled 42/person

The quantity of internally generated heat dissipated
through the shelter walls over a period of 14 days
does not appear significant either absolutedy or in
its effect on the choice of shelter configuration.

The choice of shelter configuration may be hlghly
influenced by a 24-hour closure requirement because of
the heat dissipation problem. If a shelter does not

have dn adequate protected well-water supply (or other heat
sink) and must rely on soil mass for the rejectlion of
internally generated heat during closure, then the con-
figuration must be minimum 1n cross-section and the soll
conditions must be ideal or else survivabillity may become
marginal. Under the best conditions, this may result

in doubling the cost of the (otherwise) dbptimum fallout
shelter, '
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SECTION 1

INTRCDUCTION

1.1 APPROACH

There 1s general agreement, today, among civil defense
planners that providing protection over a wide range of attack
situations may involve a major shelter construction program,

To the extent that this 1s true, 1t appears desirable to develop
design procedures whlch willl give some assurance of maximum per-
formance per new shelter dollar,

One way this might be accomplished 1s to have a limited
number of shelter designs such that the overall program would
realize all the benefits inherent in standardization, This is ©
not a new concept. At least one study (1)* indicates that sig-
nificant savings are possible through mass procurement and con-
struction techniques, The difficulty one may have in using the
results of such investigatlions is that the basic yardsticks for
design varied. Some designs were ample, others were austere,

This 1s not a criticism of past shelter projects, but possibly an.

~ indication thapgshelter standardization is not obviously avallable .
from specialized solutions, If there is a valid criticism, it )
probably comes from the deslgner who wants consistent results but
complains that the ground rules keep changing. '

In this sense, We have a problem in. identifying optimum
configurations, We will be examining different structural shapes:
and sizes with different price tags and performance characteristics.
If we do not have a reasonable basls for evaluating these differ-
ences we may not be able to draw some useful conclusions., We have
attempted to include this in our approach - that is, to consider
as many performance requirements as possible in the study effort and’
to do it 1n a reasonable manner, : :

1.2 . SCOPE OF WORK

This study was conducted in accordance with Artiele I.-
e ) ' .

* See page 196 for references,




Scope of Work, Contract No, OCD-0S-62-108 which; in part, reads
as follows:

"The Contraetor, < shall perform a study considering all of the
fagtors affecting shelter configurations such as ¥olume to floor
ratlo, headroom-for tiering of bunks, ventilation, heat transfer
to s0ll surface, resistance to blast, economy of construction
and similar factors, and to ldentify those econfigurations and
sizes that appear to offer the best compromise for the purposes
of standardizatioen of sizes and Shapes of new shelter design,
particularly those that will be constructed independent of con-
ventional buildings”,

1.3 OBJECTIVES

This study had sevexal speeific objectives, Ameng thése
vere: : '

1 - To determine structural features for various below-
. ground bullding shapes over a range of overpressure
criteria.

: é'Q.Tb uncover. any space utilization differences attri—
~",butab1e to shape and size.c. .

S ff’3;f;To investigate and ‘assemble envirenmental eontrol
Ve®n Jgft-:,.systems and-evaluate the interaction between sueh
T '“~.utilities and ‘heat transfer to the surrounding Soil.

':*.fGNQ_L»To rate the various configurations in terms of allow-
"‘S,*able "button-up" time.v ' ~

1-514 To estimate costs and cost differences resulting from
: ““-. e“formance peculiarities. : : o

R SR S LIMITATIONS

] The basic limitation of the fwe::'a.'l'i study in- that it is

{f:}not comprehensive.. This effort is one of many concurrent projects
'jfdevoted to speeific areas of shelter research The results of

- ‘some of ‘these projects will undoubtedly influence the analysis found
“heérein, ‘Beyond this general qualification, we have the following
-limitations: , .




The study considers only below-ground structures such

as might be constructed beneath playgrounds, parks,
parking areas and other similar real estate.

Multiple units or shelter complexes have not been
included,

Construetlion and equlipment cost data are general in
nature and have been included mainly for comparison
purposes, Thls information is based on national
averages; does not reflect mass-purchasing advantages;
and does not include overhead, profit, contingencies
and administrative costs,

Design caleulations are based on "nation-wide average"

¢onditions of soll, ground water, psychrometriecs and

- other environmental fac¢tors,




SECTION 2

PERFORMANCE CRITERIA

2,1 PROTECTION CRITERIA

Protectlion from the effects of nuclear and chemical and bio-
logical weapons usually implies some form of continuous confine-
ment for the entire population. This 1s a widely accepted counter-
measure which has evolved from the basic nature of such weapons
and their delivery systems, Although protection criteria will vary
wldely depending on the weapon system, most c¢lvil defense planners
have some general agreements concerning the threat, First, the
use of such weapons will result (either intentionally or unintent-
ionally) in the creation of environments hostile to man. Second,
all but the very qulck weapons effects tend to become indiscrim-
Inate, Third, these effects decay or become controllable in time,

The object of the countermeasure system (confinement) is to
place the population in a more hospitable environment and sustailn
1t until the outside conditlons become acceptable, The place of
confinement should be so designed that the occupants will be able
to emerge without serious after-effects., That 1s, the designer
must recognize that the shelterees may face a hard recovery phase
and take this into account in the selection of protective criteria,

The weapons effects which interest shelter planners most are
resldual radiation, blast overpressure, mass-fire and alr contam-
Ination. The -extent to which these are included in a design de-
termines the quality of a shelter system, Information 1s avall-
able across the entire spectrum of protection from minimum fall-
out shelters to very high quality, deep underground complexes, (2)
The amount of protection provided will depend upon the selected
threat, cost and performance factors, In this study, criteria
have been selected to account for all of the above effects. In
addition, variations in these have been introduced as time and
scope allowed,

2.,1.1. RADIATION PROTECTION

Most nuclear detonations will result in radiation hazards
due to immediate release of radioactive particles and fission pro-
duct decay. The extent of the hazard depends upon many factors

49
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such as the number, slze, type and efficlency of the weapons de-
tonated, the locations of the ground zeros, and the atmospheric
conditions,

The radiation hazard with which we are mainly concerned 1s re-
sidual radiation resulting from the wide dlspersal of fission pro-
ducts after surface detonations, We are less concerned with prompt
radiation effects (especially for high-yleld weapons) since other
effects such as blast and heat are normally overriding factors,

The amount of protectlion which should be provided is mainly
a funetion of the density and activity of the fallout fileld, and
the decay scheme which might be expected* and the maximum allowable
body burden, For the purposes of this study, we have selected a
fallout fleld of one klloton of fisslon products per square mile
and a decay scheme based upon-past studles by the Naval Radlologlc-
al Defense Iaboratory (USNRDL-TR-247), (3) The fallout history is
shown 1n Table 2,1. The calculations are taken at 3 feet above an
infinite fallout plane, : ‘

Protection 1tself may be defined in terms of shelter protect-
ion factors and time, If we select a confinement period of several
days, we may then be faced wlth the problem of ‘attenuating a total
dose of some IO?QOO reentgens to some reasonable level, In determin-
ing this level, we must make some allowance for expected“dosage
after confinement since by and large radiation effects are consid-
ered cumulative, '

Many studies have placed the maximum permlssible long-term
dose at about 200 reentgens., If decontamination and/or evacua-
tion procedures are not considered, and if the hazard ls as serious
as shown on Table 2,1, then even with full attenuation the conflne-
ment perlod could be very long. Under such condltions, post-shel-
ter recovery becomes an integral part of an overall defense system,
This does not mean that we can make shelter and post-shelter dose

* Note: From the civll defense poilnt of view this decay scheme
should include reasonable estimates of .what is possible
in terms of decontamination precedures since radiation
levels encountered In the post-shelter or recovery phase
have a direct bearing on the selectlon of protective
criteria,




TABLE 2.1

g

Gamma Dose Rates and Integrated Doses for Uniform Contamination
Level of ; Kiloton of Flssion Products Per Square Mile,

(NRDL- TR-247 )

Time after Dose Rate Integrated Dose
Detonation (R/Hr. ) From 1 hour (Roentgens)

1 hour 3630 0

2 hours , 1530 2375

6 hours 342 5082
12 hours _ 153 oo . 6426

i 24 hours '  : , 59 : R k 7573

&

48 hours L ae _.3f- . 82t

3 days - ,fj'-_,_lz;uji R L 8816 T

S2 -wéé_ks L ;.'.:. . S 24 S A‘ 10106 '.
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allotments, In fact such assigmments may not be useful at all,
Being aware of this particular problem we recognize that within
our scope of work, minimum exposure is desirable,

This investigation 1s concerned wilth bglow-ground struét-
ures, The attenuation or protectlon factor ratings of suéh shel-
ters depends upon their average depth of cover (somewhat deter-
mined by shape) and size. (5) Without additional cover, normal
design procedures will result in different protection ratings
amoéng the various confilgurations., These vary from less than 100
for a doncrete rectangular structure, to nearly 1000 for a con-
crete dome, In terms of acceptable exposure and what is possible
in radiation levels, this may mean the ‘difference between low-and
high-quality protection., Such differences were not considered in

" this effort for two reasons: First; because underground shelters

and low quality protection are incongruous;and second, becmusé we

e wish to avoid cost cOmpar*ng IOW“and high-quality protection.

Tb avoid such differences it seemed reasonable to increase

ﬁl;:protection ratings for all the. configurations to the point where

- eXposure- becomes negligible, For an accumulated outside dese of

~f?}f10,000 R, this 1s.in the order of 1000 or more which results in
.. total doses of less than 10 roentgens. For all combinations of

' shelter sizes" and shapes chosen; 3 feet of earth cover will afford

'f{.Tsuch results. .;

‘~2 1 25 BLAS’I‘ PROTEC‘I‘ION s

Structures designed for below~ground installation, by

‘ Jf’ftheir nature, have some inherent blast protection. In fact,
" shelter designers havé found it almost impossible--to design a

. "0 psi" below-ground shelter., Beyond such "built-in" protection
) the selection of an overpressure criterisén is probably the most
-, serious problem facing the shelter designer, Essentlally, this

:’.}is an irrevocable decision, = After the shelter has been con-

" structed, it probably cannot be upgraded® at a later date. To

z.the extent that this is true,blast eriteria must be selected in

"'accordance with the possible threats over the system's life-
time. s .

' .. ®at least at a reasonable c¢ost.




One of the purposes of this study 1s to determine cost
variations over a range of blast protection; We have chosen to ~
measure blast performance only in terms of static overpressure CQ
(psl levels), realizing that such ratings alone are insufficlient
in determining protectlon values, A wealth of Information on
specific weapons effects(l4), target analysls, attack gaming and
the like 1s currently available and is recommended to those
desiring to evaluate blast protection.

The protection range agreed upon for this study 1s covered
by three points; nominal, 35 psl and 60 psi, The nominal psi-level
1s the inherent protection and for some structures may be 35 psi
or more, The other two levels were glven to the study group by
the project monlitor as two polnts of partlcular interest to 0CD,
For any level, appurtenant items such as entries, exits, air in-
takes and exhausts should be compatible with the rating of the
structure,

2,1,3 MASS~FIRE PROTECTION

There appears to be a trend among designers to include
features which will allow shelter to functlon without reliance on
cutside air for part of the confinement period. (1,6) Generally,
this "button-up" capability is thought of as a countermeasure
against mass-flre storms, It may also be thought of as a counter-
measure agailnst mass contaminatlon, elther deliberate or accidental,
In any case, independence from outside connectlions is a high quality
feature,

Various lengths of time are used for the cleosure period,
Some planners feel 1t should not be less than a day, others believe
that shorter perlods are more reasonable, It is all a matter of
cost. From the utility point of view, the technology is available
to provide survivable enviromments for any time period. For our
purposes, we shall consider closure perilods of up to 24 hours and,
in addition, calculate closure capabilities for the several con-
figurations,

2,1.4 CBR CONTAMINANT PROTECTION

Protection from contamination of the shelter environment
by chemliecal, biologlcal and radlologlical alrborne particles can
involve the use of high efficlency filtration systems. (CBR Filters),

8.
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Although much work has been done in this field, (6) absolute
requirements have not been established,

It 1s difficult to determine filtration criteria even for
fallout particles. There is some indication that if the alr veloc-
1ty entering the shelter 1s low enough, very few particles will be
inducted. There are other indications that high performance shel-
ters may be degraded by Iingestion of even small amounts of material.
For chemical and bilologlcal agents criteria selection 1s more dif-
ficulto ‘

Lacking speclfic infermatlon across the entire spectrum
of filtration requirements, there is a vast cost difference bet-
ween shelters without filtration systems and those wlth this
feature., CBR filters are costly (7) and thelr resistance to.
alr flow increases power requirements, (8) It can be shown that
shelters with CBR filters are difficult to manually ventilate, (9)

At the outset of thils study it appeared that the flltra- . 3
tion requirement would have an influence on mechanical-electrical §
packages and therefore perhaps on the various configureations, r
As such, this requirement has been included in accordance with ‘
U, S, Army Chemical Corps data. (7,8)

2,2 OPERATIONAL CRITERIA

Beyond 1dentifying and evalvating underground structural
shapes to meet the selected protective criteria, thermare other
factors which may influence the cholce of optimum configurations,
Among such factors are size or capacity, time of occupancy, en-
vironmental conditlons, access and space requirements, Even
though we are not directly concerned in analyzing such factors,
we must include them as basic criteria in a reasonable way. This
1s apparent for two reasons: First, for contemporary reasons,
that 18, to make the overall study recognizable or comparible in
terms of present planning;and secondly, as insurance against neg-
lecting the "small" parameter which turns out to have a large
effect, :

Since this 1s not an overall shelter study, the following
operational criteria are general in nature, They are based large-
ly on average conditions and on data derived from previous work
in this fleld.




2.2,1 DESIGN CAPACITIES

At the outset of thils effort, one of the problems facing .
the study group was the selectlon of shelter slzes, It was appar-
ent that if this study was to have useful results a range of cap-
acities shculd be chosen to cover the spectrum of requirements of
an overall shelter program and tc show the cost and performance
differences between large and small shelters, Although an attempt
was made to do this, 1t should be remembered that a detalled in-
vestigation of optimum shelter capacities 1s beyond the scope of
this study.

There are many.'factors which influence the cholce of shel-
ter capacity., Among these are population density and mobility,
alert or warning times, avallabllity of real estate, and construct-
ion peculilarities, Given these factors, it Is possible (with rather
extensive analysis) to develop overall shelter programs for partic-
ular areas., Studies have been completed along these lines, One,
undertaken as a population mobility study for the Washington, D.C,
area, (10) resulted in shelter sizes ranging from 650 to 8900 .
persons. Another; more spec¢ific study by.Civil Defense people of : S
Iivermore, California, (11) used shelter complexes of 3,000-person '
capaclty made up of shelter "units” of 200-toc 400-person capacity.
Generally, the previous work on community . shelter sizing 1s 1n CL
the range of 100 to 10,000 persons, (12) L ; '~ S R R

_ For the purposes of this study, the loo-person shelter was ..

selected as the "swmall" shelter unit. ' At the.upper end of .the .
spectrum we have chosen a capacity of 1000 persons. Although there
is the possibility that larger unitg will result An significantly
lower per-capita costs; it appeared that single shelter units with
capaclty ratings much beyond this figure (e.g. by a factor of '10).

may not be realistic for the following reasons:: First, there is
a management problem, Variocus simulated and paper ocecupancy. - : A c ?
studies have attempted to define optimum shelter sizes-in: terms of . : o
managerial limitations. (13,14,15,16) .Although the results vary, oL .
none of these studies have lncluded or could be extrapolated .té. in- - - ¢
clude shelter units much in excess of 1000 persons., In addition,- o
1f our capacity range is too wide, we may -inadvertantly include ser-
ious performance differmnces which may offset some apparent cost
gains of large over small configurations, ' Second, we have a space.
problem in terms of avallable sites for the econstruction of below-
ground units, At a nominal area of 10 square feet per persqﬁ,the




minimum size for a 10,000-person single-level structure is about
320 feet square., Indluding allowance for construction, this
could be as much as 400 feet square which is more than a city*
block, Third, we may not be able to use general space criteria,
That is, a 10,000-person shelter probably cannot be designed as
an enlarged 100-person shelter because of problem compounding,

In sumary, the selected unit capacity range is 100 te
1000 persons. This range is covered by these polnts plus, an
intermediate size arbltrarily chosen at 500 persons,

2.2,2 OCCUPANCY TIME

’ Actual-shelter_occupancy_time will depend on the hostil-
1ty of the outside environment and the shelterts capability in

.. detecting changes in it., ' As indicated previously, this period
.'ooulq be several days ‘long. "It might be much shorter. In
-this study, we are required to select an occupancy time only as
‘a means of rating heat dissipation characteristics of the various
, ‘configurations to the surrounding soil. ,The perlod selected is
14 days. : RTIE . - o

Heat transfer calculations for this period and for "button-

axup or. closure periods are based, ‘in- part, on the assumption that
. - at time equals zerc (shelter entry time) the shelter temperature
o is equal to the surrounding soil temperature.

' 2 2 3 ENVIRONMENTAL CONDITIONS

The major environmental factors for concern within a shel-

".ter are- psychrometric conditions, -oxygen content, carbon diloxide

content, carbon monoxide content and radiation level, Other

.1items of ‘somewhat’ lesser importance include-odors; smoke, dust and
+"ordinary" chemical irritants, In addition; the list of major
" factors may be extended to 1nclude chemical, biological and radio-

1ogica1 warfare agents.

'f ot Physiological studies (6 8 17,18 19) have indicated that

e Reference .1s made to the city block since-large shelters are

associated with high population densitles,
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concentrations of 02 and COo in shelter environments should be
1imited to not less than 17% and not more than 3% by volume,
respectively. These studles also indicate that the 0y limit

is not as critical as the COp 1imit in terms of damaging path-
ologlcal ¢hanges., Assuming: 0 90 cubic foot per hour per person
of; oxygen consumption and 0.75 éublce foot per hour per person
ef carbon dioxide production, the time of safe océupancy for
unventilated spaces may be roughly calculated as follows:

T & 0,04 V/N

where: T & ‘Time after -entry, hours
Vv = Shelter volume, cubilc¢ feet
N 3 Number of shelterees

The minimum outslde air ventilating rate required to
maintain 3% CO, &:17% O over long time periods is approximately
0.4 cubic foot per minute per person. Most designers prefer to
use 1 c¢fm per person which corresponds to a terminal concentra-
~ tlon of 1.4% CO2, Civll Defense literature (20) recommends
3 efm per person which will maintain COp at about 0,5%.

Reference to carbon monoxide toxlcity levels are numer-
ous, Maximum allowable levels are usually taken at between 100
and 150 ppm. Mild headaches willl occur at 200 ppm and survival
is improbable at 1500 ppm. (6) In a ventilated shelter this
gas would not ordinarily-establish cause for eonéern, However,
in shelters with "button-up" capabilities 1t seems advisabile
to include monitoring equipment not only for CO but alse for COp
and 02,

Most engineers involved in environmental systems design
prefer to use effective temperature (E.T.) as a yardstick for
measuring psychrometric comfort and this has been extended to
measure survivability., Effective temperature (much akin to temp-
erature-humidity index, THI), is an empirical sensory index which
attempts to relate combinations of dry-buldp temperature,‘wet-buib
temperature and alr movement to physiological experience, For
example, air at 80F DB, TOF WB, moving at 20 feet per minute pro-
duces the same sensation of warmth as air at 90F DB, 60F WB, mov-
ing at 100 feet per minute, Test data (21) indlcates the range
of comfort between 64 E,T, and 79 E,T. with an eptimum of about
71 E,T, Body heat balance c¢aleulations give a desirable upper
Jimit of about 85E,T, Above this, deep body temperature would be
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expected to rise. The Navy (22) considers 85 E,T, as the -
1imit for moderately hard work. In hot spaces of ships under-
way, an E,T, of 91F 1s considered tolerable during usual 4-hour
watthes,

The malin cause of increased psychrometric conditions
within a shelter 4# body heat output.. For persons tested in
shelter confinement this waried from 480 BTU/HR to 520 BTU/HR,
(9) According to ASHRAE (21) this could be as léw as 400
BTU/HR for persons seated at rest and as high as 1500 BTU/HR
for persons doing heavy work, For this study we will use a
conservative value of 500 BTU/HR with side lnvestigations of
the effects of higher and lower values,

Body heat oubtput is the sum of losses by radiation,
gonvectlion and evaporation, These vary with mean radiating temp-
erature, alr movement and temperature, the partial pressure of
water vapor in the ailr and other factors, Taking all of these ine
to account, 1t 1s possible with rather extensive calculations to
¢ome up with precise estimates as to the amount of sensible (radia-
tive and convective) and latent (evaporative) heat given off by
a person in a specified environment, A highly simplified proced-
ure for apportioning the amounts of sensible and latent heat. (less
accurate but adequate for our purposes) for a person producing
500 BTU/HR is this:

From the ASHRAE Gulde, assume linear relationships
for latent heat and sensible heat as a functicn of
dry-bulb temperature, Assume further that the
boundary conditions are QrmO when tg, ® 63.5

and Qg=0 when tgp = 100 then -

Qg=13.7 (tdp-63.5) BTU/HR
QI»13.7 (100-tab) BTU/HR
and Qg + Qr, » 500 BTU/HR
in which Qg and QL are the rates of sensible and latent heat res-
pectively;and tgqp 1s the dry-bulb temperature,

Another set of c¢riteria which greatly influences per-
formance 1s the outside psychrometrlic design condition, Normal
procedure for designing environmental control systems usually In-
volves slzing equlipment based upon severest#* outdoor conditions to

# In this case, severest summertime conditions since we are es-
sentlally involved with a heat disslpation problem.

13.




be expected,

Alr condltioning engineers usually select design dry-
and wet-bulb conditions from the ASHRAE Guide at the 1 or 2-1/2
percentile level, This means that based on past records the
figures shown will not be exceeded by more than 1 or 2-1/2 per-
cent during all the hours in the summer months of June through
September, For this study we have followed present OCD and GSA*
practice and selected values at the 5% level., Further, since
this is a general study, we have used average temperatures of 9OF
DB and T5F WB at this level based on weighted values for the
Continental United States. The "averaging" procedure is shown
in Table 2.2, A more detalled picture of the variations in dry-
and wet-bulb temperatures at the 5 per-centile level across the
ngitien can be ascertained from the contour maps shown on Ftgures
2.1 and 2,2,

There are certaln other conditions which we have chosen

for thissbudy. Among these are minimum and maximum ventilating
rates, a minimum rate for recireculated air;, a CBR filtering re-

quirement, and ground and ground water temperatures for heat trans-

fer calculations, These were selected because they elther re-
‘present pregent OCD practlice of they appeared likely to have an

effect on shelter configuration, Other eriteria will be established, -
as required,in the individual secticns of this report - A-summary .

" of criteria 1s given in Table 2 3.

2,2,4 Acczss,, LOADING AND EGRESS .

Among the primary factors used in determining overall
shelter performance iz entry capability. Generally, planners
measure this in terms of the time required to load the shelter
to rated capacity after a warning signal is glven, Performance

" calculations will vary from shelter to shelter according.to local -

condliiions such as transportation, population dlstribution, time
of day, travel rates, warhing effectiveness and the like, For

the purposes of thils study, 1t seemed desirable to select a reason-
able entry criterion and hold it constant for the various config-

‘urations, .As such, we have taken the entry time at 5 minutes
which translated into loading rates is 20 persons/minute for the

(texﬁ continued on page 17)
# General Services Administration - ' ' '
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TABLE 2.2

Summer Design Conditions - 5% Level*

. kﬂ:\

‘Tpﬁals;—

*ASHRAE Guide, 1961 . pages 451 - 458, .

'+0f .the surrcunding area - from the

World Almanac, 1961.
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DB WB' Pop.* DB WB

: . OF % °p
Chicago 90 75 20.2 18.2 15
New York . 88 75 . 19.1 16.8 14,
Boston . . 84 73 5.9 . 5.0 4.
Atlanta “91 . 76 . 14,5 13.2 . 11.
Birmingham  °© 9L . . . T77. 6.7 6.1 5.
Austin o9 T 9.7 9.2 7.
Omaha - . 94 76 8.6 8.1 6.
Denver ~: . ".-q] 63 . .3.8 3.5 2.
‘Los Angeles "' 86 - 70 . 11.5 9.9 - 8.



TABLE 2.3

Summary of Environmental Design Data

Minimum ventilating rate - 3 cfm/person
Maximum ventilating rate - 30 cfm/person
Maximum effective temperature (14 day) - 85F
Maximum effective temperature (24 hour) - 9OF

-Outside design conditions - 90F DB, 75F WB
(50 RH, 83F E.T.)

Lighting load -~ Neglected

Cooking load - None

Metabolic rate - 500 BTU/HR/person

Minimum conditioned air - 15 cfm/person of which »e
at least 3 cfm/person 1is
outslde air,

Filtering - CBR (U.S. Chem, Corps data)

Wiater and soll temperature - 55F

Maximum CO, concentration - 3% by volume

Minimum O, concentration -17% by volume
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100-man unit, 100 persons/minute for the 500-man unit and 200
persons/minute for the 1000-man unit, The required width of
access-way(s) to fulfill this requirements will be determined
from data found in the Bullding Exits Code of the National
Fire Code. (23)

Since we are concerned with below-ground; high-qual-
1ty shelters 1t is also lmportant that entry criteria be choesen
such that the existance of the entry does not result in reduc-
tions in overall protectlve values, Because of this and because
we may want to use entries for other purposes*, ohly enclosed
unitsé will be consldered. To counter the possibility of radia-
tion streaming, the entry tunnel will have one 90 degree turn
into the shelter with the maln passageway placed at least 3 feet
from the shelter wall. Doors wlll be placed at the passageway
entrance and at the shelter entrance with the first door designed
for blast attenuation if required,

The shelter egress prcblem ls scmewhat different mainly
because there does not seem to be a time factor Involved.  The
primary requlsite for egress 1is that an exitv be avallable., Con-
¢ern for this is reflected in current designs (1,24) which pro-
vide a so-called "emergency exit" for a shelter with one entrance,
The thinking here 1s that minimum requirements should be at least
two widely separated means of egress with the entry serving as
one, Although the performance differences between numbers, types
and locatlions-of exits have not been establlshed for the various
shelter sizes, this minlmum requirement will be used herein. In
addition, we will assume that all entrances may also serve as exits,
In summary, the access,;loading and egress criteria are
as follows: :

1 - Total access shall be based on loading rate of
0.2 persons/minutes/person sheltered.

2 - Entry passageways shall be totally enclosed and
provided with inner and outer doors.

* As air intake plenum chambers or particle settling chambers or
for housing mechanical-electrical equipment,




3 - Each passageway shall be at least 3 feet from any
shelter wall and shall contain one 90-degree bend -
before reaching the shelter entrance, Gﬁi

4 - Shelter units with one entrance shall be provided
with a minimum exit furthest from the point of
entry, In shelters having two or more entries,
at least two shall be wldely spaced,

5 - Entry design shall be based on current National
Fire Cede data, (23)

-Other requirements are developed-later in the section
dealing specifilcally with entries and exits,

2.2.5 SHELTER SUPPORT ITEMS

In this study we wlll be concerned with facllities nec-

essary to support the shelter population-for the required period

since these determine space regquirements, Such facllities may in-

clude sleeping, seating and eating accommodations, food, water,

medical and detection equipment; sanitation, environmental control

items and administration. The extent to which these are provided

depends upon human factors and largely upon the degree of austerlty ‘ .
- desired, It also depends indirectly on shelter sizing. For example, o (‘ \
. in large shelters 1%t may be necessary to provide full-fledged medilcal : )

services where as this may net be required in small units. . General-

ly, large shelters have a more difficult management problem and this

might result in additlenal space allowances. '

For this investigation we have included spa¢e allowances
for facllitles based upon current civil defense planning (25) and
partially upon the planning data used in previous studies (see Table
2,4). Generally these allowances are austere. Specific spsce crit-
erla are 'as follows-

Toilets - 3 Ft. x 5 Ft. per unit and 1 unit for 20 persons. This
allows sufficient space for any tollet type plus pos-
sible lavatory facilities, The rate at which these are
furnished is a conservative estimate based upon reason-
able use factors. (16)

Food and Medical Storage - 1 cubic foot per person, This 1s basged

18. T
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on the current stocking program food and medical package
except that we have allowed food storage at the rate of
2,000 calories per person per day.

Administration - 0.5 square feet per person, This is assumed to
include control space and any food preparation area
needs,

Space requirements for mechanical-electrical equipment,
bunkling, seating and access alsles are developed in other sections

of this report. Areas for these ltems cannot be arbitrarily chosen
since they will vary from configuration to configuration,

This study does not include space allowances for water,
sanltation or fuel storage since 1t 1s not ebvious that these will

be required within the shelter or that their inclusion will material-
ly affect the selectlon of optimum configurations,

(text continued on page 23.)
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- SECTION 3
() —

STRUCTURAL ANALYSIS

31 SCOPE

This section 1s a summary review of the structural pro-
gedures and technlques used in this study and the results derived
therefrom,

3.2 SELECTION OF PARAMETERS

There are many structural factors which affect shelter
~egonfipuration and cost. Such factors include design over-pressure,
location with respect to ground elevation, soil conditions, struct-
ural system, construction materials and size, These are really
variabies whose interaction complicates the overall problem,

. In this study, we have attempted to avoild overly com-
' plicating -the struetural analysis by placing limitations on the
range and number of parameters, With some recapitulation of per-
. foymance eériteria- (Seetion 2), structural design data 1s as fol-
el 1awse ) ‘ ' - '

-1 - Overpressure - For this study, we have selected. the
minimun reslstance level for a blast shelter at 35 -
psi. Two other pressure levels are also studied
Tor their cost influence. These are 60 psi and
“"nominal live-load", Tne latter 1s associated with.
structures. designed for fallout only with a nominal .
iive-load surcharge of 300 pounds per square foot
such as might be delivered to a structure under a
playground or park.

. 2 - Capacity - Three sizes are considered - 100, 500 and
~ 1000 - person units°

3= Structura1 Iypes - Three basic éhapes are consldeired -,
semi-circular arches, hemispheres (domes) and rectan-
. gular "boxes”, ~

4 - Soil Conditions - We ‘have assumed a medium compact




soil free from rocks, Complications due to ground
water are not included, Ground surface is assumed
level before and after installation., Minimum cover
1s 3 feet,

o

3.3 DESIGN METHOD

Generally, the structural analyses are based on proced-
ures given in the unclassified portions of Reference 26 and Reference
27, These are simplified procedures intended for preliminary design
of structures and structural elements subject to dynamic loading.

The accuracy of results is estimated by the authors to be within 20
to 25%; a Justifiable range since some of the basic loading criteria
cannct be more accurately deflined,

These deslgn metheds establish relaticnshlps between the
peak dynamlc force applied to a structure or structural elements,
the statle resistance of the element, the effective duratlion of the
force, the periocd of vibration of the element and the ratlo of
total element deflection to its deflection in the elastic range.
These parameters have been reduced to chart form for various shapes
with the ductility factor (p) ag the degree of freedom. This para-
meter, defined as the ratio of the permissible maximum deflection
to the "effective yileld point! deflection, was taken from the above —
references at 1.3 for the design of concrete elements in pure shear i L
and c¢racking, and 3,0 for flexure and diagonal tensicn. Structural
steel members were designed for p= 3.0.

Material stresses used hereln are as follows:

Struetural Carbon Steel (ASTM A7)

fgy = dynamic yield point in tenslion or compression =
42,000 psi
Vay = dynamic yleld point in shear = 25,000 psi

Reinforcing Steel (Intermediate Grade)

fdy 2 52,000 pai
Concrete

fi40 = dynamic compressive strength = 1.25 f',; where f1,

2k, €0




-~ « standard 28-day compressive strength, (3000 psi)
Vagy (pure shear) = 0,15 fi¢

BPd = 0.15 f'c = Allowable dynamic borid stress on deformed
bars (A 305)

@ = Percentage of reinforé¢ing steel to concrete = 1,5%.

Soil Bearing Capaclty

Sp = Allowable soil-bearing pressure = 2 (8000 + 200h)
psf; where h = depth, finished grade to bottom of
footing, less 3 feet,

3.4 PROCEDURE

This part of the report discusses the various structural
aﬁﬁﬁYSeS‘
3. U8 REC’I‘ANGULAR BOX STRUCTURE

_ , The investigation of rectangular configurations was ¢an-
£ duted in 5 separabte partst

1 A study of column bay spdcing versus roof cost;

2 - A study of the effect of varying aspect ratio.

3 - A cost comparison between one and two-level structures,

g
1

A comparison of structures accommodating 4 and 5 high
bunking (7'-4" headroom and 9'-0" headroom),

5 The determination of optimum cross-section,

3.441,1, Column Bay Spacing versus Roof Cost

Several types of roof systems are available for consider-
atlon, Among these are the concrete, or concrete and steel, beam
ahd girder system; and flat slab; and waffle-pan c¢onstruction, A
beam and girder system consisting of a reinforced concrete roof
glab, rolled steel beams and girders and steel columns with concrete
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footings was used for this investigation. We selected this system
as representative of cost-competitive blast resistant roof const-
ruction for reasons of relatlive simplicity and adaptability to
rapld calculation.

An evaluation was made by costing ranges of typical in-
terior bay slzes with varying framing schemes, DBeams spans wele
consldered from 8! to 28! in 4-foot increments; beam spacing from
4t to 16' to 2-foot increments and girder spans from 8' to 28! in
2~foot increments. In all cases the limiting spans weme determined
by the meximum dynamic capacity of the largest available rolled
"steel section, 30OWF300, Slabs were considered to be one-way or two-
way depending on the framing arrangement,

The resulting costs including column and column foundation
costs are shown on Figures 3.1, 3.2 and 3.3. PFigure 3.1 has the
space between beams equivalent to the girder length, Filgure 3.2
has a beam spacing of one-half the girder length., Figure 3.3 has a
beam spacing of one-third the girder length, Each filgure shows a
family of curves, one for each given girder length, with beam span

as the abscissa and cost in dollars per square foot as the ordinate.

o This data shows that the cost per square foot of roof .
system: : ’ :

decreases for any gilven girder 1ength as the beam’
span is reduced;

decreages for any given beam span as the girder length
is reduced .

decreases slightly for a gilven column bay size as the

beam spacing approaches the girder length(square framing).

' For example an 8' by 8! roof system would be expected to cost $4.25
_ per square foot in comparison to a $6.50 per square foot cost for
a 16! by lot' system, .

These curves were extrapolated to determine the roof cost
for a bay size of 6'-4" x 6'-4" (dimensions later ascertained, to
be modular for bunk spacing). This roof, costing. $3.60 per square
foot,was used in subsequent determinations of rectangular cross-
section shelter costs.

26,
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3.4.1.2 Aspect Ratio

On a tentatively assumed area basls of 12 square feet
per person, a study was made to determine the cost influence of
aspect ratio (ratio of length to width) for shelters of 100-; 500-
and 1,000-person capacity. Relatlve costs of shelters were com-
puted using varying aspect ratlos with outside wall heights of
10'-6" and 13'-0", The results, shown on Figure 3.4, indicate
that cost varies directly with aspect ratio and is lowest for a
square configuraticn. The cost variation 1s less marked for the
larger capaclty shelters tncn the smalier ones. ‘

3.4,1.3 One=Level vs, Two-Level

Again on a preliminarily assumed area basls of 12 square

feet per person, a 9'-0" clear inside height (5 bunks high) and a
nearly sguare configuration, a study was made to compare costs of

100-, 500~ and 1,000-person capacity shelters between one-level and

two- level structures.

' The results, shown in Figure 3.5 (which 1is a plot ‘of
shelter structure cost in dollars per square foot 6f floor area

" vs. shelter capacity), show that in each case a one-level struc-

ture is more economlcal than a two-level structure.

A. two-level shelter structure is estimated to cost
from 9-13 per cent more than a single-level structure; the cost
differéntial 1s higher for the large shelter than for the small
one, The reason for this 1s that the cost of burying the struc-

ture an additional level is greater than the cost of spreading it

out over a larger area. If -construction conditions change or
if real estate costs are considered, two- (or more) level struc-
tures may prove optimum ) S

3.4,1.4 . Story Heights

' This part, because of its direct relationship to the
bunking schemes, is described in detall in Section 4. It can be
noted here, however, that it was concluded that a story helght
of T'-4" (corresponding to U-high bunking) is more economical
than 9'-0" (5- high bunking) ,

3.4.1.5 Optimum Cross-Section

As a result of the foregoing preliminary investigations
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and concurrent area utilizatlon studies, the optimum cross-section
dimensions of the rectangular shelters for 100, 500 and 1,000 per-
sons, respectively, were determined to be as shown on Figure 3.6.

A tabulation of estimated costs for these structures is
glven in Table 3.1 for 35 psi. The same three shelters were studied
to determine the effect on cost of providing a 60 psi blast resis-
tance capability and a nominal live-load capability, The 60 psi
structure was designed by the same methods as the 35 psl structure
and the nominal live-load condition by conventional design methods,
The nominal live-load design results in inherent blast protection
of about 5 psi, Final rectangular unit designs are shown and dis-
cussed in Section 7.

3.4.2 CORRUGATED STEEL ARCHES

These structures were analyzed as thin compression rings
utilizing the empirically derived ultimate statlic seam loads shown
below:

Steel gage Ultimate Static Seam Load --(Lbs.)

144,000
131,000
113,000
93,000
80,000
62,000
42,000

NOO VWK

el

Blast pressures and soll overburden dead load were con-
sldered to be statlcally applied. Depth below ground was estab-
lished so that the average earth cover was at least one quarter
of the dlameter., However, buckling was not considered since this
would have resulted in heavier gage steel than was proved neces-
sary in actual tests performed on similar burled structures. Test
data (28) compare favorably with the results obtained from the
above-described method. While the procedure ls deemed adequate for
cost comparlison purposes desired in this study, it should be noted
here that a more rigorous analyslis must be applled in the design
stage. Such methods were not warranted here because of the uncer-
tainty of such basic design criteria as backfill characteristics and
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TABLE 3.1 }
]
: P
UNIT COSTS FOR A 35psi by
i
. b
RECTANGULAR STRUCTURE i::
b ITEM UNIT COST ;
Roof System Square Foot $ 3.60 ‘
Walls - " - 1.70
: Floor Slab . - " _ 0.40 .
{ - : w
‘ Expansion Material " 0.30 ,
Waterproofing "o : ' 3.20
Foundation Concrete Cubic Yard , 38.00
Excavation . " - 0,97 ©

Backfill . n - 0.80




permissible plastic deformations, The maximum diameters deter-
mined for each standard gage are shown on Figure 3.7.

In order to utilize the headroom created by the larger
arches (30'-0" and over), it was decided on the basis of economics
to add interlor levels. These floors were designed for 100 PSF*
live-load by conventlonal analysis, and are considered independent
of and not connected to the arch sidewalls. For cost comparlson
purposes a steel frame wlth poured concrete deck was assumed. The
average cost of such a system was estimated at $1.88 per sq. ft.,

" and was used in all subsequent costing of multl-level structures.,

_ Cellular steel panels were used as endwalls and these
were designed in accordance with Reference (26) for a third of the
side-on blast overpressure plus dead load. Steel wales braced by
dead men are used as intermediate horizontal supports for the
16'-0" and 23'-0" diameters, while the interior floor slabs are
wused as supports for the larger spans, In all cases an 18" channel
sectlion 1s used as a peripheral support to dlstribute the endwall
compressive load to the arch.

Foundatlons were designed in accordance with the soil -
bearing capaclties given in Paragraph 3.3, The floor slab is des-
igned independent of the foundations or "floating” so as to avoid
stress 1n case of settlement under load,

Cost estimates of the components of the 35 psi version
of these shelters are given in Table 3.2,

For fhe 60 psi arch, gages were increased for all sizes

and stiffening ribs added for the 4@' 0", 497-0" and 57'-0" diameter

‘arches.

Except for a reduced steel gage in the endwalls, no change
was made on the 35 psi arch for the nominal live-load condition.
The effect is a structure which will withstand the design loading
but with more deflection or deformation than would probably be
accepted by local bullding authorities., However, since conformity
with bullding code requirements for this loading condition would

* American Institute of Steel Construction's Standard for public
areas.
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result in a more costly structure than 1s required for 35 psi,
the problem is not considered here,

The cost comparisons for the three blast capabilities
are discussed in Section 7.

A precaution to be observed in the construction of large
steel arches, and a possible disadvantage, 1s the problem of back-
filllng. Since the arqp itself is flexible and derives its strength
considerably from the surrounding seoll, speclal attentlon must be
given to this phase of construction. Only select materlals, pro-
perly placed and tamped and especlally well speclified and super-
vised,  should be used 1f the arches are to develop the necessary
side support. It may be that in certain areas because of soil
conditions, lack of qualified contractors, etc., these requirements
may be difficult to fulfill. In such cases consideration should
be given to other shelter structures,

3.4.3 CONCRETE ARCHES

Concrete arches were analyzed in accordance with Reference
(26). Seven diameters, corresponding to those determined for corru-
gated steel arches, were studled so as to form a basis fer compari-
son., Slabs were designed to be "fleoating" and the foundations des-
igned for the soil-bearing capacity given in paragraph 3.3. The
average depth below ground was maintained so that minimum cover at
the crown is 3'-0",

The selected reinforced concrete arch cross-sections with
wall and main floor slab thlckness for the range of sizes investig-
ated are shown on Figure 3.8.

, Interior floors were #tilized for arches of 30'-0" dia-
meter and over, and were costed at $1,88 a square foot, These
floors also serve as Intermediate supports for the end walls.,

End walls were considered to be poured, reinforced concrete,

designed for one third of the side-on blast over-pressure plus dead
load. No dead men were used, The entire compressive load iz trans-
ferred to the arch itself; or, teo the intermediate floor slabs,

Cost estimates of the components of the 35 péi version
of these shelters are glven in Table 3.3,
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If these structures were designed by using conventional
methods and building code requirements, the cost would be larger
than waa necessary for 35 psi, No consideration was given teo
this discrepency. Results of the 35 psi and 60 psi structures
are presented in section 7.

3.4.4 CONCRETE DOMES

Concrete domes were analyzed by the methods indicated
in Reference (26). As a preliminary indication of capacity, 7
hemispherical domes of 16!, 23', 30', 35!, 441, 49', and 57!
diameter were analyzed and costed.

Slabs were designed to be "floating" and foundations
deslgned 1n accordance with soll-bearing capacities given in
Section 3,3. The average depth below grade was maintalned at one-
eighth of the diameter with 3'-0" minimum cover at the crown.

Interlor floors were utilized in the larger domes and
were designed as previously stated. The cost estimate used for
these floors was $1.88 per =sq. ft.

Figure 3.9 i1llustrates the seven domes that were amaly-
zed, Two shell thicknesses are shown, the theoretical or calcul-
ated thickness and the actual which i1s the minimum thickness dic-
tated by construction practice for concrete placement and cover-
age of reinfercement.” The theoretical thickness varies from 0,8
inches to 3.0 inches whereas the actual is 3 inches for all sizes
analyzed, :

Table 3.4 .1is a tabulation of the estimated costs for
the 35 psi version of the domes studiled.

The same criteria regarding shell thickness was applied
to domes for the nominal live-load cendition resulting in no
significant change in cost between the nominal live-load type
‘and the 35 psi type. 60 psi domes were also investigated and
costed and a comparison of the costs of these three series of
domes is given in section 7.

3.5 COSTS

The estimated cost of the structures studied herein are

3“‘0
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based generally upon Bullding Construction Cost Data 1962 by
R, S. Means., These costs represent national averages for U,S. -
metropolitan area construction, Q >

) It should be recognized that differences in locale
with consequent changes of material and labor costs will affect
the cost estimates given here,

All structures costed have been assumed to be in medium
compact seil without large quantities of rock, and with ground
water below foundation level, Sites with unusual or difficult
foundation conditions, or these requiring other than spread foot-
ings of the sizes estimated, wlil increase the construction cost,

Table 3,5 1is a summary of unit costs used in this study.
These costs reflect labor and material for construction installed
complete and im place, They do net include contractor profit and
overhead, contingency allowance, .¢r englineering fees. These itens,
which do not affect the comparisons drawn in this report, will in-
ecrease the indicated shelter costs by about 50 to T75%.

No attempt was made to estimate the cest eof utility con-
nections, clearing grading and drainage, or architectural treat-
ments such as landscaping or painting, These items can vary widely -~
from site to site and will not influence the cost comparisons made {
here,

(text continued on page 48.)
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TABLE 3.5

Summary of Unit Costs

Item Unit Unit Cost - $

Concrete in place incl.
forms and reinforcing:

Walls Cc. Y. 55.00
Foundations C. Y. 38. 00
Floor slab C. Y. 27.00
Roof deck Cc. Y. 85,00
Arehes* C.. Y. 140,00
Domes* C. Y. 200.00
Structural Steel TON 258,00
Excavation‘. C. Y, 0.97
Backfi1ll c. Y. 0.80
Damp roofing and S. Y, 3.20

protection
Expansion joint filler L. F, 0.30
Floor Hardener S, F. 0.07
Galvanized Steel Crating S. F. 4,20
Dead man - Screw type ea. 50.00
Corrugated Steel Arches*¥
Span x rise - Gage Lin, F

" 42,84

16! x 8! 12
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TABLE 3.5 (cont'd,)
Summary of Unit Costs

Item ' Unit Unit Cost - §

Span x rise Gage

23' x 11.5¢ 10 Lin, Ft. of Arch 66 .54

30! x 15! 8 " " " " 94,01

35' x 17.5" 7 ¥ v nom 115.41

Lyt x oot 5 " " " n 161.57

49' x‘24°5[ 3 " i it L 193.81

57¢ x 28,5 1

" " " " 237 . 46

Entrance Package

Hand-rail L.F. 2.50
7'-0" Steel chain L.F, 4.90 Cﬁt
link fence
Gate . |
Single - each 65.00.
Double each - 90,00

35 psl Blast Door##s
Single | each 450.00
" Double each 575.00

* gee appendix A-1 :
*## Price information: Metal Products Division
Apmco Steel Corporation
*##% Lump sum £
Bstimated Cost ' S
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SECTION 4

SPACE UTILIZATION

4.1 AN ANALYSIS OF BUNKING REQUIREMENTS

It became apparent, early in this study, that if the-
varlious shelter shapes and capacities were to be cost compared,
we would need some means of determining the phystcal sizes of
the configurations., That is, we would be faced with assigning
areas for shelter functions both totally and.on a per-caplta
basis,

One convenient way to do this is to size all configura-
tions the same way using a ireasonable area allotment per person,
Several studies have been done this way with assigned values depen-
dent somewhat upon knowledge gained from simulated testing, but
mostly upon the researchers!'! opinions about adequacy. Generally,
these studies have not established the possible’performance dif-
ferences due to varlations in space utilization,

In this effort we have undertaken space -utilization
analyses for two basic reasons, "First, even 1If egqual accommoda-
tions are provided in the various shelter configurations, there
may be space (and therefore, cost) differences directly charge-
able to the -nature of the structure (i.e. the-shape). Second,
the size and arrangement of habitability ltems may affect struct-
ural designs and therefore cost.

Among all items requlred for shelter living, sleeping
facllities and their access appears to be the most important
factor in allocating space, Some previous studles have propor-
tioned bunk and aisle space as follows:

Study

Dunlap (16) 68%
NKDL 1) TU%
A I.R, (14) 91%
BuDocks (29) 93%

Since each of these studies was austere in terms of
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facilities provided, these figures give a good indication of the
importance of bunking., In thls analysis we will attempt to de-
fine bunking performance 1n order to -

1

purposes

Select a reasonable bunking scheme for lay-out

2 - Determine area (cost) differences

3 - Determine the influence of scheduling on
space requlrements

il

Define some features of a good bunking system

. We cautlion that this 1s a limited study in that manage-
ment and human factors have not been introduced. The various
schemes selected for study may or may not be equal in overall

performance.

4,1,1 BACKGROUND

Abstractly, there are a limited number of ways for
people to use bare shelter space, That is, they may stand, sit
or lie down. Providing equipment in the form of bunks and seats

adds two more possibllities,
these 1s shown on Figure 4,1,

Space requirements for each of
Data for the first four configura-

tions are taken from Reference 30. Bunking . dimenslons are those
recently developed in a concurrent study by the U,S, Army QM, '
R&E Command. Without consldering access, space requirements range
from 1.5 sq. f£t./person to about 14 sq. ft./person with standing
the most efflclent way to use area and single-level bunking the

least efficient.

Beyond these configurations there is the possibility
of using tiered bunks, A comparison of area requirements between
tiered bunking, sitting and standing (Filgures 4,2 and 4,3) shows
bunking is more efficient than seats when the tilers are 4 or more
high and more efficient than standing when 10 or more high.

4,1,2 BUNKING SYSTEMS AND

SCHEDULING

Although the above conclusions are vallid, they may not

be useable in a practical way,

It is the opinlon of many planners

that tlering beyond 5 high may resultin signiflcant difficulties,

bo.




It may also be unreasonable to allocate space based on people
standing¥® If these limitations are added to the analysis, ﬁf
the most efficient way to use space is to provide bunking only.

:
f—y

We recognlze, however, that shelter performance may
be overly restricted if the occupants must always remain in:
their bunks. That 18, we would like to provide some relief,
say, in the form of seating, Our minimum shelter would then
include bunks and seats or space for seating, Now it 1is ap-
parent that the type of bunking system selected and the way 1t
is used will influence space requirements, An examination of
some types of systems will show this, For 1llustrative purposes
we have dlvided these into general categorles - the fixed system,
the demountable system and the convertible system and comblnations
of these, Descriptions and examples are as follows:

1 - We would deseribe a bunking system to be partially
fixed if it or the space 1t occuples cannot be used
for other purposes at other times or if it cannot
be moved and used in other areas,

2 - A demountable system is one which can be readily
broken down and stored in minimum space such that
the area 1t occupled can be used for other purposes. -

3 - In a convertible system, one or more of the tlered
bunks can be rearranged to provide seating., In thils
study we have consldered seating on one tier only,

Any of the above systems could be arranged ifor end or
silde loadlng. Various styles of bunks incorporating one or more
of these features have been used in other studies. Sone examples
are shown on Figures 4,4 through 4,9,

The bunk shown on Figure 4,4 is that used in a recent
simulated occupancy study by the American Institute for Research.
(14) 'The bunk frames were made of angle irons with steel springs
and wire lattice. The bunks were arranged in 3-high tiered units.
Each unit 1s demountable to the extent that the bunk frames and up-
rights can be separated, If the center bunk is removed, each unit

* This may not be true if 1t means the difference between over-
erowding or not having shelter,
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will seat 4 persons. The system 1s free standing and can be
end or side loaded.

The bunking system shown on Figures 4.5 and 4.6 was
used by this office in a previous study. (12) This style of
bunk is adaptable primarily to constant-headroom structures.
It s fixed in the sense that 1t 1s not free-standing and can-
not readlly be used for seating. It 1s demountable, The
system shown on Figure 4,7 1s similar to the unit shown on
Figure 4,6 except that 1t is arranged for end-loading.

Figures 4.8 and 4.9 1llustrate a most recent design
for low-cost sleeping facilities, It was developed by the
Quartermaster R&E Command under contract to OCD (Project No.
1310). This unit is free-standing, designed for use 1n exist-
ing spaces where varieties of headrooms are encountered. The
bunks can be arranged in units two wide by 3, 4 or 5 tiers
high, FEach module is approximately 4'-4" wide x 6'-4" long,
Tndividual tiers are about 7", 27", 47", 67" and 87" above
the flooxr level,

Frames and supports are of slotted angle iron with
1/4" plywood used as the sleeping surface, The bunk may be
supplied with a urethane mattress. Each unlt is completely
demountable and convertible to seating arrangements.

Each of these systems 1s, in varylng degrees, fixed,
demountable for convertible and therefore may reguire different

space allotments, Filgure 4,10 shows a comparison between systems

i® both bunking and seating are required. The fixed system re-
quires bunk space and seat space for everyone, The demountable
scheme also requires a bunk and a seat but the sleeping area

ig avallable for seating. The convertible system requires no
seating area if tlers are less than 5 high. The demountable
system is always more efflcient in terms of space required but
may not be the most preferable inerms of cost or performance,
It is not as easy to use as the convertlble system and requires
an additional piece of eqguipment (l.e., a seat)*, From these
points of view 1t seems that a L-high, side-loaded convertible
gvatem might be most attractlive.

('\

o

{

J

* Unless shelterees ave willling to sit on the floor.
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There is a possibility -that variations in scheduling
bunk time may influence space requirements and that-this in-
fluence might not be the same for all configurations.,” There
is also an interaction between scheduling and bunk system
design. That 18, demeuntable and convertible features become
less valuable as bunk use increases; Figures-4,1l and 4,12%
show the results of scheduling (or-shifting for 5- and 3-high
bunks ).~ It is interesting to note, on an abstract basis, that
wilth 3-high bunklng an increase in the number of bunk shifts
reduces area requirements whereas with 5-high bunking this
trend reverses, With 4-high bunking, shifting has little eff-
ect. Another conclusion we might draw is that regardless of
tiering the slgnificant beneflts are obtained in the range of
1 to 4 shifts., '

To test these-apparent effects, we decilded to select
some scheduling schemes, apply these to a configuration and
calculate area requirements for each of the three bunking
systems, The schemes selected for study are graphically shown
on Figure 4,13, Scheme I-is usually referred to as "cold
bunking"., Scheme II is 2-shift bunking and Scheme III is full
"hot"bunking, Scheme IV is commonly called 2/3-hot bunking
and 1s similar to the scheme suggested for consideration in a .
- fgport by the American Institute for Research (14). The con-
figuration used for evaluation is the clrcular arch, It was
chosen because 1t possesses a certain degree of difficulty in
space utilization, Three sizes of-arches were:selected as
reasonable to-house 100, 500 and 1,000 persons, Their dimen-
slons are 16!, 35! and 49' in diameter respectively with lengths
calculated in accordance with bunking and seating requirements,
Criteria used for layout purposes are as follows:

Bunk Dimensions 6'-4" long x 2'-2" wide

Maximum tlering 5 high
Lower bunk clearance &
Clearance between bunkd 20"
Clearance between top 20"

bunk and celling
Seat dimensions 18" x 18"

* In these figures, one bunk shift per cy¢le means one bunk per
person and continuous use of bunks, Two shifts means half bunk-
ing, half seating and so nn,
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Minimum headroom for seating e g"
Main alsles 4roon
Side alsles or.o"

In addition, we have assumed that fixed and demountable bunks .
may be end~loaded. Convertible bunks are required to be side«
loaded.* Unilt space data for the three arches are shown on
Figures 4,14 through 4,18, The possible comblnations total
36, The results of this investigation are given in Table 4,1,

4,1.3 SOME CONCLUSIONS

Within the limitations of this analysis, the follow-
ing statements can be made for arch structures:

1 - Pixed bunking systems are optimum only when a
continuous hot-bunking schedule 1s employed,

2 - Beyond this, demountable bunking 1s optimum,
As shelter size lncreases, schedullng has
1ittle effect on space reguirements when
this system 1s used.

3 - The "cost" of a side-lcading feature for cén-
tinuous bunking is approximately 1/2 sq. ft.
per person, (Difference between triple-shift
fixed and triple-shift convertible).

4 . Por single-shift or "cold" bunking, a demount-
able system may save as much as 1.7 sq. ft.
per person, but this apparent saving might be
offset by the cost of providing seats.

For the remalnder of this study we have decided to
bage area requirements on the use of convertible bunks ar-
ranged for single-shlft sleeping. Although thls 1s not op-
timum, 1t may be more reasonable to use than some other system
for several reasons, Flrst, because sidewsloading has become
preferable (31) to end«loading, Second because convertilble

* If the bunks are reoriented after each shift they eould be
end~lcaded. We have not done thils.
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TABLE 4.1

COMPARISON OF BUNKING SYSTEMS

APT" IED TO ARCH CONFIGURATIONS

(AREAS FOR BUNKING & SEATING ONLY)

BASIC AREA PER PERSON

BUNK TYPE BUNKING SCHEDULE 16' ARCH 35! ARCH 49' ARCH
(100 cap.) (500 Cap.) (1000 cap. )

Fixedt Single Shift 9.8 9.3 9.7

" Double Shift 7.5 7.0 6.9

" Triple Shift 5.1 4.6 4,7

" Two-Thirds Shift 8.4 7.7 - 7.6
Demountablet Single Shift 8.3 4.9 4.6

" Double Shift 5.2 4.8 4.7

" Triple Shift * * *

" Two-Thirds Shift 5.7 5;1 : L7
Convertible Single Shift 6.9 6.7 6.3

" Double Shift 6.1 5.6; ' LN

"W ipie snes 5.8 5.0 5.2

" Two-Thirds Shift 7.5 6.1 5.4

* This Combination is not possible since the bunks are in
continuous use.

+ End Loading

(+) This combination is included to show the effect of the
slde loading feature
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bunking systems might be easler -to use than-demountable systems.,
Third, because they have "bullt-in" seating, And fourth, be-
cause designing for contlinuous bunking may not allow a margln
of safety in terms of overcrowding.

As an example of the last point, consider a typical
100-person arch arranged with cenvertible bunks and programmed
for single-shift sleeping (Figure 4.19). If the interior con-
figuration 1s rearranged to provide for continuous end-loaded
bunking, 1t will accommodate 80% more- shelterees. Practically,
this 1s accomplished by discarding 2/3 of the bunks and using
the excess area for seating* (see Figure 4,20), "If one is
really interested in providing an overcrowding capability, the
same shelter might be designed with about 50% more area (Figure
I,21) which would result in a 200% overload capability (Figure
4,22)., This same sort of analysis can be applied across the
whole spectrum of possible bunking schemes and schedules. Using
the single-shift convertible system as a base, the changes in
population that might be expected with other arrangements (for
arch configurations) are shown in Table 4,2,

During this investigation of bunking methods and
scheduling some attributes of a good bunking system have be-
come apparent, Briefly, these are to be:

- Capable of being re-positioned (free-standing)
Demountable

Convertible to seating

- Easy to use

3

=W R
i

A bunking system which incorporates all of these fea-
tures would afford a high degree of flexibllity of use 1n any
shelter configuration,

4,2 OPTIMUM BAY FOR RECTANGULAR STRUCTURES

For a particular capaclty and overpressure rating, the
optimum rectangular configuration is a functilon of bay size
(column spacing), celling height and aspect ratio. From struc=

* On the floor if seating for the overcrowding possibllity is
not initially 1included.
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TABLE 4.2

ESTIMATED OVERLOAD CAPABILITY FACTORS

FOR ARCH CONFIGURATIONS

Fixed -~ 3 Shifts "1.30
Demountable - 2 Shift 1.26.
Demountable - 2/3 Shift 1.él
Convertible - 3 Shift 1.20
Convertible - 2 Shift 1.17 |
Demountable - 1 Shift o 1.11
Convertible - 2/3 Shift 1.05
Convertible -. 1 Shift 1,00 Base
Fixed - 2 ghift | .92
Pixed - 2/3 Shift .80
Fixed - 1 Shift .55
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tura computations, we have found that minimum costs are as-
soclated with small bay sizes and square (in plan) structures,
It remains now to determine the least possible bay size-and
headroom consistent with efficlent utlllization of space,

4.2,1 ADAPABILITY

Since most shelter area 1s used Tor bunking, 1t seems
desirable to plan column spacing on adapabllity to the bunk
system, For our purposes, we have chosen the Quartermaster-
type bunking module with dimensions 6'-4" long by 41-4" wide,
The minimum bay sizes which wlll accommodate thils system are
61-4" by 7'-0" and 6'-4" square depending on whether or not
¢olumn encroachment on a 2! alsle is permissable (Figure 4.23).
If such is the case, the sguare bay will result in an area,and

therefore roof system cost, saving of about 10%,  The rectangular

structures developed hereafter reflect these cost savings,

ho2,2 OPTIMUM HEADROOM

Minimum practical headroom will aliow U-high tiered
bunking;and 1f the performance limit is taken at 5-high, the
optimum headroom can be established by a comparison between
these two arrangements, Thls comparison-was undertaken for
the three rectangular shelter sizes (100, 500 and 1000) de-
signed for 35 &nd 60 psi (See Appendix B-1).

Results indicate that within the criterla limits,
L-high tiering is optimum., There 1s an apparent trend which
indicates that for larger units this may not be true,

4,3 ARCH CONFIGURATIONS

Arch structures present somewhat of a complex prob-
1em in terms of space utilization-in that there are many
possible combinatlons of diameters, lengths, Interior decking-
and tiering of bunks which can result in 1007y 500-or 1000-per-
son shelter units, A separate investigatlion was undertaken for
the various arch dlameters to determine the approximate cost
differences for the various combinations., The basic cost data
used for corrugated steel arches and reinforced concrete arches
are shown on Figures 4,24 and 4.25. The results of the analysis
are gilven in Appendlx B-2,
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From this cost information, we can conélude the
following:

1 - The small concrete arch configuration (16! dia-
meter in this analysis) will-result in minimum
cost for all three capacities, For small steel
arches this result is not ¢lear ®aéross-the-
board®,

Beyond this, reasénable arch conflgurations for
500 persons and 1,000 persons ¢an bé represented
by the 35! arc¢h and the 49' arch, Steel o6r con-
crete, arranged mainly with 4-high bunking.

b i DOME CONFIGURATIONS

The dome-conflguration presents a most difficult.
space utilization problem and tedlous trial and errer solu-
tlons are required to determine the éptimum dlameter for a
given capacity. Baslc cost data for reinforced conerete domes
are given on Figure 4,26, With this data and space require-
ments as established in thls section and others,; reinforced
concrete domes for the three capaé¢ities were selected and
costed, The results are given in Section 7.

(text continued on page 85.)
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SECTION 5

ENTRANCE PACKAGES

5.1 INTRODUCTION

This section deals with the influence of entrance and
exiit onh configuration. That is, to say, entrance and exit con-

figurations have been evaluated and seleetions designed to a
point required for costing,

The entrance and the exit are ¢onsidered the two Pagd-
ets of an entrance package rather than as separate shelter ¢om-

ponents. This 1is because they dre closely related or interde-
pendent as the capabllities désigned inte ohe influence the
other.

Entrance packages for shelters must be designed to
perform c¢ertaln functions:

1 - Low rate ingress and egress for peatetime main-
tenance, The paeckage must be usgbleconrna.repatdis, .
tive basis for small numbers of se¢urity or hoéuse-
keeping personnel to enter and leave the shelter
by more or less rnormal methods without deteriora-
tion or reduction of its capabilities for use by
shelterees,

2 - High rate ingress at pre-attack (pre-blast and
pre-fallout) time, The entrdnce must be of suf-
ficlent capacity to admit the required number of
persons per minute to £111 the shelter at the time
of pre-attack warning, If the shelter itself can
survive a glven blast pressure then the entrance
must in addition be ¢apable of sSurviving the same
blast pressure and then providing quick entry,
This would be for a potential shelter population
that had survived, though unable to reach the
shelter before the blast, but did not have fall-
out protection. These people could c¢oncelvably
quickly reach and enter a shelter befoére the fall-
ocut arrived,
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3 - Low rate egress and 1n5ress in a post-attaék périod.
This would be for exploratory and decontaminatioen
teams plus final evacuation.

In addition, entrance packages might be used for other
funetions such as§ housing mechanical-electriéal equipmenty set-
tling intake alr particélessy dlscharging airy and storing food or
equipment. Using entrances for these purposes depends upon the
economics of altermatives beyond their basic function as entrances,

Basic criteria for entry and egress are given in Seétion
2. 2'4.‘

5.2 TYPES OF ENTRANCES

The basic manual or non-mechanical methods of entering
a shelter are jumping, sliding, climbing, or walking, by means
of a vertical well, a chute or pole, a ladder, or a ramp or stairs,
iiwspectively, Mechanical means su¢h as moving ramps, esecalators
dnd elevators have not been éonsidered,

5,2,1 JUMP

Entrance te a shelter by Jumping from the ground surface
down a well or shaft is probably the minimum-cost method, The
shaft walls and landing point would reguire ¢areful padding to
avold injury and multiple stages (sec¢ond or third jump from inter-
mediate landings) might be necessary. This method is uninterest-
ing because; it is a one-way methodsy the tendency for pille-ups at
the!landing point would be stroeng as there would be a serlous prob-
"IN of regulating flow to allow people to compose themselves and
move off the landing pointy there would be & high injury probabil-
1ty regardiess of the precautions.taken.

5.2.2 SL.IDE

Use of the firepole to slide into the shelter is probably
safer and more reasonable than the "jump® method but it too is con-
sildered unusable in spite of the relatively low c¢ost, because of
the same danger of pile-up and injury at the landing point at shel-
ter level and the fact that it is a one-way access.

EL NG, The~fike escapé-t§pe chute is: a mich safer’ilidé thai the
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pole type in that lower velocitles are 1nvolved and the physical
demands on the user are much less, There is still cause for
serlous concern regarding the abillity of people to quickly move
off the dlscharge point at the end of the slide. Any delay at
this point would probably cause a pile~up and possible injury.
Thls again 1s a one-way access and the cost of compensatory
exlts must be added to the chute cost, The total slide entrance
package 1s estimated to be 1n the same cost range as stairs,

5.2.3  LADDERS

The feaslble rate of entry to a shelter by climbing
down ladders is much less than what is required for even the
100-man shelter and becomes even less reasonable as the larger
shelters are considered. It does, however,appear to be the least
expensive,most reasonable methed of providing the exit portion
of the package.

5.2.4 RAMPS

The pedestrian ramp 1s probably the safest means of
entrance to a shelter. The rate of entry is simply a function
of the ramp width; the danger of injury from stumbling, fali-
ing and pile~up is less than for jumps, slides, ladders and
stalrs, In addltion 1% provides two-way access. The cost per-
linear foot of covered ramps is estimated to be slightly (approx-
imately 16%) less than that of stairs. However, inmasmuch as a
slope of 100% can be used for stairs while a maximum slope for
ramps 1s approximately 16%,ramp entrances are considerably more
expenslve than stair entrances, Open ramps would be more expen-
sive than covered ramps because of the additional wall heights
required to maintaln the excavation cross section. They would
create dralnage and In many areas snow removal problems,

They have the addlitlional disadvantage that they would
be anusable as settling chambers for intake air,

5.2.5 STATRS

With the exception of the ramp, entry by stairs 1s the
only method that can reasonably meet the rate-of-entry require-

ments, While 1t 1s perhaps slightly less safe, it 1s a recognized
means of economical mass movement, If 1t were necessary to descend
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to considerable depths, say 5 or 6 floors, stairs would be
onerous and ramps more desirable even though more expensive,
as noted under 5,2,4, However,with landings, the 12 to 36
feet depths required for these shelters are no hardship and
in view of lower costs, stairs were selected for entrance
use for this study,

5.3 STAIR ENTRANCE DESIGN AND COST

Various types and shapes of stalr entries constructed
of corrugated steel condult, concrete pipe and .cast=fmy
place reinforced concrete réTements were considered and the
more promising ones. were developed and ¢dsted,

5.3.1 SPIRAL STAIRS

The spiral staircase was compared with gtraight stairs,
Although they can be easlly installed within an economical ¢ylin-
der and have a lower unit cost than strzight stalrs, they have
certain disadvantages, First, the varying-width stalr tread is
quite hazardous for rapld deseent. Second, when descending
24-36 feet as is required for the 500-and 1,000-man shelters,
an intermedliate landing 1s necess=ary and the spiral stair does
not readily accommodate this, Third, the capacé¢lty and descent
rate 1s slower than that of straight stalrs and this carmotibe
compensated for by wldening the stairs because of the necessity
for keeping one hand on a rail for safety. Multiple spirals be-
come more expensive than straight stairs because they are not
easily combined in one well but requirei individual wells,

5.3.2 STRAIGHT STAIRS

Standard sized entrance units were established for type
comparisons and these are adaptable to each shelter size investi~
‘Faté#a in this study,

As previously noted in Sectlion 2, the National Board of
Fire Underwriters (23) exit unit concept was followed. The ca-
“pagities of stairs of various exit unit widths were used to
develop the curve shown on Figure 5.1 to establish the capacity
in persons per minute per inch of stair width, From this curve
a slze called a single unit entrance of 2!'-8" width and one called
a double unit entrance of 4!'-0" width were selected for this study,
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The single unit entrance has a capaclty of 50 persons per minute
or 250 in the five minute entry time and a double unit has a
ecapacity of 100 per minute or 500 in the five minute entry time,
Some possible arrangements of entrance-exit packages are shown
on Flgures 5.2 through 5.6,

Circular, and oval cross-sections of corrugated steel
or reinforced concrete were compared with rectangular reinforced
concrete sections for the stair tunnel for both entrance unit
widths as follows., These cross-sections are shown on Figures
5.7 and 5.8,

Shape of Cross Sectlon

Circular Oval Rectangular
Single Entr. Unit
Corrug, Steel $56.20 $58.80
Relnf. Concrete 51.00 52.50 $27.00
Double Entr., Unilt :
Corrug, Steel $62, 40 $63, 00
Reinf. Concrete 58,00 60. 00 $31.00

Costs are per linear foot.

Following this cost comparison it was declded to use the
reinforced concrete rectangular cross-section for the stair tun-
nels rather than one of the precast shapes,

The NBFU class "C" stalr slope of 1:1 was selected 