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FOREWORD

The term “Protective Const: uction™ embraces those passive measures
which can be effected by constructio. to nullify the effects of weapons and to
enhance the recuperability of weapcr . systems and facilities. The term in-
cludes dispersion and duplication of services as well as strengthening of
structures, camouflage and the inco: oration of protection against chemical,
biological and radiological agents. The term does not fully embrace all
elements of passive defense, such as slectronic cowntermeasures, control of

electronic emissions, control of 1lig ting and damage control.

“Hardening” 1s used to de’ine that fcrm of protective construction
vel-+ 3 t structwrs! blast and shork resistance to the effects of nuclear
“..pune. A physical ~o>rier, the heac.'ned structure, is interposed dbetween
the weapon crd the or-:cating functiorn. 0 be protected.

Protection 's provided Ly “sheltering® the personn:l and equipment,
or by dispersing the . cilities wvhich they required, or by tuilding duplicate
facilities. Althoug: the end product is a military construciion item, there
are numerous factcrs .'ther than engirncering and construction which are basic
to the problem and h: re major influen:e on the final solution.

This docw .at provides a systematic procedure for integrating the
essential strategic. uperational and engineering factors which must be con-
sidered in developir iy a program of “hardening” from the inception of the re-
quirement through tte construction of tae facility. The procedure used is
sumnarized in the [ WOPSIS and is treated in detail in the various sections

c? this Guide.

Since he.'.cning 18 a new field and since active studies and experi-
ments are continux® 'y underway, it can L:: expected that any report summarizing
the current striin . £ information will ne.cssarily be incomplete. Moreover,
because many .sv..ts of the jubject have been insufficiently studied heretofore,
it 18 necessary t« make certain assumptions and to develop certain treatments
using tae best erLgineering judgment and experience that it is possible to
bring to bear on e subject. Consequently it may appear that some of the
recozmendations »ad procedures given hercin are haseld neither on snalytical
studies nor on d‘rect experimental evidence. In these instances an attempt
u.s ™esm made to I ing to bear knowledge of related fields in an effort to
meke availr™'- _,s best possible recommendations on che subj-ct at the present

time.

As fusrther knowledge becomes available, it is expected that revisions
to parts of this reviev guide will be made in order that the m.'erial ia 1v
cen remain up-to-date and useful. It is hoped that thc publication of this

reviev guide will not impede current or future programs of research and study
vhich are urgently required tc furmish better and more authoritative informa-
tion on many of the topics treated. Without the background of fundsmental
studies vhich have been carried on in the past the present volume would have
been impossible to write. Without further studies in many of the fields,
revisions in the direction of greater economy or greater assurance of success
in the design of protective structures vill not be possibdle.

This is a document primarily for internal use, within 0SD, for re-
vieving protective constructior programs and more detailed projects. It ney
be used by other DOD offices ar approved by their appropriate headquarters.
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SYNOPSIS

Procedures for the study, justification, and revies of protective
construction projects are described herein. A synopsis of tae recommended
procedure for a particular facility oxr operaticu follows:

Determine the Strategic Category of the facility or operation by
referring t¢ SECTION 1. Then determine the required degree of protecvion, in
terms of design blast overpressure, by the procedure of SECTIOR 2, TARGET
ANALYSIS. It may be that no protection is required. However, having estal-
lished the need for and level of protection, if required, it is necessary then
to specify the personnel and materiel to be protected and the physical space
and utilities required in the facility, by reference to SECTION 3, OPERATIONAL
CONCEPTS AND REQUIREMENTS. The survival criteria for the personnel and
materiel to be protected are next dete:mined Ly reiferevace to SECTION 4, DAMASS
CRITERIA. After these steps have becn accomplished, it is chen possible %o
consider the design of the facility or structure.

It 1{s necessary at tiis point to determine the type of structure
required for the various parts of the facility under study. This involves
consideration of vhat the structure must do in attenuating blast, thermal
radiation, nuclear radiation, and earth shock. The analysis of the structure
can then be accomplished and design proportions selected by the methods and
charts of SECTION 5, DESIGN ANALYSIS. Finally, the cost of the structure so
designed may be estimated by reference to the charts contained in SECTION 5,
or by means of an spproximate cost breakdown of the structure.

It should be remembered that at various points in the :eview
procedure it may be determined that protective construction is either umneces-
sary or impractical. Conversely, as obviously impractical or impossible
conditions are encountered, searcn for alternative operations or solutions may.
be made. T".:re are many ways in vhich the problem of axcessive vulnerability
m&y be approached. The solution may lie in ingenious manipulation of location,
alternative methods of operation, or in appropriate engineering design. Ome
must consider all of these possibilities t0 insure the most economical
solution.

Attention 1s called to certain basic prem‘ses vhic: must be kept in
nind in all cases:

&. The vulnerability of all elements essential to the Operation
sust be considered. An otherwvise adequate structural solution =ay de vulaer-
able to ground shock, for example; or a micsile installatiin .'ry be adequately
protected in all respects except for the fuel lines connecting the fuel supply
to the missile enclosure.

b. Alternate methods of protection should be considered. These
include dispersal, duplicaticn, alert status, ss well as structural protectioa.

¢c. The method and level of proteciion should be consistent with
the increment in survival probability which it produces.

v



d. Prctection should be provided only to those elements which are
essential to the operation, and even in these cases, space and other allowances

and requirements should he reduced to a minimum.

e. The cost of physical protection is high and the need for wore
protection is extensive. Consequently, the more the unit cost of protection
can be reasonably rediced, the more items can pe protected.

f. 1The sol.tion to difficult problems of protection often may lie
in ingenious, unconventional concepts of operation and design. In most cases,
direct application of conventional layouts, operational rejuirements, or
design concepts will lead to impossible or impractical solutions.

An 11lustrative example of the procedures described is contained
in SECTION 6. It may be noted that tbea proceduror may te used both for pre-
liminary design and for the cost raview ¢f a structure vhich he3 been designed.
The methods and charts given herein are not intended tc be usei for final
design or for accurate assessment of vulnerabilities. In many cases the
methods of this review guide may be accurate enough for such purposes in view
of the many uncertainties in the basic data; however, more precise engineering
studies cen be made by use of the reference material in SECTION 7, wvhich also

contains the acknowvledgments.

- This review guide is issued in two volumes. Volume I is unclassified,
ond contains all the material related to target analysis and to structural
analysis and design, including all necessary charts. Volume II contains the
material relating to strategic categories, operational concepts and require-

ments, and demage criteris, including some supplementary material whica,
because of security clanzification, could not be made availedble in Volume I.

Copies of either volume can be obtained only through sppropriate military
ogencies.
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SECTION 2. TARGET ANALYSIS

2.1 INTRODUCTION

2.1.1 Purpose of Terget Analysis. Target analysis is used to
determine the level cf hardne:ss required in order for a facility to attain
a desirable probability of survival against enemy attack. It is thus one
of the several steps in protective ccnstruction planning. The planner
analyzes his facility as though it were a target, using the best estimate
available of enemy capabilities an® intentions. From this analysis can be
determined the extent of structural protection required to give a survival
probability consistent with the importance of the facility.

2.1.2 Nature of Problem. Mu:ch of the work doue in target aralysis
has been from an attack or offensive viewpoint. The weapous and delivery are
the knowr quantities and the target properties ai's the estimated quantities.
This 1s in effect the reverse of the present problem. In this problem the
weapons and delivery must be estimated, and from this the target is constructed
or hardened and 13 thus a "known" quantity. The element of probability lies
principally in what weapon, delivery method, and time an enemy might choose.

There is still another important difference. In any analysis,
inaccurately-knowvn or estimeted quantities are usually taken at the conserva-
tive boundary of the range of the possible values. This value, if conservative
for one case, may be unconservative for the other case. Consequently, one
must approach the defensive problem with a different viewpoint tha=n in the
offensive situstion. When a choice of values is necessary, one zhould choose
the value which is of greatest advantage to an enemy. This is of course the
conservative choice from the viewpoint ¢f protection construction.

Since the elemer.s oi weapon selection and delivery are not within
{ne control of the planner, his only control over survival probability lies
in strengthening his defenses. Aside from strengthening his air defenses, he
can harden, dupiicaie, disperse, or employ a combination of these. His task
is to obtain the desired survival expectancy rfox tne least cost without sacri-
ficing operational efficiency.

2.1.3 Procedures for Target Analysis. Iw wmeans of analyzing a

facAity az a possible target will be presented. Procedure A 13 the shorter
and simpier procedure utilizing “Blast and Fallout Probability" charts pre-
pared by a Department of Defense Hazaxd Study. This procedure iz +ihe simpler
because most o0f the computations of target analysis have bear rerformed. It
should be used whenever possible. However, the use or Procedure A is limited
to CONUS installations vhich are already in existence or sited.

The second procedure, called Procedure B, is really a collactive

designation for the several ways to be described of making an independent
analysis of a target. Any of these wvays icr usually more laborious than
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Procedure A, but in the case of an overseas insta’lation or a CONUS instal-
lation which has not yet been sited, it will be necessary to resort to the
use of the computations described in Procedure B. Or the other hand,
Procedure B is more useful as a design tool and is extremely flexible in its

application.

2.2 DEFINITIONS AND NOTATION
2.2.1 Definitions. Key words and terms are defired as follows:

Target. The target is a structure, facility or installation
vhich is not excessively large, so that it can be assumed without serious
error to be subjected t¢ uniform levels of overpressure and radiation from a

glven weapon.

Point Target. A target whose piaa area is 50 small relalive
to the other distunces involved in the analysis that the area of the target
can be considered to be concentrated at a single point.

Hardness cf a Structure. Peak side-on overpressure (psi)
vhich the structure will tolerate, where side-on overpressure is the un-
reflected pressure in air at the surface of the ground at the structural site.

Vulnerability Radius. The radius in feet of a circle, having
the target at its center, within vhich the detonation of a specific yield
weapon will produce destruction of the target.

Yulnerability Circle. Circle formed by VulnersLility Radius.

Overlapping Targets. Tergets having intersecting Vulnera-
bility Circlus.

Dependent Targets. Two or more targets whose spacing is
such thet each of them has a finite probability of being hit dy any given
attack weapon. Overlapping targets are dependent hut targets need not be

overlapping to be dependent.

Independent Targets. Two or more “argets w.ose spacing is
such that no more than one of them has & finite probability of being hit by

any given attack weapon.

Designated Ground Zero. The ground location, ‘or e surface
burst at which the enemy will try to detonate his weapta, or Jor planning
purposes, the location assumed to be the probable detonation point.

Circular Probable Error. It is assumed that delivery errors
tre equally probable in all directions from a point target. This results in
a circular error described by the standard Gaussian Error Distribution. A
measure of the error concentration is the CEP, which 1s the radius of a circle
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about the DGZ vitnin which one helf of the wearous reaching the target area
vj.u. sall. The CBZ is largely a function ~C the method of weapon deli.zxy.

Probability. The probabilities used in formulas are expressed
as decimals. It is cuctomary to speak of them as percent.

2.2.2 MNotation.
w = Weapon yield in Megutous

CEP = Radius in feet of Circle of Equal Probability
or Circular Probadble Error
DGZ = Designated Ground Zero
n = HNumber of wveapons launched at a tarzet or complex
4 = Probability of an attack launched .y an enemy
reaching the target vicinity, i.e., performing

mechanically and penetrating the friendly active
defenses.

Z can be thought of as the probability of arrival. In the discussion and
11lustrations to follow Z is taker to be unity or 100%. If Z is not 100%,
the hit probabilities must be multiplied dy Z.

= Peak side-on overpressure in air at the p'ound surfece

)

l{o = Radius of Vulnerability in feet

A = Area of a complex Or a non-point target
n = Jumber of equal targets

8 = BSurvival probability computed

8' = Bwvival probability desired

Famber of “squares" cowated, multiplied by their

value, on the plot of Cells of Egual Prodadility,

Gaussian Error Distribution. N represents the

I LV single-shot hit probadilily for a given set of
T, GODAA ti0ONS,

"

e
I 00 b B . Ste ot e s S n s ot - - -

H = Probability of an enemy success
h = HNumber of targets hit
pre-subscripts = Nmber of attacke

post-subscripts = RMmber of targsta, or if the post-
subscript is & capital letter it
designates a specitic target
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2.3 PROCEDURE A, USING DOL HAZARD STUDIES

2.3.1 Establish the Desired Swrvival Probubility. Thi. is a
function principally of the importance or strategic cutegory of the facidity
in question. It will not be possible alvays to attain the desir~i survival
probebility. Thus the values given belcw are really the starting limits or
desirable goals as initial guidance in target analysis. They do not repre -
rent firm DOD policy. In a specific case, the desirable or recommended
survival probability will be considered and approved individually by co-
o11inated review on the part of various DOD offices. The reference suvrvivid

values by strategic category of facilily are as fullows:

Strategic Category Code Desired Survival

. Proustility (Pct)

A 80 - 95
B 60 - 80
c 4o - 60
D 10 - 40

2.3.2 Determine levels of Structural Protection. The DOD "Hazard
Studies™ are based on latest available intelligence estimates. They integrate
and analyze factors of probable enemy deployment of weapons, weapon and
delivery characteristics, U. S. active defense effectiveness, climatological
factors, etc. The results are presented in the form of “Blast and Faliout
Probability" charts, one of which is illustrated in FPig. 2-1. On that chart,
for exemple, it is shown that there is 62 percent probability that blast will
be less than 120 psi and T4 percent that nuclear radiation will be less than
12,000 r/hr (theoretical H + 1 hr. rate). The probability that neither will
h¢ exceeded is 50 percent (swmation of all incremente in the quadrant bounded
by the limiting overpressure snd radistion). Charts for rearly all CONUS
military facilities, by Service, are part of the document, "Nuclear Attack
Hazard on CONUS", prepared by QASD, Installations and logistics. These charts
wvill be Aistributed separately to recipients of this guide. The general
pattern of attack on vhich these charts are based is also part of the I £ L
document. Because the charts reflect certain fixed assumptions of active
defense capability, there will he anomalies in the iniividual cases. 7o
determine the levels of protection required to attain any desired survival
probability, the chart may de used directly vwith linear interpolation between
levels of protection. For example, if a TO percent survival is desi.ed
against both blast and fallout, the levels of protection remire.. wulu dbe
spproximately 20 psi overpressure and 10,000 r/hr, at H + 1.

2.3.5 m_%. It is spparent from the adove 1llustration
that the desired surviv: Obability is not alvays practically attainsble.
Then it wuld be necessary to determine vhat survival can reasonably de attained

and vhether this is still adequate. A plot of “survival®™ vs. "level of
protection” can be mede quickly from the "Rlast and Fallout® charts of Pig. 2-1.

A typical plot of this type is shown in Pig. 2-2.
2=h



It is readily spparent thst the g-natest benefit accrues in the range 50-100
psi. At 50 psi, howeve=, the survival is probably too lov (30%). Thus a
reasonable approximation is that 80 psi protection would provide at least

50 percent survival and woidd probably dbe optimum in this i1llustrative case.
This.can be refined samevh2: in terms of cost, hy using the curves of Fig. 2-3,
and even further if desired by analytical methods described in SECTION 5.

Other basic alternatives in such cacaes are dispersal or duplication. Evaluation
of the vulnersdbility of a remote or dispersed facility caa be accomplished by

the methods described in Para. 2.4

2.4 PROCEDURE B, GENERAL COMPUTATIONS

2. l‘o l « With some

Establish the Desired Survival Probability
qualification thc same method should be used in determining the Desired Sur-
vival Probability as vas explainet in Para. 2.5.1 for Procelurs A. The
principal difference between Procedures A and B in this regard is that
Procedure A does not have to consider single versus multiple attacks since
this element is inherent in the DOD Hazard Studies. Procedure B should teke
into account the number of attacke expected and the desired survival proba-
bilities should be correlated with this mmber. The problem of achieving
high survival probabilities againet multiple attacks becomss formidable. It
is therefore important th.: the estimated number of attacks should bde

reasonable.

While it is not generally possible to set down rules for estimating
the number of attacks, it is sometimes possidble to determine from the function
of the facility the number of attacks vhich must be withstood. Bome instal-
lations which night have only one-time use, in retaliation for example, need
only survive the initial attack. Other installetions might nsed to swrvive

repeated attacks.
2.4.2 Estimsting the Atteck

(a)' Discussioy. It is necessary to have the best estimate
possible as to vhat the intentions and capabilitiss of a potential enemy are
in oxder to provide protection. To do this intelligently, one should know
the general strategy to be used by an enemy, his purpose in attacking, his
knovledge of our installations and capebilities, ar’. many other somewhat in-
tengidble factors. There are in addition the technical features of an enemy'’'s
capabilities vhich must be congidered: tho nunlars and size of his weapon
stockpile; the methods of delivery available t0 him; the accuracy ol his
delivery; the reliadbility of his weapons.

A plamner in & rather localized situation cannot hops to have
complete and current information of this type. EHowever, estimates may de
availedle through the service intelligence asgencies. In case of controversy,
the National Intelligence Estimates, available through X8, will coatrol.

25
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(v) Pactors. The folloving factors must be considered.

(1) Waapon Size (W) and Number of Attacks (n). An
enemy's weapons should be assumed to be at least equal to our own. The yields
should be reasonadble for the time during vhich the structure has its useful
life.. Yields of 1 MT, 10 MI, and 50 MT are believed to be realistic for per-
haps the next ten years. As for the number of weapons, it should be assumed
that weapons vill be delivered in the moet efficient manner, i.e., not
alnultanooun]y at a sinﬁle aiming point, and with multiple attacks dispersed

t. avoid “over killing.

(2) Method of Delivery. It may be assumed that the 1 MP
and the 10 MT weapons can be delivered either by manned aircraft or guided

missiles, wvhile the 50 MT weapon is more likely to be delivered by aircraft.

(3) CEP, Probslio Cirowler Eryor. It is assumed that
errors are equally probable in all directions from the D3Z ani that the errurs
wvill follov a standard Gaussian Aistribution. Values of CEP are uncerte!n and
unpredictable. Current ostimates vary between limits of the order of 0.5 to

3.0 nautic ' milies.

(4) Designated Ground Zero. The DGZ is teken to be at
the site of a single target if isolated, a vital component in an installatiom,
or the point which would maximize demage.

(5) - Probability of Success of Attack (Z). Some estimate

should be made of the probability of any given attack launched by an enemy
reaching a target area. This would take into account the possibility of
mechanical failures, aborts, and active defenses. These factors sre difficult
to assess, but if no better information is available, Z may be taken as

75 percent for aircraft and 50 percent for missiles. In the calculations
described for Procedure B the value of Z is taken as unity. For other values
of Z the survival probability obtained for Z = 1.00 can be modified:

8, =1- z2(1 - Bz-l)

(c) Uncertainties Described by Probsbjlities. In this report
the uncertain elements described by probabilities are all related to the
weapon, its delivery, and the pressures vhich will pr.vail. IO element of
prodbebility is associated wvith the ability of a structure to vithstand itse
limit design load, although obvicusly some probadbility does exist.

In the case vhere the planusr makes his own Estimate o7 Atte~k,
the uncertainties are in his assumptions of W, CEP, n, &.4 probible location
of the DGZ. The probability of survival of a structure is then the proda-
bility that the limit-design loads of the structure will not be exceeded.
Jnother way of saying this is that it is the probability that GZ will not
be t00 close to the structure.

2.4.3 m_ma.:%gz_m Having a set of weapon
parsmeters, e.g. vespon yield (W), CEP, aiming point (DGZ), probadility of
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arrival (Z), ard a set of target parameters for the facility, e.gz. hardness,
» and the relation of target tc aiming point, it is possidle to compute
e probability of survivel of the facility from a one-weapon attack. In
som:. analyses this single-shot vixrvival probability may de the anower desired.
In many cases the single-shot probabilities can be compounded to stidy complex
installations and multiple-weapon attacks.

, The fundamental assumption vhich.will be used ir determining single-
shot probabilities is that the errors of weapon delivery will be disiributed
Symmetrically about the aiming point. This assumption is reasonable for
missiles having an extremely lofty trajectory and it is fairly accurate for
wveapons delivered by high-flying manned bombers, especially if the direction
of flight of the aircraft is unpredictable. Thus if a large numbar of
wveapons were directed at the same aiming point, they would fall in a circular
distribution pattern around the aiming point. The greatest demnsity of hits
would lie closest to the aiming print. An 1dealized patterr of this type can
be descridbed mathematically by the Gaussian Circular Distritution Rumction.
The CEP is then the radius of the circle about the aiming point within wvhich
one half of the hits will occur. The entire .Gaussian pattern, i.e., the area
withia vhich almost 100 percent of the hits will fall, has a radius of

sligitly over three CEP's.

Any given area in the Gaussian pattern can be evaluated to show
the percentege of total hits shich will normally fall within the area. From
the target with its known hardness and the expected veepon size (yield),
one can determine the radius of vulnerability about the target. This radius
forms a circle, wvithin wvhich a hit by the assumed weapon will cause over-
pressures at the target in excess of its hardness. All of these el -aents can
be combined to give a calculated probability of a 'hit", or conversely the

probability of survival.

Three methods of chtaining the single-shot probabilities will bde
discussed.

(a) Anslytical. For a target which is at DGZ, the vulners-

bility radius, survival probability of the single target from a single
weapon, and CEP are related by the equation:

181 - O.S(nv/m)e (2-1)

This equation 1is plotted in Fig. 2-I and 2-5 for selected valves of R, an.
CEP.

FYor a target vhich is s distance L from DGZ, the analytical
solution is usually difficult. An approximate snalytical expression is:

2.2(R /cxP)q2
18y°1- [___(I/cn)’+ 3] (2-2)
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For finding ,8, Eq. (2-2) will usually be less accurate than the graphical
solution.

(v) Graprical. The graphical soiution has the merits of
simplicity, flexibility, ease of understanding, and sufficient accuracy. It
requires estimation of CEP, DGZ, and L as do the other methods. It has the
disadvantage of requiring trial-and-error solution to find the value of R
corresponding to a desired survival probability.

Figure 2-6 1s a plot of cells of equal probability wvhich 1s a
graphical representation uf the Go.unian Circular Probability Fonction. The
center of the plot is the DGZ. The “squares” vary in size, the smallest being
near the center. £ach square has a value vhich represents the probability of
GZ falling in the square. The plot is scaled in terms of CEP, half the squares
lying vithin a circle of radius CEP. The entire plot covers an area slightly

larger than three CEP's in radius.

It is only necessary to locate the target in the plot in relation
to the DGZ, all distances being expressed as multiples of the CEP. Around
the target the vulnerabi’ity circle is drawn, also to the scale of the CRP.
A value N is obtained by counting appropriate squares and multiplying by the
values of the squares, estimating and counting frections of squares also.

N represents the probability of a hit in the vulnerability circle and

181-1-N.

(¢c) Air Force Nomogrem. The Air Force Physical Vulnersbility
Division has prepared for use in this volume a nomographic chart whicr will
give the probability of a certain effect at a given distance from DCiZ. This
chart is given herein as Fig. 2-15. It should dbe noted that the chart is
bagsed upon a Sigma of 10 percent. Sigma is the ratio of the standard devia-
tion of 4‘he damage-probebility curve to the vulnerability radius. This is in
contrast to the other procedu.es and methods described herein which are dased
upon & sigma of zero, or a “"cookie-cutter” concept. The difference in the
results for the two values of sigma 1s usually not aignificent’ and certainly
introduces no unduly lerge error in the type of prodlem treated here.

2.4.4 MMMEMMJM
Attack. The prodbabilities found in Para. 2.4.3 can be applied directly to

several situations. The problem will gen.rally be ors of two types: oalcu-
lating the survival probability from the other values wvhich are know or
assumed; or, calculating the overpressure at the structural site {(and thus
the required hardening) from the other values vhich are known or assanl. Ju
this Revisv Guide the emphasis is on the latter prodblem, i.e., & -‘ermiuing

the hardness required.

Case 1--Bingle facllity which is to be bullt at POE.

In this case the facility is the aiming point and would be plotted
uc the center of the Caussian Distribution Che=t (Fig. 2-6).
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The known or assumed starting values are W, CEP, 8', and L (=0).
Eithe: Eq. (2-1) or the graphical ‘'solution of Para. 2.4.2(b) can be used to
compute B;. Figure 2-7 can then be entereld with W and !\r to find the over-
pressure D for vhich the structure must be hardened.

An alternate solution would be to use the chart in Fig. 2-15.

Cease_2--Single facility which is to be built near the DGZ.

In this cese the facility is not itself the aiming point, dut is
sufficiently close to the DGZ s0 as t0 have a prodbability of being hit.

The known or assumed starting values are W, CEP, 8', and L.
Equation (2-2) or the graphical solutiom of Para. 2.4.3(b) can be used to com-
pute R . Equation (2-2) is less sccurcte thaa the graphical solution but

gives & reasonable ansver if 1/CRP is lcse than 1.

The graphical method is more accurate but has the disadvantege of

being a trial-and-error procedure, the problem being to find the redius of a
circle wvhose center is a distance L from DGZ and vhose ares corresponds to the
desired survival probadility. The radius of this circle is the % sought.

Having found the value of R , Fig. 2-T can de used to find the
overpressure in the same manner as vas done in Case 1.

The chart in Fig. 2-15 can be used as an alternate and is well
well suited for this case.

aubiected to s single vespon sttack-

I two or more targets: have: overlapping vulnsrebility circles, it
is possible that one weapon could: fall in a vulneradility area common to two
or more and thus destroy that numbder. It is alsc possidble that the single
wespon could fall- in: s vulneradility area sxclusively related to ons targst
and would thus destroy only that ocne targst.

This case is well-suited to grsphical solution. The targets vith
their vulnerability circles drawn to the scale of ihe CEP can De laid out
geometrically on an overlay. ~This overlay can bde placed on the Gsussian
Distridbution Chart (Fig. 2-6) in-aifferent positions corresponding to differenmt
DOL's, and the optimim.DGZ from the eneiy viewpoint selected {if 2ot otherviee
known). The probabilities of-hits in the various vulnersbili.” aress can then
be determined (IA,'I,;‘, %,.). TFor exsmple, if there are two targets, A and B:

Probebility of Survival of A is:
1Bp=2-5,
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Probability of survival of B is:

W¥p=1-
Probability that neither will survive one weapon 1s:

18 =1-%p

vhere Nu is the N for the overlapping area
Probebility that both will survive one weapon is:

1s‘m-l-(uAafuB-um).

Case &4 ““WWM
to g s e weapon attack.

These targets can be either independsnt or dependent. The problem
for each target is that of Case 1 or Case 2.

Any two targets are independent if their separation distance, d, is
equal to or greater than 6.4 CEP plus the sum of their vulnerability radii.
This means that for practical purposes only one can be plotted at a time omn
the Gaussian Distribution Chart.

Any two targets are dependent vhea the condition stated in the
preceding paregraph is not satisfied. Although no more than one car de hit
by a given weapon, all have a chance of being hit, and all would gaov on the
Gaussian Distribution Plot. For a given DGZ the prodability of hitting at
least one of them (unspecified) with one weapon would be the sum of the
individual prodabilities of hicting each one of them vith one weapon.

2.4.5 Mautiple-Shot Probsbilities. If more than one weapon is
delivered against the target (or itargets, the probabilities change, and the
survival probabilities will be less than those couputed for single weapon
attack. The multiple-shot probabilities can be computed from the basic

single-shot probabilities.

The parameters involved are the number of targets m, the number of
weapons n, the weapon yield W, the DGZ, the CEP, the number of hits h, and
the configuration of the target(s) and DGZ. All of the parameiers can vary
but for the purpose of this discussion it is sssumed that the iT' e£nd "l
yield VW remain the same for each of the n attacks.

The problem involved here is best solved in reverse. That is,
although the level of hardness required for a certain survival probability is
the desired ansver, it is easier to assume levels of hardness and solve for
tae resulting survival probabilities. It mgy de desiradble to plot the results
for different values of parameters, and then use the curves to arrive at the

hardness required.
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The graphical solution is best suited for this situation. The target
will gere: aAlly be a complex consisting of several vulnerable points. Tt will
probably involve duplicated portions, moderate dispersion, and varying degrees
of hardness. Or'xe must carefully define what is necessary for survival. For
example, in en underground complex with two identical entrancen » the survival
of either tunnel along with the facility itself might be considered to be an
over-all survival.

Since there are 8o many paraneters involved in the mutiple-target,
naltiple-shot problem, the chief benefit may bs in meking qualitative compari-
sons of different situations rather than attempting to assign a precise number
to any, givan situation. The next paragraph discusses determination of proba-
bilities Tor neveral different cases, and illustrative exemples are given in

Para. 2.8.

2.4.6 Determining level of Piotection Against a M.ltiple-Weapon
Attack. Four cases will be considered.

Case 5--Single target subjected to multiple-weapon attacks.

For n attacks the survival probability becomes:
nﬂ,l.. 18;

Knowing n and the desired 81, this squation can be solved for .8.. This
valuecanthenbeuseduint!uelorzuappropr:latetoﬁnd « From
Rv and CEP the value of overpressure can be obtained from Fig. 2-7 a~ before.

Case 6--Two or in rrets subjectad to
tiple.we t o

These tec'gets are also dependent since any given weapon has a finite
probability of hitting any one of the targets.

This procedure cannot be standardized but the solution is as follows.

The facility is plotted in units of the CEP on an overlay if the DGZ is un-
certain or directly on the Gaussian Distribution Chart if the DGZ is established.

The single-shot hit probalilities, N, are determined for all segaents formed
by the circles of vulnerability.

The survival criterion must be set, i.e., precisely vhich ones and
hov many of the targets must survive in order to ba considered an cve)-all
survival for the complex. From this the coaverse occurremce, * e., L3 enemy
success, can be defined. It is then necessary to look at all possible
mutually exclusive ways of enemy success with n weapons. The total probadility
of enemy success is the sum of the probabilities of the mutually exclusive
vays. The survival probability msy be found by subtracting the total enemy

success probebility from umity.
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Case 7-- Two or more ent, non-overl tar

subjected to multiple-weapon attacks.

In this case each target has a finite probability of being hit by
any given weapon but no weapon can hit more than one target.

The survival and enemy success criteria should te defined as was
done in Case 6. The individual lingle-n}:ot hit probabilities, N, should be
determined by plotting the configuration on the Gaussian Distribution Chart.
The probabilities can then be found. For example, if there are three
targets A, B, and C for which the single-shot hit probabilities are N, NB’
and Rc, the following are typical hit protahilities vhich can be toméd:

Prob. of only A Prob. of A and B Prob. uf all three
n being hit being hit but not C being hit
1 N A 0 0
2 2!(¥,)(1-H5-N,) 2!(w,)(ny) 0
3 HIR-KIZ 3(E,)(e)(2-N,) 31, ) (5) ()
b IO ) )0 b, ) (Mg ) (D

If the targets have equal probabilities of being hit, i.e.,
RA = RB = Nc, the altove relat.onships become more simple.

Case 8--Two_or more independent non-overlespping targets

b jected to t -y 8.

In this case each target has a finite chance of being hit only by
the weapon directed at it (or at a nearby DGZ). Other targets have a zero
probability of being hit by this weapon. The quantit, n is therefore used to
designate the number of weapons which have a possibility of hitting a given
target, and it is further assumed that n is the same for all targets. In
othar vords, if there are m turgsts and n wveapons are launched at ezch, the
total number of weapons is mn.

If m targets each have s survival prodability against a single
sttack 181, and if n weapons are launched sagainst each of them, the following

relations hold:
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Survival Number of Targets

Probabilities

m=] n= 2 m=3 m=b

Prob. of none .
?ugv:;.vi.ng n attacks  (1-87) (1-182)24 (1-,87 P (1-18‘1‘)"
no
Prob. of one
'(’“;"’%"m‘ n attacks 181 281-8) 318‘1'("'3.5?)2 "18;(1'18!1‘))
n-1
Prob. of two sur-
2n on, n 2n 2
3 5 6,87 (1-,87)

viving n attacks W8 3181 \1-1 2

(8,

Prob. of three sur-
viving n attarks lsin ‘*1325(1'132)
(n85

Prodb. of four sur- 4n
viving n attacks 181

(,8,)

It is seen that the probability expressions in any column under a
value of m are terms in the expareion of the binominal expression,

Q- ,8)) + 800"

and also that the sum of the terms in this expansion total unity. Murther

the sumnations of terms starting with the last, then the last plus the next

to last, etc., give the probabilities of m surviving, at least (m - 1) surviving,
etc. This reverse sumation can be expressed mathematically as:

oo - N [1 + f-r) :’.n-—ll.;zgn;gn {1 31113; }‘]
a=)

171
vhere nsx is the probability that at least r out of m targets, each with

single-ghot survival probability of;8,, vill survive n attacks. g 1s'a sum-
mation index. n is the same for each targe: and can be any integer, one or

greater.
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2.5 EFFECTS OTHER THAN BLAST

2.5.1 Initial Nuclear Radiation. During the first few tens of
seconds following a nuclear burst, larse antensitier of gamma and neutron
radiation are produced. Various components of weapons systems and equipnment,
as well as personnel, are vulnerable to these effects. It mgy become im-
portant in target analysis to determine the expected level or dosage at &

particular location.

_ Figure 2-8 is a plot of weapon yield versus range for various levels
of total initial yawna Qosage. ThEse CWIves wore shiained fram {mmmedesesomrbe——iios
tained in Ref. 17. It should be noted that the gamma dosage does not scale
simply with yicld since the fission-produced gaima dosage from megaton yield
shots 1s affected by hydrodymamic motions and zloud rise.

Figure 2-9 is a plo*% of wespon yield versus rangc for various levels
of neutron flux. These curves can be computed frow Ref. 17, also. Figures
2-8 and 2-9 are used in a manner analogous to Fig. Z-7 (Weapon Yield vs.

Range vs. Overpressure) in determining & vulnerebility radius, R . (For
rediation the vulnerability radius will also be referred to ac tie “Lethal
Range.”) Once the value of R, has been found, the computation of probabilities
can be made as was done for overpressures. These calculations can be extended
to consider multiple-weapon attacks as was done with the case of overpressure

probabilities.

2.5.2 Pallout. All of the foregoing analyses pertain to effects
of blast and related initial radiation. In order to determine the fa’lout
intensity, reference must be made to ENW or CAW, (Refs. 1 and 2) which permit
determinatior of intensity and total dose for a set of assumed gecgrephic and
wind conditions. To determine the probability of occurrence of these condi-
tions it is necessary to consider the incidence of winds at different tinmes
of the year. For purposes of this document, analysis will be made on the
basis of a burst in an upwvind direction from the facility at a distance con-
sistent with the design overpressure and weapon yield. This approach is a
departure in principle from that discussed previously for blast and prompt
radiation since it considers the worst case rather than specific probabilities.
Bowever, in general, protection againet fallout will aot be critical in

design.

The curiletive fallout in residual gamma radiation can be determined
for locations downwind from DGZ by uvse of Figs. 2-10 and 2-11. The downwind
situation is teken since it is the most severe condition for design. Figure 2-10
gives values of One-Hour Reference Dose Raters for various weapor rield. and
distances for a 15-knot scaling wind. The values ol Dosage Rates can be
multiplied by factors shown on Fig. 2-10 for other wind velocities.

The time of arrival at the fellout site is obtained by dividing the
distance by the wind velocity. The cumulative fallout occurring at the site
tetwveen the arrival time and any desired time i3 obtained from Fig. 2-11.
Enter with both values of time and read from the ordinate scale the two values
of the ratio of Total Dose R to the One-Hour Reference Dose Rate. The dif-
ference between these two ratio values multiplied by the One-Hour Reference
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Dose Rate, previously obtained from Fig. 2-10 gives the total fallout dose in
the interval between the two time entries.

2.5.3 Ground Shock. In certain situations involving below-ground
facilities the critical effect of nuclear attack may be the ground shock
imparted to the structure or its contents. As explained in SECTION 5 this
ground shock is a function of geometry, geology, and weapon parameters. The
characteristic accelerations, velocities, and displacements in the eartch at
ihe point of interest can be predicted by the methods of SECTION 5. The
occurrence of a specific_kind and pegnitude.of ground.mation cap.theretize b .
correlated with the expected wenpon and with a peak side-on overpressure at
some point at the ground surfacc. The probability of the ground shock
occurrence can then be taken to be the same as the probability that the related
overpressure will occur at the point on the ground surface. The latter proha-
bility can be found by the methods c? this section.

2.5.4 Thermal Considerations. The effects of thermal radiation
are normally not the governing criteria in structural target analysis. However,
it is important to know the thermal levels at various distances from a weapon
detonation since any aboveground exposed ventilators, doors, etc., might be
vulnerable. Figure 2-12 shows the thermal radiation received at various dis-
tances per unit area exposed at normal incidence for several weapon yields.
Since this is a function of the atmospheric conditions, the data shown are
selected for a visibility of 50 miles. This is an optimum situation for
thermal radiation. Vulnerabilities are discussed in SECTION 4.

2.5.5 Biological and Chemical Agents. It is assumed that any
facility vhich is a target or within blast effect distance of a target may
also be subjected to biological and chemicel agents. Appropriate protection
by filtration and sealing of the structure is required.

2.6 DISPERSAL

2.6.1 Determination of Siting. The distance from DGZ required in
order to reduce blast or fallout hazard is determined by the methods described

in Para. 2.h.

2.6.2 General Considerations. When new sites are beirg considered
the following conditions should be effected if pcssible:

If the new installation itself is a recognized target, it must

be located away from centers of population, if it is poasible to do
80. A rule of thumb wanich may be used is to s0 locate the new installation

that a circle of 60-mile radius, centered on a point 40 miles in the known
pravailing downwind diraction from the site (or due East if this direction
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not known), vill 1ot contain centers of population of more than 50,000 people.
More refined analyses may be used based on projections of probable fallout
patterns, should this rule of thumb be impracticable to apply.

2.7 SUMMATION .

After completion of the target analysis one of the three following
conditions will prevail:

e ~ @a. A firm level of protection will have been established to
meet the desired survival requirement.

b. A compromise level of protection will hsve been adopted
wvith appropriate curves showing relationship o level of protection to survival.
These will be carried on to the pext step in the review precceass.

¢. It will have been concluded that “hardeniug” is not
feasible as a means of protection.

2.8 ILLUSTRATIVE EXAMPLES

The following illustrations shov the application of Procedure B to
the eight cases presented in Para. 2.4.4 and Para. 2.4.6.
2.8.1 Exemple 1 {Case 1)

A single facility is to be built. It is considzred important
enough to be a target itself and is thus assumed to te at the DGZ. The ex-
pected attack is by one 10 MT weapon delivered with a CEP of 20,000 ft. The
desired single-shot survival probability is 90%. Find ~he hardness required
for the structure,

(a) Analytical Solution.

From Eq. (2-1) o
81 = 0.5(R/CEP)

0.90 = o.s("v/2°’°°°)2

= 7,800 rt.
},‘l Rv ’
From Fig. 26—
roer = 7.8 thousand ft. and W = 10 MT

P” = 95 psi, say 100 psi
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(v) Graphical Solution. A hit probability of 0.10 ia

obtained by subtracting .S. from unity. TFron Fig. 2-6 it 18 seen that K=0.10
for a circle having a ra&i 8 HXE;lightly greater than the secoud ring. This
distance is approximately 0.4 ; therefore R, = (0.4)(20,000 ft.) = 8,000 ft.
Entering Fig. 2-7 with W = 10 MT' and R, = 8,000 rt., a value or _90_psi 1s
obtained.

(c) Solution using Fig. 2-1. Sflnce thc desired survival
probability is 90%, there must be a 5& probability that the overpressure will
not exceed the hardness o' the structure. Conversely, there must be a 10%
probability that the ovcrpressure will be equal to or greater than the hard--
ness or tne siructure. The entering values for Fig. ¢-15 are: CEP = 20,000 L.,
distance from DCZ = O, W = 10 MI, Prob. = 0.10. It is seen that this problem
does not fall within the range of values of Fig. !:-15 aad therafore cannot

be scived by this method.

2.8.2 p@xample 2 (Cage 2). A-single fa~ility is to be duilt
10,000 ft. from a known DGZ. The facility itbclf ls not cousidered sufficient-
ly important to cause an enemy to change the DGZ. The expected attack is by
one 8 MI' weepon delivered with a CEP of 6000 ft. The desirad survival proba-
bility is 80%. Fiud the required degree of hardness for the facility.

(a) Analytica) Solution. This problem could be solved
by using Eq. (2-2). Howvever, the ratio of L/CEP here is 1.67 and Eq. (2-2)
becomes inaccurate for L/CEP > 1. Therefore, the analytical solution is not

preferred.

(v) Grephical Solution. Sclution by plotting in Pig. 2-6
would be possible by trial and error. It is necessary to find ‘he radius R,
‘required for a circle which: 1) hes its ceuter u distance 1/CEP from the
center of the plot, and 2) has an area vhich includes "squares” having a
value of C.20. Raving fourd R,, Fig. 2-7 can be entered to find the level of
hardeaing. For tais situation the Fig. 2-15 solution is simpier and more

direct.

(¢c) Solution using Fig. 2-15 (Surface). Entering the
00 psi

nomograph with the proper values of W, CEP, and L, the value of Pgo " ps
can be read.

206.3 mMEIQ 2 ‘cue 22. Two facilities, A and B’ are lo,m L.
apart and Facility A is at the DGZ. Irc expected attack is bty one X2 MI
wveapon delivered with a CEP of 20,000 ft. If Facility A is hardened to
65 psi and Facility B is hardened to 20 psi, what ara the pro“abilities =f
each to survive, of both to survive, and ot reither %o suivi-u.

From Fig. 2-7
For A l\' = 8,000 ft.

R‘/czp = 0.h

For B R = 16,000 ft.
n/cxr = 0.8
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Plotting on the Gaussian Distribution Chart (See Fig. ¢-13), the following
nunbers of "squares" are counted:

N, = 0.100 (one hundred "squares™ of value 0.001)
Ny = 0.300 (three_hundred “squares™ of value 0.001)

" 0.087 (87 "squares™ of value 0.001)

Probability that A will survive

18, = 1 - 0.100 = 0.900 or 90%

Probability that B will survive

15 = 1 - 0.300 = 0.700 or 198

Probability that both will survive

Sap=1- (0.100 + 0.300 - 0.087) = 0.687 or 69%

Probability that neither will survive
180 = 0.087 or 80]!

2.8.4 Example 4 (Case 4). Three facilities, A, B, and C are
located with respect to the DGZ so that for a single weapon attack assumed
Facility A has a survival probability of 90%, Facility B has a survival
probability of 65%, and Facility C has a survival prodability of 75%. WUhat
are the probabilities of either A or B being hit, either B or (, any one of

the three?
The hit probabild .les are

HA. l - 0.% = 0.10
HB- 1 -0.65s=0.35

_ Hc =1 =-0.75 = 0.25
Probebility of either A or B being hit

Hy op p = 0-10 + 0.25 = 0.45  or 453

Probability of either B or C being hit
EB or C - 0035 + 0025 = 0-60 or ﬁ

Probability of eny one being hit

HA,B orc™ 0.10 + 0.35 + 0,25 = 0.70 or T0%
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2.8.5 Example 5 (Case 5). If a facili '
. ty is located 10,000 . £
the DGZ of an 8 MT weapon, and assuming a CEP of 20,000 ft., vbat'deaig; pr:: .
sure level is required to achieve a survival Probability of 90%?

Solving Bq. (2.2) for R,

3
R, = 0.45 CEP [(EE‘E-P-) +*5] (r - ,5)%?2
= 8,830 rt.
From Fig. 2-; Py, = 35 psi

What 18 the survival probability for this facility if a tctal of three identica.
attacks were madel :

35y = (0.90)3 = 0.729 or 3%
What design pressure level is required to achieve a 90% eurvival probabiiity
from the three attacks?

0.90 = (,5,)°

15 - 0.966
Substituting 0.966 for 15, in Eq. (2.2);

R, = 5180 ft.

From Fig. 2-7; Pao"" 220 psi

2.8.6 Example 6 (Case 6). Three similar installations, A, B,
and C are each hardened to 12 psi and located so that they form the vertices
of an equilateral triangle ;000 ft. on a side. The estimated attack is
from one or more 100 KT weapons each with a CEP of 10,000 ft. The DGZ 1is
not known but it is assumed that all weapons delivered will use the same
DGZ since the faciliiies are closc together. Pind: the probability that
all will survive 4 attacks; the probability that toth A and B will survive
4 attacks; the probability that A will survive 4 attacks; the probability

that at least cpe will be a hit.
From Fig. 2-7 using 12 psi and 100 KT
R, = 4150 ft. (for each target)

b1
Rv/m = ré-?mg - 0.'&15

If the three installations are plotted to the scale of the CEP
on a transparent overlay and the overlay placed on the Gaussian Distribution
Chart (Fig. 2-6) it is found that the DGZ can be anyvhere vithin the triangle
formed by the three installations without ctanging significantly their survival
probebilities. Therefore, for ease of computation the DGZ is taken at the
geomatrical center of the triangle (Fig. 2-1k4).
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The following singic-shot probabtlitlies are obtained by counting
"squares":
Only A, "A = .07
Only L, NB C.065
Only C, Nc 0.0G:
A+B, NA+B C.016 )
B+C, ch = 0.016
A+C, Wy oo om 0.016
= 0.51%

A+DB+C, NABC |
A complete miss = 1 - L( 3)10.063) - (2)(0.026) + 0.015'
=) - 0,156 = 0.8uk

Probability that all will swvive b attecks

\Ss = (o.Buu)" = 0.514 or 51%

Probability that A and B will survive 4 attacks

) N
1SaeB = { 1 - l (c.062)2 - (0.016)1} = 0.669 or 6T%

Probability that A will survive &4 attacks
’ L
1Sp = )Ll - (0.063]} = 0.771 or 7%

Frobatility that at least ~ne will be hit
Wi = (1 - 0.514) = 0.480 or 4%

2.8.7 Exsmple "i (Case 7). Four tdentizal installations each
having a value of S of are considered equally likely to be attacked.
They are separated far cnough to be non-overlappirs, but tey are still
close enough together sc that aii have a probability of being hit when one
of them is the DG2. It is asvumel lnat more than one attack will te

launched sinmultaneously.

The single-shot probabilities Lave been datoruwine’ to be as
followsn:
Ny Ke %
A 1s DGZ 0.20 0.05 0.04 0.04
B is DCZ 0.0y 0.20 0.10 0.0l
C is DGZ 0.0L 0.10 0.0 0.08
D 1s DGZ 0.04 0.0 0.08 0.20




Fird the suivival probetilitics at the end of S attecks el a sirgle DCZ.

Probability that none survive (all are hit)

If A is the DGZ 5¢(0.20)(0.05)(v.04)(0.04)(1) = Approx. zero
If B is the DGZ $:(0.0,){0.20)(0.10)(0.01)(1) = Approx. zerc
If C is the DGZ 51(0 o4)(o. 10)(0.20)%0.08)(1) = ApDprox. zero
If D is the DGZ 5!(0.04)(0.01)(0.08)(0.20){1) = Approx. zero

Survival probability of A if four simultaneovs attacke are launched, one
aimed at each installation

S, = {1 - (0.20 + 0.05 + 0.0L + 0.04)]
2 1 -0.33 = 0,67 o 67%

Survival probability of A if two weves of tour simnltaneous attacks are

launched (each installation has two weapons directed at 1%)
Sy = (0.67)% = 0.446 or Usp

If A is the DGZ tor three sin%e attacks, what is the probability that
A and B will be hit but not C (D may or may not be hit)
= 3! -
sHp,p = 3¢ (M)(p)Q - 1)
= 6(0.20)(0.05)(0.96) = 0.0576 or 6%
If ‘A is_the DGZ for three single attacks, what is_the probability that

only A w1l be hit
[ ]
H =2 ()1-N -N,-N -ND)2

=2 Vg A~ "B e
+ 25 )% - N, - Ny - Ny - e (N,)?
= 0.36 or 36%

2.8.8 Example 8 aCaae 8). Four identics™ install:tions each
having a value of 18' of are considered equally likely to be attacked.
They arc separated f%r enough t~ be considered independent targets, cnd
are of course non-overlapping. It is probable that more than on2 aitack
will be launched either simultaneously or in seguence, btut 1% ‘3 assmed
that an equal number of weapons will be Gi:ected at ci-k i ww

installat.ions.

Find the survival probabilities at the end of five sim eous at s of
each.
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m =4
L =5
15, = 0.89
Expand tne sxpression [(1 - 0.8%) + 0.8>}h
or (0.622 + c.278)"
[0.622 + v.378] " - (0.622)" + u(o.622)5(o..578) + 6(0.622)°(0.578)°
+ 1(0.622)(0.378)° + (0.378)"

= (0.150) + (0.263) + (0.237) r (0.2%4) + (0.020)

None Exactly Exactly Exactly Exactly
Survive 1l 2 3 4
Survives Survive Survive Survive

+

1.000 = 0,150 + 0.363 + 0.333 + 0.134 o.{*"v
0.850 = 0.365 + 0.333 + 0,134 + 0.020

0. !081 = 00533 + 0-!5" + 0.020
at least ;

1l 0. _12{&_ + 0.134 + 0.020

survives at leust .
2 0.020 - 0.020

survive at least
3 all 4
survive survive
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SECTION 5. DESICN ANALYSIS

5.1 INTRODUCTION

5.1.1 8tructural and Environmentel Consideratiorns. In planning a
facilily *- sesist the effects of nuclear weapons, conslderstion must be given
to the following factors: (1) the immediate nuclear and thermal radiation;
{2} the shock transmitted through the ground; (3) the air blast forces;

(4) the radiation from fallout and the induced radiation resuiting from the

immediate neutron effects on materials. -

The levels of radiation intensity and of shock and blast vhich an
installation must resist depend on = number of factors over which the designer
has no control. These include: lhe size of veapon and the listance from the
vexgct av waich 1t is detonated, or the overprasunge level “hich is produced
at the instellation by the weapon considered; the numbexr of weapons vwhich are
successfully detonated in the vicinity of the installation; and the over=-all
pattern of the attack, vhich may bring residual radiation from fallout toc a
target vhich i{s not near any nuclear burst. To contend against these factors
one may select the ground enviromment, the structural mass and strength of the
elements of his installation, and the arrangement and multiplicity or dupli-
cation of the elements in a pattern vhich will give the necessary probabllity
of survival. These factors influence the effects of the blact and radiation

on the structure.

In the light of the discussions in SECTION 1 and SECTION 2 conditions
are chosen which the structure must resist to give the appropriete probability
of survival consistent with the importance of the facility. The tentative
first conclusions as to the design parameters may have to be modified in
accordance with operational :onsiderations as described in SECTION 3. Guidance
for determining survival critcria for personnel and materiel may be found in
S8ECTION 4. 1In the light of these various discussions a tentative selection
must finally be made of the structural type and of the design parameters,
vhich can be stated generally in terms of the cverpressure level and the radia-
tion intensity levels, both from immediate and residual radietion, and the
level of earth shock, for which each element of the facility must be designed.
It is the primary purpose of this chapter to descri'.e in deiall hov a design
can be revieved to investigate its suitability for the particuiar purpose

intended.

It will ordinarily be necessary to consider structur 3 of 2lilernalave
types and to compare their relative costs in order to :.uhe the best selection
for the particular item. In some cases, particularly for very high probabill-
ties of survival, the cost may be correspondingly large. In tnese instances
oae may wish to consider the possidbility of reducing these costs by a combined
Program of dispersal and hardening to a somevhat lower level to give the sane
r.obability of survival.. The procedures des:vribed in SECTION 2 are availabdble

for this purpose.

5-1




In the various aspects of this discussion consideration 18 given to
methods which are rapid but which are sufficiently accurate for all practical
purposes, consistent with the accurecies of the other assumptions entering
into the problem. ‘

5.1.2 Structural Design. The purpose of this section is to des-
cribe the structural resistence required, and the methods for determining 1it,
for various levels of overpressure and sizes of nurlear weapons. For e
variety of structures and structural elements, charts are given for the review
of the structure or element. The resisting capacities can be determined
ircectly vhen c span or other controlling dimensions of a structure, the
structural materials, and the range in the behavior of the structure for
vhich the design is t0 be prepared, are given. Illustrative examples are
given of the use of the charts.

A In unusual cases for which cherts ar+ mot given, the procedures 2
APPENDIX 5D may be followed. In gencral, consideration must be given to
insure resistance against overturning and sliding cf abovemruvund structures.

5.1.3 Mechanical, Electrical and Utility Design. In a hardened

facility, the mechanical, electrical and other utilities eguipment is con-
ventional in design although there may be requirements for its shock mounting
(5ee Para. L4.3). In general the principal difference in tnis equipment is

in the nature and size of loads imposed by the hardened environment (particu-
larly during buttoned-vp periods) and the corresponding size of the equipment.
These are discussed in Para. 5.7.

5.2 STRUCTURAL IESIGN AND REVIEW

5.2.1 Seiection of Design Parameters. Design charts are given in
APPENDIX SA which may be used to determine the approximate size required for
various structural elements .uch as slabs, beams, arches, domes, columns,
footings, or frames for any level of overpressure. Use or these charts re-
quires the definitiorn of several paransters. These parameters are discussed
briefiy in this section.

The charts msy be used to determine the resistance of elements of
a given size in terms of the overpressure wvhich would produce the desired
degree of perms ent defliection of such elements. I. lu assumed that the type
and geometry of the structure or structural clement has previously been
deternmined. Most of inhe data are given in teims of the maximur pressywre pm
t2 +hich the element is subJjected. This iz the peak side-on overpiccsure
for abcveground roofs, the peak pressue attenuated with denils -2low gwround
surface for buried structures or the reflected pressur: for abcreground slabs
or wells., In all cases the charts include the effectv of rapid application
of load. Thus, the resistances given are dynamic rather than static. The
relation of the reflected pressure p_ to the peak side-on overpressure ) T
15 giver in Eq. (5D-1) in APPENDIX S5D. ,



The attenuation with depth of the vertical pressurcs on Lorizontel
surfaces below ground can be oblained from kEq. (5-1%) nince the attenuation
of overnressure with depth is of the same nature and megnitude ar the
attenuation of vertical velocity with depth. Factors for the horizcntal pres-
cure on vertical surfaces helow grouad are given in Para. 5.3.3.

The loado acting on underground silos and tunnels are discussed in

Dara. So}.

The charts for aboveground buildi.né fremes, arches, and domes are
siven in terms of the peak side-on overpressure p__ instead of the maxinum
pressure p . These charts take into account the ggrlected pressure and the

duration ifiplicitly.

All charts are based on the assumption that the duretion of the
rositive overpressure phase is long compered with the natural period of vibre-
tion of the element. For the structurel forms considered this involves little
error for megaton size weapons. For smaller weaponc the charts would give
conservative results but normally thc error would not be serious. Other
approximations are made in certain of the chacts (see Para. SA.3), and more
refined methods which may be nccessary in some ceses muy be epplied by use
of the general fuzdamental relations given in APPENDIX 5B end APPENDIX 5D.

All of the charts are concerned with the required structurel
resistance and do not consider tane requirements tor radiation protection,

vhich subject is treated in Para. 5.5.

In order to determine the required size of elements, it is -ecessary
to use the dynamic strengths ci the materials, for example f& » the dynamic
compressive strength of corcrete, and f, , the dynamic yield gtrength of steel.
The megnitudes of these dynumic strenghgx , taking into account increase in
strength due to the rapid rate of loading, have been included in APPENDIX 5B.

In the design of reinforced concrete elements it is necessary to
select a steel percentage. In order to insure maximum energy absorption, it
is recommended that where pocsibie no more than 2 percent of flexural steel
be used. The net flexural steel, which is the difi'srence between the per-
centage of steel on the tensile side and that on the compressive side of the
flexural member, should be kept less than 1.5 percent. Greater perceatages
of flexural steel may give failures of concrete in c wmpression of a brittle
character with congiderably less energy absorption than would te obtained
with a smaller percentage of steci. Hcwever, in unusual :ircumsctances it is
permissible to iucrease the net percentage to approximately 4G £ :d,v pro-
vided that a low ductility ratio is nuscd in the design, and p.i¥° ReaWnat
compressive steel is used. At the other extreme, it is imperative that at
least 0.25 percent tensile reinforcement be provided in flexural members.
lesser percentages of tensile steel ma) result in brittle behavior of the
member. However, in unusual circumstances the tensile steel percentage may

[}
be reduced to 2 fdc/f@.




When web reintorcement 1s required in a rlexural member of relnforced
oewctele, at ieast 0.25 percent must be provided. Cthierwize brittle behaovior
nay develop. Because of the tendency toward rebound only verticel stirrups
should be cougadered effective as web reinforcement. '

The ductility ratio 18 a measure of the amount of plastic deformation
vermitted in the member or elerent. The ductility ratio, defined by Lue
tymbol B, 1s the ratic of maximum deflection to the elastic 1linit or yteld
deflection. Charts ure incluucd for values of 4 of 1.5 and 3.G. The smalier
vaiue of B implier only slight damage to the structure since the permanent
deflection is only 30 percent of the yield deflection, and the latter is
normally small. This value should be used in designs when the functional
regquirements of the elements Co rot permit sizable deflections. The smaller
value of W; namely 1.3, is used also in the case of compression elements such
as arches and domes, where it is doubtful tha: a great deal of plastic deforma-
*ior con be mobilized without seriovs peraarent 2emegs. The higher value ol
5.0 inmplies larger permanent deflections bLut not collapse of the element of
siructure.

Although considerably larger values of the ductilitv factor can be
used in certain types of members, generally for the long duration loadings
vhich are associated with megaton range weapons the differe:nce in the strengihs
for a larger value of K compared with the strength for value of ¥ of 3.0 is
rclatively smali. The use of the lower value of ductility factor takes
account of a nunber of uncertsinties, such as those involved in the estimation
5f the properties of the material, tae neglect of higher degrees of freedom,
the precise shape of the loading und unloading curve, and rimiler matters.

In the case of reinforced concrete elemente, charts are given for
the various possible modes of failure including flexure, pure shzar, und
d:a20nel tension. In such cuses all charts are read and the most scvere
fai1lure criterion is used. The design charts for shear and diagonal tension
are necessarily baced largely on results obtained frcm extensive tests of beams
and slabs of normal proportions; that is, with depth-span ratios less than
about. 0.2. The extension of these results to cover much deeper sections is
done with some uncertainty. However, a limited number of very recent tests
c1 deep reinforced concrcte beems indicate that the charts may be somewhat
~cnservative, Unfortunately no more rcliable criteria are now available.

5.2.2 8tructural Deteils. 8Since structural clements in a hardened
structure are required to develop their Full plastic strengihs, particular
attontion must be paid to vhat are ordinarily considered details as Jdiscussed
btervw tor concrete and steel construction. It is emphasized, howevci, that
these so-called dcoteils are extremely important in developing -, .iauic
resishtance.

Reversals of 3jtress anl reaction direction mey occur. Accordingly,
uniess otherwise specificd by analysis (see APPENDIX 5D) all members should
be designed to have rebound strengths of at least 25 percent of the normad
des1gn strength specified by the Llast loadin,.
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While not strictly a structural detail it ehould bLe noted tna.
special care is needed in mounting fixtures (such as lighting fixtures) in
hardennd structures. The structure can be subjecteéed to considerable moticns
wvhen subjected to an air blast wave and potential secondery uissilea (even
pictures hanging on valls) should be avoided.

a. Concrete Construction. Reinforced concrete is an ercellent
material for hardened construction. However, strict attention must bLe paid
to details in order to assure continuity, ductility, and registance to loads
in either direction. Thus continuity of reinforcement by ec'equate lapping or
“elding is desirable, but welding may be difficult for certiain steels. '
Diasgonal tersion reinforcement, vhich usually is requirc¢d in hardened construc-
tion, generally should be perpeondicular to the member axis dbecause inclined
bars form planes of weakneas under the condition of shear reversal. In those
inptances where inclined bars are used to increase the shear resistance,
additiona). vertical bars should be usged 1o restat disgonal tension along ti.:
planes of veakncss (under reversea loeding) formed by the 1ragonal dbars.
Doubly-reinforced members with the rzinforcing edcquately tied have much more
ductility than singly reinforced members and accordingly offer great advantage
for hardened constiuction. Joints are particularly important. They should
be detalled and fabricated in a way vhich will insure ductile behavior of the
completed element. Further, the ultimate strength of the least strong con-
necting element should be developed in the Jjoint, if at all practicable. In
ms case shall the amount of reinforcing used on any face of a beam Or slab
exceed 2 percent of the cross-sectional area of the element, in order to
avoid brittle behavior. For doubly reinforced sections the reinforcing
index q is given by

(»-Pp'
1% . fay

vhere p = ratio of tensinn-steel area tc concrete area, bd, and

7'= rativ of compression-stecl are: tc concrete area, bd.

As for singly reinforced sections, an index »f approximately 0.40 divides
underreinforced (ductiie-behavior) sactions 1rom overreinforced (brittle-
behavior) sections. Overreinforced members :ail by crushing of compresaion
concrete without yielding of tension steel. Such failures occur with

little or no varning ard obviously are not dusirable particilarly in
hardened construction. Rurther, if other than bdbillet steel bars of structural
or intermediate grade are used, neriticular attention must be paid to avoid
brittle behavior.

When hecavy concentrations of long.tudinal sto~) Lam are required,
particularly in the vicinity of lap splices, adequate transverss reinforce-
ment (ties, stirrups, or simply transverse bars) should be provided to prevent
bond failure by splitting of the concrete.

b. Steel Construction. Steel also can be used very ecomomicel-

ly for certain types of harder.ed construction. Arch or circular sections for
undesground construction, steel besms for composite construction,high streagth
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columns, end steel doors for personnel or ecquipment entrances are elemcnts
vhich may be more economicaliy constructed or steel than of reinforced
concrete.

Ductility, continuity, and devalopment of full plastic strengths at
Joints are also r1ecommended for steel construction. Steel members designed
tor maximm plastic resistance should be able to expericnce large deflections
without reduction in load capacity. Generally such members will be stockier
than in conventional designs. Ra:commendations of proportions vhich would
ninimize or avoid buckling provliems are given in APPENDIX 5B.

*

In the design of vertical members of continuous frame construction,
fixed column bases, if combined with a suitably strong foundation, will
increase the plastic resistance of the entire frame. In eddition, if the
colunn top is restrained against rotation about hHhoth axes by members that
frame in both directions, the plastic strength ~apacities of th- column will
be increased by reducing tendencies iowvard lateral buckling.

Connections should be designed so that ductile bchavior should
take place in the member. In corner comnnections it is particularly desirable
to irtroduce diagonal stiffeners so that undue shear yleld, causing large
local engle-change between connecting members, will be prevented. Similarly,
connections for tension members should develop the yield strength in the main
body of the member.

Weldable steel should be svecified and welded Joints should provide
maximm continuity cf detail and a minimum of local stress concentration. In
riveted and bolted joints, sheared edges and punched holes should be avoided and
generous edge distances should be used. :

5.2.3 Hardened Doors. The intended function of a hardened instal-

‘lation may be achieved or lost according to the attention that is given to

the doors. It cannot be over:mphasized that doorc - particulsary lerge doors -
represent a major structural-mecharical design problem, and that door require-
ments often mgy influence the type or proportions of the main structure.
Coreful study of this problem is further necessitlated by the fact that the
total cost cf o large door, including its mechanicel and electrical components,
can represcnt a significant fraction of the total cost of the hardened -
installation. It follows that door studies should be initiated at the oubdbt
cf the over-all planning and design. As a corollary the revicwer of a pro--
posed hardencd installation should scrutinize the door provisions most

carefully.

It should nct be inferred that every door requires o .rtal) 2
design study. On the contrary, small doors, particulariy those vhich are not
£o located as to experience all of the weapons effects, should he standardized
types vhenever possible. Such smell doors occur frequently throughout the
field of hardened construction, and standardization is highly desirsble to
minimize costs and construction delays.
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Paragraph 5.2.3.2 1s comprised of a list of functional requirements
wvhich should be considered hy the designer. This list should likewvise be
referred to Uy the reviewer in evaluating proposed types or arrangements of
doors. Paragraph 5.2.3.3 is comprised of a lict of important characteristico
of the hardened door, with comments on the significance of eacii. Supplementary
source materlal is provided by a list of pertinent references.

5.2.3.1 Types ol Ivors. 1in general, doors may be cluseed in
accordance with their attitude, either horfzontal, vertical or inclined, and
vith respect to their method of opcning, sliding or rolling, hinged on one
.ide or on both sides with g jJoint down the center. A third method of clas-
sification involves the configuration: ‘Whether the door i3 flush with a
surface, in a recess or outgside a surface with the edge: exposed.

There are advantages and disadvantager in each type of configuration,
method of opening, or attitude. Horizorntal do~rs have the cdvantage that *+h:y
are subjected only to side-on overpressures whereas inclinad or vertical doois
may be subjected to thc much higher reflected precsures. ©On the other haud,
horizontal doors may have to be larger than vertical doors to provide entrance
for certain items of equipment Jor personnel clthough they niay have advantages
in openings for missile silos where only a vertical entrapce to or exit from

the enclosure is needed.

Sliding flush dvors have certain edventages in mechanical simplicity
although some difficulties are presented with regard to the exposed free edge.
Such g fres 28ye 18 exposed to blast forces and drag pressures for which pro-
vision must be made in the supports of the door. Difficulties are also
ercountered in providing for seals against tlast pressure and dust. Provision
must be made for removal of debris either by the door itself as 1% slidas
forvard or through auxiliary means, in order to pemmit opening of the door
vhen thc surrounding area i1s covered with the debris resulting from a close-in
burst. Some of these disadvantages arc overcome by doors which swing on
hinges of the single or doulle leaf type. E£uch doors may he made to be
practically self cleaning of debris, but generally require more careful
attention to detail in the mecananical arrang:ments at the hinges than dv
sliding doors. Special provision must bte madie in double lear doors for the
sealing of the enclosure vhere the free edgej meost. The relief of the -inges
from blast loading which is usually necesss) 7 also presents mechanical
problems wvhich cen be solved, although not : imply. Dcors vhich must rezain
open for operations in severe wind storms present c.iitionnl problems.

Flush sliding doors provide less resirtance to winds and less turbulence in
the region of the enclosure tnan do doors W ich stand up in the wind streasm
when they are open.

Vertical doors uay also be hinged or may sliaeu. 8liding vertiecal
dooys are usually supported at their bottom surface. Hinges for vertical
doors are usually most conveniently provided at the bottom so that the door
svings open as in a drawbridge, or at the top ia vhich case the door may
sving either outward or inward. BHowever, heavy doors are difficult to swving
from hinges at the top and to support vhen they are closed.
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In additicn t the door types discumsed ghove there may be other
wnusuel types of doors that offer special edvantages for particular uses.
For very high overpressures, doors may be used which are relatively thick and
slide' into place against = s0lid wall so that the door itself is not gub jected
to high stresses under blast ccnditions. When the door is slid %o one side
lnto » pocket, a right-angled entranceway is formed which may be asdequate tor
bpersonnel and rfor small vehicles but is generally not capsble of bveing made
udequate for large equipment or vehicles. Other types of closures may involve
plugs of rock or earth which can be removed after a dblast, but not quickly.
such clcsures wiuld not ordinarily be adequate for installations which require
a short reaction time. Other energy absorbing doors such as doors involving
masses Of waler or mechanical ciuergy avsorbers may find particular uscs. In
general such doors iavolve a great Aeal mnre complexity than do simpler and
more rugged although possibly more massive doors.

5.2.3.2 Punctional Requirements.
a. Existence of Alternate Openings of 3imilar ‘Amction. Is the

installation such that more than one opening is desired under day-to-day or
attack conditions? If necessary cen the installation function after an attack
vith less than the total number of doors operablie? If so, can alternate
openings be oriented to avoid or minimize the probability of fuil weapons effects

at all locationsl

b. Exposure. Is the opening at an exposed (i.e., surface)
location or is it within a tunnel or other shielded location? In the latter
case some weapons effects (thermal, radiation, reflection increments to shock
pressure, dust and rubble) may not have to be taken into accowmnt in the door

design.

c. Day-to-Day Function. Does tic door have to cperate fairly
frequently, in day-to-day functioning of the installation? Only infrequently?
Only rarely (as a check on readiness)?

d. Time Available for Operations. What is the maximum time

that can be permitted for door opening and for door closing under attack
conditions? In day-io-iay operations?

e. MNumber of Post-Attack Operations. 1Is it only required

that the door survivc one attack, or must the closing-rarvival-apening cycle
be ruaranteed through several successive attacks?

‘ f. Oricntation Requirements. Is the purpose of the opcring
fuch that the door must be horizontal? Or vertical? Or can the orientatior

be sclected to miniwize door loading without - cgard -to funation?

8. Susceptib. of Installation Contents to Var.ous Weapons
Effects. For the {humen or material) contents of the installation is pro-
tection required against ell attack effects (blast, heat, rodiation, chemical
and blological enntamination)? Are the contents insensitive %o onc or more
of these effects? Is the occurrence of one Oor rore of these effects deemed

improbable?
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h. Required Size and Shape of Opening. Although size and
shape of opening are abvious criteria, it secms necessary to erphasize that
an underestimate of these requirements may impair the function, a:d an over-
estimate will needlessly increase costs.

1. Operational Limits on Pcsition of (pened Door. To avoid
interference with operations are there limitations on positions of the opencad
~ door? _

o

5.2.3.3 Important Duor Characteristics.

a. Strength and Stiffneass. If some plastic deformation cen
te accepted this will reduce tae strength required to resist the given blast
pressures. The extent to which such deformation can be tolerated depends not
cnly upon the failure mode of the door but also upon the influence of distor-
tion ca subsequent operation. In particular, excessive Aisturtion may Jjoz the
door 50 that it cannot be opened, s cannot subsequently be closed; may break
Joint ~cals or make a tight seal in subsequent clesings inrsasible.

It should be noted that the dcor and its suppirts mey be scudject
to force reverseal, i.e., forces opposite in direction to the blast pressure.
Such forces may result from ground accelerations or from *h~ elastic rebound

of the door.

b. Weight. The required thickness mey be governed by required
resistance to radiation effects, in which case the weight may not be subject
to measurable control by skillful structural design. When thickness is

verned by blast loading, however, the weight may vary widely with <oor form
dome, slab, etc.), method of supporc (full perimeter, two-edge, roints, ete.),
materials (steel, concrete, or cnabination), and internal structure (soiic,
cored, sandwich). -

The size and :0st of mechenical components of lerge doory may
be very sensitive to the weight of door structure. This would be particularly
true in those door types for which the (unbalanced) mass must be lifted. It
is to be noted that the cost of mechanical-clectrical components (trunn‘ons,
rollers, jacks, power cylinders, linkeges, gesra, motors, tracks, etc.) may
be a large fraction of the total cost. Accordingly, an increase in cost of
door structure to reduce weight may rcduce the over-all cost of a large docr.
In addition, reduction in weight of door structure '.2y ta significant in terums

“of reduced powver requirements. :

c. Shape of Exp:aed Surface. In luw cases the mnet Sppro-

‘priate solution of the door structure 1g a ,lat aladb of concx:» : ov .t:el,

and the major exposed surface is a large 1lat planc. iur more effective use
of the material, dome types also have hean considered. In the latter type
muck of the inherent strengih advantage msy be lost because of the more

severe loading associated with reflection and drag effects on the dome surface,
in contrast with loading on the plane surface of the slad type. This aif-
ference in loading is particularly pronounced vhen the slad type door is
recessed to make its outer surface flush with the outer surface of the main
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z’ztructure. This arrangement ia particularly effective for horizor.tal doors
wuruua} entrance) designed for resictance to the blast effectc cf =
surface burst. In this situation the two advantages achieved by & flush
surface (vith adequate sealing of the perimeter joint) are: elimination of
reflection effects in the blast loeding; elinmination of forces in the door
plare due to drag anil due to blast pressure on the vertical edges. When
~ the door must be vertical (horizontal entrance) the dome chape is not at &
disadvantage vith resiecct to forces normul to the planc of the protected
opening: however, it is less satisfactory than the recessed clab type with

rogpedy o0 foxrces in the plane of the opening.

d. Degree of tectio rded Mechanium. Kxposed
pgris of a door mechanism may be damaged, and the door rendered inoperable by
heat, fragment missiles, rubble, or dust. Whether one or more of these hazards
must be considered depends upon door location (at surface or well within a
tunnel or other shiclding), nature of adjacent terrain gurface, proximity to
other buildings or equipment whicu 1zht furnish fragment mie-ilc3, and assumen
veapon size and DGZ.

Whern these hazards are present prefereace should be given to
designs which place all of the door mechanism within the protected space. In
general such complete protection is feasible. In the rare case of doors so
enormous that a practical method of operation must involve rolling on exterior
tracks the protection of these elements may be a major problem.- Fortunately
this situation will occur only rarely, if ever.

Protection of the door mechanism involves not only the direct
weapons effects listed above but also the effects of the very large forces
transmitted by the door structure, and the distortions and motions vaich the
door structure may experience. Door forces during blast sre very much larger
than dead weight forces. Thus while the mechanism can be designed to work
against the latter it is not feasible to provide even static resistance to the
former. TFor this reason, and because resistance to distortion and relative
motion requires large mechanism forces, the operating mechanism should be ico-
lated from these forces and motions when the door is in the closed position.
Support for the closed door structure should be independent of the trunnions,
rollers, struts, and other elements of the door nicchenism. In edditicn the
nechanism must, of course, be resistant to the effecis of ground shock.

e. Reliability of Mechanism Power Sov.ce. 8n.ll blast valves

and doors may incorporate integral pover sources in the form of compressed
springs, explosive cartridges, ani puwer cylinders. Because of the amill door

nwmawmad{an

mass in these cases the pover requirements are small and emergency aand -Spirat
often may be provided.

Large doors often require very large power expenditures for
short periods of time. For day-to-day operations this power can be dravn trom
a central source, even a scurce exterior to the installation. In such cases,
however, a parallel standby power source alvays should be provided within the
rrotected space. Consideration should be given to the use of hydraulic-
pneunatic pover systems vhich have the advantage of rejuiring rclatively small
electric power inpnt to a pressure accumulator.
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In some cases it may be possible to utilize counterweighting
to reduce the power required for door operation. In other cases gravity
forces may be employed tc open (or close) the doos without pover input. If
gravity 1s used to racilitate opening, the opening time can be substantifally
reduced without increasing the power requirement.

f. Reliability of Wurninyg and Trirgering Devices. It is
essential that remote warning devices and circuits be provided to lnitiate
door closure, and that these provisions be matched with the door closvre
time. Considerstion should be given to "tail safe" circui-=ry which will

nitiats door clocsure in the event of fallure or melfimetisn of Aevicea or

1]
b d e Wb WA e

circuitry.

5.2.5.4, Partial Bibliography on Doors.

(1) "Designing Entrance:z for F.sicctive Shelters”,
Cdr. L. N. Sauncae:s, CEC, USN, BUDOCKS T.echnical
Digest No. 80, Sept. 1957

(2) "A Door Design to Proteci large Aircrurt Against
‘ High Overpressures”, Sargent White, Phys. Vuln.
Div., Directorate of Int:1ligence, USAF

(3) Course Outline for Course on Atomic Defense Engineering,
Port Huencme, Sept. 1958 ,

(4) "WS 107 A-2, Technical Ficilities, ICEM-Base T-1,
Concepts”, prepared by I'4IM for AFEMD (Secret)

(5) "Evaluation Report for INC Operational Main Closure,
WS 107 A-2 Launcher Systom", prepared by AMF under
Contract AP OL{647)-138 ‘Secret)

(6) “Proceedings of the Symprsiun on Protective Construrtion®,
sept- 21-22, 195“, "”hi"gbon, D- CQ, Office Of Ql.lcf

Eng., U. €. Amy (Secret,

(7) "™W8 107 A-2, Technica) F .cilities, ICEM Base T-1, .
Preliminavy Basis for De: ign and Outline Sepcifications’,
repareg by IMIM for Corps of E.gineers, U. 3. Amy
Secret

6/ "A Protective Alert Shelter for Strategic Afr Cocmand”,
Assoc’ated Research Design, Contract AF :7,.00)-.1536
(Secret)

(9) "Proceedings of the Symposium on Protective Construction
(U)", RAND Corp., ASTIA Document AD 150659 (Secret)
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5.2 TESIGN LOADINGS FOR SILOS AND TUNNELS

5.3.1 Arching for Dead load and lLive load. long shafts either

verticua  or horizontel present particular probleas in design. Such shafts
are encountered in tunncls connecting various structures in a complex, or in
vertical shatts housing various kinds of equipment or rroviding accese to
structures. The loadings on shafts of this sort are affected greatly by the
wethed of construction and by the properties of the soil. For thia reason,
general recommendations are given in this section for the design loadings to
- be used for varisus conditione that might be encountered in praciice. Threse
“oadings are used with the design procedures and charts given in APPENDIX SA

arches.

In a body of 80il that is undisturbed and does not have structures
located in it, the situation is considered "at rest”, and the vertical
pressures due to the dead load of the so2il are equel at sny point to the weight
of the column of soil above that poinc. Tnhe horizontal pressur<s are generally
groportional to the vertical pressurea" and the ratio is called the

Coefficient of earth pressure at rest . This coefficient is usually con-
siderably greater than the coefficient of "activs" earth pressure, which cor-
TSopinds 1o the minimum lateral pressure required to keep the soil from sliding
into en opening, but it is ccnsiderably less than the coefficient of "passive”
esrth pressure which corresponds to the maximum lateral force that can be

developed.

In tunneling operations the soil is disturbed and movements take
place during the construction. Because of these movements the pressure of the
s0il against horizontal and vertical surfaces is changed from the free-fleld
conditions and is generally considerably reduced below the at-rest coniition,
butl thc lateral pressures may be somevhat higher than the active lateral
pressur:s. The methods described herein for computing the pressures for hori-
zontal or for vertical shafts are adapted with minor modifications from the
procedures given in Ref. k.

When additionsl load i1s placed on the surface of the ground, the
pressures on underground structures depend on the coupling between the
stlructure and the soil, and on the soil and structure properties as wvell.
However, for blast loading, the soil strengths are somewhat higher than for
dead loading or for long-time loading. Also, the structures are generally
fairly stiff and cannot move as much as the movements t'.rt cre permitted
during construction operations. Consequently, the forces tranemitted by the
surface blast loading to the structure may e considerably higher, at lewust
in lateral directions, than the dezd load active earth pressures or nesvl:
uctive eusrth pressures for vhich the structures are deaigned. :

In the treatment wvhich follows, prirary attention is given to sand
or to granular materials heving ean angle of internsl friction. However, the
same treatment may be used, with some glight degree of overconservatism, for
cohesive materials provided that the cohesion is considered to be in effect
som’ thing wvhich can be replsced by an equivalent angle of internal friction.
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5.3.2 Dead load lateral Soil Pressures on S1los or Vertical Shafts.
Consider a vertical. shaft of radius r in o granular material, shown in Fig. 5-1,
vhere “he pressure distribution is shown schematically oa the wall of the
shaft. The vertical pressure at a depth r is noted ty the sywbol p_. Because

"of the movements during construction operations the lateral preuurfu nay heve

values considerably below the lateral pressures "at rest”, and there is a

tendency for the lateral pressures to arch around the wall of the shaft. The
reconmended pressure distribution to be used for design of the structure for
dead load is shown in Figs. 5-1 and 5-2. PFigure 5-1 gives, as a function of

* the ratio of the depth 2z to the silo radius r; the ratio of the pressure lt’ﬁ
e

at depth z to the pressure at an infinite depth p.. The curve shown has

equation: v
P, 'r |
e g—i—r rer Y (5-1)

The presswre at an intinile depth 1s shown in Fig. 5-2 in terms of
the density or weight per unit of volume of the gcil w and he radius of ‘.he
silo r, as a function of the ang’e vl laternal friction 9. vaulues of 9 below
30 degrees are noi found for sand. Values of @ for silt moy range down i
25 degrees. ‘The design curves are not applicable at all belowv 25 degrecs.

- As an indication of the way in which these figurus can be used,
there is shown in Fig. 5-3 the horizontal dead load pressures on a 50-ft.
diameter silo for various angles of internal friction. The curves shown are
plotted for a material of a density w = 120 1b per cubic ft., and the pressures
are given in psi as a function of the depth from the surface in feet. There
is given along each of the curves the pressure at an infinite depth computed
from the coefficients in Fig. 5-2. It can be seen from Fig. 5-3 taat for
material having an angle of internal friction of 35 degrees, altaough the
pressure at an infinite depth is 13.9 psi, the pressure at a depth of 150 ft.
ie only 10 psi and the pressure at 50 f£t. is about 6.3 psi.

The calculations described are for essentially dry material. For

‘undrained coniitions and an impervious structure, the pressures c¢f the water

below the watertable must be cousidered. I{ is appropriate, under the con-
ditions where wvater is present to reduce the weigcti of the materiel bdelow the
vatertable to the submerged weight. However, in most caires the effect of the
vater is 80 much greater than that of the soil that it is usually rcasonably
accurate merely to add the horizontal pressures duc to the water helovw the

watertatle,

" 5.3.3 lateral Iive ioad Soil Pressures on 8ilo. If a lorge enough

area were loaled uniformly with blest prescure, and the precar *c leslad for
a rclatively long time, the loading situation-would correspunt almost to a
uniform vertical pressure, independent of depth. Under such ccnditions, the
borizontal pressures induced in an elastic material having a value of
Poisson's ratio of p are equal to the following:

q = —E2 (5-2)
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vhere q 18 the lateral pressure and p is the vertical pressure. The lateral
pressure 1s a compressive force. The verticel pressure, and conseguently the
Lhorizontal pressure, attenuate with depth as a result of the motion of the
blast over the surface and the decay of the overpressure with time. As
ventioned in Para. 5.2.1 Wis attenuation is like the attenuation of velocity
in Eq. (5-15). For large yleld weapons this attenuation may be neglested for
the depths normally considered of interest.

If a vertical shaft were in existence without pressure being applied
to it, and if the shaft were rot deformable, the lateral pressure on the
vertlcal walls of the ghaft would also be equal to q. If; hovever, the
material lining the shaft is compressible, the press.re on the shaft is
reduced. This reduction is a function of the relative moduli of elasticity of
the shaft material and the soil as well as the ratio of the thickness of the
shaft to the radius. The magnitudz of the value of Poisson's ratio ¥ of the
soil enters also. Designate by the symhol N the approriiate function of thesu
quantities:

N=(1+n) 22 (5-3)
Er

vhere E is the medulus of elasticity of the lining, E the modulus of elasticity
of the soil, and D the thickness of the lining. Under these conditions, and
with the value of N defined as above, the maximum radial pressure on the
lining is given by ihe equation:

R
Bh"F+19 ° (5-4)
The circumferential compression in the soil, Pg 18 given by the reliat:on:

N+ 2
P"Re1 O (5-5)

These relationships may be used @s approximations to give the live
load lateral pressures on a vertical shaft vall. I[n general, the reducticn
in preasure produced by the compressibility of the liner is negligible. For
exanple, if a shaft is considered vith a thickness of two feet, a diameter of
LO 't., vith a value of Poimson's ratio of 0.2, and with moduli of 4,2C0,000
psi for the shaft material, and 100,000 psi for the scil, a value for K of 5
~3 obtained. Then oue finds a lateral compressive force on the shaft of
0.05q vith a circumferential compression of 1.17q. For the valuc of Poieson's
rativ quoted, the value of ¢ in 0.29p, and consequently the lateral p:rissure
ocn the shaft is 0.2)p.

Beceause in general the value of Folsson's ratio for various kinds
of soil 1s not known, it is suggested that the ratio of the horizontal to the
vertical pressure for dynmmic loading be taken as follows:

Por cuhesionless soil, demp or dry /4
Por unsavurated cohesive 30ils of stiff consistency 1/3
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For unsaturated cohesive solls of medium consistency 1/2

| For unsaturated cohesive soils of sofy, consistency 3/
b For all saturated soils where the water table
is at the surface 1

Vhen the watertable is more than 30 ft. below the surraca use the
value for the unsaturated condition for the same type of soil. For inter-
mediate levels of the waterteble between O and 30 ft., intervolate linecarly
for the valus of the lateral pressure coefficient for points below the water-
table, and use the values in the preceding tabulation for points above the
waterteble.

5.3.4 Non-Uniformity of Circumferential Pressure. For a vertical

shaft which intersects the ground surface, a non-uniform load develops around
the shaft over the portion near the surface. This non-uniforn load existe

as long as the shock is enveloping tuc silo. ™™ aceccunt for this non-unifo™:
loading it is recommended that the siiock he considered to he made up of two
components over a depth below the surface equal to the diareler of the silo.
One component is a uniform compression ccting around the circumference; the
other 1s a sinusoldally varying pressure conesisting of four half-sine waves
around the circumference, alternstely inward and outward. The maximum
amplitude of each component should be teken equal to one-hslf the pesk side-on
overpressure at the surface. The stresses caused by these two components of
loading should be superimposed and the maximum stresses should not exceed
those defined in APPENDIX 5B. The uniform component causes a "hoop compression”
in the walls of the shaft. The sinvsoidal cimponent causes a maximum moment
vhich can be computed with suffi ient accuracy by the followving equation in
vhich p_ is the maximum smplitude of unbalanced pressure, L is one-h-if the
vave lefgth of the sine curve, and R is the radius of the shaft.

Me gy 102 -y B (5-6)

Both for dead losd and for live load irregularities in loading may
ccour over the sntire height bdecause of variation in properties of the soil
or for other reasons. These iriegularities ..re likely to be intirely aceci-
dental in character. In order to account for then it is recommended that a
standard irregularity corresponding to 10 percent of the lateral dead load
design pressure be considered, vith the variation in pressurs considcred to
be that vhich corresponds to s cine curve distridut’.a over a length of one-
fourth of the circumference of the wall of the shaft. The moment for this
single sine curve of loading is i/3 gieater than that for e basm having # 1-:*&
cf one~fuurth the circumference. This momen: M is defined also by 2:. (5.6
vith the amplituda of the unbalanced losding, in general beiux sken ..

10 perceat of the horisontsl dead 1oal pressure for the case. .n computing
the unbalanced pressure, the component of pressure loading dus o vater is
asglected decause this sannot be unsyrmetrical.

If the wall of the silo is made of reinfoiced concrete, it is
recommanded that at least 0.2 percent of reiaforcement de used in doth faces
of the wall, in both the vertical and horisontal directions. Ir most instances
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this amount of steel will be sufficient to take care of the ovalling
tendencies caused by the variation in properties of scil. GOenerally thicker
sections aud perhaps greater amounts of reinforcement will be required near
the surface to withstand the loads developed there.

5.3.5 Vertical Force on Silo. Vertical loading is transmitted
directly to the roof of the silo from the blast and additional vertical
forces are transmitted by "negative skin friction" of the earth on the silo
valls. In computing the latter force, account must be taken of the direction
of relative motion of the silo and of the earth alongside. When an increased
load 15 transmitied to the =ilo by friction from the earth, the vertical
force in the adjacent earth is d‘minishec. Consequently, the relative
motions are changed, and tha process of adding losd to the silo is in a sense
self-limiting. Furthermore, the maximum horizontal pressures on the silo
may not occwr simultaneously at all elevations, and consequently the fric-
tional forces may not sdd fully. The behavior i3 a very complev one, and
attemptas to simplify the problem generally iuvclve assumptions 'hat are too
conservative,

In general, the vertical force transmiited by friction on the silo
valls can be computed from the magnitude of the shearing resiastance of the
soll adjacent to the silo and the lateral force. The shearing force trans-
mitted to the silo wall cannot exceed the product of the coefficient of
friction multiplied by the lateral force. However, the coefficient of friction
used should be less than the tangent of the angle of interral friction of the
801l, because the s0il adjacent to the 3ilo is generally disturbed by the
construction operations. It is appropriate to take an angle of internal
friction 5 degrees less than that vhich correspouds to the general mass of
the material, in computing the shearing force transmitted to the wall of the
silo. This shearing force should not, however, bc taken as larger chan the
shearing resistance of the disturbed mu.2rial near the silo if there is any
other measure available ol this shearing resistance. For cohesive materials
the shearing resistance should uot be taken as more thau one-helf ‘he
unconfined compressive strength ~f the material. It is suggosted that the
maximm vertical force in the silo wall and the maximum preiaure on the
foundations be computed on the basis of the followiag principles:

(1) Assume that reversal of direction of the shesring force occurs
at about one-half the effective depth from the surfice to the base. The
effertive depth 1s the net neight minus the portion of cue height vith a slop-

1ng or wedge~-shape profile nour the top.

(2) The maximunm vertical stress in the valls occurs at the pulut
vhere the shearing force reverses in direction. This maximur rt:: .. is ~om-
puted for the combined surface loading plus the shearing force of the upper
part vhere the shearing forces are acting downvard.

(3) The tota) load on the Sase of the silo ia equal to the total
load at the top plus the net force transaitted by shear. The net force trans-
nitted by shear is sero in a homogensous materiai, but it mgy not be rero if
the base of the silo is founded on a [imm or unylelding surface.
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Where the material varies or has strata of different propertles, the
situation is much more complex. An approach to the problem msy be made by
assuming the direction of relative motion of the soill and the silo at various
points along the haight and by tsking the shear in the direction to oppose
this relative motion. In this procedure one computes a net force at the base
of the silo, which is greater than that which corresponds to the load trans-
mitted to the roof of the silo. One can compute a reduced torce in the earth
alongside the silo by assuming that the shear transmitted to the silo changes
the vertical pressure in the soil uniformly over a distance corresponding to
one silo diameter from the face of the silo wall. From the compressibility
2 the soil one can compute the deformations in the soil at varicus eievations
and fram the reduced pressures on ths soil and the incrcased pressures on the
silo one can campute the base displacements or estimate these. From thése
computations one can then recompute the relative motions and adjust the
shears accordingly. This process is repeated until an agreement is reached
between the assumed and derived values.

5.3.6 Dead loed Pressures on Tunnels. Consider & tunnel cross-
section of the type shown in Fig. 5-4e or 5-4b, or a circular cylinder. In
the latter case, let the designation B denota the dismeter of the cylinder as
vell as the height. If the tunnel is driven by other than open cut methods,
then the pressure p, on the roof of the tunnel for granular material may be
taken as given by the following equation:

P, < v(0.5CB + 0.58h - c/w) %?}—CP' (5-7)

vhere h is the height of the tunnel, B the vidth of the tunnel, ¢ the cohesive
strength of the material, 9 the anglc of iulwrual friction for_the iaterial,
and v the weight per unit volune of the material. In general ¢ may be taken
as zero and the angle of internal friction adjusted accordingly. It can be
seen from this equation that if

0.50B + 0.58n < c/v ,
the pressure on the roof will be zero.

If the passagevay is constructed by makiig un open cut, building
the structure, »nd then backfilling, the pressure on the top vill of course
e equal to the vweight of the material on top of the structv-e. It can even
exceed this if tu¢ foundation of the passagevay is firwer than that of the
material alongside so that there {s "nugative" arching transfc-ring rore load
to the roof. The horisontal pressurss cn the vertical valls of the tox
section shown in Pig. 5-Ua can be computed as if the side valle vere the tar.
88 a retaining wall of height h, loaded vitu an additione: au _oarge correse
ponding to the roof pressures computed avbove froa Bq. (5-7). 7or the arched
or circular tube sections, the pressures may be taken as radial and equal to
the magnitude of P, A additional effect of ovalling for daad load is
considered belov,

3:3.7 [Live loed Pressyres on Tynpels. For the rectangular structure
shown in Pig. %-ka the live loading on the roof should in general be taken as
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equal to the overpressure on the ground surface. If, however, the structure
is buried with a cover at least bhalf of the span, the maximum pressure on
the rocof may be reduced from the ground surface pressure. The reduction is
glven by the following equation:

ap, = 1o o, (5-8)

vhere ¢_ is the "frictional part" of the shearing strength of the soil, which
under tﬁe dynamic conditions may be taken as follows:

g, = 0.25p,  tan @ (5-9)

N
vhere pgo is the maximum surface overpressure and ¢ the angle of internal
friction.

In no case should the reduction be taken a&s; more than 1/2 the
surface pressure; i.e., the minimum value of P isl /2 the gurlace pressure.

The loading on an arch underground is described in Para. S5A.3. The
loading on a cylinder may be computed as for an arch of 180-3deyree central
angle. In general for a buried arch, if the average depth of cover over the
arch is at leaat 0.25B, the tendency of the arch to buckle may be neglected,
and the flexural component of loading due to the blast may be neglected. In
such a cese the pressure on the arch may be taken as uniform and equal ir
value to the surface pressure. If the average depth of cover is greater than
0.5B, the pressure be reduced in the same way as for a flat-roofed
structure, using lqws-a) vith B instead of K.

The live load pressures on the vertical walls of the box section
may Le taken as having the ssme ratio to the vertical pressure as is used
for s vertical s=ilo wall.

5.3-3 Virtual Mass of Soil Supported by Buried Structure. Very
little information exists from vhirh an estimate can be made of the mass of
the s0il wvhich responds vith a buried s*rTucture wpen it is loaded by shock.
This virtual soil mads is analogous in some respscts L2 ths virtual muss of
vater used for an object submerged in vater. However, the virtual masa of
soil cannot be ronsidered {centical vo the virtual mas cof wvat..: decause of
the inherent shearing strength of soil.

Experimentcl evidence for rectangular siructures buried tu de . lis
less than or equal to the span of the roof indicates tii» virtue) a5 o~y
equal the total mass of the 34l supported vy the roof. T.u3, fur depths of
burial lsss than or equal to the span of the roof for rcctangular strauctures,
it is recommended that all of the scil suppor--ed be asssumed to ™eerrond vith
the roof. For greater depths ~f duria’. it is recommended that a rectanguier
block of soil defined by the plan dimensions ol the ruof with a depth not
greater than tha span 01 the rocf be assused. The data indicats this recom-
mendation vill probadbly provide a conservative result. Similarly a
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conservative result is obtalned if no soll 1s assumed tu uct with the walls
of a rectangular structure.

The virtual mass for an arch or dome may be taken ecsentially the
same as that specified for a rectangular structure. For the arch cr dume the
ave. age depth of bur'al over the shell shculd be used, and the largest virtual
mass should be limited to an average depth corresponding to one-half the span.

Virtual mass for the wulls of the silo may te assumed equal to a
thickness of soil not greater than the radius of the shaft.

5.3.9. Non-Uniform Presswre Around Tunnel. For shallov structures
the pressur2s msy bde non-uniform from the dynamic loading. However, the ron-

uniformity i3 not important in cese of the box section in which flexure 1s
primarily tlie mode of action. For an arch or tubular section, the non-
uniformity may be significant in +hat it intruducés 6 Siif~rent mode of
‘behavior. This is considered in the deuwiyn charts present:d in APPENDICES SA
and 5B,

In eddition to this kind of nonuniformity of losiing, we must
consider nonuniformity of loading arising from variatior in properties of the
material or from methods of construction. In general, the asame degree of
nonuniformity of dead loading &t in the vertlical sils ch-nld be considered,
corresponding to a 10 percent variation in dead load presaure from ona side
to the other. In the case of the arch, the jazngth over vhich this variation
should be considered to take ~lace is one-hulf the clrcumference from one
footing to the other. In the case of the c¢ircular tube it chould be ons-
fourth the circumference. No varistion in vertical loaiing from 3 .ve load
need be considered, however, hecguse this loading is oot affected greatly by
ninor changs in the soil properties.

5.4 SARTH SHOCX AND SHOCK NOUNTING

5.4.1 Pree-Pjeld Air-Induced Barty Sh.ct

8. Jytroductory Hemarkn. The ground motion resuliing from
& nuclear datonation is a complex coubinati-a of wmany offects, including air-
induced shock, direct-trenamitied ground shuck, sw iace end reflected vaves,
coupled effects, wnd random notions., JBecaw.e of tne: compiex nature of the
situation, it is converient for denlya purpuses to consider the earth shock
resulting from & huclear explosion & producing both systezaric snc randon
effects. Systematic effocis can furthar be divided !.t2 two nAajor ypes®
(1) air-indi~~d shock associated Vith the Paecegt ©° an 2Ll wwek Xeve over
the surface .. the ground, and the overpressure st the surface above the
structure dowmverd with such attenuation and dispersion as miy be consistent
with the physical conditions at the site; and (2) direct-transmitted ground
shock arising fror direct energy transfer from surface, near surfale, oY ‘
underground bursta. Random effects commonly include high frequency ground-
transaitted shock, surface wave effects, reflections, refractions, ete. Whieh
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rarticular effect is dominant and controls the design is dependent on such
factors es veapon yleld, point of detonat.on with respect to the ground
surface, range from ground zero, depth of the structure, and geologic
conditions.

At present it is possible to make reasonable estimates of the maxi-
mm values of displacement, velocity and acceleration that are associated with
the air-induced shock effects, and in more restricted cases for the direct-
transmitted ground shock effects, under moure or .ess uniform geologic
conditions.

Relationships for estimating air-induced effects, which often are
the largest effects, are presented in the following. A mora detailed treg:-
ment of the problem, including a discussion of layered wedie, and direci-
transaitted effects is presented in APPENDIX 5C.

when structural systems or equipccnt are subjected ‘0 a base
disturbance, as for example that arising from the ground motlon associated
vith a nuclear blast, the response of the system is goverred by the distribu-
tion and megnitudes of the masses and resistance elemeats. A knovledge of
the response of gystems subjected to such loadings is extremely important
from the standpoint of design in order to proportion the structure so that
it will not undergo complete collapse, and to protect the structure, equipment,
and personnel from shock damege.

For purposes of assessing the relative effects in s structure, or
the effects on secondary structures mountsd on the soil vithin a primary
structure, one of the simplest interprctations of ground motion data ‘.uvolves
the concept of the responss spectrum, which is a plot against frequoncy of
the maxivum response of a simple linear oscilletor sudbjected to & givea base
input motion. Studies of the many shock spectra that have been determined
from ground wotion aeasurements, from both blast and earthquake sources,
suggnst that response spectra .an be described in s relatively simple wwy in
terms of the maximum velues of displacemsnt, velocity or acceleration.
Councepts relating t doth systematic and randem disturbances are presented
in this section and APPENDIX S5C. Briaf cosments cn dasign to resist gound
shock motions, and effects of structures on cquipsent shock responss also
are presented in APPENDIX SC.

b Notation. The notation used in th'. ser~tic. is es
follows:

a = paximum vertice) transient acteleration, in gravitic.

¢ = gsetlsmic veloci’y of 30il in verticel directisn . J., per
sec.

4. = naximum elastic component of versical transient displace~

ment; in 1n.; for a triangular pressure-tise pulse

do * h’so/ =

Ap = permanent veritical displecesent sfter blast, in iu.
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E = Young's modulus of elasticity, in pei. For planc vaves E
is given by

1+ p)2 - 20 2

vhere © is the mass density of the soil, ¢ is Poisson's ratio,
and ¢ 1s the seismic velocity as defined above. For values

of u of 0.25 or less, the relationship 1s approximately

E = pc2, and for soil vith a dénsity of ubout 115 1b. per cu.
ft. an approximate value of E is '

2

'

E = 25,000 psi [mj

h = depth to which shock extends in time t in £t.;

A b l]v

L = guantity in units of ft., a function of overpressure and
duratton, used in pressure and veldcity attenuation relation-

ship
P_. = peak overpresswre in shock wave, -3 psi

80
. ™ effective duratior. of shock, corresponding to a trianguler
pressure pu.se having the same impulse as the actual shock,

in gsec., (see Ref. 15);

- . 3
- 100 psi W r"
t.1 0,40 sec l pso r 6[-—m

t’r = effective velocity pulue ri.e time, in sec.; field observa-
tions indic .te that

h =ct

ot
'

tr-

O 1
(<

for a homogeneous mediuwn
= maximum vertical transien’. selocity, in ft. per sec.

v
W = yield of weapon, in Megatons

y = depth below surface to point considored, ia ft.
@ = attenuation Jactor for velocity cr siress

Subscripts: "s" denotes ithae surfn:e and “y" Aetxtes o diwtsace
Yy belovw the swiuce

c. Free-Field Air-Induced Earth Motions at Surface
Maximum Transient Vertical Displacement at Surface

The elastic component of the maximum transtent vertical displacenent
in homogenevus material ray be taken ns follows: :

5-21



¢y R/3
i (5-20)

. . Pso 7 0.4 1000 fps
Y%e © i0 in. [100 psi [ c

The permanent vertical displacement depenas on the overpressure and
on the plastic properties of the soil in the upper 50 to 100 ft. It is often
of negligible magnitude for overpressures less than 100 pei, dbut for soft and
weak 801ls it can be as much ac 5 or € in. at the surface, even at an over-
rressure as lov as 100 psi. If static stress-strain curvea for the soil are
not available from which to estimate the permanent displacement, it is sug-
gested that it be taken as follows:

Pgo ~ 40 71000 £ps | 2
dsp 55— in. LL—CJLJ (5-11)

In this equation, ¢ 1s the seismic velocity acar the surface. When the
equation is used, a cut-off in permanent displacemeat occurs at 40 psi.
Available evidence indicates that permanent displacements generally are of a
negligible magnitide at pressures below 40 psil; accordingly 1! is recommended
generally that d4__ be taken as zero for pressures less than 40 psi. In
exceptional cuelpthere may be reason to estimate the permancnt displacement
for lower pressures from known stress-strain properties when the soil
properties are available.

The meximum transient elast.c vertical displacement in a layered
or in a non-homogeneouc system can be different from Ey. (5-10). PFor a rigid
layer near the surtace, but at a depth greater than h, there can be a :omplete
reflection vhich at most could doudble the value Of dge arising from tue near
surface stsains. For a system with variable properties or layers, the value
should be computed for several pusi.ions of the shcock, taking account of the
values of ¢ for each layer, and adding v} the instantaneous valucs of strain
80 determined.

Maximum Trensient Vertical Veloc'ty at Surface

The maximwn transisnt vertical velority cen be taken as:

V. - cPlO/E
vhcnce
& v i
. 80 { ] 1000 ma‘ ) to vl
v. - “.0 l‘pa [‘.00 p“‘JL ° J "

Maximum Transient Verticsl Acceleration

This is computed by assuming a rise time for the maximum velocity
(or maximum pressure) of about 0.001 sec.. from vhish it fcllows that

(5-13)

[ Pso  i{2000 1ys |
3 " 1% & L].OO pai J
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In the last two equations, one must use the surface seismic velocity. However,
the mavimm cggeleration is not necessarily related to the maximum velocity,
but mey be larger than the value computed from Eq. (5-13). Therefore it is
recommended that even for high seismic velocities, a value of ¢ nc greater
than 2000 ft. per sec. be used. In accordance with the discussion given in
SECTION 5C.7 and Table 5C-1, Eq. (5-13) has taken into account a factor of 2
vhich has been introduced to account for normally expected 1zvels of damping
and complex oscillations. Other situations may be bmndled with the use of
Table 5C.1.

Free-Field Horizontal Effects at Surface. For horizontal
surface effects, take the maximum displacement as 1/3 the vertical, the maxi
mum velocity as 2/5 the vertical, and the maximum acceleration equal to the
vertical.

d. Free-Field Effects ot Deptl. The displa~ement, velocity,
and acceleration are attenuated witi wepth. Although exper.mental data are
scarce, the following basis seems reasonsiie for computing the effects at a
depth y.

Vertical Displacement at Depth y

The difference in displacement between the surface and the d.th.h y
cannot exceed the sum of the maximum strains between these points, and can
be considerably less than this. Between ‘he surface and a depth of 100 ft.,
the maximum possible elastic sirain, as.uwring no atteuuation of pressure,
gives an upper limit to the elnstic componen  .f the daifferential dirplacedent,

of magnitude

T ,w‘:ul[ ( Ll ’ﬂ (5-14)

The actusl differeuce in deflection way be t k@n as one-half this value, vhich
is coasidered to be a more rraccnable value ol cuisidervd to vary linea-ly
with dejth down to 100 ft. The yermanent veé tical displaucement attenuates
rapidly, and can be asaumed to /mry lirearly fina tke surface value, givan

by Bq. (s-u), to zerc at a depth of 1(¥ *:.,

The change in total maximum vertic: ). disp!.nezant «ith depth, for

homogenevus wialvrial, may by taken as indicated in Tanle 5-1. This table
indi:ates no chauge (n suximun A7{leviinn belev & depth of LOU L.

Vertical “elocity et [ :.tbh v

The vertical velocity a¢ lepih y .6 attenuated roughly in the same
vay as tha asximim stress, or

v sQayv (5-15)
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where a = 1

and /
o. - 5
- 100 psi r' .
L = 300 ft. [ ] 1——“,, for p,, < 5C pai

L = 138 ft. —Rﬂ‘r Jl for p,, > 500 pei

Vertical Accelerwtion at Depth y

The tim® of rise of the maximum velocity from an initial zero valuw
of velocity can be taken as one-hais the transit time of the hock wave from
the surface to the depth consideresd. However, the maximum acceleration can be
considered to be twvice the value obtained from the assumption that the maximum
velocity is obtained linearly. This leads to the relation:

k<

290 —ee 5-16)
‘y & f'r 32 i‘t/ut:2 (

The rise time of the peak velocity should not be taken as less than
0.001 sec. This procedure gives less attenuation of acceleration in rock than
in soft soil, vhich is reasonsble. If no attenuation of velocity or rressure
vith depth is assumed, the use of Eq. (5-12) and (5-16) give the folloving
result:

8 " S [YEZ'!';'-TJ [’f-‘-’%ﬁ-‘] (5-17)

Boricontal Motfons at Deptn v

The raiios of pesk horizontal to peak vertical displacements,
velocities, and accelerations at depth y are to bte te .~t &8 ), ., 2/), and 1,
respectively.

e. Jlluptrgtive Zxepple. As an example of the use of tre
relations given herein, consider the cese 0f an 8 MT weapon for .\ ove ;lessuce
of 200 psi, and & homogeneous soil having a seismic velvo.aty of 000 ft. per
sec. (corresponding to a sandy-silt). The estimated values of vertical and
Lorisontal maximm displacement, velocity, aud acceleration at depths of O,

”, and 100 ft. mﬂmumy@.

It 4{s reudily apparent from the teble that the surface deflection
cowss mainly from deformations at fairly great depths, up to 1000 ft. or go.
Consequently, if the luwer levele Of the subsoil are substantially harder, the
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deflections will be decreased., However, the difference in deflection between
the surface and 50 ft. or 100 ft. will be virtually unaffected.

f. Des Shock ctra. For either the ielative effects in
a structure, or the effects on equirment within a structure placed in the soil,
the simplest interpretation of the earth motion data involves the concept of
the response spectrum, vhich is a plot against frequency of the maximum
response of a simple linear oscillator subjected to a given input moticn. From
the many reesponse spectra that have been deiermined for ground shock motions,
the response spectra can be described in a relatively simple vay in terms of
Jnly the maximm values of the ground particle displacement, velocity, or
acceleration. To do a0 we make use of e logarithmic plot of maximum velocity
(or really the circular frequency times the displacement called the pseudo-
velocity) versus frequency, as in Pig. 5-5. Diagonal lines drswn on the plots
represent constant values of displacement or scceleration, and consequently
one can read from the one plot values of the sccelerztion, psevdoweloeity,
or displacement response spectra for a syctem having s particular frequency.
The shock spectrum shown in Fig. 5-5 is typical of such spactra for earth
shock. It is noted that the spectrum consists of three straight lines which
are actually bounds to the actual spectrum, determined as follows. For a more
complete discussion of the theory upon vhich the spectrum concepts are based
see Raf. 15.

Jor the particular point and direction of motion considered
determine from the preceding discussion the maximum valuss of displecement,
velocity, and acceleration. ‘hen drav the spectrun bound for the system by
the use of three straight linas:

A. A line parallel o the lines of constant displucement,
drawn vith a magnitude eqal to the maximus displacewment.

B. A line o. constant velocity drawn wvith a magnitude of
1.5 times the asximum velocity.

€. A line parallel to the liies of constant acceleration,
drsva vith a sagnitude egual to the maximum acceleration.

The heavy spectrum lines in Fig. 5-5 e consistent vith a typical
set of cunditions at or near the curface for & domdb in the MT range, with a
801l having an acoustic velocity of ebout 200 ft. per sec., with an over-
prectoure of 20 psi, and a yield of adout 8 M. Al.o shown is the spectrus
bound corresponding to the 100 ft. denth. The values of displacement,
velocity and acceleration used in sketching these bounds correrpond o the
computations descrided in SECTION S.4.1¢ and listed in Table 5.2. Fica the
plot it can be sean, for exmsple, that the n.aimum response o~ . ploue of
equipment having a frequency of 23 cycles je: second would be C.50 in., vith
e maximm acceleration of 25 g at or near the surface.

For a discussion of recommended bYounds in cases involving trens-
seisaic and subseismic conditions refer to SECTION SC.h, and for :eses
Anvolving conbined random and systematic pulses, refer to GECTICN 5C.7.
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5.4.2 Shock Mounting. This section is concerned with the problem
of attachment of equipment (mechanical, electrical, hydraulic, etc.) to the
protective structure. The equipment must remain attached throughout a blast
and must function in the post-blast state. It is obvious that the attachments
must have sufficient strength to tranamit the forces which are associated
with the equipment accelerations and with the relative distortions of struc-
ture and equipment. The stiffness of attachments must be considered not only
in relation to its influence on the magnitudes of transmitted forces but also
from the point of view of possible limits of acceptable relative displacements
of equipment and structure.

Since the problem relates to the mounting of equipmeni, iuther than
to the articulation of major structural components, it can be assumed that the
attached mass is relatively small in comparison with the mass of the structure.
It follows “hat the attachment forces are negligible in comparison with the
direct effects of the blast, and the woticn of the structure is nearly inde-
pendent of the forces transmitted through the attechments. Motion of the
structure is taken as the basic input for vhich the mounting must be designed.
These input data must dbe cbtained from an snalysis of the response of the
structure o ground shock and air blast, or must be assumed.

Maximum sccelerations or displecements vhich can pe tolerated by
the equipment must be known or computed. PFor complex items, such as electronic
equipment, thic informetion should be supplied by the manufacturer. The
peruissible accelerations and distortions of many other items, such as piping,
ductwork, machinery bases, etc., often can be investigated directly by the
mounting designer.

A much more detailed discussion of design to resist grouni shock
motions is given in SECTION 5C.8.

5.4.> Provisjon for Relative Distortion of Equipment and Structure.

When equipmernt must be connec.ed to the structurc at *vo or more points, and
vhen aignificant relative displacements of these points are anticipated, the
capacity of the equipment and attachments to accomacdate such displacements
must be investigated. Cases of tais kind are not limited to the obvious
situation in vhich the equipment is attached to tuc structures having in-
dependent motion components. Quite often structwres are designed to undergo
substantial distortion, particularly in flexural modes. A fev exsmplcs are
shown in Pig. 5-6; in each example, points a and b w .iorgy significant
relative displacements. ™ils displecement may be wither elsstic or elastic-
Plastic. If some plestic distortion is anticipated iis magnituis msy oe very
sensitive to small changes in the assumed loading on the struuture. i thia
1is the case relative displacements should bde computed on the wir "ntic of
asximm structurel distortion; i.e., distortion correspoading tu conditions
vhen the structure is at the point of coliapes.

It should be emphasized that relative displacement of attachment
points nay be accommodated by elastic or elastic-plastic distortion of the
tquijmeni, by flexidble joints, slip-couplings 2r other devices incorporated
in the equipment, by elunctic or elastic-plastic distortion of the attachment,
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or by some combination of these factors. It may be quite unrealistic tuv
attempt to supply all of the required accommodation in the attachmente. In
the case of piping or conduit, for example, provision of bends or loops rather
than a straight run between the connected points may permit the entire relative
motion to be absorbed by flexural distortion of the pipe.

5.4.4 Nature of Elastic Systems rised of Mounted Equipment.
In general any piece of mounted equipment comprises a multi-degree-of-freedom
elastic system ?or elasto-plastic syatem) wvhich responds to the motion of its
support points (points of attachment to the structure). If the equipment is
80 connected 1o the structure that relative distortioas of the structure can
be accomodated without serious stresses in equipment end atiachments, a
desirabls condition, the stresses in the equipment and forces transmitted
through the attachments will be primarily a function of accelerations of the
equipment. The major zroblem of analysis thus is the determination of equip-
ment accelerations. The products ¢€ equipment massea (concentrated or
distributed) and corresponding aucclerstions represent a lcading for wvhich
the corresponding stressea and support forces can be fourd by conventionul
methods of stress analysis.

Every system has many degrees of freedom and corresponding modes
of motion, and the total motion is comprised of the sum of the responses in
each mode. Fortunately most systems have orly a very fev, easily recognited
modes of predominant significance which cont.:ibute most of the response to a
specified direction of support motion. Constquently, it usually is sufficient
t0 determine “he response in sach (often onls one) of these predominant modes.
When it is deemed necessury to determine the response in more than one node,
advantage should be taken of the fact that peak valuss of stresses "nd .
reactions in the ssparate modes are unlikely to ocour simultanecvsly. Thus
the combination of valiss from the seperate modes should be based on proda-
bility consideration.

In some instances the flaxibility of a pimce of equipneat and its
attacimeats may be limited almost entirely ti the latter. This would, for
example, be the case if an electric motor vere attached to the structure by
relatively soft spring mountings. In othar cases the sttachments may be very
rigid and the equipment may be rela%ively fl:xitle. An exemplo of the latter
would be piping baving a relatively small re'.io of dlamstar t0 distance
betwesn pointe of suppors.

In nany instances for which the eq .ipmcnt has a mass distriduted
over considexrable 1 » OF aica, 1t is con enfent & approximste the dis-
triduted mass ty one {or a rev) mass concentrations.

5.8.5 Design of oynted Bouipment to Resist Shock. In e typical
case, an uilerground structure may be considered to move vith “he ground in
accordance vith the fres-field motiocns at or near the base of the structure.
Consider a situation where the motions are such as to lead to the response

spectinm for design shown in Fig. 5-5. If a plece of equipment is tn Dde
mounted in the structure, the equipment must be designed fur the motions it
woula receive. This reaponse is determined by the freguency of the system
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composeu Of the piece of equipment, its mounting bracket or connections, and
the part of the structure to vhich it is atteched. In general the structure
is rigid enough so that all parts of the structure have the sgzue motions and
consequently the input motion for vhich the equipment is to be designed is
the free-field earth moticn,

If the equipment is a heavy, compact element mounted on a bracket,
one must make an estimate of the natural frequency of the system. It will
be possible in most cases to assume that the point of attachment of the
bracket to the wall of the structure is a fixed point of support. Then from
che flexibility of the bracket and the magnitude of the supported mass, ane
can compute the natural frequency. This can be estimated fairly well bty
determining wvhat the deflecticn of the system would de in the direction of
motion due to a force equal to the weight of the supported elsment. If this
deflection is X, then the frequency f is approximately:

R /;f (5-18)

vhere g is the acceleration of gravity.

For example, consider a piece of equirment vhich with its attach-
mant Dlates and bolts weighs 1000 1b., bolted to a plate vhich is welded to
the flanges of two channsls, and attached to the wall of a structwe as shown
in Pig. 5-7.

The channels have a wed thickness of 0.51 in. and a net height of
vad of 11.0 in. The spring constant for the two channels, each 1 ft. long,
considered as deflecting vithout end rotation, becsuse of the fixity of the
vad by the flanges, may be +« The dsflection due t0 a weight of
1000 1b. is found to be 0.01% in., and by use of Bg. (5-18), one obtains

£ = 26.5 cycles per sec.
e asximm static stress in the wd from flexure is 5300 psi.

For the imput data given, it 10.found froa Fig. 5-5 that the
acceleration resprase at a frequency of £6.5 cycles is ebout 30 g. Tuis
means that the equipment mass vill be sudjected to » maximm atcelerstion of
30 g and 1t also means that the breckst will have a s%rees of 30 times the
stress cosputed for the veight of the equipment, or 159,000 pei, in eddition
mmunm.wuwotmm.ooopn. The brasket is clearly

It 1s not necessarily trus that stremgtheaing the brecket will wvork
vith full sffectivensess in reducing the stress, because adding to the strength
at the same tims adds %0 the stiffness and ettrects more fUroe becase of the
consequent increeusi accelerstions respomse. Yor exmmple, doudling the mumber
of channel supports increases the frequency t0 37.6 cycles psr seccnd, and
$ives e arcelsrstion response of Mg, vhich results in a stress, including
static stress, of 125,000 pei.
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On the other hand, if the bracket were subjected to an input mction
only one-fourth as great, the spectrum response values would be decreased to
one=fourth their value from Fig. 5-5, and the net stress would correspond to
an acceleration of about 7.5g, or 40,000 psi, plus the static stress of
5500 psl, which probably would be acceptable.

For more detallad discussion of suock mounting of various types of
equipment, piping, etc., reference should be made to Refs. 6 and 15, which
glve examplea of several types of mounting. Also, additional discussion of
this problem is given in APFRNDIX 5C, particularly SECTIOK 5C.8.

In general, it is desirable to provide as much flexinility in the
mounting as posaible without sacrificing strength, in order to keep tue
response as iov as possible, both for the equipment and the mounting itself.

5.4.6 Design Stresses in shock Mountings. If the forces transmiived
through the attachments are determined ou the basis of elactic behavior it
should be safe to proportion the attachments for y.eld strcises at peak trans-
mitted forces. If brittle materials are avoided the plastic distortion sveil-
able generally will be substantially larger than the elestic distortion which
occurs up to the point of yileld. Consequently, actual frecture is not likely.

It i not feasidble to recommend general stress levels for use in
the equipment itself since these depend on the function of the equipment and
the extent to vhich that function would be impaired by large strains. For
those itens involving ductile materials and diere plastic strains wuld not
impair the post-blast function, yleld values of stress vill be acceptable.

5.5 NUCLERAR RADIATION

5¢5:1 Gensrgl. The levels of nuclear radiation for which an
lnstallation is to be desigued will Le detearnined by asuns of ¢ terget
analysis as discuseed in SECTION 2. Bignificant types of radiation for pro-
tective construction are initial sud residual gsrma radiation and neutron
rediation. The inteasities of -~~ 2 types of radiation at any point in space
are functions of weapon yield, distance, seteorologiczal conditions, time and,
for neutron rediation, weapon design.

Tolerable accumulated doses for pe-sonnel a'e discussed in SECTION &
along vith the vulnerability of certain types of egquijment 0o nuclesr redia-
tion. BHNommally only electronic equipment is vulnersble to rucleer ratiation
and that only 10 neutronsa. Hovever, the renge of vulreradbiliyy of u.at
equipment may bo great depending on the arrrngament of the ~1~ .ll.y and the
type of components used (transictors are especially vulnersdle).

5.5.2 Sielding Mequiremsnts. Oiven the input radistion levels in
initial gamma, fallout, ani neutron, snd the acceptadble levels for personnel
or equiyesnt, the required transmission factor or its reciprocal, the reduc-
tion or attenuation facior, can be resdily determined.
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5.5.3 Bhielding Effectiveness, Garma Radistion. The effectiveness
of various materials for shielding sgainst initial and residual gemma radia-
tions uay be deterutined from Figs. 5-0 and 5-9. These dose transmission
factors, however, are for a broad bemm of radistion impinging on a thick
plane shield with very large dimensions in the plane of the ghield and with
no nearty ceiling, floor or walls from vhich rediation may scatter. Procedures
for detarmining the shielding from fallout or residual rediation afforded by
above and belowground structures are available in Ref. 7. The pertinernt
figures of Ref. 7 are included in APFENDIX SE together with some tabuwlar forms
indicating hov the materisl is used in a calculation of the shielding
offectiveness against fallout radiation of a given structural configuration.

5.5.4 Shielding Bffectiveness, Neytron Rpdiation. Neutron attenua-
tion is a more complex phenowenon than that of gssma attenuation, since
several phenomena are involved in the foraer. PFirst, the very fast nsutrons
must be alowed dawn tn tho guderately fast range. Then lhe moderately fast
neutrons have to be decelerated into ithe slov range by mean: of an element
of lov atomic weight. Water is very satisfactory for this purpose because
its two constituent elements, i.e., hydroger and oxygen, both have lov atomic
weights. The slov (thermal) neutrons must then be absorbed. This is not a
difficult matter since the hydrogen in wvater will serve the purpose.
Unfortunately, however, most neutron capture resctions are accompesnied by the
emission of gamma reys. Consequently, sufficient gamma attenuating material
must be included to minimize the escape of capture gmma rays from the shield.

5.6 THRRMAL RADIATTON

5.6.1 QGeneral. Thermal rediation irtensities from large yield
weapons are of significent levels for the ranger at vhich protection of
military instailations may be considered. For uxample, at 3000 fi. from a
1 M@ surface burst veapon wvhere a peak blast pressure level of about 160 pei
would exist, the *total therual mgaulinnd under excellent visibility
conditions would be edout 1000 cal/cn®. This intenuity indicates that non-
combuitible materials must be used for hardaned ccnstruction, and further
that precautions must be taken t0 avoid signifitant loss of structural
materials through surface erosion from the high theimal input.

In addition to the intensive thermsl radietions at potenticlly
iuteresting distances from weapon detonation points, the alr temperatures
vill rise considerabl, Jiring the paseage of the shock froat.

5.6.2. « Ourves of rediant energr vu. slert
range (Vulneradi)ity Redius) for various weapon yields have '« . proecated
in Pig. 2-12.

5.6.5 Alr Temperatures. Bstimetes Of maximm air tesperatures
umuazmuummmm. 17. Jor overpressures of 40, 100,
200 and pil, the maxizus eir temperstures are given therein so about
WOO°K, 1100°K, WOOCPK, and 15,000°K. The sigaificence of those temperstures
not been established.

E
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5.6.4 Effect of Thermal Radiation. For the very high radiative
inputs at the close-in ranges, lcss of material through spailing can be
expected. Theoretical estimates have been made (see Refs. 8 and 9) of this
effect but the results are not very relisble. The limited field tesi datu
that have been obtained indicate that the erosion is probably comsiderably
less than would be estimated from the melting effects and temperature dis-
tributions that have been computed.

Temperatwre profiles for steel and concrete have been estimeted
thcoretically, (Ref. 8) for 1, 10 and 20 MI weapons at the 100 psi range. It
is apparent that high tempe.atures are confined to close distances from the
surface.

It is concluded that, at ranges corresponding o tlact Tressures
of 100 psi or greater, metal parts should not be exposed unless erosion of
surface material is not criticad. In generel, tue wrogior ruld not be
significant as far as structural streagth is conzerned but ..t could affect
the operation of rollers, etc. 8palling of concrete may aiso be expected at
these ranges. Two inches of concrete should provide sufficient insulation
for metal parts at the 100 psi range.

5.7 UFILITY SYSTEMS

5.7.1 General. This s.:tion denls vith the selection ard design
of the utility systems and bulldi g services which are deemed necessary to
insure a full operational capabil!:iy prior to, during, and followving an attack.
It is intended to bLring into focw. the technical and economical fee.idility of
using availeodle mechanical and ele :trical components for the various catagories
of hardened facilities under rons.leration, aud also %0 reviev the more
recently developed sophisticated ne.hods for generating electrical pover and
their potential uae in conn-~tion vith protective construction. The primary
«tilit, systema and building cervi:es covered in tins section are as follovs:

a. Electrical powe *

b. [l=at sinks

¢. Alr supply and conditioning
4. \Vater supply

e. PMre protection

S.T.i.1 Operational Condition. The studies and investigations
required to establish a basis iur design or the utiiities and servizes re-
volves around the operationul condition of the facility prios w0, “Avrving amd
folloving an attack. The influence of the uperational condits .y on 2o
utilities should be evaluated in light of the follouving ractocs:

o. Degree of Activity. The approash to a systom design
inveriably vill be steered in accordance with the degree of activity to be
sxperienced prior to and folloving an ettack. ZEconomy of operation, as a

L W b’ "l‘. 8; 8- M‘M“Id' Qll.f bchluicd :Hb‘“'!dr, Pmm'
Brinkerbo!f, Quade and Dougles, Hev York.
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design parsmeter, mey override compactness and simplicity in the case of a
facility which musc be fully operational at =11 times. A different posture
may well Le taken in regard to the utilities design for the facility which
vill be exposed to prolonged staniby periods with only a full operational
condition following an atteck.

b. Buytton-up Period, The length of the button-up period and
the requirement for a restored capability if any, will cbviously affect the
type of power source, vater aupply, heat sink and the storage of consumables.

c. Epvirommentg] Conditions. JFollowing an attack, the utilitics
and services must be capable of maintaining the proper environmental conditions
to insure a high level of personnel efficiency and electronic equipment opera-
tion without relying on outside support.

The importance of establishing the cperaiionul condition of a fecilivy
for design purposes cannot be overemphasizea. It ic incumbent upon the Using
Agency in conjunction with the design group to formulate such cnnditions at
the time feasibility studies are being made. Some of the more probable opera-~
tional conditions to be encountered are presented in a Corps of Engineers
Design Menual (Ref. 5.7-1).

5.7.1.2 level of Protection. The hardness of a facility, in
terms of overpressure resistance and biological shielding, as it affects the
configuration and depth of cover will influencs the utilities design.

5.7.1.3 Qeographic location. Another significant factor
affecting system design is the climate and gsologic formation that vill sur-
round a proposed installation whiczh in turn governs the conditions of outside
air gvaiisble for ventilation and disposal of heat rejected from powver
gensration and air conditioning equirment. The prevelence of underground
vater and the initial earth or vock temperature are also dependent on
geographic locatton.

5.7.1.4 Commpications Requiremepts. The maintenance of
communications detween military fecilities durirg cmergency periods ie
sandatory. This requires the assurance of a relisble source of power,
genarally closely regulated in voltage, frequency and vave form.

5.7.1.5 Ehock Tranmmission. Consideravion must be given to
gound shock in the design of the utilitiss and services to insure the
functional survival of the essential components. The degree of haxines:
be designed into a specific installation mey require solutiocas whish might
vary from the simple application of stundasd cnmmercial vihratio. wsoiawcrs
o the uwse of extremely complex peckages of supporting devices.

$.7.2 Kestrical Fover. A major consideration in the design of
e hardened installation is the selection of the electric powver syutem vhich
would be best suited to meet upsratiocnsl requirementa. The pover require-
Beuts RAY rangs over a spectnum of kilowvatts to megawvatts.
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5.7.2.1 Basic Considerations. Any investigation of the
applicebility of various power sources for hardened military installations
should take into account the followving important basic considerations:

a. Power Demand. The utilization of electric power falls
into two main categories. On» encompasses the special equipment or “hardware,”
namely, communications, data proceasing and lawnch facilities. The other
covers the support utilities and services. The Design Engineer must look to
the Using Agency to establish the magnitude and characteristics of the
electrical pover demand for the “hardware" which governs the determination of
the pover demand for the support servicez. The latter is the responsibility
of the Design Engineer.

Siace redundancy is commonly employad to insure the operational
reliability of the “"hardware” it is vitally importent, or tha part of the
Using Agency, to apply demand factnrs %, the ccunscied loads, Past expericice
has indicated that this factor has not besn given yroper ucasideration with
the result tha® power demands have been estimated consideradbly higher than

actually necessary.

b. Voltage and Frequency Regulation. The ultimate utilisation
of the electrical pover, particularly for electronic equiiment, may require
close voltage and frequency regulation. Indeed, such critaria may dictate the
need fur special regulatory controls and the use of non-standaxrd alternators
and excliors.

e. Service Interry tjons. It is extremely important to
establish critical loads, that is, equipment and service vhich canr.t tolerste
an interruption of power saupply. Experience has shown that elecironic equip-
ment, particulariy that using “acu'm tubes, zay suffer damage or malfunction
in the ¢vent of a relatively short tiae interruption of pover supply.

4. Compercic: Puwer. In the consideration of possible pover
sources for any specific fucility, particularly if located in the United States,
the svailability of the vast inter:onuected comercial pudlis utility network
is strikingly evident. However, povuliar to ary commercial pover source is
the extensive system of overhesd dintridution lines vhich are susceptible to
faults caused by storms 0f sabotag:. In some instances the character of the
pover capable of delivery to the facility does not ~set the siringsut voltage
and frequency requirements vhich may be imposed by special electronic equipment.
While it is trus that tl:re may be lc-g periods of stand-by or alert operations
during which considerstion could b= given to the use of commercial ;vwver, it
aust bde recognised that folloving un sttack a hardened facilitv must be i<
sufficient end consuquently e prutucted pomr source nf :7f. Lent capacity
to iasure a pover supply for the ¢ itical loads must Le avallable. If &
significent portion of the electrical power demsnd is recguired for the opers-
tion of critical electronic snd bmilding service loeds, then the wse of cam-
mercial pover lecomes less attractive. Several studiss have been made for
epecific installations in which critical loads vere predominant. These studies
have indicsted that it is far more satisfuctory and incidentally, also more
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economical, to provide a generating plant within the installation itself to
serve all the load and eliminate any connection 0 a commercial power source.

5.7.2.2 FPower Gsnerating Plant. The selection and design of
a pover generating plant to be installed in the protected area of the : .cility

should take into consideration a number of factors which resulv from the fact
that the facllity must operate in a button-up status. These factors are:

a. Heat Re ection. The problem of dissipating - zjected heat
resulting from the thermo-dyaamic cycle and mechanical inefficiencies has
besn a persistently difficult, one to overcome. This is particulariy trus for
the button-up period. The rejected heat and the manner in vhich it manifeste
itself has a significant effect on the cost of the over-all utility system
by virtue of its impact on the heat sink. It may be that power sources vhich
are initially more costly can be Justified on the dasis of overriding costs
of providing a heat disposal syster In tnis comnection cousileration should
be given to the possibili'y that tae rejescted heat car be put to useful

purposes.

b. Geographic Elevation. The geographic locatlion of the
instvallation vill determine its elevation above sea level, and this might

siguificantly affect the performance of power sources using a fuel-air com-

bustion cycle. For exsmple, a two-cycle diesel sngine or an open-cycle gas
turbine muat de de-rated according to its elevation above sea level.

c. Vuipergbility. It is apparent that a pover source employing
a fuel-eir combustior cycle must communica‘e vith the outside atmosphere for
air intelie and exhaust. Connections ‘o the surface generally involve a large
expenditure, particularly in the case of desp underground facllitics and they
introduce & potential weak apot in the integrity of an othervisa well-protected
facility. This corsiderstion varrants a thorough investigation of the use of
pover sources independent of cutside air for combustion.

4. Rugssdness. The apparent tendency tovard the protection
of facilities againat the detonaticn of extremel; i:igh yield weapone bhrings
1nto focus the ebility of pow: generating equipmert ¢o vithstand vibrations
resulting from air-induced or ground-transmitted shock. It =may be that shoch
isolating zupports vill have to be usea.

». Compactness. High powver to volume ratios are upecuny
desirable for cut and cover installatisnd vhere the con.iiuctici ol her
space involves large expencitures. On tha other hand, in deep wiudergroxd
farilities the cost 0f excavating additional chember space for P wer geacts:
tion components is not nearly as eritical.

£. Nel Sply. A major problmm for considerstioa in
connection with pover genersting equigment is the supply and storsge of fual,
particularly for use during the duttou-up period. The abiliiy to utiiise
43 fhexrent types Of fuel, for instance, & Jiesel engine vhich csu be svitched
fron gas to fuel 01l and vice verss, may present decided advantages. It is
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evidrnt that a power gource which would not require continuous fueling has
decided advantages in this respect, on the other hand, such a power source
generally involves high initial cost.

g. Operation and Maintenance. It is evident that power

gources which are less complex and require fewer auxiliaries with a corre-
spondingly moderate complement of spare parts, can more readily be meintained
with normally competent personnel. In instances wherc the facility 1s located
in & remote area, this could be a decided advantage. Obviously, a pover
source vhich is fully automatic and therefore can operate unattended, is
2ighly desirable., However, this is not generally feasible, and a plant that
can be operated by personnel not highly skilled, is usually an acceptable

compromise.

h. Initial and Operating Costs. While it is true that these

factors are of importance in the Iinal dsfermination of any vower source,
power plants that may not be economicelly competitive in thcmselves in some
instances can be Justified on the basis of overrilding operational advantages.
It is essential that these factors be closely weighed in the selection and

design of the power generating plant.

5.7.2.3 o« _ernative Power Generation Equipment. Consideration

of the “Hasic requirements liscussed above should lead to an investigation of
the various types of power generating equipment which are now avallable.

These include the use of c¢‘..ventional prime movers, such as diesel engine and
gas turvine combined with ilt.rmators and more reccntly developed power sources,
such as nuclear reactors ard ™ ~1 cells.

a. Diesel Engine P'ant. One of the most common and versatile
types of power sources emp'oys a d es- L engine prime mover driving an
alternutor. Standard comaarcial 4 .et. . generator units are available in a
variety of sizes to the <x¢tent tha. singly or in multiples they could satisfy
the requirements of practice.ly al . categories of hexdened tacflities.
Although the thermal ef{i:lenc: 1Is suvl. uct to Cacnot-cycle limitations,
efficiencies on the orcer of 30% t. 3%% cau be expected even in the sualler
size plants. The engines can oper i equally w2ll using either liquid or
gaseous fuels or a combination of th. Surface cornnections are required for
combustion air intake and the exha 3t «f combustion gases. Fortunately a
significent percentage of the ¢ 2« heat can be e¢jected along with the
exhaust gases. However, about one-third of thc hea. input must be dissipated
to a heat sink. If ebullient cooling ~f the engine Juckets is adopted,
rejected heat in the fo m of low precsuwsc cteam can te vented to the atmo-
sphere which would significantly reduce the lced impoced on tha heal cink.

A study shouil be made to determine the economic feasibility - recovering
some of the rejected heat either in the form of hot water or steam for
heating and absorption refrigeration. Consideretion also should be given

to the utilization of superchargers to correct de-rating for high geographical
locations above gea level. Table 5-3 presents some of the salient character-
istics of a medium size diesel electric plant.



b. Open-Cycle Gas Turbine Plant. For this type of power
Fenerating equipment, two types of cycles appear to be the most applicabdble,
namely, a simple cycle with zero regeneration and an 80% regenerative cycle.
A third type of cycle utilizing a combination gas turbine-steam turbine
cycle, although somewhat more efficient than the 80% regenerative cycle, is
considerably more complex, which generally overrides the advantage of savings
in fuel. Even with the limited range of" sizes available, gas turbines can
be considered adaptable to the power requirements of the majority of instal-
lations under consideration.

Cycle efficiencies of gas turbines ranges from 15% to 27%. The units
can cperate equally well on either liquid or gaseous fuel. One extremely
desirable feature of the turbine cyzle is that the heat rejection problem
15 less severe ir that almost all the cycle heat, except for useful work, is
ejected along with the exhaust gases. This advantage becowmes less evident
if heat recovery devices are found tz wave practicable applicaiion for heating
and absorption refrigeration. The principal disadvuntage of tha turbine cycle
is the enormous demand for air, with resulting large expenditures for surface
connections and blast closures. Air indnction losses and exhaust backpressures
resulting from the dynamic losses of air passing through long saafts or tunnels
and across blast closures may significantly de-rate the turbine. Booster fans
could be used to minimize these effects, but of course, they require additional
pover for operation. De-rating due to altitude is an inherent disadvantage of
the turbine cycle and cannot be corrected by the use of supercharges as in
the case for diesel engines. While turbines possess a greater power to weight
and power to volume ratio than diesel engines, this factor must be evaluated
against the other disadvantages. (Refer to Table 5-3 for comparstive

characteristics.)

¢. Ruclear Power Plants. The requirement for atmospheric
air to support the combustion cycle for fossil fuel fired power plants will
generally introduce large expeniitures for surface connections and blast
~losures. In fact, waen considering protective construction to resist blast
effects from surface cverpressures in excess of 1000 psi, the design of large
closures may present problems beyond the present ™state of the art". For
facilities which require resistance to such high overpressures, and recog-
nizing that with chemical air revivification, personnel could subsist for
extended button-up periods without outside air (Ref. 5.7-2), the generation
of power, particularly for large facilities, by other +.an air-.spirating
devices, warrante investigation. It appears therefore, that thermal energy
produced by nuclear fission should be given consideration.

There are many reactor types which use nuclear source mr*eria) and
some have promise of civilian and military application. M-ju. c.aesifications
nf reactors under extensive study at the present time include water-cooled,
gas-cooled, organic and liquid metal cooled reactors. While the technical
feasibility of power production for a number of different types of reactors

has been demonstrated, the cost of generating the power still remsins
relatively high. In addition, the increased requirement for heat absorption
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presents a problem, the solution of which might be rather costly. However,
as a potential power source for hardened facilities where protection is para-
mount, nuclear energy has the unique characteristic of nondependence on fuel
and combustion air and perbaps the over-all protection may override the
higher capital and operating costs. ‘

The nuclear power projects presently under study and construction
by the Military, are adequately covered in two papers (Ref. 5.7-3 and 5.7-4).
It is noted that pressurized water reactors predominate, followed by gas-
cooled reactors. The pressurized water reactor is representative of the type
that generates steam for use with a conventional turbine generator unit. For
this type of equipment, the plant is coasiderably more couplex than either
the conventional diesel engine or gas turbine plants previously discussed.
The gas-cooled reactor is used in conjunction with & closed-cycle nitrogen
or belium gas turbine. It can be made quite cimple but such simplicity
sacrifices thermal efficiency. Thc ovei-all energy conversion for Loth types

is limited by Carnot-cycle efriciency.

The design should contemplate an underground heat sink developed
within the prctected area. In the case of an extended button-up period, the
magnitude of the probiem becomes apparent in that 75% to 80% of the thermal
povwer 7 the reactor manifests itself as rejected heat. Operating procedures
and the employment of certain auxiliaries basically altering tae temperature
level of the heat rejection process could minimize heat sink requirements but

at some sacrifice of plent efficiency.

As an il)ustration of tl iz problem an analysis of the hea* balance
of an applicable nuclear-: “eam pov.r plant, the PM-1 (Ref. 5.7-5) producing
one megavatt of net electric power follows. (Refer to Pig. 5-17 frr cycle

diagram.)

During cperation prior tn an attazk, the reactor-turbine plant

. might ogerate with initlal steam conditions of 280, PSIA, an exhaust of 6%

of .Hg absolute, a heat source of 7 3 megawaits (reactor power), and a heat
rejection of 5.8 megawatvs. The b-at sink would be outside air and the heat
rejection equipment would consist f a standard tutular surface condenser and
cooling towers or spray ponds loca-ed near the protected facility at grade
level. The blast affects of a wet jon detonation wovr.d there“ore render them
fuuctionally inoperable, requiring an underground wuter storage reservoir to
serve as a hardened heat 3ink during the attack and post-attack pericds.

With water stored initially at 40°F and allowed to vi-ch & meximuL
temperature of 160°F, the heat rejected pcr pound of i:.bine cxbaust flow
would be approximately 887 B.T.U. at an average condensing temp2rature of
120°F. The heat absorption capacity of the water reservoir would be approxi-
mately 130 B.T.U. per pound, assuming some heat transfer into the surrounding

cund. Accordingly for each pound of exhaust steam flow through the con-
Aenser, roughly, 6.8 lbs. equal to 0.109 cu. ft. of water would be required.
For the production of one net megawatt-hour of elactrical energy, underground
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water storage of 18,500 gallons is indicatsdi. It is evident that this heat
rejection cycle would require an exiremely large reservoir capacity for any
sustained button-up.period.

A large reduction in the water storage requirement could be
effected by permitting the turbine to exhaust its steam to the atmosphere
following an attack. Operating under this condition only feed water would
need to be stored. At higher exhaust back pressures, plant efficiency de-
creases resulting in a thermal power increase from 7.5 to 1l1.3 megawatis,
with feed water at 60°F. The required water storage for the preduction of
oae megawatt per hour of electrical energy would be 4040 gallons. This
scheme howaver, introduces an element of vulnerability in that it reguires

a breach to the surface.

Still another alternative heat rejection process, which does not
require a breach to the surface, might bz emplocyed. The principal componsny
of the process is a barometric type condeuser located adjaceat to the turbine.
The turbine exhaust steam and water from the heat sink would mix directly
in the condenser thereby providing a zero terminal temperature differential
betwean the turbine exhaust and the stored water. With this arrangement the
maximum wvater temperature in the heat sink can approach the boiling point.
The plant efficiency would remain at the normal design level until the heat
sink temperature exceeded 140°F, at which point the back pressure would
gradually increase to one atmosphere. The required water storage for the
production of one net megawatt hour of electrical energy would be 16,000

gallons.

The final determination of the arrangement of the plant ax.
suxiliaries for any cific facility would be dependent on the ccrubination
of such factors as, 1) length of button-up period, 2) cost of cruating water
storage, 3) practicability of venting the surface.

The use of ice in tae heat sink could naturally mininize the
storage volume required. However, the feasibility of making, storing, and
maintaining large quantities of ice in an underground installation is yet to
be demonstrated. In addition, the use of ice for the heat sink would pre-
clude the full restoration of the facility within a reasonable period of
time after a button-up period.

With respect to a closed-cycle reactor powcred gas turbine, the
use of ebullient cooling in the precooler would allow venting the rejected
heat, in the form of low pressurec steam, to the atmosphere. Th: plant
efficiency could be maintained by increasing turbine inlet conditions accorl-
ingly to compersate for the higher preccoler temperatures. Tt . cpereting
condition co>uld be tolerated for the duration of the button-up period.

Figure 5-11 illustrates in very simlified form, the cycle diagras for this

_type of nuclear plant.
The ratio of power to weight and power to volume, for the pres-

surized water reactor plant, is quite low. This would be a more prominent
disadvantage in a cut-and-cover type structure than in a deep underground
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facility. The gas-cooled reactor plaat has a much more favorsble ratio.

With regaxd to aveilability, pressurized reactors are considerably more
advanc=d in development, and in fect, in the sizes considered applicable, could
be made available for power generation within 24 months after placement of an
order. On the other hand, gas-cooled reactors operating at high temperatures
with enriched fuel, are not nearly so well developed and their immediate avail-
. ability 1s questionable. Table 5.3 presents comparative characteristics of

these two types of plants.

&

d. Other Power Sources. In addition to nuclear energy there
are other means Of generating electricity which are not dependent on air for
combugtion. The three most promising are fuel cells which employ the
principle of direct conversion of chemical energy into electrical energy, and
thermoelectric and thermionic generators which employ the principle of direct
conversion of thermal energy into electrical energy. A characteristic of
these direct conversion generators is thair pradustiun of direct current al
low voltage. Since the predominant villilzetion for hardenel facilities is
alternating current, some means to convert the diiect current to alternating
current would be required. This can bte done by means of nonrotating direct
to alternating current transformers which ars readily available. Such con-
verters are solid-state devices, compact and reliable, requiring little or
no attention. The electrical e'.ergy produced by individual elements of these
types cf generators has a potential which can range from 50 MV to 3 volts.
Higher voltages can be obtained by connecting individual elements in series.

Fuel cells are devices used to convert the free energy of a chemical
reaction directly to electrici. erergy by an electrd-chemical process.
Althouga several types of fue) cells have been developed end others are under
development, they all exhibit some basic similarities to the hydrogen-oxygen
type illustrated in ¢ greatly simplified form in Fig. 5-12. A Urief descrip-
tion o1 the principle of ope:-ation accompanies the illustration. Fuel cells
have no Carnot-cycle limitaticn to their energy conversion efficiency and at
present operete with a one volt cell voltage and e conversion =fficiency of
75 percent. Most of the rejected iea‘ is absorbed by the electroly te which
can be dissipated to the incoming zaseous fuels. The rowmainder manifests
itself as water vapor and rediated heat from exchangers, pumps, end cell
container. Although smell urits v) to 10 kv are presently available,
there is a distinct possibility that larger units up to onec megawvatt may be
avallable within five /years. Attention is directed to a comnrehensive report
(Ref. 5.7-6) on the status of fuel cell syctems whicih are consideved promising

by the Department of Defens:.

: . Thermoelectric & 1 thermionic generators are two typas ol Jdevices
capable of pruoducing electric power dircetly from e hegct scurt.. DBoun
generatorrs are static devices end have the charucteristic of the working fluid
being "heated electrons,” emitted into a solid in the case of taermoelectric
generator and into a vacuum for thc thermionic generator. Schematic drawings
of each type of generator, accompanied by a brief description of the principle

»f operation, are shown in Figs. 5-13 and 5-14. For use in protective con-
struction, the source of thermal energy could be either the decay heat producec

by radioisotopec or by the nuclear fission process in a reactor. The puivuliul
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pover supply from isotopic energy sources is extremely limited in capacity
and could be considered only as a secondary supply. An example might be
intrusion alarms and instrumentation located remote from the primary facility,
powered by thermoelectric generators placed in hardened manholes in lieu of
extending feeders from the main power source. As a primary power supply,
uucicar powered generators show more prcmise. Conversion efficiencies at
present are on the order of 5 to 20 percent, with thermionic generators at the
higher range of the scale; however, efficiencies approaching 30 to 35 percent
have been predicted for the future. Since both of these conversion methods
require a significant hecat iaput during their operation, and the cycle
cfficiencies at best are on the order of 35 percent, a heat sink of some
magnitvde is indicated.

The possible advantages for protective construction in employing
static, lov maintenance, compact power sources which do not require air for
combustion, are clearly evident. Advancing technology in the past five yeavs
has produced several weys to generatu clect: :al power by direct conversion
at acceptable efficiencies, but there are still several major problems to
overcome, All the systems under consideration produce a low voltage direct
cwrrent power suppiy with the undesirable feature ¢f the voitage dropping as
the cwrrent incresses. In the case of fuel cells, fuel supply, particularly
for a continuously operating facility, might prove to be a costly factor.
Thermoelectric and thewmionic generators, because of their relatively low
conversion efficiencies retain the problem of rejected heat disposal. With
respect to the economic feasibility, realistic cost figures are presently
unavailable.

5.7.2.b Distribution end Reguistion. ‘mere are no wrusual
problems connected with the distribution of power throughout a hardened
facility. Established design criteris as outlined in the various Corps of
Engineers and Air Force manuals (Refs. 5.7-7 and 5.7-8), should be adhered
to vhere applicable. Special consideration must be given to minimizing to
the greatest possible extent .he interruyption of the power supply to critical
equipment. This prodably will entall the duplication of feeders and
substations. Every effort must be made by the Ucing Agency and design group
t0 establish the magritude and location of the critical power loads.

The extensive use of electronic data processing and electrical
comunication equipment in military facilities has imnosed stringent iequire-
ments on the character ol the power supply. Altioug. sell-generacion disposes
of the problem of power reliability, it creates some problems in connection
with regulation of the character of the power supyply. Jbviously, an wunder-
ground power plaut adequately sized to pruvide firm capacity is still ~onalder
ed small relative to the load when compared tc a public utiliiv The uuge
Tlywheel effect of a lurge utility network which caa readily aberord load
trunsients is not in evidence with an underground plecnt. Conszequently in the
design phase, emphasis must be pleced on the aclcction of motor iriven
equipment and appropriate controls to insure that transient electric dis-
turbances can be kept to a minimum. The use of static excitation and sensitvive
“ast response voltage regulators should be given consideration. Spectally
denigned generators having low transient reactlon should also be investigated.

5-b0




For frequency regulation, the use of load sensing governors offers great
possibilities. With power gererated from an isolated plant, a system of time
error compensstion would probably be required.

5.7.3 Heat 8ink. In order to maintain envirc mental conditions
suitadle for the operational activities of a hardened facility, all the heat
generated vithin must be dissipated in some manner. For this purpose an
adeguate heat sink nmust be availauvle. As considered hereln, a heat sink may
be defined as a body of high thermal capacity relative to the rate at wvhich
heat is transferred to it.

5.7.3.1 General. The rock or earth surrounding an underground
facility is a natural heat sink which :.as some capacity for heat absorption.
Thermodynamic and heat transfe problems dealing with +hc heat shbsoiption
capability of geclogical formations surrounding underground structures, have
been under investigution Ly the Notlonel Bureau or Standards. since 1950,
Their findings and conclusions are precented in & Corps of lngineeru Design
Manual (Ref. 5.7-1). It is to be noted from these findings that the rate at
vhich the surrounding ground can accept heat is limited and decreases wvith
time. JIn almost all instances the transfer of heat to the surrounding ground
vill not dissipate all the heat rejected from electronic equipment, building
services, pover generating equipment, and human metabolism. The hest generated
by the electronic equipment, etc., is dissipated to the space environment,
resulting in the need to integrate a refrigeration cycle into the heat absorp-
tion system. Regardiess of whether an absorption or vapor compression refrigera-
tion cyecle is smployed, the temperature at which the heat is transferred to
the heat sink is relatively low. The prohlem becomes one of providing an
additional heat sink into wvhich that portion of the heat rejected frum the
pover goneration and air conditioning refrigeration equipment, which would
not be absorbed by the surrounding geological formation, can bLe dissipated.

5.7.3.2 Desi-n Considergtions. There are several important
factors which shouud be considered in the solution or the heat sink problem,
namely, heat load characteristics, level of protection, length of button-up
period, restcration capabilities, and geoyraphic location.

rigtics. Both the rate at vhich heat
iy rejected n'om the pover generstion and air conditioning refrigeration
equipment and the tempsrature of the heat transfer yr.ocess L:ve a profound
effect on the selection of the proper type of heat aink. Cooling iwwers ov
sprayy ponds muat be sized to receive llie rejected heat at the rates produced
during periods of peak operation, regardless of the langth of the bui .on-wp
pericd. On the other hand, the size of a heat absorbing resex\~ir is
determined by the total heat rejected over -lie entire “-tica-.. period. With
respect to the temperature of the heat transfer process, it is obvious that
the maintenance of a large temperalure differential betveen the heat sink
and the power and refrigeration cycles would be highly desirable. Considering
the fact that the power generation and reirigeration cycles arc subject to
Surnot-cycle efficiency limitations, an 1increase in exhaust pressurss and
condensing temperatures would result in lower plani thermal efficiencies and
consequently a larger quantity ol rejectved heat. '‘'his interdependence of the
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heat sink end the powver plant equipment requires perajuetrlc studies in order
to arrive at the best method of heat disposal. An example would te increasing
*he ocondensi.gg temperature of a vapor compression refrigeration cycie from
100°F to 110°F with a corresponding decrease in coefficient of performance
from 5.0 to 4.0, To absorb one B.T.U. the required motor energy input to the
compressor would increase from 0.82 KW to 1.02 KW. Because of inherent
thermodynamic cycle inefficiency, 25 to 35 percent of the increase in KW re-
quirements would be rejected to the heat sink. This indicates thiat an attempt
to increase the “emperature differential between the heat sink and the power
and vefrigeration cycles by increasing condensing temperature aust be care-
fully analyzed with respect to its influence on power generetion reguirements
and possible increases in rejected heat.

b. level of Protection. The consideration of the level of
vrotection to be affonded a facility is highly iwportant in detemmining the
type of heat sink required. For a fa.ility vleced deep undergrowund in order
to withstand all the effects associated with very high yileld wecpone, there
would be a compelling desire to minimize swurfac: coanections. Concideration
therefore must be given to an underground heat ruservoir as one solution to
the rrcblew. o wie other hand confidence hes been gained in the reliability
of blest closures in light of recent advances in the state of tha art and
accordingly protected underground cooling tovers using outside air as the heat
sink appear to be feasible and should be given consideration.

For cut-and-cover structures the cost of creating reservoir capacity
is relatively high and the use of outside air implemented by cooling towers
and spray ponds should be investigated. Consistency in the level of protection
for all the features of an installation dictates that such cooling towers or
spray ponds must be designed to resist the same weapon effects as the facility
itaelf. This is feasible with spray ponds in the case of moderate overpressures
and there are preliminary designs in existence. As far as cooling tovers are
concerned, it would appear that ‘hey should be located in the protected area
of the structure.

c. length of Button-Up Period. Primarily the significance of
this factor is its impact on the storage requirements of vater, vhether it is
used as the heat sink itself, or as make-up water for cvoling towers.

d. Restorgtion Capability. There is sor -times a requirement
for restoring the mission capability of a facility in as short a time as
possible after the termination of th: buvton-up pericd. If such restoretion
necesnitates the refilling of an underground reservoir, serious consilexe: ion
nust be given to sone other type of hardened heat sink.

e. Geographic Iocation. It is obvious that the gecyraphic
location of a facility will determine the climate and conditions of outside
alr and perhaps the prevalence of underground water for heat remevel. Thia
leads to the coniideration that geoegraphic locations which offer the poesi-
b1l .ty of Jdeveloping an undurprouwnd waier supply withit the facility itself
should be given conaideration.

5-42




5.7+3.5 Type of Heat Sinks. Basically there are only two

heat absorbing substances which deserve serious consideration at the present
time, These are outside air and water either in its liquid form or as ice

or a combination of both. Heat absorption in any large quantities by other
chemical substences 's in the research phese and ccnsiderable development
work is still to b« done to determine feasidbllity. 1In general an adequate
vater supply would be available at or near a facility location for use prior
10 an attack. If the vater source .Jor such a supply is a natural stiream of
continuous fiow adeyuate for cooling purposes there is no necessity for con-~
Jidering the conservation of such a supply. On the olher hand, if the supply
is from an underground aquifer, considerstion should be given to conserving
such a supply during normal operation by the use of cooling towers or spray
ponds located at a convenient place outside the facility. It must be recog-
nized that such cooling towers or spray ponds and the pipeline connection
‘from the water source to the facility would probably he destroyed during an
sttack and therefore some form of aerdened heat sink not dersndent on an out-
side water supply must be provided.

a. Protected Water Supply. It is apparent that the most
desirable meaus of heat dissipation would be a supply of water developed
within the protected arca adequate for use in a once-through cooling cycle
during all operational conditions. Such a water supply might be either an
underground aquifer belov the protected area or an infiltration of water
through the surrounding geviovgical formation into that area, Although the
flov rate of such a supply might not meet peak load requirements, & retention
reservoir could be utilized to meet the peaks. Consideration should be given
to conserving the underground supply for use folloving an attack. BHowever,
it must be recognized that the possibility of finding an sdeguate wuter supply
from & source in the geological formation immediately surrounding the inatal-
lation, will occur only in rare instances and, in general, otiizr means of heat
dissipation must be investigated even if only to supplement .. inadequate
source that may be avallabl: within the protacted area.

b. Yndersground Reservoirg. An underground reservoir for the
storage of a heat absorbing substance has the distinct sdvantage of not
requiring any breaches tO the surface. A number of theoreticel and experi-
mental investigalions have teen zads to determine {he performance of variows
substances an’ their contaimment when utilized as heat sinks. BSuch substances
must have heat abrorlirg characteristics that are ~ .mnetiti. with the heat
rejecticn processes of the pover plant and refrigeration equipmeunt. Three
types of heat absorbing substai.ces wiil be consilered, namely vater. ice, and
chemicals.

1. Water. Compared iv ice and ci:.zical .ubstances,
vater has a relatively low hecat u‘osorbi.ng cepacity per unit veiume. a.n\ning
an initial vatexr temperature of 0°F and a rise in temperature to 100°F, a
cuble foot of wvaver would be capsble of absorbing 35,120 B.T.U.

» a refrigoeration cycle the naximum water temperature should be
heid o 1007F az governsd by the heat tranafer process of a 7apor comprossina
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cycle. Higher temperatures would significantly reduce the coefficient of
performance and might increase maintenance and operating problems due to the
correspondingly high condensing pressures. An absorption cycle imposes even
mere stringent requirements on the allowable tempciature rise. Power
gensrating equipnent on the other hand can tolerate water temperatwres up to
200°F.

As previously discussed, the geological formation surrounding an
underground reservoir is capable of absorbing a considerable amount of heat,
pa-ticularly if the temperature differential between the storei water and the
surrounding earth or rock is substantial. This phenowenw uvuld ve taken into
consideration in the design of the heat sink. It is therefore highly desirable
to permit the stored water to reach as high a temperature as possidble. Since
the allowable temperature necessary for refrigeravion and power generation
equipment differ so significantly, it is meudatorv that conszideration be given
to providing separate reservoirs. Sucl: £n arrangement doss r2¥ entail any
significant increase in cost.

In addition, serious consideration Shcmld be given to precooling
the stored water to a temperature of about LO'F, This would also lower the
temperature of the surrounding geological formation below its initial level.
This pre-cooling could be accomplished prior to necupancy by the refriseration
equipment installed for air-conditioning purposes and ~ould be maintained aftar
occupancy by the same equipment during off-peak operating periods. In the
beginning of a button-up period the pre-cooled water could be circulated
directly through sir-conditioning cooling coils, thus postponing the need to

perate the refrigeration ¢ycle. Such an arrangement should result in subd-
stantial savings in electric power consumption and & corresponding reduction
in the total amount of rejected heat. Equations to calculste the required
capacity of an underground reservoir to Le used as a heat sink are presented
in a Corps of Engineers Design Manual (Ref. 5.7-1), and sample problems are
also presented in thia manual.

After an attack it is conceivable that the pipelina connsctions
rom the basic wvater source to the r.zervoir cuuld be repaired in the event
they were damagel by an attack. As soon a8 such rejpairs are effectad the
vater reservoir could easily ta refilled for furtaer use of the facility.

Studies made by the National bureau of Stand .13 (Rel. 5.7-9)
indicate that the hLi#al transfer from water €0 rock is proportionsl to the
relaticnship of contact surface {u voluw:. Theovrcticaily, the hent abrorp-
tion capability of the rocx incrsuces as the felationshlip of contuct . ace
to volune increases. This leads toward tha consideration of 1ez-  24ir .uava-
tion vith a relatively :mell cross section. Un the olhar nand, economical
excavation nethods must be taken into consideration in weterminin: the cross
section.

2. Ige. The fact that melting ice has a relatively high
he.t sbsorTtion capability makes the consideration of its use extrensly
attractive. For example, a mixture or 50 gcrcont ice and vater vith an orig-
inal temperature of ’2°F and a rise to 100 F would absord 8400 L.T.U per cubic
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foot as comp. -ed to 3120 B.T.U. for water alone. This would indicate that, at
least th.oretically. tae volume of a 50 percent ice and water reservoir could
be considerably les. than one half that required for a reservoir containing
wat=r only.

Al Liough some experiments on a small scale have been conducted hy
the Buresu of Standards, no feasible reliable method has yet been devised for
the distribution of maonufactured ice in a large reservoir. Another problem
wvhich has nct been solved is the maintenance of @& ice content in the reserwir
after it has bee;: filled. The mecianical equipment required to store ana
maintain the ice could involve large expenditures. The te~hnical and econcmic
feasibility of utiiiszing ice in the regservoir of a specific underground
facility has been presented in a comprehensive report (Ref. 5.7-1C). The
£indings of this report indicated that it vas more economical and far more
relisble to excavate the additional water storsge capacity rathex than to
utilize ice in such a reservoir. u sddition, the use . ! i-2 in the heat s.ak
would preclude the possibility of restoration capubility ir any reasonadle
time following & button-up period since it would probably take several months
t0 re-establish the required ice coutent.

3. Chemicel Subatances. Research 1s being conducted by
several organizations dealing vith the feasidility of using various types of
reveraible endothermic processes for utilization as heat reservoirs. Primarily
the wpplication Sf this process is being divec’ 1 touard the field of space
heating and nuclear-stean pover. It is canceivable, hovever, that it could be
utilized as a hardened heat aink in the field o. rotective construction.
Aegiladle data gives evidence that 0f the known reversible endothermic procesasss,
the "hest of fusion® of salt-hydrates and salt-ammoniates sppear tc offer the
highest heat sdsorbing capacities per unit volume. These salts are solubls 4.
either watsr or ligquid ammouia and consequeatliy the -&nk cou.mobc in & liquid
state. Assuming a heat sink tamperature rise from ,0'F to 100°F, heat abac:p-
tion capacities én the orde * of 20,000 B.T.U. per cubic foot are indicated.
Hovevar, cousideradly development work is still required to biing into prace
tical rewlizatioa a chemical heat sink applicable to the type of facilitise
upder considaretion in this marual.

e Outalde ALX with Coolling Jovers. The atmosphare itself
provides s heat aink of unlimited capecity, and thaxrefore its use should ba
considered in the design of a heat sink for e hard-aed fac! ity.

The heat rejection cjulpusant roguired t implemsnt *he air is elther
sone type of cooling tower ¢r s apray pond. With rospect Lo coolluy tovers,
consideratioa should be given to the open filled type, the ¢l ned Trirs sorime
evaporative type, aud the closed extendsld surfaca dry <y;v. Ail of chese
types are extremely vulunerable to dlast pressure and if requised to surrive
an attsck and then fun:tion during the bdutton-up period, they must be placed
underground in the protected area.

1. Open Filled Tyvpe Cooling Tovers. This tyre of equip-

ment is the most efficient of the beat transfer dsvices mentioned above dus tc
the closer terminal tempersture difference betveen the outside air snd the
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cooling water. It does require a protected water storage capacity for make-up
purposes during & bubiosn-up period. However, the use of this type of cooling
tower introduces a potentiel contamination hazard unless the air required ie
passed through filtering devices designed to remove radioactive particles.
Without such filtering these particles would precipitate out into the cooling
tov r basin and in turn would be circulated vith the cooling water through
the power generating and air-conditlioning refrigeration equipment resuli’ng
in the possible build-up of a dangerous concentration of radioactive matter.
For relatively .arge installations which would require considerable quantitiss
of ~utside air, the cost of providing the necessary filters and the additional
power to move the air through such filters might very well indicate that the
use of this type of cooling tower is uneconomical.

2. Closed Prime Surface kvaporative Type Cooling Towers.

Tue use of this type of heet rejection equipment wvould eliminate the con~
tamination hazard in that no radioacti.re rnarticles would enter 'lLie circulating
system. The heat transfer etficiency is only slighil:: lower than for the opea
f£illed type resulting in an increase of about 10 percent in the quantity of
outside air required. It is evident that this !ncrease is insignificant in
the light of the advantage to be gained in the eliminatica of tle rediation
hazard and its attendant reguirement fur filtering devices. This type of
cooling tower also requires vater storage for make-up purposer.

3. Cloged Extended Dry Type Cooling Tovera. The primary

disadvantage of this type of :n:at transfer equinment is the relatively enormous
amounts of outside ai- required for its proper functioning. Thie may be on
the order of ten times more than either of the types menticned previously.
This type of equipmeut aiso eliminates the contamination hazard and it offers
the alded advantage of not requiring any storoge of vater for make-up P'"rnoses.
The possidble saving thus effected, hovever, must oe balanced against the in-
creased cost of providing relatively large size surface connections for air
intake and exhaust irncluding tr: blast closures for these openings, not to
nontion the potential increase in vulnerability to blest damage due to these
large openings. It should be noted hovever, thut for a small inatallation
using cut-and-cover type structurer and vwith refrigeration loats on the order
of 100 tons and electiric pover demands of S0C KW n~ lews, tLis Lype of equip-
neat should receive seriousa consideration. In such inatances the cost of
creating vater storage for aake-up purposes might very well te gresler than
the expenditures involved (n providing larger surface ¢ :nnectic 3 for outsids
air circulation.

Recent ccmparative st:diss mads for tvo large deep underground
installations indicate that the utilizotion of closed prime surfa - eveorora-
tive type cuoling towers located in the undeigoound veh.nl diust vwrrirs
proved to be the best solution fur the heal sink prodblc:.

In connection with the utilization of urderground cooling towars
. consideration should be given to their noesitle use as a method of absording
he .t from the power plont and building epects. Iwo arrangemcents merit a
Jotasled study and investigation to determine the bost selection for a specific
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facility and site location. One would maeke use of the outside air to ventilate
and absorb heat from the power plant space before passing through the cooling
towers. Parametric studies should be made to determine the net effect on the
incresse in the total heat of the air as it cools the power piant. The costs
attendant to filtering the outside air vefore introducing it into the power
plant must be taken into consideration and may negate other sdvantages to be
gained by employing this arrangement. The other arrangemeat would utilize

the cooling woter circulating through the tower ms a heat sbsorbing nedium.
During varm weather, the cooling valer can be used only for power plaut cooling,
inasmuch as its temperature would be higher than the building space temperature.
During :clder weather, however, the cooling water would be at a sufficiently
low temperature to absord heat from both the power plaut and bullding spaces.
This arrangement offers two significant advantages. First, it obviates the
neeu for an extensive air filtration installation and secondly, it is capable
of absorbing heat from the bullding spaces reculting in a reduction in the
running time of the mechanical re’rigevation equipmeni and :~nsequently a
decrease in the total electrical erergy comswption. Although the temper=ture
of the cooling vater lsaving the tower would have to be somevhat lowver, in
order to cool the power plant, the net adverse effcct on the heat aink is not
nearly as significant as in the case of power plant cooling vith outside air.

d. Outside Air with a Spray Pond. A spray pond can be designed
with scme degree of hardness and is therefore applicable in coanection vwith
facilitian vhich require resistance only to relatively lov blast vressures.

On the other hand, & cpray pond is far less efficient than any type of cooling
tover and is subject to the vagaries of the prevailing vinds due to its

expsesn location. This exposed location alsc makes it highly susceptible to
rediocactive contamination. The use of a spray pond ror neat transf.r in
connection with facilities of high level protection is certalnly questiounubl:
in viev of the surface distortious and growsl shock associated with high yield
weapon detonation vhizu would protadly render the sproy pond inoperable.

5.7.4 ALr Sypply and Condit,oning. ALr supply requirements
for & hurdened facility derive from the necessity to introduce fresh air to
replace that vitisted by personnel and vehicular traffic, combustion air for
pover generatinrg equirwent and other wir wspireiing devices and an air flov
for heat absorption. That portion of the air suppiy used for veatilating
purposes must be conditioned 0 maintuin the proper envirommental conditions
for personoel activity and special electroanic equijr:nt ven*‘'lation.

5.7.4 1 genergl Tt i3 clear that the in®roductlon of
ovtside air into o bardened facility necessitatcs breaching the Drotactive
structure in some manner. Such openings must Le provided with quizk clorisg
blast resistaat devices vhich are susceptitie to malfr~ilsn . thejefure
introduce points of weakness in vhat ma; othervise be s relatively invulner-
adble facili’® 1n viev of this, 1t is highly iapoirtant to investigate
theroughly ¢ air supply probles with a viev tcvards minimizing requirements
particularly wuring the Fost-Attack operational period.

The best method of iatlrcduction, subsequent treataent, distribution
and exheust of outside air passing thuough a hasdened facility may be daflerent
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for the three operational phases, namely, prior to, during, and following an
attack. In addition the specified level of protection, the configuration, and
means of access must be taken into consideration in the design ot the various
features of the air supply systems. The possible variations in ell these
factors make it difficult to set forth a typical design. It may he ctated in
general, however, that the introduction of an sir supply into & protected
facility and its subsequent exhaust into the outside atmosphere may involve
large expenditures for connections to the surface and the protection of those
cpenings against tne blast pressures assoclated with a nuclear wveapon attack.
Fo- this reason serious consideration must be given to every vossible multi-

purpose use of the air supply.

5.7.4.2 Ventilation. A fresh air supply for ventilation
purposes in a hardened facility is required to maintain habitadle conditions
for personnel and pul e acceas tunnels in the event thev ara 1sed for vehiculer
traffic.

a. Personnel. It is normal practice to supply fresh air to
commercial or public buildings in an amcunt sutficient to dissipate unpleasant
odors from persoas and other procegses due to occupancy, and also adequate to
insure conditions conducive to normal physical activity. For « hardened
facility any outside air wvhich is introduced to area: of humra Sccupancy must
be trsated in some manner to eliminate the possidility of carrying C.B.R.
convaminAtion to wivse wmreas. Criteria fur fresh wir quuntilies wre yeuwsally
based on per capita requirements and it is obvious for the proper design of
the ventilation air supply system, the personnsl occupancy during the prior-
and post-sttach periods must be established as closely as possidle. Ceveful
considera*ion should be given by the using agency to the poasibility ihat the
population during the alert and post-attack periodc might be considerably in
excess 0f that required for the prior attack operation of the facility.
Personnel requirements for 2i-hour operstion must be determinsd and it is
quite posaible that security p reonnel, such as cutside guards, nmight have to
be housed during button-up periocds.

It 1s normal practice to supply fresh a:r in an amount of 10 to 20cim
Prr person based on the expected population. Thore appears to be no reason
to vary this ssount for hardened facilities unless the exhaust eir requi.s-
meats fooo such areas as tollet rooms, kitchens, decentaminaticn, special
processing, etc., are uiurually heavy. Hovever, durir, tho bu..on-up period
pover consumption and related heat rejectiin may be minimi»nd by reducing
fresh alr supply to 3 cfm per per:z.n. ‘Mis wount vouwld 1init the carbun
dioxide content %0 &1 acceptable 2 percant for an incefinite perind, Tt
would alsv be more tran adequate to maintain the oxygen content »  the “~imal
level of 21 percent.

Alr quantities for the proper ventilation ol kitchens md tcilet
TOoOms are estadlished in appropriate Coyps of Engineers and Alr Force Design
Manunls. (Rels. 5.7-1 and 5.T7-7) ‘These criteria are applicadle for pro-
tr :tive constructiva. in order to reduce the fresh air supply to an amount
governed by povulation, the exhaust from toilet areas can oe passed through
activated ceardon filters % reduce odor concentration and then recirculatsd
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through the system. On the other hend, however, exhaust air from kitchen
arcas should not be recirculated.

The ventilation air supply entering the facility following an attack
must be filtered to reuove radioactive particles prior to its introduction to
occupied spaces. Furthermore, it is possible to contaminate the air supply
at any time by covert sabotage with chemical or biological agents which are
extremely difficult to detect. The only positive means ol protection is to
filter the incoming air continuwously. The'U. 8. Army Chemicul Corps has
designed and manufactures filters which will arrest C.B.R. contaminents from
the air supply and they are available in various sizes for instnllation in
hardened facilities. In order to conserve the capaLility of these special
filters during nonemergcncy periods, standard commercial dust filters should
be provided on the upstream side. Filters are inherently unable to withstand
any appreciable pressures end therefore must Le located on the protected side

of the blast barriers.

Immediately following an attack, the outeide air wnuld have an
extremely high content of radicactive particles and in order to prevent a
heavy concentration of such particles in the filters, the veatilation air
supply should te cut off entirely for a period of 4 to 8 hours. 8ince the
volume of air per person within the protected area is generally relatively

large, carbon dioxide pollution and oxygen contents will not reach dangerous
limitc during cuch pericds. It iz of course poeecible ¢o rovitalize the air

- mwen LA

chemically for a prolonged button-up period after an attack in lieu of re-
establishing the fresh air supply.

During the button-up period there exists the possibility <f an
infiltration of C.B.R. contaminants around the equipment, personrel, and
vehicular access doors. In addition there may be some small unknown openings
vhich mey be subject to intiltration also. Infiltration around the doors can
be minimized by incorporatin~ gas seals in the design of the doors. However,
such scals are sometimes ditrficult to maintain tight. Exhaust valves for the
passage of vitiated air from the protected space to the outside must of course
be kept in open position except for the short period during and immediately
following the blest. In order to prevent the pnsgible infiltration of air-
borne C.B.R. contaminants after the exhaust valves arc reopened, an internal
pressure above the ambient atmospheric should be maintained. This can be
accomplished by the use of pressure differential ser.ing devices vhich would
regulato air volume devices lu the exhaust npenings. An internal pressure
of .0.5" of water above atmospheric is sufficient to prevent infiltration and
provide sufficient pressure for air lock scavenging of decontewinutivn arsas.
With proper regulation of eyhaust uir volume the quantity of ov*side aix
required for personmnel should be adequate tv establisl. -nd ma.utzin the neces-
sary internal pressurization. A comprehensive discussion of the problems
involved in the protection of structures sgainst C.B.R. contamination is
pr‘sen“d in Ref. 507"110

b. Vehicular Traffic. In general the access to shallowv cut
and cover hardened facilities will be by means of relatively short tunnels
or vertical shufts with nominal vehicular traffic if any. On the other hanmd,
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the access to deep underground installations in a mountain side will be by
means of a long tunucl frequently with two portals widely separated. The
servicing of such a facility with rersonnel and supplies, particularly during
pre-emergency periods, msy require the use of gasoline and dieccl fucl burning
vehicles. If possible, the access tunnel should also be made to gerve as a
fresh air iateke and vitiated air exhaust by the instn luiion of a frangible
barrier across the tunnel at an appropriate location to separate the intake
and exhaust air flow., In general, the vehicular access portion of the tunnel
would be used for exhaust purposes. Calculations have indicated that unless
*he expected vehicular traffic is unusually heavy the quantity of vitiated air
normally exhausted from the protected space into the accesc tunnel will be
adequate to limit the concentretion of CO Lo an accepteble 0.04 percent by
volume. CO detection equipment should be installed to monitor the air in the
vehicular portion of the tunnel. 1In order to assure an additional air supply
in the event actual operations result in undesirable haziness or excessive O
content, booster fans should be picvided in the frangible hasrier to exhaust
from the fresh air inteke side to the exhaust sid=.

5.7.4.3 Combustion Air. An uninterruptable powcr supply is
generally required for a hardened facility and if power is being generated by
diesel engine or gas turbine equipment, combustion air must Le available at
all times and positive means for continuous exhaustion of tae combustion gases

also must be provided.

Imiediutely following an atteck the outside air is expected to
contain a consicderable amount of rsdioactive matter, a large percentage of
carbon monoxicde and be at a relatively high temperature. While such =tmo-
spheric conditions would make the outside air unsuitable for personuel con-
sumption, general ventilation and heat dissipation purposes, it £till would
be satisfactory for combustion uses. This {indicates that a closed conduit
system for combustion air and exhaust is highly desirable since it would
permit continuous air flow tv and from the prime movers except during the
blast pnase itvsslf without danger of contaminating the occupied spaces. In
order to protect such a conduit system from nuclear detonation effects it
must be provided with blast resistant closures and auxiliary valves at intake
and exhaust arranged to insure continuing flow cduring the blast phase. Further
discussion of such devices is presented in Para. 5.7.4.7.

S.T.4.4 Heat Dissipation. It is ev] .ent thal a refrigeration
cycle must be relied upon for space cQoling purposes during periods vhen the
outside tempegature is higher thun 60°F., However, when that temperature is
lover than 60 F it is theoreticzlly possible to accomplish space conling Ly
circulating outaide air directly through the space, thus elimin..sing “he
necessity for operating the refrigeration cycle, with resultan. reductions
in power consumption and other operating costs. The desirability of instal-
ling a sysiem capable of introducing sufficient quantities of outside air for
space cooling purposes must be based on an economic study taking into account
operating costs and capital expenditures for intake and cxhaust chafts, blast
-losures and air filtration equipment. For lavrge, deep underground instal-
1ationg the high capital coet will probebly offget the gavings in operating
costs that could be realized by effecting air conditioning without
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refrigeration during favorable atmospheric conditions. On the otier hand,
however, for small, shallow cut-and-cover or partlally buried structures,
the application of this principle has more merit and certainly should be

investigated.

It 18 recognized that the power piant aren and possivly some other
equ%pment.spaces can tilerate ambient temperutures in the range of 100°F to
110°F withouf seriously affecting the operation of the equipment. This
suggests the possibility of utilizing outside air as u cooling medium without
a refrigeravion cycle at practically all times unlese the geographic location
of the facility is such that very high outside ambicnt temperatures prevail.
At any location, hovever, the outside air would be unsuitable fcr this purpose
for some period following an attack and therefore a supplemental cooling

'gystem would have to be considered for use during this period. Another alter-

naiive in lieu of mechanical refrigeration for space cooling would be the use
of fan-coil recirculating units in conjunction with water from the cooling

towers or underground storage passing through such units prior to its intro-
duction to the air-conditioning reirigeration ard pcwer gereration equipmant
heat rejection system. The determination of the most desiruble system requires
investigation of technical feasitility and comparative cost studies.

5.7-4.5 Multi-Purpose Use. Due to the interdependence of the
utility components the feasibility and economics of multi-purpose uses of
outside air must be carefully analyzed to assure the proper choice and design

of the air supply system. In making such studies severul purameieis wust S
considered as follows:

(a) The dry aud vweb Lulb temperature of the air

' entering the underground cooling towers.

(b) The condensing temperature of the refrigeration
cycle.

Ec; The power plant area space temperature.

d) Tr: heat transfer surface of the cooling towers.

The items governed by and plotted againct these parameters should
include the following: -

1. Quantity of air required for the heat sink expressed
m \-m-

2. Coefficient of performance of thn refrigeration cycle
expressed in KW/ton.

3. Power required tn move the required cfm expressed in KW.

4, Costs of air shafts and blast closures.

5. Costis of power generation, refrigeration, and aiv
filtration equipment.

5.T.4.6 Air Conditioning. In grreral the specific tempera-
ture, humidity .and other air conditions required in undergrourd facilities
may not be different from those maintained in "soft" surface structures vhen
the uses of the spaces are similar. Considering the fact that the hardened
facility will probably be constructed underyround or partially buried, the
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installation wiii not be exposed to the variations in climatic conditions as
is a structure on the surface, except for the tammerature variations of the
outside air supply. Although seepage water could affect the space humidity
conditions, the amount of water to be encountered underground is extremely
difficult to predict. . Past experience, however, gives evidence that 1ittle or
no adverse effect should be expected even though initially the excavation may
be considered "wet". This is particularly true of underground excavations
housing free standing internal structures. Not to be overlooked, however, i
the net effect on the air conditioning system of the possibie absorption of
seepage vater by the space ai:. 8ince the process is essentially an adispatic
sataration, the total heat remains unchanged, that is, the gain in moisture is
obtained at the expense of a corresponding drop in dry dbuld temperature.

From the foregoing discussion it becomes apparent that the heat

loads which significantly affect the air conditioning system, particularly
the refrigeration cycle, are those contributed by the outside air supply and

the rejected heat from people, light: -nd electrical equipment. Inasmuch as

the utility problems are greatly magnified by the iupnsition of the refrigerc-
tion cycle, every effort must be exercised to reduce the outside air supply

for ventilation and the net electrical pover nesds to a minimum. Transistorized
electronic equipment with cooling should be utilized wherever possible and

lighting should be of the gas discharge type such as fluorescents.

In regard to the spaces housing the *hardvwere"”, the selection of

interior air conditions ire invarisbly governed by criteria established by
the system contractor. The conditions are suitable for personnel efficiency
and are usually within the practicable range attainable with conventional air-

conditioning equipment.

Since comfort is not always a prime objective, the des:lgnr.r is faced

with considerable latitude in the range of temperatures and humidicies that
can be selected for the interior general work areas. Fxperience has shown
that personnel can sustain a ccuasiderable range of temperatures without

serious loss of efficiency.

Somc of the factors that inrluence the selection, for design pur-
poses, of an interior alr condition are listed below:

a. In regard to transmission and solar heat gains, the direct
effect of climate on the interior envirommental condit’ons mey ".e considered
inconséquential since the installation under consideration generally will be

placed partially or entirely belov grouns.

b. Since the rock or earth mass swrrounding the i~-tallation
is at or near the mean annual temperature of ‘he site, puriiaily occupied
interior spnces may reguire the addition of heat to maintain a reasonable

degree of romfort.

c. Regardiess of the outdoor conditions, the heat generated
by persomnel, lipghting and other internal loads will dictate the neecd for

econling during full operation.
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d. The selection of & higher space temperature makes possible
the utilization of a greater diffcrential in temperature between the space and
conditioned air supply. Consequently, a reduction in the physical size of the
air handling equipment and distribution ducts may be possible.

In view og the goregoing, it appears reasonable to select an interior
air condition of 75 F + 3 F and relative humidity not excseding 55 percent as
an acceptable compromise Letween the often recommended 70 F and 80 F indoor
temperaturer during the winter and summer seasons recspectively.

During stand-by operation, the unoccupied cpcess are couoled by the
surrounding rock and earth mass and under this circumstancc heat may be required
to maintain a suitable relative humidity for material preservatign. Assuming
the natural air conditions in the underground installation at 35 F and nearly
saturated, an increase in the interior space iemperature to TO'F will redure
the relative humidity to about 3 percent which 1s consider:d satisfactory for
the prescervation of most materials and equipment.

In regard to the reafrigeration cycla, cousiderstion should be given
to the vapor compression and aveorption principles. For small compact
facilities, extended surfare heat exchangers with direct expansion of the
refrigerant may be used to dissipatve the space heat. Large facilities may
find the circulatinn of chilled water through the heat exchangcrs to be a more
feusible solution. In the case of liw vapur cowpression cycle, the reflrigeraut
gas temperature is elevated to a practical level for condersing purposes in
reciprocating or centrifugal compressors driven by electric motors or steam
turbines. The principle of the absorpiion cycle is the self coolins of the
chilled water by flashing in a high vacuum in the presence of a lithium
vromide solution. Steam or hot water is used to maintain the ccacentration
of the lithium bromide solution. Commercially availsble standard sizes can
be selected to fulfill the cooling requirements of any of the facilities under

considerut ion.

From the previous discussions on power generation it becomes
apparent that the final selection of the refrigeration cycle might be largely
dependent upon obtaining a combination of power genevation and refrigeration
equipment wvhich will produce the lowest total heat rejection with the view
towards reducing to a minimum the heat sink requirements.

An exsmple might be the case of an open cycle gas turbine power
plant employing the economizer L0 recover heat from the exhaust gases in the
form of lowv pressure steam or kot water for use with an absorption vraZrigera-
tion unit. This utility arrangement will increase the plant t.vwmal si{ficiency
to the extent of producing a ton of refrigeration withuut inci-easing the
power generating capacity. The heat rejected from the refrigeration cycle
vill be an the order of 30,000 BTU/HR/Ton. On the other hand, if a vapor
compression unit, electric motor driven, is used, the heat rejected will be
on the order of 15,000 PTU/HR/Ton and the plant generating capacity increased
by sbout 1 KW/Ton. Depending on the factors of geographic location, degree
of hardness snd operntional condition, the incressed cost of the heat sink for
the absorption cycle may override the cost of the enlarged power plant.
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Obviously the number of possible combinatl‘ons of power generation,
refrigeration and heat rejection equipuent is virtually unlimited. Some may
be eliminated from further comnsideration merely by inspection, other pos-
sibilities may have to be investigated thoroughly. In the final determina-
tion of the type of refrigeration cycle to be adopted, emphesis nust be
placed on the interdependence of the principal utility components and their
inpact on the over-all power and heat rejection loads. Only then can the
best solution to the problem be attained.

Past experience with facilities of the types under consideration
indicate an ever changing utilization of the available spacc within the
protected areas. Usually the changes occasion a major modification of the
air conditioning system. In recognition of this, it is incumbent upon the
Design Engineer to provide an air conditioning system that will accommodate
a nominal redistriiution of internal loads but not necesserily with an in-
crease in the over-all facility loel. Tae supply of conditicred air to the
building areas on a modular basis is considered higl.ly desiracle.

In regard to equimment selection, every effort must be made to
utilize componeats that reguire a minimum of floor area and “rolume. A
general advantage lies with small & - and medium or high veiocity air dis-
tribution. A limiting factor mav . «..ecssive fan horsepower or noise
associated with higt Za. speeds and air velocities. Only incombuatible
materials including vepor barricrs should be used.

In regard to the sreas housing essential electronic and elactrical
equipment, the usc of o duplex alr conditioning systen may be reguired to
conform to the over-all relisbility of the weapon system. Siunce the “hardvare”

may be a predominant feature of the hardened facility, it is esnaritial that
the service requirements imposed by the system contractor be coordinated, at
the outset, vith the design of the air conditicning system.

5.7-4.7 Ilast "losures. ALl openings from the protected
facility to the ouleide must b, provided with blast losures. Those used for
personnel, squipment e vehiculer mccess can and should be clossd at the
start of en alert o’4 their operation thsrefore ca: ¢ relatively slov. The
openings for air s pply ar* exhaust on the other hana rust be kept in an
open position duriug the alert period and designed to close instantly by the
blast pressurs or wher attuated by some sort of equiyp :ert whic. would be
triggered by devices sensitive to nuclear effects. Such devices have been
developed by the U. §. Army Signc® Corps. Tue [resh alr supply for porsonnel,
depending on the retio of interncl volume per capits, can de intersupt. . for
several hours vithout sny deleterious »ffects. In the event umd <arou-?
cocling tovers are mmployed for equipment héat dlspocal, pacvis.ins can be
made to store vater ms the heat eink for a period of several hows so that
the air supply to the towers Loy algo be interrupted. In viev of this the
blast closur in the air shafts sexving personnel and cooling tovers cen bde
arranged to iwaain closed folloving sn attack and then opaned menually
s 2Mer it Las been detcrmined Lhat the condition of the outside atmosphere is
frac of heavy rafiological contaminants ol satlsfactory in regand W Aempers
ture and carden monoxide coatent.
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No interruption, however, of air flow through diesel engines or
gas turbines is tenable. Such equipment nust aspirate and discharge com-
bustion producte continuously in order to maintain operation. Therefore,
the blast closures, for combustion purposes must be reopened immediately
after the subsidence of the blast pressure. However, the positive phase of
a high yield weepon detonation may last as long as 3 to 5 seconds and such
an interruption of air flow would result in a shutdown of the power genera-
tion equipmeat. For the hardened facility.which must continue to function
during and immediately following an attack such an interruption in power
supply 1s not tolerable. To obviate this condition, auxiliary valves opening
to the protected space must be provided in the air industion and exhaust
systems. They must be designed to open instantly whenever the blast closures
in the openings tu the outside have been shut. The prime movers would then
aspirate from the protected space, and combustion products would be diverted
into the power plant area. The length of time that suck a d version can be
sustained would be governed by space temperature rise and by the allowable
concentrations of taxic and noxious fumes to which personncl could be exposed.
In general, a diversion time of 10 seconds is tolerable which is long enough
for the initial blast presswre to subside and for the sube2quent reopening of
the blast closures. It 1s self-evident that the blast closurcs and auxiliary
valve must be arranged to actuate simultaneously.

The use of catalytic afterburners installed in the exhaust gas
opening to the prutected space may be cunsidcred as r. means of reducing the
degree of contamination during the Civersion period. These devices, however,
operate effectively only at elevated temperatures which would not be in
evidence at the outret of the diversion cycle. BSeveral minutes woul 'l elapsc
before the efterburner could fumction properly and in the interim che con-
centration of taxic and noxious fum-2s in the exhaust gases would remain
unchanged. In view of the foregoing, no further consideration should be
given to the use of these devices.

' 5.7.5 Water Supply. The requirement for water supply is generally
inflwenced by two determining factors namely, the domestic consumption and

" the heat sink requiroments, with the latter varying over a wide range as

discussed previously in this manual. In the relatively few instances vhere
dry-type cooling toweis can be utilized for equipment heat disposal the
demand for water supply i1s governed only by requirements for domestic con-
sumption including fire protection. :

5.7.5.1 Basic Requirements.

a. Heat Sink. The ccaventiunal rule of thumd aethod for
estimating heat sink reg requirements, namely 1 to 2 gpm per ton of refrigeration,
2 to 3 gom per KW for steam powver generation and 0.2 gpm per XKW for diesel
power gereration can bc applied only if a unce-through cooling cycle is
utilized. Since it is unlikely that a water supply of adequate capacity for
uch use can be developed within the protected facility, the quantity of water
required for equipment. heat. d4apnanl will he governed by the type of heat
sink adopted and the length of button-up period. Because of the interdependence
of the utility system components and the many varying types of hardened
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facilities under consideration it is impossible to present a rational
quantitative analysis of the cooling water requirements, which may range from
25 to 1000 gpm.

b. Lomestic Consumption. It is normal practice to supply
water to a military base in the amounv of 75 to 100 gpd per capita. A
hardened facility, if located remote from a major support instullation, would
probably include billeting, messing and recreational facilitics in addition
to the operational elemenis. Accordingly a water supply for domestic pur-
voses, prior to an attack should be based on-amounts in the order of 75 to
100 gpd per capita. Following an attack the consumption of water can be
limited to an amount necessary for drinking and minimel hygienic purposes in
the interest of minimizing the storage requirements for the button-up period.
A water use in the range of 20 to 30 gpd per capita 1s ccnuidered adequate.

Consideration must also »2 given to iue piucecy wa“er requirements,
if any, eand to the fire protection neecds. In the case of th: former, ‘the
quantities required for certain types of facilities may have a greater in-
fluence on the selection of the water supply and storage system than would the

domestic needs.

5.7.5.2 Water Sources. The adoption of the concept of a
"button-up and restoration capability as soon as possible™ dictates the de-
velopment of some type of protected water supply. It is evident that the
most economical and least vulnerable would be a source developed within the
protected area of the facility. However, the probubility of developing such
a supply in quantities adequate for operational purposes will occur in only
few instances. In general some outside source will have to be devel.ped.

a. Well Water. There are a number of advantages in a
dispersed well field located several miles from the hardened facility itself.
Well houses, constructed as shallow cut-and-cover structures designed for
nomina blast resistance, could be considered as hard, by virtve of dispersion,
as the facility itself. In addition, a well water supply would not be
susceptible to radiocactive contamination. FMurtheruore the temperature of the
wvater is iikely to remain at or near the meah aunual temperature of the sur-
rounding area and consequently is readily usable for domestic as well as

equipment heat disposal purposes.

A dispersed well supply requires buried pipe line connections to
the facility, and it must be recogunizsi that even though they bhave some
inherent overpressure blast resistance they are a weak link particula-ly in
the proximity of the facility itself. The facility must be sel f sustaininy
for ¢ long encugh button-up period to permis repair of sny ry, ..ted iines or
the replacement of those lines with 1ight weight P.0.l. piping installed
aboveground. Conservative estimates of the time required to restore the

capability of the water supply system vary from a week to several weeks.

" b. Surface Water. There mey be instances where the develop-
meat of a well water supply is either impossibie or too costly and some
natural water shed would have to be utilized. The flow ot the river or
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mountain stream in such a water shed should be thoroughly investigated hydaro-
logically to determine its discharge during dry seasons relative to the
quantities of water required by the facility for operational purposes. It may
be thet even the dry scason discharge would be of sufficient quantity to be used
in a once-through cooling cycle. The creation of an impounded supply by means
of a dem in the water shed should be avoided if at all possible, since the
dam 1tself would be highly vulnerable to a nuclear attack and the impouvnded
lake would Pe highly susceptible to contamination sabotage. If' a surfece
supply 15 unavoidable, consideration must be given to the use of special

Jater treatmenrt to counteract the effects of radiation. It is conceivable
that the entire water shed may be contaminated with long half-liie radiocactive
substauces. Although these may constitute only a minute percentage of the
total fallout, contirued ingestion by humans could prove fatal, end therefore,
a conventional ioun-exchange demineralization system should beé provided in

the facility. The demineralized waler which i= considered “aggessive™ mus+
then be further treated to make it cormpetible with standard plumbing and

piping materials.

5.7.6 Sanitary Facilities. In general distribulion of domestic
water and the collection of sanitary wastes within the protected fdcility are
of conventional design. Acceptable design procedures are set forth in appro-
priate military manuals (Refs. 5.7-T, 5.7-12, and 5.7-13) and should be
adhered to wherever appiicable. Consideration should be given to the use of
chemical toilets for very small hardened satellite facilities, in order to
conserve the water supply during the button-up period. However, in the larger
facilities, the use of chenicsl toilets would be impracticel and conventional
means must be emplcyed. The scil and waste stacks can be fitted wiih
activated charcoal canisters, at their terminals, thus ullowing them to vent
into the protected space. The combination of charcoal and dilution by the

ventilation system will render the vapors innocucus.

The collected sewnge ultimately must be conveyed to the outside and
disposed of. Wherever possible the protected facility should be locally sited
to permit gravity drainage of the sewage. In ali probability, however, cut-
and-cover type structures will require the use of a 1lift station and force-
main to conduct the sewage to the outside. The ultimate means of disposal may
include existing municipal or military sewerage systems, new local treatment
facilities or raw stabilization ponds..

In regard to the disposal of rubbish, kitchen run garbage and
classified material, consideration must be given to some form of destruction
ond volume reduction. Two methods are considered fcasible, uamely inciners-
tion or coominution and extraction. In the case of the forucr combtustion
air is required and in the latter, greater storage is nceded.

5.T.7 Pire Protection. Although the structures under consideration
as well as the housed furnishingsend equipment ure predominaiely incombustible,
it i3 extremely important to preclude the growth of incipient small fires
. svpported by paper and similar materisl in arces within the structure which

wuy ve uroccupied for extended p%:_lodc of time.
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The use of automatic water sprinklers is considered undesirable
because of the possible damage to electric and electronic equipment. 1t is.
recomuended that consideration be given to the use of a fire detection
system in conjunction with portable dry chemical or carbon dioxjide extin-
guishers for fire protection. The use of occupational (1-1/2 inch) hose racks
in service areas are also considered epplicable. The fire detection system
should be of the coded, closed circuit, supervised proprietory type.

A system of smoke abatement must be considered since the faucility
is "ithout fenestration or other direct openings to the outdoors. The air
conditioning system should be arranged to minimize the possibility of dis-
tributing or recirculating fire or smoke throughout the facility. A subdivision
of the installation into fire zones wherein the supply of corditioned air and
the exhaust of the vitiated air is balanced will tend to reduce the spread
of smoke. A separate exhaust system capable of withdrawing air from any one
fire 2z7ne or subdivided area and diccl-ergiug the air directly t. the outdoors
is considered desirable. Controls can be¢ provided iiterlocked -with the fire
detection system to energize the exhaust fan and pusition a damper which will
connect only the afferted zone or area into the exhaust system for smoke

purging.
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CC5I5

5.0

5.8.1 Introduction. Experience in costs of protective construction
is limited to a small number of actual construction projects and relatively
few design studies. Thus three types of estimates may be made from data
prescently available.

a. GCross Facility Estimate. This provides a single unit
cost ($ per sq. ft.'f for an entive facility, including all structural,
m2chanical, electrical elements, access, utilities, ctc. Tt can be used only
in cases vhere the facility ir. question is typically the same as one for vhich
actual construction cost experience is available. The limits of this
experience are given in Para. 5.8.2.

b. Limited Cost Srewxout. This reduces the lotal fucility
cocts to nine elements, for each of which unit costs sre proviced as Cis-
cussed in Para. 5.8.3. This method is applicabie to cuces wher~ the level
of protection, size and general configurativn of the f{#~iiiliy wre known but
advanced designs are not available and no direct experience data arc available.
It will be the most commonly used methol in review of protcctive construclivu
projects. .

c. Detailed Cost Breakout. This requires a near-final desimm
for the farcility and consiats of the procedures used conventionally in cost
estimating. It will not be discussed further here. It is, of course, the
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most reliable method. Special consideration must be given to the mr:cha.nica.l/
electrical costs and to access requirements.

5.8.2 Gross Facility Estimate. Data on gross racility cctimates
are included in Vol. II. Cost data on fallout shelte: constructiorn for new
facilities are presented in Table 5-4.

5.8.3 Limited Cost Breakout. Table 5-5 presents & ilst of the
major elements which should be included in limited cost breakout estimates
and suggested unit costs to be used in evaluating the contribution of eech
element. In some cases it is necessary to indicate ranges of unit cnsts and

~ the estimator's judgment of the particular case will be reguired tc select

reagsonable values within such ranges.

The costs cf excavation and the structure itself have Leen shown as
two separate items because depth of c'.ucture can vary over a v.de range aud
excavation costs rise rapidly with depth of cover. Tls separati:n of the
first three items of Table 5-% requires that the estimator start with a
minimum design concept. This concept must include the following items: type
and size of basic structure, and depth of cover. From these he must determine
at least approximate excavation and fill quantities and size of entrance
structure. Figures 5-15 and 5-16 show the variation of cost of base struc-
tures as a function of type of structure. Figures 5-17, 5-18 and 5-19 show
the variation for a particular structural type as a function of span or

column spacing.

The additional costs of steirs or ramps in mounded or buried
construction is to be included under Item 3 of Table 5-5. These itcms can
be almost as costly as the basic structure, (Ref. 10), particularly when the
basic structure is relatively small. Figures 5-15 and 5-16 are alike except
that the curves of Fig. 5-16 include costs of entrance structure whereas
those of Fig. 5-15 do not. Fo~ larger structures of a given type the cost
cf entrance structure should rnot increase appreciably with size of structure,
any increase being primarily due to increase in depth of cover (if any)
required by the larger basic structure. For example, a buried rectangular
structure can be increased in size (plan area) without increase in depth of
cover, and thereforc w.thout increase in cosgt of entrance structure. On the
other hend, increase in the size of a buried dome requires an increase in
the distance from the surface to the basic structure wht.ch must bYe provided
for by the entrarce structurc. Thus the cost of cntrance structure muct be
increased in this latter case. To 2biuin ga estimate of entrance structure
coss *or a structure of different size than is represented by the curves of

Figs. 5-15 and 5-16 the following approach is suggeated.

a. By subtracting cost on the appropriate curve of Fig. 5-15
from the corresponding curve of Fig. 5-16 a cust-of-entrance-structure per
square foot of the basic struacture for which these curves are drawn is obtained

b. By multiplying the figure obtained in “a" by ihe area of
the corresponding basic structure (1listed in Fig. ')-16), a cost of entrance
structure 1s found corresponding to the size of basic structure represented
in Figs. 5-15 and 5-16. :
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c. The cost found in ™" must be multiplied by the ratio of
entrance size for the structure of interest to the entrance size for the
structure 1epresented in Figs. 5-15 and 5-16.

Figure 5-20 gives approximate conts of protective docrs, per square
foot of opening, as a function of pressure and size. The cost curves also
consider the attitude or orientaticn of the door in terms of whether it will
be subjected to side-on or reflected pressure. Costs of stairs, ramps or

other access are not included in Fig. 5-20.

5.8.4 Factors Affecting Costs. Some general discussicn of cost
fectors follows: '

a. level of Protection. The strength and cost of structural
components must increase with the overpressure level to be resisted, and tre
results of design studies of cozt «ftea have béen presented in the form of
cost factors vs design overpressurc {Refs. 10, 11, 12). Th2ce cost facto.s
may be dollars or dollars per square foot or ratios of cost at given over-
pressure level to cost of conventional (non-hardened) construction. When data
given in thic form are intended to reflect total costs (structural, mechanical-
electricel including air conditioning where required, etc.) they must neces-
sarily be more approximate and less reliable because total costs cennot be
expressed as simple functions of cverpressure. On the other hand, data of
this kind covering only the structural costs, and for specifically defined
structural types, can be sufficiently accurate to be useful if properly

' combined with estimated costs of the appropriate non-structural items. When

dollars per squere foct are presented as the cost factor the estimator should
make certain that the areas used in computing such factors correspcud to
arees which arc useful for the intended function. For example, in arch and
dom: construction perimeter areas may have to he discounted because of insuf-
ficient head room. '

It is nuted that overpressures are not always the governing factor

"in cost, from the point of view of protection level. In particular, for

surface structures designed to low overpressure levels, protection against
radiation hazards (in the form of minimum thicknenses of structural components
and provision for air filtering) may be much more important than overpressure

levels.

_ b. 8ize. From the point of view of direct structural costs,
the required size, particularly the required clesxr span, s highly izportant.
Figure 5-17 indicates the influence of clear span on cost for a simpl>
rectangular form of structure. It must be emphuasized that the suestion of
size cannot very well be separated from th¢ question of tuuct.on. This may
be illustrated by the fact that floor space provided in archcd and domed
structures 1s related to size of the structure and to whether multi-level
floor systems can be utilized. If such utilization is fcasidble larger spans
in structures of this kind may be attractive.

For rertain special cases, such as aircraft shelters, the necessary
spans, and particularly the correspondiigly lurge exits and sntrances,
dominate the cost (Ref. 13). |
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c. Number of Personnel and Duration of Occupancy. Human
occupancy adds muck to the cost of protective construction. Utilities, mess-
ing facilities, food and water storage, air-conditioning, are costly items
dependent upon the number of people who must live in the protected structure
and the anticipated duration of their occupancy.

d. Function. It is apparent that all other listed factors ere
directly or indirectly related to the function of the protected installation.
Both day-to-day and attack conditions of operation may te significant r'ron
tue point of view of costs. The requirements for utilities, air conditioning,
entrances, etc., msy vary from a minimum in the case of u warehouse to a
maximum in the case of a missile base or command center.

e, Geographical Area and Spccific Site location. Factors
vhich influence the cost of conventional ccastruciion are at least equally
significant to the cost of protectea coustrurtion. Proximity to transporta-
tion, power and water, and the local availability ol lebor eni materials are
pertinent considerations. To a certain extent these can be accounted for by
the application of "Iccation Factors™ such as those tabulated in Ref. 1bk.
Wherever possible, however, cost estimates should be based cn designs which
give full consideration to local conditions, and location factors should be

used bnly when better information is not available.

The cost of protective construction may be very sensitive to
conditions at the specific site. The type of soil to be handled is a major
factor in costs of excavation and foundations; the importance of this factor
incresses with depth of construction. Ground water may add greatly t~ the
costs of construction operations and entall additional expense for water-

proofing the structure.

Whether a particular structure is isolated or part of a complex.
may influence direct construc.ion costs as well as mechanical and electrical
costs for the finished installation. Similarly the distances between struc-
tures in a complex may also influence direct end indirect comstruction costs.

f. Other. A number of factors oiker than those mentioned
avove can affect the costs of protective comstruction. These include the

following:
(1) The degree of certainty in the design of the operational
system which is to ve protect:d
(2) The time urgency of construction
(3) Weather conditions at construction site.
Experience with construction of the Atlas and Titan missile bases

has indicated that substantial increased costs can be incurred by change
orders necessary as the basic micsile system design is evolved.

To cover the above costs contingency items are mcludéd in budget
estimates as well as allowance for government costs of engineering and design,
supervision and inspection, and overhead. A factor of 21 percent of the basic
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contractors bid price has been applied in the curves of this chapter.
However, because of the uncertainties essocisted with constructior of some
protective facilities the factor may be as high as 30 percent.

5.8.5 References and Bibliogravhy. Additiondl reference maverinl
on costs from a number of souices Las wuen reviewed but specific reference to
each report has not bcen indicated here. Scme of the material is inconsistent
becguse of the reasons noted ebove. All of the references consulted are
listed in Para. 7.2, in Refs. 10 through 14, and in the Bibliography in

“ara. 5.8.6. —

5.8.6 Limited Bibliography on Costs.

(1) "Report, Underground Installations", Guv B. Fanero, fcr
Chief of Engineers, under cuaiiact ¥-4)-199-Eng. 59,
*Swmary "
"Working Conditions"
"Storage Depot"
"Chemical Process Plant™
"Pracision Manufecturing Plant™
*Foreign Installations"”
*Adaptations of Existing Mines for Emergency Use"
"Excavation and Coustruction Methods" .
October 31, 1945, UNCLALSIFIED.

"0lassified Facilities High Point", Parscns, Brinkerhoff,
Hall, and MacDonald, for Corps of Engineers, und.r
Contract DA-49-080-Eng-2267, 24 June 1955, SECRET.

*Underground Plants for Industry,"” January 1956. Depart-
men* of Defense pamphlet prepared by the Office, Chief of
Engineeirs, summarizing briefly the data contained in
the repovts listed .nder Item (1) sbove, UNCLASSIFIED.

"Design of Underground Installations in Rock". Corpa of
Engineers Manual, EM 1110-345-i31 (Draft), Chapter XI,
Excavation Methods and Equipment, E. J. longyear Company,
under Contract 14-09-090-17 with Department of the
Interior, Bureau of Mines, June 1955, UNCLASSIFIED.

"Proceedings of the Symposium on Protective Ceaat:ruction”

[
Office, Chief of Engineers, Sept. 21 and 20 1¥»5, FBCTE™.

“Preservation of Air Defense Capatilities, Design of &
Fignter Air Base”, Joint Air Uerense board, Colorado
Springs, Colorado, 31 March 1953, SECIET, KESTRICTED DATA.

"Project 51-VAR-KME Additional Pacilities-Utility Study",
(U) Parsons, Brinkerhoff, Hall, and MacDonald for
Washington District, Corps of Engineers, December, 1956,
SECRET.
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(8) "Personnel Sheiters and Protective Construction", (Uraft),
BuDocks TP-PL-8, November, 1958, UNCLASSIFIED.

(9) *Concept Study Report - March AFB Combat Operations
Centex® May 1959, with revised Appendix B, dated 11 June
1959. Donald R. Warren Company, under contract with the
U. S. Army Engineer District, los Angeles, Calif., (CUO)

Outline Specifice.t ons ard :
December 1960, prepared by Donald R. Warren Compa.ny under
contract with the U. S. Army Engineer District, los Angeles,
Calif., (0UO).

(11) "NORAD Site Investigations, Fzaz'%‘ ity Revort®, dated
January 1959, and Report on Aux. .-ary Sitcs D and E®,
dated May, 1959, prepared by Paiuons, Brinckerhcff, Hall
and MacDonald, under contract with the U. §. Army Engineer
District, Omaha, Webraska, (SECRET).

(12) *SAGE Super Combat Center Site Adaptation Report, Deep
Underground Facility (Hypothetical Site)®, August 15, 1959,
prepared by Praeger-Kavanagh-Waterbury under contrect with
the U. S. Amy Engireer District, Nev York, (CONFIDENTIAL).

5.9 8HOCK ATTENUATION IN TUNNELS AND IUCTS

5.9.1 Entry. Vhen a shock vave ir the air encounters un opening
such as 8 tunnel, shaft or duct leading to & buried fecility, a shock wvave is
formed in the duct. The maximun pesk overrressure in the duct occurs about
S to 7 diameters incide the eutrance, and its magnitude is a function of the
peak overpressure in the vave outaide and the angle batween the centerline of
the tunnel wnd the direction in vhich the shock is traveling.

sho\n this relationship for three angles of incidence;
) and side-on.

face-on, ohuqm ('ﬁ

5.9.2 Altenuation

a. Stiraipht Tunnel Sections. The cecay in pesx overrressure
vith distance as a shock vave is provagated down a straight tunnel is & func-
tion of the dlstance involved, the aiameter ¢, the tunnel, ang i..: sfiective
duration of the shock wave. The percent of the initial peak overpressurs in
the tupnel is plotted au a functlun of the leagth to dismeter ratio and as a
function of the effactive duration of the shock wvave in Fig. 5-22. The
effective duration of the shock wave in the tunnel may bs stated as a
dimensionless perameter shich is a function of the length of the tunnel, the
aaximum peak overpressure in the tuwnel and the yield of the veapon smployed.
It say be computed from the folloving expression:
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Js0_) ] (5-19)

00 (_Lft 1
T [T Gt * © (T pet

dimensionless efrfective duratica ﬁarometer o the shock wave

l/3

120 millisec. (—-&i) \M

BO

length of tunnel involved

P maximum peak overpressure in the tumnel (at entrance).

=
80

To use Fig. 5-22 enter the abscissa with approrriate values of !/D
and 1/7, For example; for L = 100U ft., D = 30 £t., W = 1 MM and D
100 psi; L/D = 100 and 1/7 = 5, Tue oidirates for these &/ values*3re A5%
and 61%, respectively. The product of the two (526) is tne percent of the
initial peak overpressure vhich occurs at the dfsztauce 1000 ft down a straight
tunnel section 10 ft. in diameter under the given conditions.

Although the naximum value of the peak overpresaure occurs some
distence inside the entrance, the total length of tunnel involved should be
used to compute the pressure at distances greater than 10D. Attenuation of
pressure in tunliels shorter than 10D in length may be neglected.

b, Effect of Tunnel Configurations. Just as bends and tees
affect the pressure in a fluid floving through a pipe, such config .rations
affect the peak overpressure in a shock wave traveling down a tuunel or duct.
* The effect of some of these configurations have been investigeied by means of
shock tubes and higr explosives. The results of ithose empirical studies are
sumaarized in Fig. 5-25. This rigare is self explanatory. The decsy in peak
overpressure caused by a siigle 90 bend is very small and ma be neglected.

5.9.3 Deflecticns

s. long Tunnels. JFor tunnels greater than five diameiise
in length, the peak reflected overpressurs on a 4oor or other closure in the
tunnel may Le obtained from Fig. 5-24. That figure is a plot of the
folloving expression.

+

YZq0 -20)
s LN (s

peak reflected overpressure, pél

P
p;o incident peak overpressure in ihe tunnel at the closure, pei
P, " ambient atmospheric pressure, psi

h.  Short Tunnels. Doors, dlast valves or othor closures are
sometimes set back a short distance ( < 5D) from the face of the mountain or
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the junction of the tummel with an entrance tunnel. In this ahort length of
tunnel the shock picture is confused by reflections and/or vortices formed
at the entraace. In the absence of umpirical data or a theory which would
permit e more accurate determination, it is suggested that the value of the
pesk reflected overpressure be assumed to vary linearly vith the distance
down the tunnel. For example, if a door were placed in a short tunnel at
right angles to an entrance or bypass tunnel, the peak reflected uverpressure
on the door would be;

P} = Poct 35 (P = Pyo)i O <X S 5D (5-21)

p,', = value of pesk reflected overpressure on door, psi

Pgo ™ side-on peak overpressure in entrance tunnel, psi °

P, = Peak reflected overpiessure as determined from Fq. (5-20)
X = length of stud tunnel,

Note thet if the door were flush with the entrance tunnel the peak
overpressure on the door would be the side-on overpressure in the entrance
tunnel at that point.

5.9.4 losding on Closures. The shape of the loading function on a
closure in a tunnel may be represented in general by that shown in Fig. 5-25.
7he peak reflected overpressure may be obtained as indicated in Para. 5.9.3
above, and the duration of the spike of reflected pressure may be camputed
approximately from the following expression:

tpni'i-i' . (5'22)

*‘P = duration of s,ike.

x = length of tunnel in froant of door.

Ur = velocity of reflected shock vave with respect to the door.
L velocity of rarefaction behind reflected shock front.

Por use in Eq. (5-22), U_ apd a_ are plot'.A tcgetuer vith the
in:1dent shock velocity as a function of the incident peak overpressure on
the door in Fig. 5-26. These veiocitics should Le used for relatively short
tunnels only. If the tunnel leuding to the closure is very long the velovity
of the reflected vave vill vary vith the prassure as vill the v lonit: of wie
rarefaction wvave.

As indicated in Pig. 5-25, the spike of reflected pressure ia
superimposed on the pressure time function for the shock vave at the mouth
of the tunnel lsading to the closure. Mhr exemple, for the cass nf o tunnei
Joined to en entrance tunnel the pressurc tire fiction would be that of the
shock wave 1= tLy cntrance tunnesl at that point,
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To compute the time required for a shock wave to enter a blast trap
or debris pocket and return, the following expression may be used;

teg (5-23)
8 r

vhere Ua = incident shock velocity.

Here again this expression should be modified for long tunnels to
take into account the decay in pressure with distance. EFEowever, it will
provide a reasonably accurate determination of the time required for treps up
to 20D in length vhen large yield weapons are employed. .

5.9.5 Linited Tibliography on Shock in Tunnels

(1) “First Information Summary of Blast Patuerns in Tunnelr
and Chambers”, Shock Tube Facility, Beliistic Research
Laboratories, Aberdeen Proving Ground, Maryland, March
1960 (UNCLASSIFIED).

Svatosh, J. J., Jr., and Birukoff, R., “Blast Effects of
Tunnel Configurations, Final Test Repor No. 17", Armour
Research Foundation snd Air Force Special Weapons Center,
Albuquerque, New Mexico, APSWC-TR-59-48, 1 October, 1959,
(UNCLASSIFIED).

Clark, R. 0., and Coulter, G. A., "Attenuation of Air.
Shock Waves in Tunnels™, BRL Memo Report Bo. 1278, DASA
Report No. 1176, Dallistic Research Laboratniies,

Aberdeen Proving Ground, Maryland, June 1960 (UNCLASSIFIED).

Clark, R. O., and Taylor, W. J., “Shock Precsures in
Turnels Oriented Face-on and Side-on t5 a Long Duration
Blast Wave", BRL Memo Report No. 1280, Ballistic Research
laboratories, Aberdeen Provi.g Greund, Maryland, June
196C {'MCLASSIFIED).

Shear, R. E., and McCane, P,, “Nc'mally R~flected Shock
Front Parameters®, BRL Memo Repout No. 1273, Ballistic
Research Loborat~+i:s, Aberdeen Proving Ground, Msryland,
Nay 1960 (UNCLASSD'IED).

"Shock Wave Behavior in Tunnel-Adita S:ete-., axpacratery
Phase™, Misc. Paper No. 2-212, Watervays Experiment Station,
Corpe nf Engineera, U. S. Army, Vickeburg, Miesisaip;d,
April 1957, (CONPIDENTIAL).

8hapiro, A. H., “The Dynmics snd Thermodynamics of

Compressible Fuid Flov", lhe Ronald Press Company, Nev York,
Rev York, 1958.
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TABIE 5-1

CHANGE IN MAXIMUM VERTICAL DISPIACEMENT WITH DEPTH

Change in max. vert. disvlacerent,
reduction from surface values, in.

Depth, f%.
elastic component permanent set component
P 2 p. . ~bo 2
Coefficient of 1&5%3—1 (}ngm) Coefficient of ‘-5%0—— (l’pigm) 4
25 0.6 0.25
50 1.2 0.50
15 1.8 0.75
100 2.4 1.C
125 2.h bWV
or more
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TABLE 5-2

TLLUSTRATIVE EXAMPLE - FREE #IELD
EARTH SHOCK EFFECTS AT VARIOUS LEPTHS

¥ =8M
p”aaoopsi

¢ = 2000 ft. per sec. down to a depth
of at least h = 1000 ft.

_Max, Bffects at Depth, ft.

Quantity Direction

0 50 100
Displacement, in.

Elastic Vert. 13.2 12.6 12.v0
Hor. kb k.2 4.0

Plastic Vert. 1.3 0.7 Q

Hor. 0.4 0.2 0
Total Vert. 14.5 13.2 12.0
- mr. h.a hlh h.o
Velocity, ft. per sec. Vert. 4,0 3.6 3.2
Hor. 2.7 b 2.1

, Mcul., -4 Vert. 150 18 8

' Hor. 1% 18 8
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FIG. 5-1 HORIZONTAL DEAD LOAD PRESSURE
DISTRIBUTION AGAIN3T SILO
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w s Weight Per Unit
Volume Of Soil.

r = Rodius Of Siln.
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Pressure At Irfinite Depth,
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Angle Of Internal Friction, ¢ , degrees

FIG. 35-2 MAGNITUDE OF HORIZONTAL DEAD
LOAD PRESSURE ON S!LO AT
INFINITE DEPTH
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Dead Lood Pressure, Py psi.
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FIG. 5-3 HORIZONTAL DEAD LOAD PRESSURES ON
50 ~-FOOT DIAMETER SILO FOR VARIOUS
ANGLES OF INTERNAL FRICTION.

NEWNARE, WANGES € ASSOCIAYLS




OASD

(PO 1)
0082 OEC’ BS~-MAY'SI

M
h
t

(a.) Box Section (b.) Arch

FIG. §-4 NOMENCLATURE FOR TUNNELS




he a4y osvo

NOILOW Hi¥V3 ¥04 ANNOE WNHLD3dS »ICHS S-S '9id

8dJ -~ Aouenbe.sy

[+ 0%

44033 "1 4

I

AN

30D4ING JDAN

“J40 920,ing

> N\

X 7

W LIXOK
|

ESIITIONWY U NINNVN ‘mIvAsIN

‘4100197 -OpNaILY

908/ Ul




5082 MAY ‘6t

OAtD (P al)
SOSE DEC. 'BO-—MAY'®)

OASD (P &)

FIG. 5-6 RELATIVE CISPLACEMENTS WITHIN A
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STRUCTURAL DISTORTION.
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POWER LOAD
>
H, O'
I - +
LI KOH
HEAT EXCHANGER HEAT EXCHANGER
— rUEL FELL ‘___

¢ 1 1

CONDENSER A CONDENSER

ey~ o, s0UNCE

"y SOU'C[—’—-!\ I\ - J T\

KO ELECTYROLNTE

Hydrogen anl oxygen J0%es enter the call through
pecioliy-lrgoted, cardbon alectrodes, and diffuse 10 the sur-
face, whare 1hay come in conloct with the electrolyte, o solutipn
of potassium hydroride. At the hydrogen slectrode, the electro:
virennuydi 100CHOH (8188383 30 Glectron whnich fipws thenygh the
externol circuit and s accepted ot the oxygen elecirode. Thia
fiow of slecteons 16 the currant thot powers slectricel squipment.
lomic conductlivity Iheough the electrolyte completes the circuit,
ond Mo water formed in the redction posses from the cell in
the ¢os streom ond is removed by itadle means.

FIG. 8-12 SCHEMATIC DIAGRAM FOR H,/0, LOW

TEMPE "ATURE FUEL CELL
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REACTOR
THERMOCOUPLE ELEMENTS

CORE ——\ /)

| ! —— MEAY
COLLECTOR

RADIATOR

Energy produced by the reactor is used to
heO! one junction of the two dissimiler semi-
conductor thermocouples. it ¢ Io“ is con-
nected acrons the thermocoupley on elsctris

cureent will fiow through this l0ad.

FIG. 85~I13 SCHEMATIC DIAGRAM FOR
THERMO-ELECTKIC GENERATOR
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L~ VACYUM OR LESIUM “APOR

Energy produced Dy the regctor 13 used
10 t:88 the temgsrature of the cothode to
0 point where electrons boii off the surtoce
By plocing a collector or onode in close pron-
imity 10 the cathode, contoined n 6 vacuum
Of COBINIM vODOr ShvitonMent, On electeic
current will flow threugh 0 close? ssrernat

Sirewnt
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Cost Studies Of Buried And Surface One-Story Square
Structurgs, With Vorying Bay Spans. Special Entrances
And Excaovation Not Included. Bgre Structure Only
{Concrete, Steel, And Formwork).

For Index Costs Use Curvas @ ond@. Of Fig 5-1%
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FIG 5-17 COST RATIO VERSUS SPAN FOR
ONE-STORY RECTANGULAR STRUCTURES
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Cost Studies For Buried, Hemispherical Domes. Special
Entrances And Excavation Not Included. Bore Structure
Only (Concrete, Steel, And Formwork).

For Index Costs Use Curves @ and ©@ o7 Fig. 5-15.
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FiG. 5-18 COST RATIO VERSUS SPAN FOR
OOME STRUCTURES
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doilors/78q. f1. at 28 ft. span

Cost Ratio ,

Cost Studies For Buried, Single—Arch, Igloo With Length
Equal To Twice The Span. Special Entronces And
Excavation Not Included. Bare Structure Only (Concrete,
Stesl, And Formwork).

For Index Costs Use Curver ® and @ of Fig 5-i8
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FIG. 5~-19 COST RATI0 VERSUS,K SPAN FOR
ARCH (1GLOO) STRUCTURES
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Cost Includes Door, Mechanism, And Seal.
L = Span Of Opening, ft.

smmmams Horizontal Doors, Or For Vertical Doors Not Subject To
Reflected Pressures.
'

e=s == Vertical Doors Subjected To Full Reflected Pressure.
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FIG. 5-20 COS” OF PROTECTIVE DOORS
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i- Side-On
2- Oblique (45°
3- Foce-On
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incident Peak Overpressure, pei.

FIG. 5-21 MAXIMUM PEAK OVERPRESSURE IN A TUNNEL
VERSUS INCIDENT PEAK OVERPRESSURE FOR
THREE ANGLES OF INCIDENCE
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FIG. 5-23 TRANSMITTED VERSUS INCIDENT PEAK OVER-
PRESSURE FOR EQUAL AREA T-SHAPED
TUNNEL JUNCTIONS

BCUNAAR, MANSEN © ARSCIATES

',_!




e

MAY ‘61

OASD (P8)1)

sSDs2

T /

- we - s

] 7

ZOOOT‘ 74

wooL

Reflected Peak Overpressure At Normal Incidence, psi.
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FIG. 5-24 REFLECTED PEAK VERSUS INCIDENT
PEAK OVERPRESSURE AT NORMAL
INCIDENCE
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FIG. 5-26 VELOCITIES OF INCIDENT AND REFLECTED
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Incident Peak Qvarpressure. psi.

SHOCK WAVES AND OF RAREFACTION
WAVE BEHIND REF_ECTED SHOCK FRONT
VERSUS INCIDENT PEAK OVERPRESSURE
FOR SQUARE WAVE.
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5A.1

5A.2
5AS
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APPENDIX 5A. DESIGN CHARTS

5A.1 LIST OF DESIGN CHARTS

A1l design charts are contained as figures in this aprecdix. For
convenience a list of the charts is given below. The use of the charts is
explained and illustrated in Para. 5A.3. They are based upon the strength
propertizs given in AFPENDIX 5B end the gereral method cf anelysis presented
in APPENDIX 5D. The latter appendix is also useful for special cases not
covered by the charts. The design of tunnels and silcs is based on the
charts for arches given herein modified by the loading provisions contained

in Para. 5.3.
Que-Way Slabs (simply supported and continuous)
Flexural Resistance, i - 1.3 Fig. SA-1.1
Flexural Resistance, ¥ = 3.0 Fig. 54-1.C
Pure Shear Resistance, 4 = 1.3
3 Without laclined steel Pig. 54-1.3
; With inclined steel Pig. 5A-1.4
\ Diagonal Tension
Web reinforcement factor Mg. 54-1.5
Resistance of One-way slabs, M = 1.3 Pg. 5A-1.6
| Resistance of One-way slabs, 4 = 3.0 Fig. 5A-1.7
‘ Flexural reinforcement factor rig. 5A-1.8
Limit for insured flexural failure, B = 1.3 Mg. 5A-1.9
Linit for insured flexural failure, W = 3.0 Hg. 5A-1.10
Two-vgy Slabs
Flexural resistance Pg. SA-2.1

(For the resistance of tvo~wvay slabs in shear
and diazonal tens.on see SECTION S5A.3)

C Beans 8 e S1
Flexural resistance

Supporting one-vay slaby, U = 1.3 Fig. SA-2.1

Supporting one-vay slab, U = 3,0 Fig. 9A-3.2

Supporting square two-vay Jlabs, B = } % Pig. 5A-3.3

Supporting square tvo-vay slabs, ¥ = 3.0 Fig. 5A-3.4

; Factor for non-squsre Lwo-way slole Pg. LA 3.8
Pure shear resistance, H e ).} | JETRL RS Wt

Diergonal tension, ¥ = 1.3 Tk, AT

Diagonal tension, u » 3.0 Fig. LA-3.8

Factor for non-square tvo-vay slabs




Steel Boams (simply supported and continuous)

Flexural resistance

Supporting one-way slabs, B = 1.3 Pig. SA-b.1
Supporting one-way slabs, ¥ = 3.0 Fig. SA-4.2
Supporting square two-wey slebs, W = 1.3 Fig. SA-b4.3
Supporting square two-way slabs, W = 3.0 Fig. SA-b4.4

For non-square slebs use Fig. S5A-3.5)
Shear resistance (supporting one-way and
square two-way slabs)

=13 Fig. 9/ 5
=30 Fig. SA-+.6
(Por non-square two-vay slsbs use Fig. 5A-5.9)
Flat Siabs

Flexural resistance, U = 1.7 Tige S5A=).1
Flexural resistunce, ¥ = 3,C Flg. S5A-5.2
Drop-panel factor for flexural resistance Fig. 5A-5.3
Column capital factor for flexural resistance Pig. 5A-5.b
Shear resistance, U = 1.3 Fig. SA-5.5
Shear factors Pig. 5A-5.6

Abvoveground Rectangular Buildings

Resistauce of one-story rigid frames, » = 1.3 Mg. 5A-0.1
Resistance of one-story rigid frumes, ¥ = 3.0 Pig. 5A-6.2
Resistance of one-story shear valls, ¥ = 1.3 Pig. 5A-6.3
,. Rasistance of one-story shear wellsp, W = 3.0 Pig. 546.4
B/C Arches
Mully bduried
Rcjuirea thickneas for desd load PLg. 5A-T.1
Required thickness for dlast loed, ¥ = 1.3 Flg. “A-T.2
Required thickness ior Dlast load, ¥ = 3.0 Fig. 5A-T.3
Partially buried
Required thickness, 4 = 1.3 Fig. SA-T.4
Required thickness, 4 = 3.0 Pig. SA-T.5
Aboveground
Required thickness, ¥ = 1,3 Ple. SA-7.6
ReqQuired tbhicikness, M « 3.0 Pioe SA-T.Y
A Dones
Mully bduried
Use one-half the required thickness of
arches having same span s depth of cuver.
Pertially huried
Reguirsd thickncss, o = 1.3 Plos Ya 20
M“w “1em“' e 3.0 Pl.(. )A'ﬁ-e
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Aboveground
Required thickness, # = 1.3
Required thickness, B = 3.C

Steel A-ches

Fully buried
Required area, W =
Required area, 4 =

Partially buried
Required area, M
Required area, H

Abovegreund
Required area, H =
Required area, ¥ =

Columns

Strength of R/C columns under axial lomis
Streagth of R,/C beam=-cclumne
Strengili of steel columns
{For strength of steel beam-columns
see APPENDIX 5B)

Footings

Resistance of square column footings, a/L = 0.1
Resistance of rquare column footings, o/L = 0.25
Flexural resistance of wall footings

Shear resistance of wall footings

5A.2 NOTATION USED IN CHAF.2S

beam or column width

cross-section area of steel =rch

spacing of beams, rigid frames or rhear valls
width of ateel column flange

o o
= >m
LTI B |

span of arch or dome

width of column capital in flat s.abs
depth to stecel 1n 2cacrete bears and slabs
effective depth of drop panel

plastic bending modulus divided by ares vf =

A 2 (o)
o (=3 to
e uwn

z arch cross section
D = total thickness of dome or arch

f('! = 28-day coupressive strength of concrete
cllc dypunic cumpressive s. ength of concrete
rdy = dynamic tensile yield ¢ .reas of steel

5A=3

Fig.
Pig.

Fig.
Fig.

Fig.
Fig.

Fig.
Tig.

Fig.
Fig.
Fig.

Fig.
Fig.
rig‘
Fis.

‘el

5A-8.3
5A-8.4

5A=9.1
5A-9.2

5A-9.3
5A-9.4

SA=9.5
54-9.6

5A-1C,1
5“'10 . 2
5A-10.3

SA'll . l
SA'll . 2
SA-11.3
5“'110 h
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dynamic shear yield stress of steel

height of building frame
average depth of earth cover

column capital factor for flat slabs
shear factor for flat slabs

sheax factor for flat slabs

projection of wall footing

syan length

wide dimension of concrete column section

sun of moment capacities at column ends in a frame
narrovw dimension of concrete column section

width of drop panel in flat slabs

peak blast pressure

flexural recistance of flat siabs
shear resistence of flat slabs
peak side-on blast pressure
wltimate column strength

radius of dome or arch
thickness of shear wall
natural period

web thickness of steel beam

weight of gteel column, lb. per it.
bearing pressure under footings

drop penel factor for flat slabs

drop panel factor ftor flat slabs

width of building frame

section modulus o gteel beam

ratio of short to long sides of two-way slab
one-halfl internal angle of arch or dome

factor for long besm under two-wvay slab

shear factor for besms under two-wgy flabs
flexural reinforcement factor for disgonal tension
strength of concrete slabs and beams

pure shear fector for slabs and beams wi : n2lincd
reinforcenent

veb reinforcement faclur L. concrete bLeans

ductility rotio
atesl nercantage at mid-apen 0 uncrete bheams

effective steel percentage at support of concrete bewms
total steel percentage (both feces)

percentage of web reinforcement (vertical stirrups)
percentage of inclined wedb steel
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8 = {we-way slab factor for flexural resistance

5A.3 METHODS OF USE OF CHARTS

5A.3.1 One-way Slabs. Charts for continuous and simpiy-supported
one-way slabs are given herein. Figures 5A-1.1 and 5A-1.2 provide the
requirel thickness for flexure in terms of the peak blast pressure p . The
vercentage of positive steel at midspan q>c , and the cffective nesati@e steel
at supperts @, must be known or selected. The latter would be taken as zero
for simply-s\ﬁported spans. Where a slab frames into a wall or ie continuous
with other panels of slab, or both, the reristing moment that can be developed
at the support is the lesser of the follow:ng two quantitiee:

(1) Tne resisting moment that can be Zeveloped §n the slab
itself, which is measured by the actual value of the end reir.forcement ‘Pe.

(2) The resisting mcment that can be developed by the members
restraining the slab, shen these members act in a manner consistent with the
over-all loading applied.

The effective steel percentage ¢ 1is computed as the amount of
steel that can develop the mdler_mulatiﬂg wowedlt Of the two values described
sbove. If item (1) governs, 9 = @ . But if item (2) governs, 9 wvill be less
than @, aod will in general bv8ar tfle same ratio to @ as the momnt in
iten () bears to the moment in item (1). This definftion is cousistent with
a zero value of @. at & simple support.

Pigure 5A-1.5 gives the required thickness of a one-vay slad to

prevent a fallure in pure shear if the slab does not have ixclined wed steel
in the region of high shear. The effect of inclined wedb reinforcement on pure
shear strength is given in Pig. ZA-l.4. Pigures 5A-1.5 through SA-1.8 give
the required slad thickness if diagonal tension controls. If wed reinforcement
is required, a percentage of at least 0.25 percent should be used to insure
ductility.l

Charts for pure shear are given only for K = 1.3 because this
failure mode has little ductility, andA design for higher ductility ravios is
not recommended. It 1s permissidle, however, to des.ga Zfor i = 1. in pure
shear and at the same time use ¥ = 3.0 for flexure and disgona) teasion. If
there {s no web reinforcement, B ir diagonal tension should alsc Le )imited
m 1050

Dnder some comditions, tha criteris for pure shear and diagonal
tension strength which form the basis of Figs. SA-1.3 througk 5A-1.8 are
invalid and flexural strength controls. The limits of applicability of the
pure shear and diagone)l tension charts are given in Pigs. 5A-1.9 and 5A-1.10.
' The first edition of this Meviev Ouide contained additional charts for the

“cracking strength® or beems vithout wb reinforcement. More recent in-
vestigetions have indicuted that this is an unnecessary complication.
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As an example consider a continuous rooi slab with a 12-foot span
for an unburied building vhich is to be desigred for a peak overpressure (pa)
of 100 psi. Ass that deflection is not & critical factor, design for
e ductility ratio {u) of 3.0 in flexure.

C "ven:
Pp * 100 psi ¥ = 3.0
’ay = 52,000 psi (see APPENDIX 5B)
L = 12 ft- S\Qlﬁct Qc - Q. - 1-5’
No web reinforcement ré = 3000 psi, t&c = 3750 psi

Flexure, Fig. SA-1.2
(¢c + ve) f&v = (1.5 + 1.5) 52,000

= 156,000 psi
Read, d/L = 0-10

Pure Shear, Fig. S5A-1.3
p;l = Py since Qe ie same at both ends
R‘Id, d/L - 0.11

In this case, the depth required for pure shear is only slighty in
excess of that required for flexure; consequently, to reinforce for puie shear
is imprectical. Hpwever, for very short spans under high pressuves, pure
shear may dominate and economy may be achieved by using inclined reinforcesent.
The increase in pure shesr strength to be gained in this maaner is given in
Fi‘m 5"‘10“-

It should be noted (see FPig. SA-1.4) that if inclined steel is used,
it is pormnlly required in reasonadbly large amountt since the shearing deforma-
tion required to develop the steel strength ias sufficlert to reduce ths shear
strength of the concrete belov its maximum value. For example:

Assume @' = 0.5

v
Then 9y(£, /18) = 0.5 (Z430) « 8.65
From '1‘- 5"1-“, ).' - 0095

vhich msans thut the pure shear strength of thy concrete i: such tamt it
exoseded, the ateel wnuld be incapable of resistiag the farce that wvould be
imposed ypon it.

Diagoosl Tensicn

Since thers is to he no wed reinforcement use u » 1.3
Pig. SA-1.5, N - 1.0; Pig. 3A-1.8, Ap = 0.7C
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Fig. 5A-1.6, Af ‘Pcfé = 3150
Read, d/L = 0.17
Thus diagonal tension controls.
Required d = 0.17 x 12 x 12 = 24.5 in.

Note that a smaller flexural steel perceniage couid have been
used.,

To illustrate the determination of diagonal tension resistance with
web reinforcement, assume thet in the preceding example & web reinforcement
Jercentage (‘Pv) of 0.5 had been provided.

Diagonal Tension
'Use 4 = 3,0; Fig. 5A-1.8, A.r = 0.70
Fig. S5A-1.5, @vf . = 26,000 psi
Read, )'v = 1.23%
Fig. HA-1.T, A‘f @c f‘; = 5150

Read (Avd/L) = 0.1h4

d_ 0.1b
Reqd. § = 755 = 0.11

Thus the pure shear and diegonal tension requirements are now equal
and the required d = 0.1l x 12 x 12 = 16 in.

The validity of the pure shear and disgonal tension comput.tions
sbhould be checksd by Figs. 5A-1.9 or S5A-1.10, whichever is epplicszble. JFor
a &/L of 0.11 as chosen above, Fig. 5A-1.10 yields Py " 18 psi. 8ince the
sctual flexursl strength of the sladb is greater than this, the computations
are valid.

This exaxple ignores the dead weight of the slab vhich is permissidle
in that case. However, if the structure had been 'uried it would have been
necessary to include the dead weigh®t of the earrh. This may be done by con~
verting the soil weight into an equivalent blast preasure. If tre soil veighs
120 1b. per cu. ft., the pressure on the slab is 0.8) psi per ft. cf depth.
Hovever, the charts include an increase in thc spplied pressure due w0 rapid
loading of 1.20 for u = 3.0 and 1.625 fur ¥ = 1.3, Jhus the equivaleal blast
pressure (psi) would be 0.83/1.2 = 0.60 times the depth of earth in feet for
Be 3.0 and 0.85/1.025 » 9.51 tumes ths depth of eart! in feet for ¥ » 1.3,
Thece cquivalent pressures woula simpiy be added to the design dlaai pressvre
bafore entering the charts.

It is inteaded that the charts for onc-voy slabs also be used for
wvalla. In the case of aboveground valle the value of p_ in the charts becomes
the reflected pressure (see APPENDIX 5D). Since the rellected pressure is of
short duration and the charts assume sn infinite loed duration there is
Jbviously some error in hie application. Hosever, the errors are ca the con-
servative side and wuld noramally not exceed 25 percent.
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SA.3.2 Two-way Slabs. Pigure 5A-2.1 gives a factor, &, by which
the flexural resistance of a ons-way sladb is multiplied to obtain the
resistance of a two-wvay slab. This factor depends upon the ratio of the two
side dimensions of the slab (G) and the positive and negative steel per-
centages in both directions.

The shear resistance of a two-way slab may be taken as (2/3)(1 + a)
times that for a one-way slab spanning the short direction when @ is greater
than 1/2 and the same as a one-way slab when C is less than 1/2.

As an example determine the blast resistance of a simply-supported
15 x 20 foot two-way slab having the folloving known properties (uss ¥ = 1.3):

r(': = 3000 psi, r&c = 3750 psi, fa;.- = 52,000 psi
9 = 1.5%, (Pe = 0, short direction

? = 1.0%, ?, = 0, long direction

d = 10 in.

Flexure:

Plg. 5A-2.1, G = %8- = 0.75

ey | p0e0 oo
¢w+vs‘ l-5+0 *

h‘d; Q= 2.0

Pig. 5A-1l.1

(vc + v.)rw = (1.5 + 0) 52,000 (short direction)
« 78,000 psi

.
15 x 12

Read, p; = 11 psi (for one-w 3lak)

4. .
L 0.055

.'.p--uz;‘.O-aZpu

Bure Rons:

Pg. 5A-1.3, %- 0.055, £} = 3000 psi
Mesd, p_ = 50 pei (for cne-way slab)

§(1 +a) -§(1 + 0.75) = 117
o.o p-- ”xl.l‘,-m
5a-8




Diagonal Tension:

Ko web reinforcement, Fig. S5A-1.5, )‘v = 1.0;

i Fiso SA-]..S, '\‘f = Cvll

Fig. 5A-1.6, AP 1! = Ug5; A $ 2 0.055
Read, p_ = k.b psi (for one-way slab)
P, = b4 x 1.17 = 5.2 psi

Thus diagonsl tensicn controls and the blast resistance is only
5.2 psi.

5A.3.3 R/C Beems Supporting Slabs. The resistence of R/C beams is
given by Pigs. 5A-3.1 through 5A-3.9. These charts are similar to those for
slabs., Note that Py is the peuwh pressure (psi) on the sla: being supported.
Figures 5A-3.5 and ~5A-3.9 provide ractors by which the rerigtance of beums
on the long side of non-squere two-way slabs may be determincd. The beams on
the short side of such slsbs are corsidered to be the same as beams of the
same span under square slabs.

SA.3.4 Steel Beams. The flexural revistance ol steel beams is
given in Pigs. SA-G.1 through S5A-4.4 in terms of the section modvlus of the
cross section and the span. The shearing resistance is given in Figs. S5A-4.5
and SA-4.6 in terms of the depth-span ratio and the web thickness. For beams
supporting non-square two-way slabs Figs. SA-2.5 and 5A-3.9 are used as for
concrete beams.

5A.3.5 Flat Slabs. The flexural resistance of flat slabs as
given by Figs. 5A-5.1 and 5A-5.2 depends upon the factors X and X' given by
Pg. 5A-5.3 axd K given by Fig. 5A-5.4. In these charts the parameter @ is
an effective total of the : teel percentagas in the two directions and is
determined by the equation given on the charts.

The shear resistance of flat amlabs ic given by Fig. 5A-5.5 using
the wmtar;rl:é and X, given by Fig. SA-5.6 and tne flexural rcsistance
given by the eding Charts. Thus it is necesswry to determine the flexural
resistance before computing ths shear resistance. It is also necessary to
consider two possibly :ritical sections, one srouwr tha coiumn capital and
the other around the drop paenel.

As a example thc blast resistance of a uquare flgt slsh 5 slem
is computed delow:

gtm:

Bplnﬂlill?-mft.
\udthordmppml-plnp,-?rt.
Width of column capital = ¢y ey b £
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Effective depth of glab = d = 16 in.
Effective depth of drop panel = d_ = 32 ins,
Steel percentages (both directions)
Bottom of slab at mid-span, tP.m - ¢b2 = 1,0
Top of slab at midspan, q’tl = ‘Pt;3 = 1,25

Top of drop panel
(computed on the basis of dp) °1';1 = Q' 1.5

t2 "~
fdy = 52,000 psi
f(': = 4000 psi, féc = 5000 psi
No web reinforcement
Use B = 5.0 in flexure and K = 1,3 in shear

Flexural Resistance:

Fig. 5A-5.3, p/L = 0.35, dp/d = 2,0
&m, X = 0165, X' = 1.1#0

ngo SA-SOh’ C/L = 0-2, Ii/La = 1.0
md, Ka 1.51‘

. ns. 5*‘502
) P9, + ‘sz.-v x(vu + vta) + x'(v,zl + ‘P%a)
= 1.0 + 2.0 + 0.65(1.25 + 1.25) + 1.40(1.5 + 1.5) = 7.83

4 Q= hO'I,Om

dy

[=¥

a4, .26
I® % <1z " 067

Read, p, X = 110 psi
0
Py * u‘l"lJ = 02 pai
res { H

m. 5"506) C/L - 052, "z/xi - J, p/ll - nt)ﬁ
R..J, Kl - 2.4 )
‘2 - 1025

Fig. 5A-5.5, £, B, @ 3000 x 69 = 307,000
. i .
mma::oppml,it W x12x1.25 0.053
Read, p_ = 35 psi

5A-10




4
Shear sround colmn capital, %{ = -2-6}-12 i 0.056

ad, p =3 sl
Re’“mv

Thus the blast resistance is 35 psi.

5A.3.6 Aboveground Rectangular Buildings. Pigures 5A~6.1 end
5A-6.2 provide Ehe resistance of rigid building frames in terms of the
parameter LM/bh® vhere IM is the sum of both end-momen: capacities of al)
cosumns (or connections) in the freme. The abscissa of the plot is the sice-
on pressure p__ but the reflected pressure on the front farc and the drag
force on the Building have been taken into account. The paraceter (Y + 3h)/7
accounts for the effect of duration of the reflected presswre. The naturai
period T may be computed (see APFERDIX 5B) or may be taken as ".) sec. vhich
is probaely a lover (and hence conservative) limit for suck fremes. It should
bte noted that rigid frames will not c&ry the blast load orn a ruilding if
shear walls vhich are normally stiffer are alsc preaent.

As an example conslder a building witu four 20-foot bay:s and 15 feet

high wvith frames spaced at 25 feet. All five columns are to b= identical
and rigidly connected top and bottom. Allowing a ductility ralio of 3.0 it
is desired to determine the required column strength for a peak side-on
pressure of 2C psi. Lacking additional information Tn may be taken as 0.1 sec.
wt L33 . 040239 1500 £1./sec. Reading Fig. 5A6.2 1t 18 foumd that

a [}
IWbth® 1s 2 psi. Thus IM must be 2k x (25 x 12) x (15 x 12)2/1000 = 233,300
kip-in. OSince there are 10 rigidly connecied colurn ends the required bending
strength of eact 2clumn is 23,)%0 kip-ins. The colusmns may then be designed
according to APPENDIX 5B or Figs. 5A-10.1 through 5A-10.3. The vertical
column lcad should be superimposed on this bending moment but in most cases
neglecting this load would not cause serious error. In fact for concrete
columns .t is usually conservative to ignore the vertical loud.

For buildings in which the lateral resistasce is provided by shear
walls the required horizontal cross-sectional ares of *he wells ia given by
Pigs. 5A<6.3 and 5A-6.4. These charts are based upor the assumption that
shear valls are relatively stiff and herce lhe nziural period of the bujlding
is ghwrt compared to the duration of the load. It is -1so asavmed that the
ultimate resiastince of the vall is equal to the crucking streagth. This
requires approximately one percent stoci in eack direction.

SA.3.7 R/C Arches. For purposes of snalysis arches are diviu.d
into three categories: fully-buried, partlells-duried and ad~ve . .uui. sor
an arch to L9 considercd fully-buried the average depth of cover (R v) must
be at least 0.25 times the span (B) snd, in eddition, the depth of °' cover
at the crowmn (B ) wust be at least 0.125B. If cover is provided by an
embenkment sbové the general ground level, the surface should be horizontal
o'ove the wich and the slope of the fill outside the toundation must not dbe
stesper than ) on &. A partially-buried arch ie defined as one for vhich nc
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is between zero and 0.062B. If any portion of the arch projects aboveground
or if 1t is covered by an embankment not meeting the requirements given
above, 1t should be considered completely aboveground. More refined methods
for Landling this case are given in Ref. 5D-6.

A linear interpolation of required thickness may be used between
the limit of the partially-buried case (H. = 0.062B) and the fully-buried
case (see exumple). The required thickness of fully-buried circuliuar arches
may be determined by Figs. 5A-T.1 through 5A-T.3. The required ratio of
total thickness to radius is given as the sum of that required for Jdcad load
and that for blast load. The weight of soil was teken as 12¢ 1lb. per cu. ft.
Note that the abacissa, Py is the peak vertical pressure at the average arch
depth which is the surface pressure attenuated with depth.

The required thickness of partially-buried arches is given by
Figs. 5A=T.% or 5A~T.5. The effect of the transit of th: ghock tront on the
flexural stresses has been included. Tae effect of dead load may be approxi-
mately included by simply increasing p 0 by the averaze weight of arch and
cover.

The required thickness of aboveground arches is given by Figs. 5A-7.6
or 5A-T.7. Flexural stresses due to transit of the shock front and drag pres-
sures have been included. Interpolation for values of' the rise-span ratio

h/B) is necessary. Approximate correction factors are given to account for
variations in material strength and steel percentage.

In addition to the strength requirement given by the charts, the
buckling stability of the arch must be congidered. This critorion is s-cisfied

2 3
if p,, is less than (1 - 12-) . e ¥ 5 .

2" 1878
aboveground structures but buckling need not be considered in the fully-buried
case. For partially '‘wied arcl.2s this value may be increased by 50 percent.
Il the arca thicknuss given by the charts does not satisfy the buckling
criterion this thickness must be increased.

This expression should be used for

Ity v is greater than one-half the span E, the arching effect of
the soil to cu’ry the blast load may be considered. In such cases it is
recomnended that the value of Py be the peak surface blast pressure redu.ed

B_-B

t 25— . g where o_ is the shearing strength of the soil dus only to

friction. Bowever, p should ncver Le taken as less than 0.25 tim:s the *vak
surfece pressurc. Tals procedury muy 61so Le used for douec and at~el arches.

A3 an exemple consider blast resistar ‘e for & = 1.5 of a buried
reinforced concrete barrel arch having the folloving characteristice:

5A-12



B D e ——

Jglven:

. Arch radius = r = 40 ft.
Half internal angle = 8 = 60° =
Total arch thickness « D = 2 ft,
Depth of arch to steel = d = 21 in.
Depth of earth cover at crown = H, = 6 ft.

Steel percentsse, one face = O = 1.0

Total steel percentage = ‘DT = 2.0
' -
fac 5000 psi, fdy

a 52,000 psi
Mally-Buried Criterion:
Span = B = 2r sin B = (9.2 ft.
Rise = r(1 - cos B) = 20 ft.
n‘v = gverage depth of cover

2
3

1

- [B(riae + Hc) + % B(r cos B) - bra] &

= (20 + 6) +%(20) -%(‘00)23%:-2'-11..8 £t.
or, E_, = 0.1708 E, = 0.087B

Since E‘v is less than 0.25B and Ec is less than 0.)25B

but greater than 0.062B, the arch is not fully buried and
the resistance must be determined by interpolation between
the partially-! aried and fully-buried cases.

Pully-Duried Case:
Fig. Ja-T.1, (0.85 £ + 0.009 fay Pp) = 5190
am + D= 13.8
Read, (B), - = 0.0023
av

,18- ')A‘?.?
L D 2 . - 0.0023 u T.04T
(r)p. r (r)n‘v,’b ﬁ 0.0023 2.usT]

Read, p_ = J48 pef = p,, (at this shallov depth
Pp " Pgo

SA-12




Partially-Buried Case:
Hg- 5"7.“, Qfdy - 52,@

Read, r:—-;— = 0.00034
80

"0 x 12 X 0,00030 = 128 psi
Interpolation:

oo = 128 + (148 - 128)01 £°6 = 135 pai

Note that for p = &/3 E_ must equal 0.166B in order to
make h equa.l to 0. 2)3 as required for full burial.

Buckl Criterion:

2
Critical p__ = % (1 - % 182§5 (partially-ruried case)
2
3 1 x3x J.O X 23
=2 (1-35) SRIEL XL, 050 pey
27 97 18(0)(n/3)?

Buckling is not critical since 250 > 128. If this value
had been less than 120 pei the interioslation above should
be repeated substituting this value for 126 psi.

Thus the blast resistance (wvhich in this case is side-on overpressure) for
this arch is 133 psi.

As 8 further exam le consider an arch having the ssme properties
68 that adove except that it is complet~ly aboveground.

USI.DC mu ”'7-6:

.m—'igul.o_ag
2rsin g

-35-:2—-0.029

Reed: Pm/C! = 30, interpolating

o W

CP « 1.02, interpolating
P (30){(1.02) = 31 pet
= Arch Resistance

SA-14
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"" 5A.3.8 R/C Domes. The required thickness of fully-buried domes

‘may be taken as cne-half that of an arch with the sane loading and radius

(Figs. 5A-7.1, 5A-7.2 and SA-7.3). The required thickness of partially-buried
domes is given by Figs. S5A-8.1 ard 5A-8.2 and that for aboveground domes by
Figs. 5A-8.3 and 5A-8.4. The cover requirements for full and partial burial
and the interpolation between thesc cases 1s the same as given ir SECTION SA.3.7
for eiches. The buckling requirement for domes is that p__ must not exceei
6.3ED /r2 for aboveground domes and three-halves of this eg.lue for partially-
buried domes. Buckling need not be considered in the fully-buried case.

5A.3.9 B8teel Arches. The required cross-sectiornal area of fully-
buried steel arches is provided by Figs. 5A-9.1 and 5A-9.2 in the same manner
as the required tkhickness of R/C arches. The required area for partially-
buried arches may be determined by Figs. 5A-9.3 and 5A-9.4 and for aboveground
arches by Figs. 5A-9.5 and 5A-9.6. In the latter cases the stecl yield
strength has been taken as 42,000 psi. The rejuired aren may be assumed to

vary inversely with yield atrengtk.

The definitions of the aboveground, partially-buried and fully-
burizd cases and the method of interpolation are the same us given above for
R/C arches. Hcwever, buckling requirements have been included in the charts
for steel arches and no separate calculaticns are necessary.

As an example of aboveground steel arch design, consider a structure
consisting of 36 WF 300 arch ribs (or equivalent built-up sections) with a
non-composite cover; a radius of 4O feet and a rise-span ratio of 0.3. It is
desired to find the required spacing of ribs for p 0" SO psi and M = 1.3,
Making use of the properties of the Tee-section cut from 36 WF 300 ‘s .ction
as given in steel handbooks, the dimension d z is the distance frorm the bottom
to the center of gravity of the Tee or 14.23%in. Thus r/d_ 1o 40 x 12/14.23 =
34 and, for Fig. 5A-9.5, A/r p_ 1is found to be 0,000162 (faterpolating
between 30 and 1CO psi). The ~ required area per inch of width is therefore
0.000162 x 50 x 40 x 12 = 3., ins. Since the area of a 36 WF 300 section is
83 sq. in., the required spacing is 88/3.9 or 235 ins.

5A.3.10 Columns. The ultima*e dyonamic strengths cf axially-loeded
reinforced concrete and steel columns may be determined by Figs. 5A-10.1 and
SA~10.3. The latter gives the strength of steel columns in terms of the
flange width and weight per foot. It is applicable to all standard WF sections
without appreciable errcr. If the column supports ¢ :coi’ subjected to blast
loading the column load should be taken as twice the peak blast presgsure times
the tridutary area or *he maximwn resistance of the supported elemente,
vhichever is smaller. .

Fig. 5A~10.2 may be used to determine the strength or reinforced
concrete beam-columns or members subjected (0 combined bending and direct
compreasnion. In the chart the ordinate 1s the ratio of axial load to ultimate
compressive strength as given by Fig. 5A-10.1. The abacissa is the ratio
of moment tc ultimate bending strength as given in APPENDIX 5B. The strength
¥ steel beam~-columns mey be determined using the criterion of APPENDIX 5B.

SA~15
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5A.3.11 Yootings. The strength of square column footings may be
found by use of Figs. SA~11l.,l1 and 5A-11.2. These may be used to determine
the required thickness or steel percentage for a given soil bearing pressure
after the plan size has been determined from the soil characteristics. 8Such
footings should be designed for the maxiaum dynamic column load. The allovw-
able dynamic 80il rvessure to be used in determining the required width of
footing is given iu APPENDIX SB.

The strength of wall footings (or footings under arches or domes)
nay be determined either by Fig. 5A-11.3 or Fig. 5A-11.l4 depending upon which
provides the smaller reading. As in the case of column footings, these charts
give the bearing strength Lesed upon the footing itself and not on the soil
characteristics. The allowable soil strength is given in APPENDIX 5B. In
the case of buried arches or domes, the arching effect of the soil above the
structure usually may be taken into account vhen computing footing lcads even
though this is not done in designing the structuwe itself,

SA-26
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APPENDIX 5B

DYRAMIC PROPERTIES OF MATERTIALS AND STRUCTURAL ELEMENTS

5B.1
5B.2
5B.3
5B. b
5B.5
5B.6
5B.7
5B.8
55.9

Steel

Steel Beams

Steel Columns

Concrete

R/ C Beams end One-way 8labs
R/C Tee-beams

Two-way Slabs

Flat Slabs

R/C Deep Beams (d/L > 0.4)

5B.10 R/C Shear Walls

5B.11 R/C Columns

5B.12 Building Frames (Steel or R/C)(One-Story)
5B.13 R/C Arches

5B.14 Steel Arches

5B.15 R/C Domes

5B.16 Composite Beams

5B.17 Foundation Materials

5B.18 Column Footings

5B.19 Wall Footings



APPENDIX 5B. DYNAMIC PROFERTIES OF MATERIALS AND STRUCTURAL ELEMENTS

5B.1 STEEL

The stresses given in this and the¢ following sections & ‘hose
recommended for dynamic design. They include appropriate increas: .or the
effect of rate of straining and should ': used to compute the ultimate dynamic

strength of structural elements.

Structural Carbon Steel (ASTM A7)

£ = dynamic yleld point in tcneion or ~ompression
= 42,000 psi
= dynamic yield roini in shear = 25,0C0 psi

Welds:

fdy = 42,000 psi

vdy = 29,000 psi
Rivets (ASTM Alll):

rdy = 40,000 psi

vdy. = 30,000 psi

fby = 60,000 psi (bearing - single shear)

80,000 psi (double shear)

Bolts (ASTM A307):

fdy = 32,000 psi

VQY * 19,000 psi

f = ‘00,000 p81

by
Reinforcing Steel

Intermediate grade, rdy = 52,000 psi

Structural grade, 1‘dy = 45,000 psd
Other Steels

High Strength Rivets (ASTM A195):
fdy ™ 60,000 psi
Vay = 40,000 psi

fby = 80,000 p.i

5B=1




High Strength Bolts (ASTM A325):
""dy = 50,000 psi
de = 30,@ p’i

fby = 60,000 psi

High Strength Alloys: .
It is recommended that the dymamic yield strength, f, , be
teken a5 1.25 timer the minimm specified static &
vield strength but no morc than 90% of the ultimate

strength. The shear yield strength may be taken as 60% of
the tensile yleld strength.

5B.2 STEEL UEAMS

Flexural Strength of Beam Sections:

Mp = rdy A ": 1.1 f@ 8 (for 1-sections)
vhere Z = plastic modulus

8 = gection modulus

MP = ultimate moment capacity

Shear Strength of Beam Sections:

= A
Vp vdy -
vhere Aw = area of web
vp = uitimate shear capacity

Buckling of Beems:

If rlastic deformation 18 to occur (M > 1) plastic buckling
must be prevented and the following requirements must de
satisfied:

Minimun Thicknesses:

%— <17 vhere b = flange width

r t, = flang thicvness
g— < 70 (without a = web depth

W longitudinal

stiffeners) ty = web thickness

b b = gtiffener width
2 <81/ s

t s t‘ = gtiffener thickness

5B-2



¢ Kook §

2. < (60-100 %
vhere, 'cr unbraced iength on one side of plastic hinge
M « mnoment at end of l p OVOY from hinge
r_ = lateral radius of gyration of compression
y flange
Resgistance:
tniform Load* exure Shear
8imply supported R, 8 /L R, =2V
or | inged, ' ¥ P
' &M
Fixed cone end and Rf = -72-+ E;E Rs s 2V - E;;
hinged one erd, o P
8:12 ad
Fixed both ends, R, = +-EP- R = 2V

Concentrated Ioad at midspan:

Simply supported, R, = %/L R, = 2V,
| o
Fixed one -end and Rf = E;E-+ f;g' R. -2V - fﬂe
hinged one end, P
Fixed both ends, Rf =3 + I Rs = 2‘?
Where, R = total reaistance (1b. or kips)
L = sgpan
ﬂb = ultimate bending strength at midspan
v; = ultimatc nogative bending etrength at
support
Vb = ultimats shear strength
Stiffness:
. ' Uniform load Concentrated Iosd
at }id-gpan
 Simply supported, kK = 5—“551 kK = -"-35;
- 5!0 L
2 5B-3



Fixed one end and k = 3SOEL ¥ x = 06X
r’ 4

Fixed both ends, k = 2&* K - 1925
) ")

Where E = modulus of ehgt.tc:l.ty
I = moment of inertia
Note: Yield deflection = x . ® R/k

“Mese values are "effective" stiffnesges which coiveit
‘the tri-linesar resistance function into an equivalent
bi-linear function with the same energy absorption
capacity at yield.

Natural Period (Seconds):

Uniformly distributed mass:
S8imply supported, T = 0,64L E

Fixed one end and r-ot;arFF
hinged one end,

Fixed both ends, Tw0 ae:?,,[

vhere v = supported weight (including beam)
per unit length

Concentrated mass at midspan:

?

LJ

8imply supported, = 0,91 lIg
1?

fixed one end and T = 0.61 31;

hiaged one exnd,

W1’
[+
!n‘d both end', T = 0.‘&5 !-IS-”

vhere wc = total weight concentrated at midspan

5Bk

g
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5B.> STEEL COLUMNS
Axiallv-loaded Columns:

Strength:
alL

£ " 45,000 - 200 T » Dot to exceed fd}l

vhere, ¢ or ™ maximum allowable stress intensity

L

T - slenderness ratio
a

= classical length reduction factor
(¢ = 1 for pinmmed ends)

Note: No ductility shculd be anticipat:d in columns
unlessal/r < 15.

Minimm Thicknesses: %—- <17 %— <3
b o W

Stiffness: k = % vhere A = cross=-section area

Beam-Columns :
Strength: i{ p!

vhere M"‘ and P' are ultimate values of moment and thrust
acting in combination

SB.4 CONCRETE

t&c = 1,25 fé vhere fé = standard 28-dey compressive strength

fc'lc = dynamic compressive strength

u

y = 0.15 f": = allowsble dynmmic bond stress on deformed bars (AZNS)

fdt = 7'5Jf¢'1c =  dynamic tensile strength




5B.5 REINFORCED CONCRETE BEAMS AND ONE-WAY SLABS

Flexural Strength of Cross Secticns:

M =

p 100 ‘ay

where b = width of section

2 v,
Podc . [1

176?*" 0.005 Fua° fay

d = depth of section to steel

@ = steel percenlege in tension face

Shear Strength of Cross Section:

Pure Sheer:

v
b

A =

<€
u

0.22 'bdfé

]
(0.22 baf) )hs

» 1f unreinforced

» 1f reinforced

l \'pl -
1 v '
5 [1 + o fdy/ch »but A_£ 1.0

percent of steel (inclined at 45°) crossing a
surface inclinea at 45°,

Piagonal Tension:

The strength in diagonal tensior. depends upon the

type of element and loading.

Flexu: a1l Resistance:

Uniform load:

Simply supported,

Fixed one end and
hinged one end,

Fixed both ends,

5B-6

See below.

0.072(9 + )

0.072(9 + 9') ¢

(‘)



Concentrated Load at Midspan:

Simply supported, R, = kHP/L
2

bd
N
Fixed one end and Rr - -;‘& + i:-;
hinged one end: ‘ 2
2’
rr = .0‘056(v + §-) -I:- fdy

X X
Fixed both ends, R, -;& + —LR

= 0.03%6(¢ + 91) BL

Ty tdy
Where, P* = negative steel percentage at support
r. = resistance per unit area of top
L

surface = Rf/bL
Pure Shear Resistance:

Note: Critical section need be taken no closer to suppurt
. than 0.54, or 0.1L, whichever is smaller.

Concentrated
Load at
Uniform Load Midspen
d> d <
i’ . 002 ‘I: - 002
v
Simply-supported, R = 2.5V R, = —I’E R =2V
or fixed both P l- T P
ends
( i‘;) (~E4)( ») ( ;i)
Fixed one end R =2.5(V_- R = V.- R .2(V_-
and hinged one e P L s 1-877 s Vp
end

Diagonal Tension Nsaistancc:

? 2 29
2y =100 [L+ L 2028] (9 £1)2 (@) (14 £,

vhere 'c = percent positive steel at midspan

00_3 = average of negative steel per-
V€  centages at ends

‘Pv = percent web reinforcement

5B-T




? ®
Note: For —=2YE 5 3.0, use 2B .30

<Pc ‘Pc
Stiffness:
Uniform load Concentrated load
‘ at Midspan
. §8hnc1 h8EcI
’ Simply supported, k = 3 k = 3
5L L
160E oL 106E A
Fixed one end and k = 73 k = :
hinged one end, Y 1[.3
50TE I 1928 1
Fixed both ends, k = 3 k = 3
L L

For concrete, Ec = 1000 f":

1qy’ >
b—(——}—-kjd SR -x)?

B _ 30,000

n=
E 1
c rc

Values of k'%
r; = 3000 fé = 5000

® = 0.5 0.27 0.22
1. 0.36 0.29
1.5 0.42 0.34
. » = = B = !P-L-
Note: Yield deflection Xq k m
Natural Period (Seconds):
Uniformly distributed mass:
a, T 12
S8imply supporte -
’ 42,500 a V&
La
Fixed one end and T a =
hinged one end, 63,800 a /@
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L2

Fixed both ends T =
! 85,000 d /@

vwhere L and & are in inches.

Note: 1If there is supported mass in addition to the
beam or sladb itself these periods should be

increased by VM'/M where M' is the total mass
and M that of the beam or slsb aione.

Concentrated mass at midspan:

>
WCL

Simply supported, T = 0.51 / E I

wcz?

Fixed one end and T = 0.61 E s
hinged one end, 6
wcL3

Fixed both ends, T = o.hsf\' E.T¢

wvhere I is computed for the transformed c¢russ section.

55.6 R/C TRE-EEAMS

Reeistance: The resictance may be taken as the seme as a rectangular
beam having a width equsl to that of the stem of the tee-beam.

Stiffness and Natural Period: The cquations given for steel beams
may be used with I taken as the moment of inertia of the transformed
tee-section.

5B.7 TWO-WAY SLARS
Flexural Resistance:

2 P .+ Q
a 1c ¥ ix
= 0,108 (q’sc + °sz) rw (1."'-.) a q’-_—-sc —3

2-0.

r * 5T

4

vhere, 9., = percentage of bottom steel in short direction

8C

cl’83 = percentage of top steel in short direction
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vhere, ﬂ?m = percentuge of bottom steel in long directio
9., = percentage ‘or top steel in long direction
Ls = ahorter span
L = longer span
@ - Iy

Shear Resistance:

The resistance of a two-way slab in pure shear or diagonsl
tension may be taken as 2(1+Q)/3 times that for a one-way
slab apanning the short direction when @ is greate: than 1/2
and the same as a one-way ciab when Q 18 less than 1.2

Stiffness:

Simple Supports Fixed Supports

EI EI

Q= 1.0 k=252-3— k-810-3-—-

5Ly 5L
R - 0.9 o 230 " - 7h2 L]
= 0.8 =212 " =705 '
= 0.7 =201 " =692 "
: = 0.6 =197 " =724 "
oo = 0,5 =201 " = 806 "

where I = moment of inertia per unii width
Note: Yield deflection = X = 1‘—"

Interpolate for 1, 2, or 3 sides fixed

Natwal Period (Seconds):

T = 5.3\&% cinple suprorts

vhere w = total weight per unit sladb area
k = stiffness per unit slab area

T = 4.5 k—‘;- fixed supporis
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5B.8 FLAT SLABS
Flexural Resistence:

2
)

r

0.072
fn 282 c (o)

i_
wose k= 1+ (’1‘—?2] [2- (%)2] - %iﬂ

I'S = ghort span

I‘I. = long span

L 1oLy 20luwnn caplilal dimension
4 1~ 1
P oa Rt "(q’u. + “’ts) +X ('*'u. + ”ts)

®

and @ . = average percentage of bottom steel in
L bS

long and short directions

Qﬂ. and Q?ts = average percentage of top steel between
drop panels in long and short directions

= average percentage of top steel in drop
panels in long and short directions

X = 1-p/L
2

and ¢!

]
¢ ‘8

44

d
v 2@

Py - vidth of drop panel in long direction
dp s depth w awe)l in drop panel

d = depth to ateel in slad

<
-

‘Po‘

W 1
.« & s
r, = %[292va 4+ 0.04 ]

vhere r e " shear resistance, pei

A = area of panel outside column capital or
drop panel

5B-11




vhere b = perineter of colimn capital or drop panel
» - .8

o T r ¢

d = depth to steel in drop panel or slab

Stiffness (Interior panels):

¢/L = 0.05 k = 208 ncI/Ll‘
0.10 = 230 "
0.15 «252 "
0.20 =276 7
0.25 = 302 "

vhere I = moment of inertia per unit width (Trans. Sect.)
Fote: L = average span

'Yield deflaction = i-

Naturs) Period (Seconds):

T = S.O,/{"—:

shere v = *otal weight per unit slad areu
k » stiffnesas per unit sled wres

50,9 R/C I®EP EEAM3 (4/1 > 0.4)
Res @2
May be computed by the same proceduras given for uther R/C besns.

Stiffness:
Simple supports, R S ! -
55%;"‘:' T* 3E A
Fixed one end and k = '——5—-3‘"--——
nd
Mg e s ol
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Fixed both ends, k =

Where A = gross wedb area

Ratural Period:

T = 5-5\/1“1_
8

vhere W = total weight in span
k = gtiffness as defined above

5B.10 R/C SHEAR WALLS

Registance: |‘...__"_._..J
f
At cracking .
Rc = 2,1 2&0 1
Ultimate
2.16
m =S ¢ 2, 2P -
" S —
c + Qo-.'- ﬁ

\ Iy°
Hhe;-e C = At [15 + 1.9 (3) ]

J | go = ares of column steel on compression side

P = A.' rdN

A“ e area of wall steel in each d_rection

8vitlnoes:
Prior to oracking:

e e
’[‘;';f%%“]

vhere I = moment of insrtia of uncracked secticn
After crecking:
2
e k 5 .L_
k\‘ enc 25!2

8-




Y e YV e+t =

Natural Period (Seconds):

|.¥
T = 2K [e——
kcg

vhere W = total weight as roof level plus 1/2
weight of walls

k o ™ uncracked stiffness

5B¢31 R/ C Columng
aded Col :
Strength:

T
r“ « (0.85 t&c * 65 rdv) bt

vhere 9, = totel steel percentage

b,t = cross=section dimensions

L ' - L
for ¥ > 15, Pu-Pu(l.6 0.0k t‘)
vhere L = unbraced length

Besm-Colwmne :

The strength of members subjected to combined bending end
direct stress rmay be determined by use of Fig. 5A-10.2

(see APPENDIX SA

58,12 BUILDING FRAMES (STEEL OR R/C) (ONE-STORY)
Lateral Resistance:

L]

A

h

Whers, IJ%" = tfue sum o the bending ctrengths of the
column sections or the connections st sll

~ ¢olusn ends in the frane
h = atory height
Lateral Btiffness:
Columns fixed both ends, ke ;"‘;'-' £ (1)

Columns fixed one end k-% 7 (1)
and hinged one end, )

Where T (I = sum of ell column moments of inertia
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Natvral Period (Seconds):

T = ES/E

vhere W = total weight of deck, frame, etc., at roof
level plus 1/3 ot wveight of walls

k = stiffness as defined above.

5B.13 R/C ARCHES
Resistance:
Compression mode

Py
r, = (0.85 t&c + i'o'6 r”)

Where t = arch thickness
r = arch radius
r.” registence in psi
‘PT- total steel percentage

Flexural aode
0.072 9¢ ¢
r - . EE—
t ¥ (gr)2

W.:re d = depth to tension steel ‘
£ = one-half the central arch angle
® = steel percentage in one face

Buckling
2 R
r - !—- - “ -v—-—
® pc  a2(r)
Vhere Ty is the uaiform prefeura al «uich bucking
occurs.

Eatural Period (Seconds):
Compression mode
L 'xfi vbere & e arch redius in feet
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Flexural mode

2/.2\2
= L — ¥ vhere r and 4 are in inches
42,500 4 Vo
2
= ‘2 + 1 vhen cover at crown = O
(=°/p9- 1

¥ = pghould be taken as unity when cover at crown is
greater than 0.1 times the span. Use linear inter-
polation between these two points.
These periods should be increased by M'/M when there is mass
in addition to the arcii iteelf,
SB.14 STEEL ARCHES

Resistance:
Compression mode

Where A = cross-section area
v = arch radius

Flexural mode
o By
Rp = 2
(Br)
Where B = one-half centra. arch sangle
Buckling
a % V) gﬁ
s — 1 -%)
Kb 52(“_)8 ‘2

¥hore I = moment of inertia

Note: R® is resistance per unit arc length




Natural Period (Seconds):

Compressaion mode:

W

'1.‘-2’:'EAG

Where A = cross-section area
v = weight per unit arc length
r = radius

Flcxural mode

T = 0.64 (Br)? \/E—;Ir-e— .y

Where ¥ is as defined in 3ETTIONSE.13

5B.15 R/C DOMES
Resistance:

Compression mode

9,
' b o 2t
r, = (0.85 fic * 10 ‘ay) T

Where t = dome thickness
r = dome radius
‘PT = totsl steel percentage in one directlion

Mexural mode
S SN
r, ® (0.85 f2c * 750 rw) T
Buckling
¢
r . 1.0 E—c—t-q-
b (r)a
Bature) Perjod (Seconds):

Compression and Flexurel Mode

T = EESE vhere . is radius in feet
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£B.16 COMPOSITE HEAMS
Flexural Strength:

a Agfs 7. a .t
Mp'Adey[.2.+t-2bfc'lc] Afay 5+ 3

Where A, = area of steel beam
d = depth of steel beam
t = slab thickness
b = effective slab width
Notes: Total slab comprecrive strength must not bte
lesc ‘tan "Ef.y‘

Required shear strength of concrete slab (on
vertical section adjacent to beam) = 2A, f\,n_/tL.

Required total strength of shear connectors
in half span = Ahrdy'

Resistance:

R = EL& (simple span - wniform load)

Btiffvess:
3848 I

[ ]
51°

(simple span - uniform loasd)

Vhere E’ » 30 x 106 pri

I = transformed (to cteel) mowent of inertia
of composite section

Batyral Perjod:

TJse sane expresrion a: {or nteel beaxs.

5B.1T FOUNDATION MATERIALS

Dynsmic bearing pressures for the design of footings may bde taken
as followvs:

Yor rock, the crushing strength

For grapular $01), the bearing pressure wvhich applied
statically would produce a one-inch aettlement.
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For cohesive soil, three-quarters of the failure loaa.

If detailed soil information is lacking the allowable bearing pressure may be
conservatively taken as twice the conventional allowable static pressure plus
the side-on overpressure (p”). In no case need the total footing area be

greater than the roof area.

5B.18 COLUMN FOOTINGS ‘

Resistance:

Flexure

2

oz, d

r, = __..d.f__é. (square footings)
100(L-a)

Where r, = resistance per unit bearing area
' d = dépth to tension stesl '

L = width of footirg
a = width of column or base plate
® = tottom steel percentage each way
8hear |
12 - (a + 2a)2 r

1 t
= 0.035 + -fig + 0.07 %

r [ ]
8 3.5 ad f&c .

Where r, = shear resistance
5B.19 WALL FOOTINC—S
W Resistance:
Flexure
a 2
= 0.0179 9f,.(7)

Where re = resistance per unit bearing area
® = percentage of bottom steel
1 = footing projection outside -all

Te

Bhear

2
ry, = Q) GIEVET

i Where r, - shear resistance per unit bearing area
® = percentage of top steel
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APPENDIX 5C. SUPPLEMENTARY MATERIAL RELATING TO EARTH SHOCK
AND SHOCK MOUNTING

5C.1 INTRODUCTION

In this appendix are presented a number of items pertaining to
eart shock and shock mounting which supplemént the material given in
Section 5.4. For a discussion of air-induccd effecte the resder 18 referred
to Section 5.4. The material presented here includes ad?itional considerations
involving layered media, modifications for transeismic and subseismic condi-
tionse, dirsct-transmitted ground shock, combined random and systematic pulses,
and comments on design of interior structures and equipment supports to resist
ground shock motions.

Most of these topics are urder artive study, but “‘he latest informa-
tion and recommendations ccncerning these topicse s presentcd as an aid ia
analyzing and designing for shock loading situations.

5C.2 NOTATION
The following notation i1s used in the expressions that follow.

a = maximum acceleraticn, in gravities
¢ = selsmic velocity of medium, in ft. per sec.
d = maximum elastic component cf transient displacemeut, in in.
E = Young's modulus of elasticity, in psi. For plune vaves
E is given by

1l + 1l =2 2
E= T Pc (5¢-1)

vhere P is the mass density of the soil, u is Poisson's ratio,
ana ¢ is the seismic velocity ss defined above. For values
of u o£ 0.25 or less, the relationship is approximately

E = Pc<, and for soil with a density of about 115 1lb. per cu.
ft., en approximate value of E is

2
E = 25,00C psi [Io-ag—f—p;]

f = frequéncy of asystem, in cps

= peak overpressure in shock wave, in psi
p, = incident stress at interfece, in psi
Py = reflected stress at interface, in psi
transmitted stress at interface, in psi
renge from ground zero, in ft.

:ud'd
L I ]
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t 1" effective duration of shock, in seccnds, corresponding to a
triangular pressure-time representation having the senme
positive phase impulse as the actual shock. For the deriva-
tion of thls expression see Reference (1), SECTION 5C.8. The
overpressure duration, t g mey be expressed ac follows:

o

- ) _p'6 v /5
ti : 0.40 sec. [},Obazsi [ﬁﬂ. (sc-2)

| (for Pgo > 30 psi)
t_ = effective vrlocity pulse rise time, in sec., or t, < %
for a homogeneous medium

o=

T 0 = positive phase of straia or velocity pulse, in rec., for
direct-transmitted grcund shock as Gefined in Fig. 5C-2.

Tr = rise time to meximum strain or veloclity, in sec., for direct-
transmitted ground shock &s defined in Fig. 5C-2.

= relative displacement of spring es defined in Fig. 5C-T
= maximum velocity, in ft. per sec.

= shock velocity, in ft. per sec.

yield of weapon, in lb. of TNT

yield of weapon, in kilotons or megatons, as noted
vertical depth below surface to point considered, in It.
= attenuation factor for velocity or stress

= strain, in./in.

= Em cn/Encm » where subscripts refer to adjacent layers.

€ M Q< X Elg 9 £
n

5C.3 AIR-INDUCED FREE FTELD EFFECTS--LAYERED MELIA

The layered media situation, which is complicated, was mentioned
only briefly in SECTION 5.4. At present, for lack of « better method, it is
convenient to use an approech that involves the step-wise passage of a stress
wave downward through tire medium. The procedure is illustrated in Fig. 5C-1
for a two-layered system where the transit times corresponding to pescage of
the stress wave dovm through the soil are as indicated in the Fi_me, In
general the basic concepts governing the computation of aisplacement, velocity
and acceleration are the same as those described for a uniform melium. The
dieplacements at any particular time may be computed by dividing the average
pressure in an interval by the modulus of elasticity to get the strain, and
mltiplying by the length of the interval to get the displacement; the total
aisplacement occurring over the length of the pulse is the sum of the displace-
ments computed from great depth (point of zero stress) up to the point
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considered. Il 1is recommendcd that in thic computation one agsoume no reduc-
tion in peak stress, 'no change in rise time, and a constant duration t:l.'

The velocity is computed by means of the relations applying to
. homogeneous material (SECTION 5.4) having a value of ¢ equal to that at the
depth considered. The acceleration is computed by using the velocity at the
point considered and & rise time equal to one-quarter the total transit time
from the surface. It is recommended that the same ratios of horizontal to
vertical effects be taken as for the homogeneous case, namely 1/3 for the
horizontal displacement, 2/ 3 for veloclty, and accelerations equsl.

Complications arise at the interface of two media because of stress
transmission and reflection. In soil and rock media the interfa:e may nou
be sharply defined and the reflected and transmitted stress probsbly does not
follow the laws governing purely elastic media. If it ls known that the
interface is fairly sharp, an estiimate of the reflected and wancmitted
stresses can be made from the following relationsbirs.
1T -
b=ty (5¢-3)

2
Pe"T+vPe
vhere ¥ is the ratio of the impedances of the two medis.

Reflected and transmitted pressures are illustrated by dotted lines
" in Pig. 5C-1. It should be noted that the stresses at the interfece must de
equal, and that from considerations of continuity the displacements must he

equal. With care and judgment, it generally is possible to arrive at reason-
able estimates of acceleration, velocity and displacements in layered medisa.

5C.4 TRARSEISMIC AND SUBSEISMIC

Generally it is advisable to compute @)1 effects, (velocities and
accelerations are of particular interest here,) us if superseismic conditione

existed for a homogeneous case, or
U>e

For the pressure levels under consideration U may be compn*ed from
the relationship

) “'—'6;——'
U = 1130 fszl + ’rP“

;5 where P° is atmos. presn.
o .

or approximately U < 2800 fps \[;6'6% for Pgo > 100 psi
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Denote the quantity computed in this way by Q- Then, modify Q to obtain the
desired quantity Q by multiplying by the factor P as indicated below.

Condition Value of p = g[ .g

c<VyU 1.0
U<ec <1.5U e/U
1.50<c <2U J 1.5
W<ec<w 143

It ic noted that this multiplies the computed velocity and accelera-
tion value by a facton having a maximum value of 1.5 at a seismic velocity
such that the air shock velocity is nearly equal to the Reyleigh wave velocity.
Dispiacements do not appear to be affected by the trancitions under considera-
tion, and for lack of better information at preeent it is recormended that
deflections nit be modified by the noted coefficients.

The question naturally arises as to which value of ¢ to use in a
layered system. It is tentatively recommended that each layer be considered
separately with its appropriate value of c, but if lower layers give a higher
value of acceleration or velocity, use the larger value at all higher levels,
or as a base for obtaining values at higher leveils.

55.5 DIRECT-TRANSMITTED GROUNDSHOCK--SURFACE BURST

The energy transmitted directly to the earth.from a surfacc or near
surface burst can be propagated effectively through sound material for long
distances. Experimental data of this nature are available only for buried
HE shots, and in a few cases for very small nuclear weapons [References 50(2),
5C(3) and 5C(4)]. Studies of uhese data and of some of the preliminary
theoretical work in progress have led to the relationships presented. The
estimates of acceleration, velocity and displacement given herein may be
conservative, but prcobably are not unduly soc.

For a completely buried shot, the first portion of the strain or

© velocity record at a distance R from the point of burst has the form skown
in Fig. 5C-2. The corresponding acceleration and dis;.lacement wave forms
also are shown in the figure. The relative magnitudes of the times shown in
Fig. 5C-2 are taken from data given in Chapter VII of Rei. 5C.(2).

Without cerious error the relation hetween peak strain - and Wie
peak particle velocity v is given by ’ .

v ESO (Sc"h)

Assuning that the steepest part of the velocity-time curve has a slope twice
the average slope during the rise phase leads to the following relationship
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between peak acceleration and peak velocity

2
w~
a-T—r-Lﬁ"—e (5¢-5)

An estimate of the maximum displacement 4 may be obtained by
computing the area under the positive phase of the velocity curve of
Fig. 5C-2. If the area shown is =bout the same as that represented by a

parebola, then

< 2 =1
d 5vm‘) '3Re (5¢c-6)

If deta for strain, acceleration or displacement are available,
approximate relations for the other quantities may ve cCbtained. In generai -
the seismic velocity enters into the relationshive. For fully duried
detonations experimental data indicate that in general the strains are in-
dependent of c, the velocities depend on c, and the accelerations, stresses
and energy on c2, However, some available data for very smell charges
indicate other relationships possibly.may exist.

With respect to energy partition, available data indicate a net
effectiveness in terms of yield of surface nuclear compared with buried HE
of approximately 0.01 and this figure is used herein in relating the effects
of the two conditions.

i The relationships developed below are restricted to granj.e for
surface bursts and more specifically to ranges vhere the overpressure at lhe
surface is between 100 and 600 psi.

ta are aveilable for acceleration from RAINIER in volcanic tu’f
with e seismic velocity of 0000 fps [Ref. 5C(4)]. In the rangc.of intere:t,
scaled in terms of megaton weapons and seismic velocity, the ecceleration
may be expressed as follows;

5/ 2
a=o, }6g 6[1000 ﬁ]’ 1000 me-l (5¢-7)
From Eq. (5C-4), (5C-6) and (50-7) the following may be obtained:
o5r .
v = 0.95 frs mf 6[.1000 :r 'S'n'o'%'ﬁ"j {5¢-6)

d = 3.8 1n. MT 6[1°°° “T (5c-9)

For slant ranges it is recommended that these be considered as
horizontal components. The vertical conponents of displacement and strain
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mey be taken one-half as great, but the velocity and acceleration should be
taken the ssme. It is emphasized that the derived relationships are for
surface lursts in a homogeneous medium, are intended %0 be used only in the
range corresponding to overpressures of 100 to 600 psi, and are derived
solely for granite material. However, in lleu of other data, these relations
mey be used for other materials and conditiona. It is recommended that in
genera. the seismic velccity for granite deposits be teken not greater than
12,000 fps; fissuring end other factors tend to give a gross eeismic velocity
for the deposit as a whole which 1s usually much less than laboratory tests
give for amall samples.

5C.6 DIRBCT-TRANSMITIRD GROUND SHOCK--LAYERED SYSTEMS

For estimating the velocities and actcelerations only, rot displace-
ments, in a two-layered system, the methoi illusirzte? In Fig. 5C=3 based on
ray-paths may be used as a best syproximaticn at present. Tac principle used
is based on an effective value of c, deaignated by T, for which the transit
time by a direct wave from the source to the target ie the same as for the
fastest trunsit time of & shock wave in the complex layered system.

Reference to Pig. 5C-3 will show the following relationships to

exist.
c
sin L ;l
2
end
Thus

(5¢-10)

and if

As an exemple, if H = 100 ft., y = 60 ft., R = 2000 ft.,
¢, = 2000 fps and c, = 8000 fps, then one finds from Eq. (5C-10) that

¢ = 6300 fps.
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'5C.7 COMBINED RANDOM AND SYSTEMATIC PULSES

Ordinarily the input for ground motion consists of two parts, a
cystematic portion on top of vhich is superimnrosed a series cf random
oscillations. The magnitude of the peaks of the random components may be
either small or large compared to the systematic portion. The rendom part
may exist over the entiie range of the systenatic vortion, only part of the
range, Or even prior to the systematic-.portion. Schematiceally the parts msy
be related as in Fig. 5C-4 where the actual input at any time is the cum of

the two input curves.

For a random series of pulses, the relative velocity peak of .the
spectrum compared with the maximum input velocity can be high, but is un-
likely to be much higher than about 3 to 5 unless an almnst resorant
condition 1s obtained with several pulses of alternate positive and negative
sign of exactly the same shape and duration. S£uch a resonant condition for
velocity is extremely unlikely frua Hlest loading, and has ..U becn observed
even in earthquake phenomena. Even if for some rz2sascn partial resonance 13
achieved, damping will reduce the peaks considerably. :

In general the combined effect of the two input moiions, systematic
and random, depends on their individual effects. In Fig. 5C-5 are shown
sketches of the response curves corresponding to each of the parts of Fig.
5C-4, The response spectrum corresponding to the systematic component (a)
is a relatively sharp-pesked, nearly-triangular curve and generally with the
peak at a relatively low frequency, i1le the response spectrum corresponding
to input (b), the random component, is flatter and broader. The combination
of the two spectra will be roughly of the same general shape as (v) put with
a longer base. There may be a higher peak as well.

It can be shown rigorously that the combined spectrum will in all
cases be either equal to or less than the sum of the spectra corresponding
to the individual i{nputs. I. genersl, although it has not been rigorcusly
proven, it appears reasonable that the combined spectrum can be expected to
be equal approximately to the square root of the sums of the squares of the
individual spectra, point by point. In most practicel cases of the type under
consideration, because of the fact that the frejuencies for which the spectrum
values are important differ by a considerable amount, the sums of the spectra
or the square root of the sums of the squares are nearly the seame as the
maximm individual modal value.

Until such *ime as beiter information tecomes availstle it 1s
recommended thai the bounds for design shock spectra, as discussed in
SECTION 5.L4.1, be taken in accordance with the velues presentec in Tehlz JJ-i.
Normally, for air-induced shock in homogenevus media &cl supeiseismic condi-
tions, the bounds corresponding to a simple pulse and high damp:ng would be
arplicable; for layered media and superseismic conditions, and all trans-
seismic situations, the bounds corresponding to a complex oscillatory pulse
and high demping are applicable. For all cases involving direct-transmitted
shock it is recommended that the bounds corresronding to a complex oscil-

latory pulse and high demping be used.
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5C.8 COMMENTS ON DESIGN TO RESIST GROUND SHOCK MOTIONS

(a) Introduction. The comments contained herein concern the
design of underground installations to resist the ground shock from high
overpressures in accordance with the estimates of input ground motion made
in APPENDIX 5C and SECTION 5.4.

Whether the structure Le a shallow box, arch, or a deep underground
structure, the input motions and the response spectra corresponding thereto,
fo-~ the free-field motions, are used in the same way, and no distinction is
mede here between these structures. The primary consideration gilven here is
to the type of interior structure which cconsists of a two-to-four story .
building frame supported independently of the roof covering, so that the base
motion to vhich the frame is subjected corresponds in many respecis to earth-
guake base motions. However, many of the commente regarding design of equip-
ment are pertinent to the situation - .rz equipment. is mountec directly on a
box structure without an independent interior frame.

(v) Comments on Shock Mounting. Equipment in a structure
subjected to shock is forced to respond in a manner determined by the struc-

tural behavior. The shock motion of the foundation of the building is
sssumed to be known, corresponding to some relatively simple motion (poasibly
a single sine curve of displacement) on which is superimposed a random pat-
tern of relatively higher acceleration pulses with only a small amplitude of
motion. The net effects of the ground motion are most readily described in
terms of a response spectrum such as the one shown in Fig. 5C-6. The three
straight line bounds for the spectrum, shown as A, B, and C, are determined

as follows:

A corresponds to the maximum ground displacement
(teken in the example as 5 in.);

B corresponds to 1.5 times the meximum grouﬁd velocity
(taken as 33.3 in. per sec., hence the line is drawn

at 50 in. per sec.);

C corresponds to the maxinum ground acceleration
(taken at 5.0g).

As e-degree-of-freedom elastic system, - abjected at its base
to the input motions described, wouid suffer a maximum relative motion of
the supported mass to the base ccrrasponding to the frequency of the system.
If the frequency were 1.0 cycle per sec. the relative maximum displaceuent
would be 5 in. (or the same as the base moticn, in thie case) ‘an’ the
absolute maximum accelerstion would be 0.5Cyx. However, i’ tie .upported
system had a natural frequency of 3.0 cycles per sec., the maximin relative
displacement would be 2.6 in., and the maximum acceleration would be nearly
2.5g. If the mass could not withstand an acceleration greater than 1.0g,
it would be necessary to soften the spring supports to the extent that the
f equency would be less than 1.5 cycles per second.
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However, other alternatives are possible, inciuding permitting
yielding of the "spring” supporting the mass. A large structure, say a
multi-story frame, has several degrees of freedom and can oscillate or respond
to shock in several different modes. It 1s possibdle to relate the response of
such & structure to that of a single-degree-of-freedum struciure. [See
SECTIOR 5C.8(J4))

Bach plece ¢ cguipment in the structure is itself & dynamical
system, and interacts with the structure to form a highly complex sysiem.
When the designer modifies the structure to enable it to withstand the shock
motions, he affects the equipment in the structure also. It may be necessary
in the design of the structure to provide flexibility or energy absorption n
order to permit survival of the equipment in the structure, particularly ir
the esquipment is highly shock sensitive.

The particular atructure referred to herein is a three or four
story frame subjected to quite vinlent notions =f thc tase., Such a structie
can be “shock-mcunted™ as & whole by z0ii springs at the bare, or individual
floors can be isolated. As an alternative, each wensitive plece of equipment
can be separately isolated. However, it is likely that the structure itself,
vith only simple precautions and provisions allowed for iu the structural
design, can provide a sufficient degree of attenuation of the shock motions
transmitted to the equirment that in most cases no further isolation is
required, except possibly for vertical motion.

(c) Effect of Plastic Behavior in s Simple System., Consider

the simple system composed of a mass m and a spring having a spring constant k
in the elastic range, as showvn in Pig. 5C-7, vhere the relation between force
in the spring and relative deflection or strain is as indicated in F.g. 5C-8.
The base is sudbjected to a disturbance x. When the structure behuves
elastically, if the maximum input motion, velocity, snd accelarntion have
magnitudes corresponding to those used in draving Pig. 5C-6, the maximume
responses of the system can be read from the chart in Pg. 5C-6.

If, however, the spring becomes plastic at s valus of relstive diu-
placenant u_, then the questinr arises as to the moximur responses generated
for the nng input motions x. The studies that huve been made indicata that
in general nearly the ggoe relative dispiacements ere reeched, and that the
same displacemeni response spacirum can be used, as a reasonsble approximation.
However, one cannct nov interpret the ssme spectrum ‘ines in terms 01 accelera-
tion, in the region vhere the displacement exceeds .Jli¢ elastic limit ralue.

In that region, only for computing acceleration, one must replace the part of
the response spectrum lying above the relative displacement value Ny Ty &
line parallel to line A, along the line u = u , vhere e corresvonus w0 the
elestic limit deflection as shovn in Fig. 5°-8. Buch e%itre, ...ked A, 18
drewn in Pig. SC-6 corresponding to a value of yield displacement of 1¥in.
From Fig. 5C-6, it appears that a system having a frequency of 3.0 cyclea
per sec. would have s relative displacement of 2.6 in., for doth elssti: and
elasto-plastic conditions, but would have an acceleration of nearly 2.5g for
elastic conditions, and nearly 1.0 g for elasto-plastic conditions.
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If now a very light piece of equipment is mounted on the mass M in
Fig. 5C~7, and if the equipment mass is so0 small that it does not affect the
response of M, in genersl the equipment acts like a system subjected to a
revised base motion which is the motion of the mess M. However, now we need
the absolute motion of M, which we cannot obtain conveniently from Fig. 5C-6.
We cen infer that the maximuzm base motion can range from a minimum value of
Xy = Wy to a maximum value of X+ W but this range is probably too large
to be useful.

. Nevertheless, a value of maximum acceleration can be obtained from
PFig. 5C-6, and this value provides an upper limit of acceleration for tkhe
equipment. Under the worst possible conditions the response of mass M, which
is the base of the equipment, will be a simple harmonic motion of magnitude
corresponding to the maximum acceleration determined frou the response spectrum
in Pig. 5C-6. If the equipment is subJjected to such an input, its response is
a function of the ratic cf the equimmepi frequeucy to tha fraguency of the
motion of mass M.

The ratio of the equipment accelerstion 8, to the “structure”
acceleration 8 is given by the expression

a
e 1 (

—t g e— 50'11)
3 2/ 0C
e 1-t/f,
vhere fe = freguensy of the equipment,

:. a frequency of the structure.

This relation 1s not valid when f_ is nearly equal to f,. However, it indi-
cates that the sccelerstion of thé equipment vwill be less than tvice that of
the structure (or of mass X) when the frequency of the equipment is more than
1.4 times that of the struct.re, or less than about 2.8 times that of the
structure. fn other words, high acceleration in the equipment can be avoided
by not "tuning" the equipment to the same frequency as the structure.

For exsmple, in the illustration used previously, for a structural
frequency of 5 cps and the response spectrum of Fig. 5C-6, the equipment ac-
celeration vill be less than Sg if the structure is elastic, or lese than 2g
1 tha structure has a yield deflection of i in., p ovilod w:.ut the equipment
keeps avey fruom a frequency range between 2.4 and 4.2 cps. This frequency
ronge nay be avoided Sy appropi.ote rrack mountiag of the equijaent, or it
may nave been Luplicitly avcidel LY wiw vely natur: ol the eguipment  tgelf.

In summnary, a design spectrum for s constan. .ulse of ¥, the ratio
of the tctal displacement to the elastic limit displacement, iu, for maximum
deflection, the original spectrum, but, for acceleration, it is a polygon
drswn for values 1/¢ times the deflection values on three asides. A struc-
mnl.duim spectrum for ¥ = 5 {s shown in Fig. 5C-0 by the lines Ay, B',
end C°.




, (4) Use of Response Spectrs for Muiti-Stor 2 0
zontal Motions. The uzce of the single-degrec or-ireedom response spectrur for
a multi-story building represents an epproximation which requires study. The
background of experience with earthquake resistant design indicates that the
approximation can be useful. Rigorous use of the spectrum concept is possible
only by consideration of the individual modes of dynamic response of the
multi-story structure. A method for the elastic snalysis of the complex system
18 briefly described in SECTION 5C.8(J).

As has been pointed out there are several reasons why the design
spectrun can be lower in value than the response spectrurm from the input
motions. First of all, before failure of a building frume occurs there will
be plastic action developed, and the responses will be affected thereby because
of the energy absorption. There is still another influence about which too
little 1s yet known. This concerns the interaction of reletively heavy etruc-
tures with the ground when the grouad mrtion cccurs. Although the interaction
is relatively slight, calculations chut have been made in & preliminary fashlion
indicate that there is a series of peaks and vall<ys in the response specura
and the valleys actually correspond to the true response for the actusl
structure for which the input motions arc meosurcd vherears the pesks correspond
to responses of structures with slightly different physical properties.

In the light of the above discussion it i1s believed ressonably con-
servative to use as a basis for the design a design spectrum plotted in the
seme vay as the response spectra in Fig. 5C-6, with envelopes determined on
the basis of the amount of plastic deformation that is permissible,

Insofar as & building frame itself is concerned, structure~l design
can be accomplished with & reasonable degree 2f conservatism, by using the
design recommendationa proposed for earthquake design [ Ref. 5C(5)]. In general,
for building frauses, these consist of two parts: (1) a specification on the
base shear for which the design should be made; and (2), a .pecification for
the design force diatributi.n over the height of the building frame.

The force distridution over the n<ight of the building corresponds
to s lipear distribution of acceleration runging from zero at the base t0 a
aaxinum at the top of the building. The accelurstions corresponding W the
design force distribution we shown in Flg. 5C-9. In the figure, thers is
given a derivation of the equations for force distribution given in Refe. 5¢(5)
and 5C(6) in vhich this magnitude of the furce at any ' .ovelion is given by the
relationship:

4

- ...m— cot ot
voEw (5¢-22,

in vhich T = lateral force at sny height h above the base, corresponding
t0 the mass of the building or weight of the bdbuilding at that

height.
V = total lateral design shear at the base.
¥ = the veight at the height h.

h = the height sbove the base of the building.
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For a uniform building, the local force at the top of the building
would correspond to an acceleration of €0 percent g, if the sverag: base
acceleration used in the design is 30 percent g.

From the design spectrum which has been modifisd to account for
inelastic action one can read off the acceleratioans and thersfore the seismic
~oefficlents to be applied to the total weight of the hullding to determine
ita base shear. The base shear so obtained is then used with ihe procedure
outlined in Fig. 5C-9, to determine the design shear distribution over the
height of the building. Thése are considered along with the dynamic yield
stresses of the material, in arriving at the final design magnitudes.

In using the spectrum for a multi-story building, the period of the
building, or the freocuency that corresponds to this period, for the lowest
rode 1s used. Although a more accurate analysis toking account of tlie modei
deformation of the building, in accordc::= with the methoas descrivad in
SECTION 5C.8(J), can be made, such an analysis is not wasranted ir the light
of present krowledge, for the building freme design icself. Moreovrer, it
rresents difficulties ir that such a design cannot be completed until the
parameters entering into it are known, and these are not known w:til the design
is completed. Until methods are uvallable for a more accurate study of the
energy sbsorbing mechanisms, to lead to a rational tasis for the reduction in
effect that is found in practice, a modal analysis procedure must be applied
vith some caution in order to avold excessively large magnitudes of the design
forces. Tha procedurcs deccridbed in Ref. 5C(7) may be used, but this may be unduly
involved for the problem at hand. The method recommended herein is probably
more accurate, if plastic deformation in the lower story develops, than any
other simple procedure.

From & slightly differcnt point of view the structure can ba con-
sidered as a series of masses and springs in line, with the spring flexibilities
corresponding to the lateral flexi“ility of the columns between floors, and
the masses buing tue floor messes. It can te seen that the lover coiumns, belov
the first floor, have a function corresponding to an isolating spring, and the
more rlexible they are, the better the shock lsulation. The fundamental fre-
quency of the complex structure takes account of Ly effective flexibility of
the firat floor columns and gives a besis for use of tha aimple spectrum of
Fig. 5C-6 to represent the cuwplex structural response.

‘ For a uniforu shear beem, of which the multi-story frame is an
spproximation, the first few frequenrtcs .a+ 4n the ratiomn 1:%:5:7, ete, The
ratios are slight'.y different for a *reme Lut not markedly so. The no'sl
cocfficicnts, adjusted for the participation factors for the rodns, ~~c rouzhly
Ve, l/}, 1/6 -, anl nearly zero for the jgat for wodes lu v "2.. Juw sum
is 1.0.

Hence it can be proved that the maximua relative displscemert (or
maximum scceleration) of the first floor is about the same as that in the
spect' um of Fig. 5C-6, or less, corresponding to the fundamental frequency.
It is the same if all frequencies lic aloag line A in Fig. 5C-0, it is about
2/3 Af they all lie along line B, and about 1/2 {f they all lie along line C.
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The important fact is that for the first floor we can use the response
spectrun of Fig. 5C-6 to determine an upper 1init of maximum horizontal ac-
celeration, in the elastic range.

For higher floors the acceleration and the displacement relative to
ground are higher. The precise values depend on the framing and the structural
parameters; the ratios for the top floor for a system with equal floor messes
and equal column flexibilities throughout indicate the following results as an
app - -imation:

A1l frequencies Relative displacements or acce}eraticns
intersect spectrum compared with Fig. 5C-0
on line First Floor Top story of 3 Top story of &
A 1.0 1.6 1.7
B 0.7 1.3 1.4
c 0.5 1.2 1.3

In the absence of analytical data, a linear intesrpolation for inter-
mediate stories may be used, although it is recommended thst tefore doing so
the first floor values be incressed %0 1.0 for all ranges.

For the design of the columns in the upper stories the procedure
previously described and wvhich is used for earthquake design sould be employed.
This involves the base shear determination from Fig. 5C-6 and a distridution
of lateral force cver the height of the structure correspoading to « linear
variation of acceleration, from a base value °f zaro to a top value of tvice
the average.

Calculations made for the effect of plastic action indicate the
folloving regults:

(1) Plastic behavior does not apprecisbly affect the maximus
displacements of any story rciative o ground.

(2) It vill change accelerations in tha ssme vay a8 for a single-
degree-of-freedon system. Therefore Pig. 5C-6 may be used for
design in the e¢lssto-plastic range.

The above comnents aprly hacher the plastic behavior of tha frane
is due 40 ylelding i~ the colusrs or in the girders. It eppewrs nraliradle to
cause yielding to occur in the girders rather than {n coluens. BEovever. *l.e
yield moments at the ends of the gicdery =.ut Le sufficte.t ¢4 casuse the
appropriate linit design load of the fraxe t0 be resched.

The remarks msde above also apply primarily to a structure in which
the lover Or base columns are designed to be of adbcut the same flexibility as
the columns in the first story. If the columns are hinged at the footings,
and if they are about half az long, at least, as the distances dbetwveen the
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uppcr flotrs, this condition will be satisfied. It probably will be satisfied

even if the columns are not hinged, but then higher lateral accelerations can
be transmitted to the first floor, and this may not be satisfactory.

(e) Multi-Story Buildings--Vertical Direction. In the vertical
dircction the situation is more complex. The high frequency of the building
in: the vertical direction, particularly in the vertical cscillation of the
columns, makes it possible for the forces to be transmitted almost directly
vertically throuagh the building to the beams. The beams will then oscillate
as systems having a frequency corresponding to their frequency when partly
fixed at the ends or simply supported, depending upon thei> connections, in
accordence with their own mass and that of the weight which they carry. The
design can be made then with the sam@ type of modification of the syectrum as
used for the horizontal direction, but without the provision for e distribu-
iion of shear over the beight, because at the various elevetions the responses

will be roughly the same.

Because the blast shock in the vertical direction may be greater
than in the horizontai direction, there ray be a necessity for investigating
more carefully the vertical effects on the building. However, some brief
study of this problem will indicate that ordinarily, unless the design accelera-
tions are quite large, this will be unnecessary.

For vertical loads, the ordinary design condition used will be
approximately valid at dynamic yielding for a load corresponding to

2.2(DL+LL) (sC-13)

in which .DL is the dead load magnitude measured in terms of force p=r unit of
area, end LL is the live load magnitude measured in the same way. The factor
2.2 comes from the ratio between the dynemic yield stress of approximately
44,000 psi to the design stres: of approximately 20,000 psi. For static yield
values the factor would be only 1.65. With a redistribution of moments corre-
sponCing to limit loading conditions, the factor may be increused to as much

as 2.7,
For a vertical acceleration of Ng, the design must be made for a

downward load of N times the weight, plus the weight itself, or, in effect,
a load as follows:

(N + 2){pn + 1L) (5c-14)

in vwhich FL is the "fixed" live load or the live load actually in 'xistrnrne
rather than the design live load. This mighi be taken as a sort of average
value, because the local values are not of as great importance in determining
the stresses as the average over-all value that actually is in place at the

time of the shock.

The larger of these two relationships. in Eq. (5C-13) and (5C-14),
governs the design. If the fixed live loacd, FL, 1s equal to the design live
load, LL, then in order for the dynamic effect to govern, the critical
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acceleration factor N must be greater than 1.2. But in oeheral, FL is less
than LL and N must be even larger. For FL = 0.5 L1, and LL = 2DL, which are
reasonable aversge values, then the static design corresponds to a magnitude
of 6.6 DL and the dynamic vertical design wwld correspond to (N + 1) 2 DL,
in which case, in order for the dynamic vertical design to givern, the factor
N must be greater than 2.3. In general it will be seen that only in rare
circumstances or for extremely high accelerations, will it be necessary to
take into account the vertical dynamic effect if the design is made under the
usual stutic requirements for the dead load and live load effects.

If it is necessary to force the beams to go into the plastic range
12 order to achieve a sufficien’ degree of shock isolatior for the equipment
mounted on them, It does not appear feasible by design to .imit the super-
imposed vertical accelerations to values of much less than about 2 to 3 g.
Further reductions can be achieved only by spring mounting whole floors or
by ceparate attention to the equipment. ’

Within several feet (appro.iimately 2 times the depin of the beam)
from the supports at the columns, the vertical accelieretions are not appreci-
ably attenuated by th2 elastic or plastic flexibility cf the beam.. Either
invulnerable equipment must be used neur the columns, equipment placed in
thesc reglons must be shock mounted separately, or the entire structure must
be shock mounted for vertical motion, to limit the accelerations near the

beam supports.

(£f) Shock Mounting of Entire Structure. When the entire
structure is shock mounted, in esserce the system is supported on a spring
interposed between the base and the first mass of the structure. For hori-
zontal motions, the column is already such a spring and probably no further
springing is necessary. For vertical motions there may be some reszson to
consider additional isolation. In either case, it is desirable that the
fundamental frequency of the shock mounted structure differ by at least a
factor of 1.4 or more (preferably 2), from the frequency of the structure
above the mounting, consider.d as ona fixed base. For example, a vertical fre-
quency of the entire structure of 2 or 2.5 cycles per sec. will not cause
resonance with the beams if the latter have u freguenry of 4 cps. However,
the isolation achieved may not be as great as permitting plasiic action in
the beams.

As a very rough approximation, the effects can be accounted for by
use of Fig. 5C-6, for the new fundamer -al frequency .f the suouck mounted
structure, and a multiplication factor may be used to account for the effect
on the uppermost mass. For top floor for lateral moticn 2.0, and for beams
for vertical motion, 1.5 are suggested values. Hovever, computations ure
‘desirable for these in particular cases.

(g) Response of Light Equipment Mounted on Building Frame
Members. The gituation is different for equipment than for the bullding
frame. For the building frame, we can take into account the inelastic energy
absorption. For the equipment, it may not be possible to do this. Consequently
the actual spectrum values as given in Fig. 5C-6 may have to be used for the
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design of the equipment, unless yielding shock mounte or other expedients are
used to cut down the design values. In general, for elastic shock mounts, the
influence is roughly given by a change in the frequency, and the results can
be obtaiued by a shifting to the lower corresponding frequency on the shock
gpectrum curve.

For equipment mounted on the bottom floor, if the floor 1s supported
directly on the rock, or {or eguipmeni near points of support such as columns
(for vertical mc‘.ion), the equipment will be subjected to the same Intensities
of input motion as tre base, and the response spectrum should be used directly
for the equipment. However, if the equipment is mounted on interior elements
wvhich are themselves flexible or which may beccme plastic, the response
spectrum of the equipment may be modified because the equipment base is now
subjected to a revised input motion.

Only preliminary studies are available for this problen. They
indicate that for frequencies outside~ the range .. which tae crructure or
structural element becomes plastic the part ol the s*aucture vnich acts as e
base for the equipment responds in the same manner as if the structure remained
elastic. However, this mation is now different from the original structural
base motion, and the responss gpe:truz of the equipment is thereby affected.

Some data from subtmarine shock response indicates ‘hut for equipment
mounted on bulkheads and partial bulkheads, the response spectrum may have
ordinates of the order of 1.5 to 2 times the ordinates for the parts of the
hull directly subjectad to shock motion. This comes about because of the
change in input motion.

At the present time it is not possible to develop a complets.y
rational design procedure for the equipment vithout a ccmplete analysis of
the system consisting of the structure and the equipment. It {3 :ecommended
therafore, that the folloving procedure be uged until further data dbecome
svaileble:

(1) Por equipment mounted in an elastic structure not completely
shorck mounted, design the equipment, and its individual shock
mounts if required, for the basi~ «¢hock spectrum for vertical
or borirontal motion.

(2) Por equipment mounted in a structure no’. comple+ly shock
mounted, but designed to decome plastic in such a vay that
only a reduced force cot et through the plastic slement,
the acceleration transmitted to the equipment “isuletel"™ hy
the plastic element cannot exceed that correspond/ng to e
Flestic strength of thu alexern: of the gttt e .alch
becomes plastic. In other words, the aquipment can possidly
be designed for the "design" spectrum inctead o h: rcsponse
spectrnm. BHovever, in order %0 avoid secondary effects, it
is recommended that the squipment be designed for twice the
“design” spectrum dut not for a value exceeding the response
spectrum.
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{3) For a completely shock mounted structure, further complications
arise, and additional analysis may be required. Tentatively it
is recommended that the equipment be designed for twice the
maximum acceleration which the entire structure sees, and for
the maximum v~loc 'ty and maximum displacement in the ztru-tural
response spectrum. However, if frequencies of the equipment
approach tho' : of the entire shock mounted structure resonance
may occur. rrequencies between l/ 2 and 2 times those of the
structure must be avoided, or provision mede for them by con-

& lering a resciaance phenomenon with a sustained harmonic input.
This has been discussed in SECTION 5C.8(c).

(h) Problems in determinin_'g Response of lleavy Equipment. The
procedures described above for determining the response of light equipment are
not unreasonable, altliough in some circumstances the response may be even
greater because of resonance. One should avoid particularly a frequency of
the equiyment equal to the frequency of the memher crn which it is mounted.
When the equipnent is heavy, howeves, there is a feedback m¢chanism in which
the response is less than it would be by the methcds descrived above. This
problem is under study. No definitive analytical means are yet avaiisble for
handling the probiem in a simple fashion. Cornsequently, 1. 1s recoumended
that the same procedures be used as for light equipment, sithough it is reecng-
nized that such procedures may be overcouservative., In spucial cases, an
analysis can be made of the actual system,

(1) Eguipment Vulnerability and Design Recommendations. .The
determination of the vulnerability of equipment to shock is a very difficult
problem. It is not sufficient to state an accelerution limit, as the frequency
correspciling to this limit is also a factor. In general a vulnera™ility
spectrum can be drawn. as a function of some measure of frequency of the input
motion. This will have peaks at the natural frequencies of the piece of
equipment. If these are close together, possibly a uniform scceleration
vulnersbility may be postulated, although this probably dropa down for low
frequency inputs.

In sny event, the vulnerability we arc concerned vith is that due
essentially to s single pulse for low frequency inputs, or to several pulses
for high frequency inputs, dut certainly not ths® due to a steady state
oscillatory input. In any case, it appears that we need not be generally con-
cerned vith inputs having a frequency higher than ebout 15 to 20 cpe for
vertical motion, except uear the columns, and about © c¢ps, vven for the highest
mode of lateral motion, for horizontal motion. The foraer frequency can be
reduced if the beams are reduceu in sc¢:tion near thefl ende, o= supycrted on
the longitudinal girders.

If the structural design uoes not achieve the Mccssary degree of
attenuation cf acceleratlon, then the equipment may ve shock mdunted, or the
design modified. It :: urually chesper and simpler to shock mcunt the equip-
mcnt except in very .pecisl cases. It appears entirely lessidle to limit the
shock accsleraticns experienced by equipment to about 2.5 g for vertical
motion, wad possibly about 1.5 g for horizontal motion, by appropriate nessures

5C-17




in the structural design. Any further reductions can be achieved only by
unusual methods, and require more detalled study and analysis. It is recom-
mended that Turther reductions, if nzeded, be obtained by individually shock
mounting vulneravle pieces of equipment. IL 1is not clear at this time vhether
any plece of equipment i1s in fact sensitive to less than 1.5 g for the actual
type of motion to which it will be su* ;ected. It is possible that higher
frequency steady sinusoidel motions may cause damage to equipment at lower
accelerations, but this 1s not pertinent to the problem,

In order tu reduce somevhat the accelerations near the columns,
ralatively thin energy absorbing pads may be used. These will not achieve a
major shock isolation effect, but they will be of help in keeping high fre-
quencies from being transmitted through the columns.

(3) Outline of General Theoretical Approach for Multi-Degree-
of-Freedom Linear Systems. In general, the analysis for a multi-degree-of-
freedom system subjected to blast <hock can be mage analytice'ly with a
procedure vhich involves a number of sieps as follows.

(1) For ihe complex system, find the modes and frequencies. For
each mode find the slress at the point considered or the quan-
tity at the point which 1s desired.

(2) If the system is one which is subjected only to base motion,
find the excitation coefficient for each mode. This is defined
as the expansion of a unit deflection of all the masses, in
the direction of the base motion, into a series of moudal de-
Flection shapes. The excitaiion coefficient is the coefficiert
of the particular modal shape in this expansion. For other
kinds of input motion, the excitation coefficients have to be
defined in a different fashion. This is not discussed here.

(3) Now determine *he response spectrum for the gquantity desired
for a single-degree-of-freedom system.

(k) The modal response is then determined as the product of the
stress or particular response In each mode, times the excita-
tion coefficient for that mode, time¢s the response spectrum
value for the frequency of the mode.

(5) The maximum response of the system for the particular response
quantity that 1s A2siced is less than the sum of the mcdal
maxima.

(6) For a system with several dcgrees of frardes, W-e actual
maximum response will not ordinarily exceed greatly the square
root of the sums of the squares of the modal responses. Even
in a two-degree-of-freedom system the excess will be less than
thirty percent. Consequently, the root mean square value cen
be used as a design basis rather than the sum of the modal
maxima, particularly where the number of modes is three or
greater.
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TALE 5C-1

DESIGN SHOCK SPECTRUM BOUNDS

Velocity Bound

' v
Displacement Acceleration
Bound / D A Bound

Type of Input — Simple Pulge Complex Oscillatory Pulse
Anount of Demping — low higa low high
D/a 1 1 2t 1
v/v 1.7 1.5 3 t0 5 1.5
Na 1to2 1 340 5 2

Note: d, v, and a are the displacement, velocity, and acceleration,
respectively, computed for free-field conditions.
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AFPENDIX 5D. DESIGN ANALYSES FOR SPECIAL CASES

5D.1 GENERAL PROCEDURES FOR DYNAMGC ANALYSIS

The procedure for dynamic analysis described herein is a simplified
and rapid procedure for determinirg the relationships between the peek dynamic
force apprlied to a structurc or structurul element, the resistance of the
element, the effective duration of the force, the period of vibration of the
element, and the ratio of the maximum deflection of the element to the yileld
deflection. It is believed that the procedure descritied herein, although it
may involve inaccuracies of the order of 20 to 25 percent in some cases, ie
sufficiently accurate for all practical purposes because the parsmeters
entering into the problem are not accurately determinable. Even a much more
exact snalysis by procedures vhich involve p~ analiytical insccuracy could aot
ordinarily reduce the uncertainty beicy e vslue perhaps tven grester than
25 percent because of the lack of definite knowledge in advance concerning the
blast pressure for a given distance from a given energy of explosive, the
duration of the blast vave, the structural psrameters, aud “»ecause of the
general complexity of the problea.

For unusual cases, ac analysis may be made using numericsl methods
edopting the procedures described in Refs. 5D-1 and 5D-2. These methods are
generally tedious snd time-consuming.

The method of analysis described herein requires a description -~f
the loading-time curve on the structure, a knovledge of the structural
resistance, the shape of the resistance-daflection curve for the structure
and especially a characterization of it by a ductility parsme‘ar giving the
permissible maximum deflection in relationship to the yleld-point deflection
of the structure, end a measure of the period of vidbration in the “elastic
renge” of the structure. [hese individual items are descrided in the fol-
loving parsgraphs ard finally the general dynamical relationships dbetween
these quautities are given and a chart is presented by which one can make
ranid determinations of the pesk losding required to produce a given dynaaic
deflection.

The acthods descrided have been presented in previous publications,
Refs. 5D-1 and 5D~3. They are summariszed here fus convenience, wvith some
elaboraticn of the more complex per*s of the procedurs. Other general
nethods are described in Refs. 5D-&, 5D-5, and 5D-8.

5D.2 LOADIMNG

leedings 03 edoveground exd bdelovground structures differ very
markedly in charscter. On an adoveground wall aaking sn angle of 40 degrees
or less vith the shock front of the dlast wvave, the peak force acting on
the structure is equal to the reflected overpressure which is somathing
between 2 and 8 times the pesk 8ide<0. Overpressure. The relation detween
these two 1is givea by the folloving equation.
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Pr €Pso

Peo ° TP + Pyo (50-1)

In this equation P, is the peak reflected overpressure,
Peo is tbhe peak side-on overpressure,

Po is the ambient atmospheric pressure.

The reflected overpressure decays rapidly to a value corresponding to the
side-on overpressure plus some proportion of the so-callsd drag pressurs or
dynamic pressure, in a time called the “clearing® time. A discussion of drag
or dynamic pressures is presented in connection vith BqQ. (5D-5). The clearing
time 1is a function of the distance from the stagnation poiat to the nearest
edge. The stagnation point generelly is that yoint furthest from all edges
of the surface under consideration. In terms of this shorte:t distance, 8,
the clearing time t  is given by the relation:

t, = 38/U (50-2)

vhere U = velocity of shock frout. After the cfaring time the pressure decays
vith the decay in side-on overpressure and dynamic pressure to sero in an
effective duration t,. The effective duration of the sids-on pressure is less
than the positive phase length of the blast overpressurs but the exact valus
does not matter greatly except in unusual cases. For overpressures below
about 30 psi tbe durstion may be taken az thrse-quarters the positive phase
length. The effective Curetion of the drag pressure is rougbly bal! as long
(8ee Bq. (5D-6)]. Por higher overpressures ty my be considered Lo be given
by the folloving equation for the duration of an equivaleat triangular impulse:

0.6 /3
= 0.00 sac. (2R (o) (50-3)

*y

vhare W equals yleld of bomb in megatons.

The net force on the front wall of tle structure is given in
Fig. 5D-1. It csn be approximated by three triangul‘.r press-rve-time curves.
The small upper part can sometimes be considereed as a separate impulss added
to & longsr durwtion trisagle. Thic 1. true if the clearing tiwe is
relatively short in comparison vith the periocd of vibraticn of the o' ment.
Methods are given in this appendix for desl!ng vith the mare grnerel case
where the clearing time {s oot ehort in coeparisop vith the po..ed of the
structure.

The net translatienal force on the structure is more complex. One
sust consider & loading on the rear of the structure which atarts at a time
sorresponding to the travel tims over the length of the structure, and which
increases in a time intarval of 58/U to & magnituie equal to the side-on
overpressure minus the dreg cosfficicnt va the rear faoce times the dymamic
presawxe. A diagrem of these pressures 18 showvn {a Fig. 5D-2. The differece
between the pressure curves farwvard in Fig. 5D-1 and resrvard ia Fig. 5D-2
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gives the net translational force on the structure. In many caces this can
be approximated by a single triangle having a peak magnitude equal to itie
reflected pressure on the froni face and a duration given by Eq. (5D-4):

L+3S
1" T 387k, (5D-4)

In this equation L is the length of the building, and if L .: less than S the
numerator iz to Le taken as 45. If L 1s greater than 3S the numerator is to
be taken as 6S. In the denominator, if the second term, Bs/td, is greater
than U/3, the denominator is to be taken es 4U/3.

The roof slab may be considered to be exposed .o the side-on over-
pressure only; or if desired a rise time for effective loading may be
considered.

For an open structure witn oniy beems, columns, trusses, or other
members vith only amall arees opposing the blust, eech of the members receives
a emall impul “ive loading as the blast engulfs it and each member is then
exposed to dreg from the wind accompanying the blast., Decause the blast i
transmitted through the tuilding in a “inite time, the unet translational force
increases until all or nearly all tae dbuilding is enguli:d. Bowever, the
‘mpulse from the diffrsction around each member produces a spike on the aet
force diagrem as the blast reaches that particular member, of a type simller
to the force diagram on a rectangular ouilding described above. Unless the
building is extremely brittle and fajls vithout plastic deformation, it s
ressongb.!; accurate to consider that the bduilding is subjected only to drag,
neglecting the individual impulse spikes, apd to asswe .het the . hole build-
ing ir ergulfed at one time and is subjected to a trangular foice varying fiom
a paximm equal to the drag coefficient for the items in thc tuilding times
the dynamic pressure, a:.ing on the net drag area, and varying % 2ero in a
Lime equal to the effecti's duration of the drag force. ‘e latter is approxi-
mately opc -half the sffective duration of the side-on overpressure.

The peak drag or dynamic presaure may be computed dy the following
equation:

2.5p,2

. ( .
p, » TR 5D-5)
4 7P° * Pgq
bBowever, iu vawes 01 high therual effect on the ground surface Uic Jrag
precoure nay actually %2 3 or 4 Lise: as great as s ghmu t . Wl Lelation.

The dreg cocfficients to be used should take into sccount the
shielding of eiements by others placed a short distance avay. However, if
the distance between parallel elements is sore than ten times theil: wvidth
the shield‘ng is negligidle. Recommended values of drag coefficients to de
used are sbout 2 for structural shapes, gtout 1.5 for box-sheped elements
of for flat plates, and about 0.8 for short cylinders, decreasing to 0.} for
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long cylinders. However, for high velocities or for overpressures greater
than 60 psi the drag coefficients for all sections probshly should te taken
a8 1.5.

The effective duratlorn of the drag pressure is given by the follow-
ing equation:

1.1 1/3
bty = 0.18 sec. (LO_?J__.EB_'-L) ( LI (sp-6)

P 1M

For undergro 'd structures data indicate that probably no significant
reflections occur when the pressure wave in the soil engulfs the structure.
However, tle pressure loading on the structure differs frum the free-field
stresses because of arching effects. The design loads ror this class of
structures may be determined in a~cordanze with the procedures given in
SECTION 5.3 concerning loadings on tuunel type strucrures.

In general, the loacing is then described as a pressure-time disgrem
vhere the peak force on the structure is defined, and the variation of force
vith time assuues a shape which can usually be approximated ty several stralight
lines forming a polygon ususally concave upward, as in Fig. “D-1. In most cases,
only two straight-line parts are necessary, with the provision that it is
desirable to maintain the actual value of the tctal peak overpressure and tae
arsa under the curve should be preserved roughly to the point where the first
triengle ends, and the second triangle should include all of the remainder of
the impulsive force transmitted.

$D.3 STRUCTURAL RESISTANCE

The relation between load and defo.mation or between resistance and
deflection of a structure or structural element may take any of a number of
forms. It is convenient to define the structural resistance R in the same
terms and in the same units as the external loading p. Then the relation
between R and the deflection x may be taken as .1 Fig. 5D-3 wvhere there is an
initisl elastic part and an inelastic part with rougily a uniform resistance
ufter yielding. The cuxve shown can usually be e proximated by an elasto-
Plastic curve consisting of an initial straight line .ot nece.sarily the same
as the actual initial straight-line part, and a horizontal second part vwhich
preserves the total arca under tk: given curve and also the area at or near
the yield value for the approximating curve. The elasto-pleetic cwrie 13
characterized by th ‘ee parametersa; namely, thz yield resistarce ,, tre ylell
displacement x,, and the maximum displacemenc xp vhich ‘. ¢quas %0 the quantity
n:y, wvhcre B 18 the ductility factor for the structure. It shouw.d be noted
that the yield deflection 41s not the actual value at which ylelding begins,
but a sort of effective or equivalent value, if the true loal deflection
relationship is not an elasto-plastic cne.

Values of yield resistances for various structural types are sum-
nerized in APPERDIX 5B.
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5D.4 STRUCTURAL DUCTILITY

The ductility factor for various structures ranges from slightly
greater than one for brittle structures to values of the order of 20 to 30 for
very ductile structures. In some cases it can be even higher. However, unless
the load duration 1s extremely short, as it would be in the case of high ex-
Plosive bombs, it makes very little differeunce what the ductility factor is so
long as it is greater ihan something in the rsnge of about 3 to 5. In any case,
if one car make an estimate of the ductility which one wishes to mobilize, he
can use the actual figures in the relationships in the charts given in this

gection.

It is recommended that a value of iU = 1.3 be teken for relatively
brittle structures because there is practically no structure which does not
have some inelzstic deformation even up to the point of so-called ylelding.
For moderately brittle structwes K can be iuaken in the range from about 2
to 3, for the majority of ductile structures sbout 4 to &, and for quite
ductile structures 4 can be taken in the range from 10 to 20. In general for
reinforced concrete structures or for steel structures, the ductility factor
for members in bending is less for deep members than for shallow members, and
in reinforced concrete in particular it is less for heavily reinforced memdbers
than for lightly reinforced members. The ductility factor for compression
members should be taken in the brittle range, namely about l.3.

5D.5 PERIOD OF VIBRATION

We are concerned with the vibration of a structure in ¢ mode most
nearly like that vhich corresponds to the shape in vhich it fails. For uniform
loading correspcnding to blast loading this is generally about the same as the
fundamental mode of vibration of a complex structure. In those instances vhere
it is not, one can make en estimate of the period of vibration in the mode
corresronding to the configuration as it approachkes failure,; by using methods

similar to Rayleigh's method.

A simple procedure which one can adopt to determine the first mode
is to assume the deflected shape of the structure as it looks when approaching
failure, take inertia forces proportional to the riasses at the various points
of deflection of the structure multiplied by the 3quare of the circular fre-
quency of vibration and by the deflection in° the assumed mode shape, and apply
these inertia forces to the stru~tire assuming it to have no mass. The de-
flection of the structure is then computed, and the deflacted share will in
general be different from the shape asswmed. The value of the circular
frequency which makes the assumed shape most neerly ecu=«l i. e derived shape
is that vhich should be used in computing the naturel period of vibration.

One cbtains from this procedure the square of the circular frequency, from
vhich the circular frequency can he derived, and the period is obtained from

the circular frequency w by the relationship
T = 2n/w (50-7)
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~in vhich T is the period of vidration. The same procedure may be used to
fine the rext higher modes, if the earlier mode components are subtracted
out. A more general approach for multi-degrev-of-freedom systems is given

in SECTION 5C.8(J).

In general the calculation for the natural period will correspond to
the initial straight-line part of the actual load deflection curve for the
structure. In order to be accurate we should use the period corresponding to
the stiffness of the equivalent elasto-plastic structure as defined by the
approximating initial straight-line part in Fig. 5D-3. The effective period
to e used in further calculations is obtained from the period for the initial
elastic stage by dividing the latter by the square root of the ratio of the
slope of the equivalent elastic resistance to the slope of the initial elastic
resistance. In other words, the equivalent elastic resistance has a slope
vhich is smaller than that for the initial elastic resistance, or the structure
has a smaller effective modulus thzn in the initial elastic ~tate. When we
divide the initial elastic period by the square root of a retio less than one
we obtain a larger number which indicates that the effective period for the
effective elasto-plastic resistance curve is longer than the period correspond-

ing to the initial slope of the resistance curve.

Estimates of the equivalent period of vibration tor a number of
different types of structures are given in AFPENDIX 5B eas a function of the

dimensions and masses of the structural elements.

5D.6 GENERAL DYNAMIC RELATIORS

With the simplifications outlined in the preceding sections, the
structure is essentially reduced to an eguivalen: simple one-degree-of-freedom
system. Solutions for such systems have been pbtainel for a number of types
of loading for various kinde of resistanze curves. A nimple chart vhich gives
the reiationships among the various parameters is showvn in Fig. 5D-5. This
gives the relations among the following four guantities:

::,,,/:éZ or ductility factor, vhich is ~:iwn on the scale on the left-
hand side of the figure.

t3/T or the ratio of the duration of a tri.ngnlar 1oed pulse to the
effective period of the structure, shown as the abscissa.

pm/ciK equals the ratin of the peak dynamic force appiied tu the

_structure to the effective yield point resistance of the struci-'re or siruc-
tural element. Lines of equal values for tuis ratio «r: siown by the lines
vhich slope generally diagonally up and to the right of the figure.

ta/T or the ratio of the time at vhich maximum deflection is reached
to the natural effective period of vibration. These are shown by the dotted
lines sloping generally down and to the right on the figure.

~ In general, for design purposes the value of the ductility factor
and the relative duration can be estimated, and the value of the ratio of tue
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peak dynamic force to the yield point resistance is determined from the chart.
Then if the peak dynamic force is given, the yield-point resistance can be
determined or if the yield-point resistance is given the peak dynamic force
can be determined. In either case, the duration or the period of vibration
may not be known until the other quantities are determined, but by a recelcu-
lation and a re-use of the chart, one can finally come up with the necessary
result. . . .

It may be of interest to determine the time at which yielding begins.
This is given by ’

t/reove /e (50-8)

In this equation t_ is the time at which ylelding starts. Equation (5D-8) is
valid if the effec¥ive duration of the aprli=d prrssure is greater than -*.y.

For more complex loading curves, it is still pcssible to use the
chart in Fig. 5D-5 with a reasonably accurate degree of approximation by the

folloving procedure.

let us assume ve have a loading curve of the form given in Fig. 5D-4
vhere, for convenience, only three separate triangular clements are considered
in the loading curve. More or fewer can be treated in exactly the same way.
For each elementary triangle we have a partial loading p,, Pp, Or Px. We can
designate the general expression as p,. For each tri e we also e the

duration, with a corresponding subscript, t,, t,, or t3 , or for the general
case t,. It is assumed that the value of t%e effective peviod of vibration of

the structure, T, and the ductility factor, M, are known. It %s required to
determine the required yield resistance Qe We proceed as fcllows:

For any component of loading, heving a duration t,, uee the chart
to determine for the givea period of vibration ard the ductility factor
desired the ratio of p, to g{. Let this quantity be denoted by the symbol F.
For the loading diagram in Fig. 5D-k, we will have determined values of Ik,
Fp, and F;. These will be determined for the same ductility factor and same
period of vibration, of course. We now apply the general approximate

relationship: /
D
z -;—51 =1 (50-9)
n

-~

In the case of three component loudings tinls reduces o

R, T =1

If we multiply both sides of the latter equation by qy we obtain the result:

P p) P ’
qy'ii'*iﬁ*ii (50-10)
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In the general cas¢ n given by
~(p,/2,) (50-11)

As an {llustration of the procedure let us consider a situation vhere
ve have a loading diagram in which we have only two components, vhere p; is
80 psi and p, 1s 20 psi. Let us take t) as 0:10 sec. and t, as 1.00 sec., and
the period o? vibration T as 0.20 sec. Let us assume & duc%ility factor of 3.
Then since the first durstion is only half the period of vidration, we find
from the chart in Fig. 5D-5 a value of F, of 1.75; and for F, a value of 0.90,
since the ratio of this duration to the pPeriod of vibration is 5.0. Then by
use of Eq. (5D-11) we find the following result: f '

qy.i?%-q-o—.%- 25.8 + 22.2 » 68 st

The required yield-point resistance is 68 psi. It wilil be noiled that if the
entire iritial overpreasure of 100 psi had been applied over a period of time
of 0.10 sec., the yield-point resistance needed would have dbeen 57 psi instead
of 68 psi. On the other hand, if the entire 100 psi had an effective duration
of 1 sec., the yield-point resistance needed would have been 111 psi. This is
considerably greater than the value of 68 psi required for the actual loading.

If we had been designing the structure, unless we were able to make
a fairly good guess initially, we would have had to recompute the period of
vibration corresponding to the new design value of the yield point. We would
then repeat the calculations until we find something that checks our as.suned

period of vibration.

5D.7 REBOUND

Vhen any structure is loaded, and it reaches a maximm deflection, it
has energy sitored in it and tends to deflect backward, or in the opposite
direction. This tendency exists even in the case when there is still some
forward loading action on the structure at the time it reaches its maximm
deflection. In general, the rebound is elastic although in the case of a re-
inforced concrete structure, if the rebound is very lar ;e and s—fficient rebound
steel 1s not provided, there may be an inelastic part of the rebound curve. It
ie conservative to design on the besis 57 aa elastic rebound situestion. If this
is done, one can determine the required rebound resistance, in terme of the
design yield-point resistance for the forward direction. A chart civing the
ratio of the rebcund resistance r, in relaticnship to the ri2ld .usistance qy,
is given in Pig. SD-6. It should be noted that for short duration loadings
relative to the period of vibration of the structure, the ratio of rebound
resistance to yield resistance is -1.0 vhich means that there is & full 100 per~
cent rebound. For long duration loadings; the ratio drops.

Consider for example the situation vwhere the ratio of loading to

period is 5.0 and the ductility fector is 3.0. From the curve, by interpolating
between the lines, one finds a required rebound resistance of -0.35 times the
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yield resistance. This means that in this case a rebound reaction of 35 percent
of the yleld value is necessary and reinforcement in a conciete member of the
order of 35 percent of the positive reinforcement would be required for rebound.

_ The rebound values given in the chart in Fig. 5D-6 may be somewhat
conservative because of the neglect of loss of energy due to damping and also
because of the fact that the curves are computed for the maximum rebound re-
action assuming the most unfavorable duration in those instances where a slight
variation in duration would make a difference in the required rebound force.
The assumption of no damping is perhaps the most serious one. The maximum
rebound occurs very late in the loading curve or after the loading has been
applied, in the free vibration period following it. Consequently, there may be
many oscillations with consequent logs in vibratory energy, before the maximum
rebound is developed. BHowever, in the absence of more definitive information,
it is recommended that provision be made for the rebound forces shown in
Fig. 5D-6. Of course, the dead lcad and superimposed masses acting on & struc-
ture can reduce the required repvund resistance since thess forces may act only
in the forward direction. Rebound resistance must be provided in the meaber
itself as well as in hold-down lugs or other appurtenances at the reactions.
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APPERDIX SE. SHIELDING CRITERIA FOR GAMMA RADIATION FROM FALLOUT

SE.1 INTRCDUCTION

Although the rrimary emphasis in this Review Cuide has been given to the
resistance of the immediate effects of blast and radiation, there is nevertheless
a very real hazard to personnel from the gamma radiation caused by fallout.
Fallout can occur over wide areas and can last for several days. A locality
vwhich escapes the immediate effects of blast and radiation may yet recelv: a
d:thal rain of fallout particles. It is conceivable, therefore, that in the
przparation or reviev of Protective Construction planning one may wish to
evaluate a structure in its effectiveness for fallout shielding.

Several procedures ior sbeltesr evaluwlion arc ave lable: CBR EM-ill0;
TP-PL-8; and the one discussed herein, takea from Ref. 17, ukich vill be
referred to as the OCIM Manual. The OCDM Manucl is selected for discusa‘on
because it is the recent revision of the material presented in the original
Protective Construction Reviewv Guide; and because it is a relatively simple bul
still sound approach.

1he resder may prefer one of the other manuals from experience, or he
may vish to compare results from more than one. There are significant dif-
fereacer among these sources concerning the energy of fallout and corresponding
shielding effectiveness of various construction materials. No attempt is nade
herein to resolve these differences nor to judge the re ative accuracy or cor-
rectness of' any given procedure. In viev of the major varisbles imolved in
the assumed fission ylelds, ground zero, and vind and time facto:s in a fallouvt
shulter analyeéis, and considering the fact that a change in sueltering tech-
niques equivalent to only two inches of coacrete chenges the attenuation Yy &
factor of approximately two, the quantitative c¢ifferences in the results of the
various methcde liated sbove are not considered critical for tue purpuses of
this document.

SB.2 COMNSIIRRATION OF PALLOUT

Prom SECTION 2 one can predict the total ‘allout [ .zma dosage to be
expected for a situation vith a specific set of veapon and structure paremetars.
From SECTION & the dosage toler~nte. 10: pers-ancl ran be detc:mined. Comparison
of the expucted dosage and the maximun dossge which can be ‘aleraiwu gives a
ssasure of the sheltering or shielding required.

In the case of completely buried, underground fucilities it 14 usually
sufficlent to use a curve such as Pig. 5-9, wbich gives shielding properties of
various materials to residual gemma rediation. This curve vill enable one to
determine the necessary thicknees of materiai to achieve the desired attenuation,
>r conversely to find the attenuation which will be provided by a given physical
barrier.



In the case of structures vhich are partly or completely aboveground,
or in the case of exposed entranceways and apertures counected with buried
structures, the procedures for shelter evaluation are uswful.

58.3 OCDM MANUAL PROCEDURE

The procedure given in the CCDH Macual is suited for evaluating
existing or proposed structures of more or less conventicnal type. The pro-
cedure calculates and compounds reduction factors which are a measure of the
ratio of the rediation at a shielded detector to that of the -mshielded con-
taminated plane. Taking into account the effects of barriers and geometry,
‘he procedure leads to an over-all reduction factor applicable to a given
location in the interior of the structure.

A number of asswptions are made. The fellout ia ussused to be uni-
formly diatriduted over exposed surfaces accusding to their hori:iontal pro-
Jections. No fallout is assumed to remain on vertical surfacec. The energy
spectrnm ¢f the gamma radiation is tuken as that from fission products at one
hour folloving the wespon burst. The sttenuation produced by & given barrier
is assumad to be a function only of its mass thickness. For gound floor arean
the detector position is assumed to be three feet above ground level at the
geometric center of the structure. For basement areas the detector position
is assumed to ba five feet helov the level of the ground floor at tha geo-
petrical center of the atructure. The radiations reaching the detector are
grouped into that caused by fallout on \he roof (Roof Contribution) and that
caused by fallout on *he ground sur’ace (Ground Contribution). Correction
factors are provided (o correct for several effects iu a qualitative way.

Because of space limitations the OCIM procedure will be presented
vithout detailed explanation of ell features and retiinements. Yor more thorcugh
information the reader !s referr~d to the OCDM Manual itself.

SKk.& PRRSENTATION OF CEARTS AND TABLES
T™e folloving tables sud chwrts Are taken foes the OCDM Manual.

SE.b.3 Mups Tojckoess. Tuble 5K.1 gives the 1ass tbi~knesses of
~nemon constructiun matarials ia pounds per square foot of surfece area for
given thicknesses. It has beca asa'wed 2lLat the wveights given for various
types of floor, roo?, and wvali construciisi in standaxrd enginecricy; tahlecs are
equivalent to the mass thickness of the coustruction.

58.4.2 Charts. FiguresyB-1 through SE-6 enabie one to calcuiate
reduction factors for most situations. Pigure 5B-1 givea the darrier rhielding
effects ws shown. Pigure SR-2 gives the reductiocn factors for combined shield-
ing effe 0 be applied to the roof contribuiion. Pigures 5E-3 and 5B-M give
the abov und detectors and bdelovground detectors the reduction factors for
combined shielding effects *» de wpplied to the ground contributiou. Figure 58-%

“.rects for beight of detactor wnd gives currections o epply to the ground
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contribution reduction factor. These corrections permit evaluation of the
upper stories of buildings, the correction factor being appiied to the value
obtaired for ground level. Figure SK-6 gives reduction factors for apertures
in the wall at the ground level. The use of these charts is facilitated by the
tabular forms which are given in Para. 5E.5.

5E.4.3 Correction Pactors. Table 5E-2, which is from the OCDM
Manual, gives correction factors for the mutual shielding effects of adjecent
structures. Two other tables of corrections appearing in the OCDM Manuel,
those for Apertures in Upper Stories and those for Skyshine Effects on Ground
Sontridution, are not included here since they are not used in the condensed

analysis.

5B.5 TABULAR FORMS FOR EVALUATING SHELIERS

The tabular forms to follow muc for a condensed salelding analyeris.
They are adapted from the OCDM Manual. If the luterior walls are heavy, i.e.,
of the order ot 60 psf., it is desirable to use the mcre complete tadular
analysis form appearing in the OCIM Manual.

a) Condensed Shielding Analysis for Aboveground Areas
1) Roof Area, AL« ¢ v o v v n et e e

2) Dletance, Nocf to Desccisr, 2. 0 v 0 o o .
3) Total Overhead Mass Tuickness, X . . . . .
4) W¥all Mass Thickness, X . . « . « ¢ o o

5) S Apertures . . . . .« ¢ .t e a0 e e oo

6) Roof Contriduticn: 1), 2), ard 3)
'x‘c58‘2¢1-~--o----..cc‘-

7) 1) end k), Plg. SB-3 . . . o v 0 a0
8) 1) sk Opsf, Pig. SB-3 . « ¢ + ¢ « ¢ « &
9) 7)x (100F - $ Apertures) . . o . o0 oo 0 __ .
i) B)xS) . .o v e

1) 9) 210) 4 i it e et e e e e e e
12) Grownd Contritution, 11) x Table 58-2 . . .
13) Reduction Factor, 6) + 2&). ¢« o o o « o o o

1h) Protection Fector, reciprocal of 13). . . .

5E-3




b) Condensed Shielding Analvsis for Belowground Aress

1) through 5) same as for sboveground aress. . .
6) Ceiling Mass Thickness, I
7) Basement Wall Mass Thickness, A
B) S EXPOBUI®: « « ¢ « o o s o o 0 0 0 0 0 o o

9) Roof Contribution, 1), 2) and 3) and
ris.s”z...l.l'.’......l.

10) b) x (1006 - % Apertures) « o ¢ o o o o . .
11) 1) and 1C) and Pig. 5&-% o ¢ o o o o o o o
12) 6), Cass 3, Fig. 5B= ¢ « ¢ ¢ o o o o o 4 o
13) 21) X 12) . o o o 0 v o s 0 0 s 6 s b b 0 e
1) 1) and 7) and Fig. 5B=3 ¢ « o o o o 6 o o o
15) 1) x8) . v vt v s e e 00000 0o
16) 13) 4 15) ¢ ¢ ¢ o et v 0 e 0 e b e 0w e
17) Ground Contribution, 16) x Table 5B-2 . . .
18) Reduction Factor, 9) + 17)e ¢ « ¢ ¢ o o s o

19) Protection Fact.r, reciprocal of 18). . . .

534




TABLE SE-1

MASS THICKNESSES
Iten, Nominal Thickness Mass Thickness
or Width of Unit Pounds Per Square Foot
Asbestos Board 3/16" 2
Asbestos, Corrugated ——- 4
Asbestos Shingles ~ 5/32" 2
Asphalt Roofing (3 ply) - | 1
Asphalt Roofing (4 ply £ gravel) .- 6
Asphalt Roofing (5 ply £ gravel) --- T
Asphalt Shingles a-- 2
Clay Brick per inch 8-10
Cley Tile Shingles | | me- 10-20
Clay Tile, Structural g" k2
Ciay Tile, Structural 12" 58
Clay Tile, Partition L 18
Clay Tile, Partition 6" 28
Clay Tile, Partition 8" 4"
Clay Tile, Partition 10" 4o
Clay Tile, Facing ' 2" 15
Clay Tile, Facing 4" 25
Clay Tile, Facing 6" 38
Concrete
Light Weight per inch 6-8
Haydite per inch 8
Cinder per inch 9
Slag per irch 10-11
Stone or Grevel
(Standard Weight) per inch iz-12 1/2
Reinforced per inch 12 1/2
Concrete Hollow Block,
Stone or Gravel
(8tandard Weight) - 4" 30
6" he
8" 55
12* 8s

53-5
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Item

Concrete Holiow BRlock,
Cinder

Concrete Hollow Block,
Lightveight

Piber Board or Sheathing

Glass
Gypsum Block
Gypsut Block

Bypsum Board or Sheathing
Plaster Applied Directly

. or on lath
Plaster, Solid
Plywood Sheathing
8late

8o1l, Clay

8011, loam

So01l, Sand and Gravel
Steel

Steel, Corrugated Sheet
Steel Panels

Bwae Masonry
Btucco

Terrs Cotta

Wood Sheathing

Wood Shingles

Wood 81d1ing

NHominal Thickness

or Width of Unit

ll'
6'
Bl
12"

<

5"
6'
8.
12"
1/2"
1/4"

4"
4"

1/2 - 3/%"
per inch
3/8"
3/16"
per inch
per inch
per inch
per inch
20 Ga
18 Ga
var inch
3/

ll

per inch

58-6

Mass Thickness
Pounds Per 8S8quare Foot

22
30
39
61

e ® 8

25

3 1/2
8-10
1012

5<6
8-10

6-8
T-9
8-10
%y

1u-1k
6-9

; 1/e
2 1/
1-2 1/2




TABLE S5E-2

MUTUAL SHIEILDING CORFECTION TO GROUND CORTRIBUTION

Intervening Dict.

to Adjacent Structure Correction Factor

0 feet . 0.00

10 0.08

20 0.10

50 - 0.20

100 0.50

200 C.i0

500 0.80

1000 0.9
Infinite 1.00

Note:

In the case of urban buildings (those in ureas of predominantly
multistory commercial buildings) the correction factors tabulated above
should be adjusted as follows:

Streets on all BideB.cesessss. AbOVe values x 1.00
Streets on 3 gideBecscsscocees ADOVE values x 0075
Street: on 2 8ideBSccceccscecs. AbOve valves x 0.50

Streets on ). g8ide..cccecceccceso AbOVe values x 0.25
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SECTION 6. ILLUSTRATIVE EXAMPLE

6.1 PRESENTATION

This manual is intended primarily as & guide for reviewers of
existing or planned hardened construction. In scme instances the reviev pro-
cess will include (a) determination of levels of resistance (to blast and
other effects) inherent in the construction, (b) determination of vulnera-
»ility radii corresponding to resistance levels and to weapon sizes of
interest, (c) determination of survival probabilities corresponding to the
vulnerability radil and assumed C.E.P. values, (d) determination of costs of
construction, (e) judgment of the design from the standpoints of all pertinent
Tactors.

At certain stages of the review process it may be more convenient
for the reviewer to undertake an independent determination of requirements
(functional or physical) and to compare these with the corresponding features
of the installation under review. In such ilastances the reviewver is perform-
ing limited, or preliminary design. This manual ig applicable to such
preliminary design as well as to the reverse process of analysis.

In this section rortions of the review process, includaing certain
axamples of preliminary deslign, are-1llustrated.

6.2 ASSUMED SITUATION

The design of a long-range missiie installation consisting of
several interdependent structures of essentially equal importance is to be
reviewed. In the discussior~ and analyses that follow attention will be given,
primarily, to the control center for this installation. It wiil be assumed
that the control center is located at a considerable distance from other
elements and that attacks on these elements will have a negligible effect on
the control center survival probability. This simplifying assumption might
not be Justified in a real case.

The proposed location is one Tor which no "Blast e:4 Fallout
Probability"” charts zxist. The best available estimate of probable attack
indicates three missiles directed at tie control center. The varhead is
estimated to be 8 MT and the CEP is cstimated to be 2 nautical miles. (It is
emphasized that these conditions of attack are teken ror examp)= purroses
only; they may not represent probable conditions in ary r-al . Ltuation.) Ko
estimate is available as to the effectiveness of active defenses in the area.

6.3 FPROCEDURE

6.3.1 Strategic Category Seterminaticn., From SECTION 1, Table 1-1,
it 1s determined that the proposed insta.lation will be in Strategic Category A.
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6.3.2 Tarpget Analysis. For the determined Strategic Category what
are the desired survival probabilities? For the assumed attack conditions
vhat resistance (to blact, nuclear radiation, and thermal radiation) nust be
provided in order to achieve the desired survival probabilities?

From Para. 2.%.1 of SECTION 2 it 1s determined that the cGesired
survival probabiliiy consistent with Strategic Category A is in the range
80 - 95 percent. In accordance with the recommendsiion of Para. 2.%.2b(5) of
SECTION 2 the enemy's protability of reachiné the target area will be aseumed
to be 50 percent; i.e., 2z = 0.5C. Oince thc dcsired survival probability
range is difficult to achieve--particularly for the acsumed multiple-shot
conditions--required resistances will be determined for the lower end of the
range only. Corresponding to a mulziple-shot probability of 80 percent, the

required single shot probability is given by:
n

5
lsz = Vns = ,IOwHCl = 0.953

The required built-in survival probability (i.e., corresponding to Z = 1.00)
i1s given by

1-.8
= - l Z . - l - 0- 228 =
15721 =1 7z =1 0.5 0.856

From Fig, 2-4, for 5 = 0.86 and CEP = 2.0, a value of 5800 ft. is rcad for the
vulnerability radius, R,. Entering Figs. 2-7, 2-8 and 2-12, with W = 8 MT
and = 5800 ft., the corresponding velues ol side-on overpressure, initial

gamma radiation, and thermal radiation are found to be, respectively, 80 psi,
50,000 r, and 4000 cal/cm2. -

In a real case there might be occasion to seek a higher value of

" survival probability. The required resistance levels would be found to increase
very rapidly witk increased su.vivel probatility, and the installation cost
would likewise increase rapidly.

6.3.3 Operational Concepts and Requircments. The total installation
might include the control center, power station, guidance and antenna
facilities, underground missile launch shelters and their supporting fuel and
equipment shelters, the necessary personnel tunnels, fuel, power, and communica-
tion conduits, entranceway structures, etc. Specific .oquirements would be
obtained for eech of these components. SECTION 3 and other sources would pro-
vide dats for personnel, space and dimensional needs, ventilation, refiagera-
tion and heating, electrical systens, shock mounting or isolation, tyme and
number of doors =nd other accessways, and other factors. In an & mel .ose
the operational concepts and requircments are complex and warran, extensive
study, beyond the scope of this illustration. Specific requirements would be
obtained for each component of the installation.

With regard to the contiol center we will arbitrarily assume an
orerating personnel of 4O men. The normal spac2 requirement for these men
and the necessary equipment is found to be 8000 sq. ft.; on the basis of
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rara. 3.3.1 we will assume that this can be reduced to 5030 sq. ft. Other
requirements for the control center are of importance, tut only the gross
space requirement is cited here

6.3.4 Damage Criteria. From SECTION 4 are obtained the vulnera-
bilities of personnel, structures and equipment to blast, radiation, and
shock. For example, from Table 4-1 we determine a value of 100r as the maxi-
mun uclear radiation which should bLe permitted t¢ penetrate into the ccatrol

center. a

6.3.5 Considerations in the Choice of Structural Type. In Judgirg
the suitability of a proposed design, or in undertaking ua preliminary design,
the reviewer is very much concerned that each structure bLe appropriete for
the resistance levels, site conditions, and operational requiremeats. If
inappropriate structural types are selected either the protective function
may not be achieved, or 1t may be e~hileved at e.iccscive rost.

Unless the intended function demands aboveground construction, or
unless the required resistance levels are quite low, construction belowground
will be necessary. The power and accuracy of mddern nucleur weapons systems
do not offer any practical choice. For example, the side-cn overpressures
determined in Para. 6.3.2 would generate reflected pressures as great as

1000 psi against an aboveground structure.

-’

The proper type of structure depends, of course, on soil conditions

and local topography at the site. OCa the other hend, the gite ghould be
chocen with regerd +n the total installation requirements. The best siie

selection based on all factors might not provide ‘ideal conditions fc' a
particular component, such as the example control center.

The cost of underground constriection is very sensitive to subsurface
conditions, particularly the zround-water level. Where a high ground-water
level cannot be avcided economy muy dictate shallow constructicn with a single
floor level. Under different circumstances the use of multi-level construction,

minimizing plan area, may be less costly.

While the most favourable structaral type is not always apparent
there are certain considerations which provide guidance. In particular, the
choice between shell types and slab (or slab and bear) types is governed by a
number of factors. From the ctandpoint of efficieni materiel use shells are
superior because the major stress system can bYe assuned to be uniform through-
out the element thicknesc., In contrast, sleb and heam elements are much less
efficient because their major stress states are not uniform turoughaut the
element thicknesses. Slab and beam thicknernses become very iwr ;2 at cuabina-
tions of loading and span for which shell thicknesses can be relatively small.
When the protected function demands large clear spans the shell type may be

dictated.

If large clear spans are not essential a slab (or slab and bean)

ariangement may be more economical than a shell type. In the first place
lover forming costs may bc obtained for he plane surfaces of the former types.
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Of greater significance may be the relative efficiency of space utilization
within the two types. For slab and beam construction interior clear height
does not decrease from the interior to the perimeter zones; such height
variation is typical of shell types. Unless there are equipment components
vhich can be positioned in the zones of insufficient headroom, these zones
will represent wasted space. It may be noted that the shell form which is
structurally most efficient (the doubly=-curved dome) presents the most
challenging problem of space utilization. To a lesser extent this conflict
between structural efficiency and space utilization occurs in slab and beam
construction. For equal spans and loading the beamless slab reqguires more
material than a slab and beam combination, but the former invclves space
(overhead, between beams) which may be difficult to utilize.

It should be noted that shell structures for large spans and large
inads may present very difficult foundation prohlems. If rock is not avail-
able at reasonebly shallow depth, voet may ve greally iucrcased--by the need
to go deeper to obtain rock foundation, or by ilie need for very massive
footings. For slab and beam construction the foundation probiem is less acute,
because the vertical load is transmitted by a large numdber of columns and
valls, and thereby distributed over the entire plun area rather than concen-

trated at the perimeter.

From the foregoing discussion it should be apparent that the choice
of structural type is strongly influenced by loading intensity, but that
there are other faclors which may Ve equally significant. Coresul study
should be given to the operations and c¢quipment to be housed, for these de-
termine minimum acceptable clear spans and the acceptable space configurations.
Jinally, the availability of good foundation material may be an import:.at
factor in the choice of structural type.

6.3.6 Example--Structural Verification of Control Center Using
Two-Way Slab Construction. let us assume that a preliminary design has teen
submitted for consideration. The reviever wishes to determine how the

resistance of this design compares with the desired lavels as determined in
Para. 2.3.1.

Description of Structure:

Sinsle story; under 4 ft. of earth cover; 60 rt. x 8¢ ft. in plan;
two-way slab rocf system supported on columns spaced 2V ft. in one direction
and 21 ft. in the other direction; roc® wlsb 36 in. thick with reinforcement
not epecified; beam stems 60 in. wide and total beum depth 8% in., with
reinforcement not specified; interior columns L8 in. sq. with reirCorcement
not specified; exterior columns 60 in. x 43 in.; floor cloh cnd “.cums scine
as roof; exterior walls 24 in. thick with reinforcement. not specified; clear
height, from floor to roof beam, 12 ft.; f; = 5000 psi for all elements.

The reviever's task is to determine whether the proposed element

Lk .cknesses are appropriate for the resistance levels required; this involves
also a determinatioa of reinforcement quantitiec required. Since the rein-
forcing steel grade is not specified, intermediate grade steel (the most

common grade) vill be assumed.
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Earth (bver--Adeguacx of Readiation Protection:

Checking first for radiation attenuation, we note that the equiva-
lleJ:t soil thickness represented by earth cover and roof slad is 4.0 +
1l
100 * 3.0 = 8.3 ft. = 100 in. of s0il. From Fig. 5-8 we read 0.0001 for the
dose trausmission factor., Applying this factor +o the initial radiation
determired in Para. 6.3.2, we obtain (50,000 r)(C.0001) = 5 r, which 1is less
than the critical value of 100 r found in Para. 6.3.4. Thus, earth cover is

adequate.

Roof Sladb Panels:

Assume B = 3.0 ; ré-SOOO; r&c-6250; fdy-Sa,OOO
Dimensions (clear spen) = 15.0 ft. x 16.0 ft.
Loading = 180(blast pressure) + 6(dead loud) = 186 pei

Pure Shear Strength:

1 L4, 36-3 _
aa]-%lo.9h 2 L 15x12 0018

From Pig. 5A-1.3, px; = 500 since end steel percentagees are
taken to be equal.

p, = p,(2/3)(240) = 300(2/3)(1.94) = 388 pst >186 O.K.

It 13 concluded that the proposed slsh thickness 1a metinfactory (actually
quite conservative) in pure shear.

Flexural Strength: Since the panel is practically square assume
equal reinforcement in both iirections. Then from Fig. 5A-2.1:

?.n+ 9
AL IE | 10 end 0 = 2.82

cPsc, + ‘pSE

This mears that the flexural capacity of the slab is 2.82 times as large as
the capacity of a one-way slab of the same 4/L. le’ us assuze that th: 2/L
found to be adequate for pure shear will likewise be adequate for flexure,
and determine the required flexural reinforcement.
186
Required one-vay capacity = 575> 66 psi
From Fig. 5A'102 for d/ll » 0018’
(P + Pgg)tyy = 37,000

o 21,900 |
Theztefore Pac + Pgp 52,000 0.71%
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Thus, 0.36% steel, each face, each way, will suffice. This
is a very moderate steel percentage, and it is concluded that the slab
flexural strength is adequate.

: Diagonal Tension Strength: Again it vill be assumed that the d/L
is adequate, and we will determine the amount of reinforcement required. The
required one-way strength is: .

p — -
" 2oy T 1B
From Fig. 5A-1.8, A, = 0.70 ‘

From Fig. 5A-1.7, for A9 £} = (0.70)(0.36){5000) = 1260

A d
ve obtain —— = 0.22

v .0.22
'Ihus’ )«v = m = 1022

And, from Fig. 5A-1.5 for )'v = 1,22, we obtain:

9 fay = 25,000 pst

- 222000 _
Required @ 52,000 0. L48%

By increasing the midspan flexural reinforcement percentage, ¥ , the required
diagonal tension reinforcement percentage, ® , could be decreaSed--even to
zero. Since the total midspa. flexural steel percentage is W, (1.e., two
vays, two faces) this would not be advantageous. The valuz of <Pv determined
above is satisfactory.

It can be concluded that the proposed ivof slab pruportions are
about right for the desired resistance level, and that the necessary rein-
forcement percentages are reasonable.

Roof Beams:

The beams have clear spans of 17.~0 ft. and 16.0 ft. respectively.
Since they have identical width and depth, and the spans are 2ln st a)ive,
only the long-span beems need be checked.

\ Pure Shear Strength: Consider, firet, an assumed condition for
vhich beams of 16.0 ft. clear span support a one-vay sleb on a beam cpacing, c.
to c., of 20.0 ft. The shear capacity of such beams, expressed as load
latensity per square inch of slab, can be converted to the corresponding

capacity for the actual long-span beams.
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Assupe @ = 84 - L4 = 80 1in.

a,__60
Ten 1= Tox 16,0 = M7

From Pig. 5A-3.6 for d/L = 0,417 and £, = 5000 ve obtain,
since end flexural steel percentages are equal:

P, 2= p! (20/5) = 720; thus p! = 178 pet

From Fig. 5A-3.9 for @ = 0.94, we obtain % = 1,90

Therefore the capacity of the actual long-span beam, expressed
in loading intensity on the slab, is: ‘

P, = " Py = 1.9(278) = 336 psi > 186 O.K.

We conclude that the beams are eaivisfactory (nctually coLserva-
tive) with respect to pure shear. .

JDexural Strength: Since the width and depth o5f wic beam were found
to be satisfactory, the flexural check will be a determinatic= of the required

reinforcement.
From Pig. 5A-3.5 for G = 0,94 and a/b = 5/20 = 0,25, we read

7' = 1.?8

The required c&pacitjr for a beam of 16.0 £+, span suprorting a one-way slab
with 20.0 ft. beam spacing is:

end p! 2= 145(20/5) = 580 pa1

From Fig. 5A-3.2 for &/L = 0,417 and p} ‘-:- = 580, we obtain
(P, + @y 4, = 55,500 pst
¢c + ‘Pe - 52’(”5!-!" L] 1007’

Thus ¢, = @, = 0.54%. This percentage of flevura) ruinforcement
(0.5% at ends and at®midsPan) is satisfactory.

Diagonal Tension Strength: Again it vill be ansumed that the
d/L 1s adequate, end the required amount of reinforcement will be dctermined.

From Fig. 5A-3.9 for & = 0.94, we obtain N = 1.9

The required capacity of a beam of 16.7-ft. span supporting a one-way slad on
20.0-2¢t. beam spacing would be:
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P
p;.—;-‘--%‘g-gﬂpgi

and
P, 2 = 98(20/5) = 392 pet

From Fig. 5A-1.8, A, = 0.70

Therefore AP ! = (0.70J(0.54)(5000) = 1690, and

from Pig. 5A-3.8 for Px:: %- 392, we obtain:

A d

v
T - 0.34

0.34 . -
Thus Av-a.-%l—?' 0.82 < 1.0

Since A_ is less than 1.0, nqQ diagonal tension reinforcement is theoretically
requirex. Nevertheless, it is recommended: thet a minimum percentage, q’vac.e’

be used.

It can be concluded that the proposed roof beams are about right
for the desired resistance level, and that the necessary reinforcement per-
centages are reasousable.

Interior Columns:

The check of these members involves a determination of the required
reinforcement percentage.
From Para. 54-3.10, the column capacity should be egual to
tvice the blast loading on che tributary roof area, or to the strength of the

roof elements, wvhichever is smaller. The ductility ratio, K, was taken as
3.0 for the roof elements; this means that the strengths were made equal to

the load intensity multiplied by:

2(3.0 _6__
81-1'23-0"1.5 1.2 < 2.0
Thus the column strengths must be aade equal to:
1.2[ (21x12)(20x12)(0.186)) = 13,500 kips
From Para. 5B.11, lue coluwun capacity o give. oy:
S
- ' —
pu_ (0.85 £3c * 100 ’ay) mn
= (5312 + 520 9,)(48x48)
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Thus 9, = ;215 [Wé - 5312] - 9y = 1.05%

The required reinforcement percentage is satisfactory. By increasing
the steel content the column dimensions could be reduced somevhat. 70 achieve
any substantial reduction in column size, however, it would be necessary to
substitute a steel column for reinforced concrete.

Tt should be noted that even the 48 in. x 48 in. column proposed
would require a small capital enlargement to the 60-in. width of the supported
beams.

M-

In accordance with recommendations in Para. 5.3.3, and assuming
unsaturated cohepive soil of mediua consistercy. the lateral soil pressure
will be taken equal to half the vertical pressure; i.e., 5 psi. In viev of
the shallovw depths considered, the attenuation of blast pressure with depth,
as well as the static lateral pressure, can be neglected.

The roof slab and beams were designed es continuous. Therefore, at
the connection between the side walls and roof, the moment resistance required
for the roof elements must be supplicd in the corresponding wall elements.

The side walls end columns must be adequate t0 resist the direct
compressive loads equal to the reactions from the roof plus the moments which
result from continuity of the roof system and the laterally applied load.

In ﬁw of the assuxptions that floor system and roof system are
alike the wall panels can be considered as restrained on all four edges. For

the assumed exterior column dimensions, the wall panels on the lorng sides of
the structure have horizontal clear spans of 16.0 ft. Vertical clear spans

also are 16.0 ft. Square panels.
Pure Shear Strength:

Assume 4 = 24 in., - 4 in. = 20 1In.

2. E%- 0.104

Q= 1,0
From Fig. 5A-1.3, pn'l = 160 psi for equal end :~inforcemen..
Py = Pa(2/3)(1+ ) = (260)(2/3)(2.0) = 213 pe1 > 90
We conclude that the 2h-in. thickness of the vall slabs is more than adequate
vith respect to pure shear strength. It would be premature to coaclude that

the thickness is excessive until flexure and disgonal tension have been
investigated. It should be noted that the preceding computation ignores the
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effect of non-uniformity of flexural steel percentages in the tvo directions
oo the maximum edge shears and may, therefors, be somsviat unconservative.
Bovever, it also neglects the effect of the direct vertical compression which
sbould serve to increase the shear strength of the vall above that which vas
used bere. In any case, the resistance as computed (213 psi) is so mch
larger than the losd (90 psi) that safety is assured.

Flexural Strength: Moment capacity of roof slab is given by:

M= o.oogntwa2 = 0.009(0.36)(52,000)(33)% = 183,500 in.-1b./1n.

Neglecting the effect of direct compression in the v 11, the vertical
steel at top and bottom edges of the vall panel required ic develoy ths sud
moment in the roof slab is:

183,500 - 0.9%
(0.009)(52,000)(20)

Near tbe midlength of upper and lover panel edges, there is no doubt
that this is very (perbaps unneceasarily) conservative. Thia js showvn as
follows:

In direct cumpression, the ultimste astrength of the wall 1is
given dy:

'T
P, - (0.85 23 * 106

156 rdy)(ah x 1) lbs./in.

Mut:a as approximately 1.5 (0.98% on one slde und an

estimted 0.50% on the other):

P, ((0.05)(6250) + (1.5)(520)) (24 x 1)
» (5320 « T80)(24) = 14k, 650 lbo./i_?.

Fear the midlength of upper and lowver pansl edges:
P ¥ ((186)(10" x 12%)] + [(2/3)(2 + a))
vhere @ = 14/15 = 0.94 (for roof panel):
P ¥ 22,300;1.29 = 17,300 1ba./in.

P _1],300
MF‘; 1‘&%?6 0.12

Prom P.3. SA-10.2, for @ = 0.98, f": « 5000, and P/P\l = 0.)2,

-“— - 1.7

%

and the moment ospacity of the wall consisteat vith 0.99% end stesl is about

6-10




70% greater than is needed. However, the intensity of the direct compression
is reduced as the edge of the panel is approached and the corresponding exceas
moment capacity is reduced. The average direct compression in the wall panel
1s approximately half ¢f the "simple spen”™ roof slab shear, or:

= -15 [(186)(20' x12"/')] = 11,150 1bs./1in.

P
avg
For this

P
avg 11,150 "

Bnd r = l-!} H
u

therefore the avor:ie eacess resistance is e:out 40%.

On the basis of the above discussion, it is regpconadle to redice the top and
bottem wall steel percentages from 0.98% to ahout 0.70%. Checking this:

[(0.85){6250) + (0.70 + 0.50)(520)1 {2k x 1)

z (5320 + 625)(2k) = (5945)(24) = 142,500 1bs./in.

11,150
-35-383-0.078

Pron Mg. 5A-10.2, for @ = 0,70, f' = 5000, and 5~ = 0.078
u

M
-M—ﬂlh
u

2
M, = 0.009 @f, d
= 0.009(0.70)(52,000)(20)° = 131,000 in. kips/in..

Then M = 1.4(131,000) = 183,500 in. kins/in., vhich 1s equal
to the moment resistance required by the roof slab.

Therefore use 0.70% revtical steel in the outer face ui top
and bottom edgea of wall panelr. Nowinal ateel of adout 0.50% will eclso be
required in the inside face, at top and bottom eiges of the ne 3.

In order to maximize the two-way action of the panel sssume
@m + le - vsc + vn. Then from Fig. 5A-2.1, & {s found to be 3.0. The one-

vay capacity in each direction must then be equal to 90/3 = 30 psi.
From Pig. 5A-1.2 for p_ = 30.0 and a/L = 0.10k, we obtain:
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(@, + 9, )r = 46,500

and (‘P +¢)--53"g-66-0.90$

Obviously with 0.70% require¢ at top and tottom, the (‘P + 9 ) for vertical
steel will exceed 0.90% since ‘Dc = 0,90 - 0,70 = 0.20% 13 less than the nominal

amount permitted when steel is required. Designating the vertical span as the
"short" span, let us assume:

Psg

s =‘Pm P * 0.50

= 0.70

Then
Yot E 10
‘Psc+¢s= 1 20

= 0.833

From Fig. 5A-2.1, & = 2.75

The one-way capacity in the vertical direction then must be 5% = 33 psl

From Fig. bA-l.2, Tor p. = 33.0 and d/L = 0.104, we obLluly,

51,000
52,000

We conclude that the indicated percentages of flexural reinforcement ure
eatisfactory.

Diagonal Tension Strength:
h'Om Figo 5‘-1.8, kr - 0070

Thus required ("ss + °sz:) - = 0,98 <1.20 0.A.

Then from the preceding section, vc = 0,5
AP fe = (0.70)(0.5)(5000) = 1750

For 2 = 1,0, the eqiivalent shear capacity for one -wey bib
action is:

P
- —B - 0 = 67-5 psi

§ (1 + a) § (2.0)

P
From Fig. S5A-1.7, for p;‘ = 67.5 and ercfé « 1750, ve obtain:

4
kv " 0.14




0.1k
Thus A, = 57308 = 1+35

m ns- 5A‘1.5, for AV - 1155, we Obtm:

q’vfw X
2,000
‘Pv u '5_2‘:3-66 = 0.81%

= 42,000

We conclude that the proposed thickness for the extarior wall is adequate,
and the required reinforcement percentages are not excessive.

Exterior Columns:
Proposed width and depth are 60 in. and 48 in, respectively.
Pure Shear Strength:
Assme d = 48 - 4 = Lb in,

a_ bh
L 12x12

a= 1.9
From Fig. 5A-3.6, Py % = 1050, since q’e at each end mey be

= 0051

taken as equal.
Thus p, = 1050(a/b) = 1050(5/21) = 250 psi > 90 O.r.

We conclude that the columns are conservative vith respect to pure shear
strength.

Nexura) Strength. Since the top ana bottom moment capacities
must each equal the end moment capacity of the roof beams, we first determine
the reinforcement percentages for the top and tottom exterior steel,

A val) column can be assumed to receive ap a direct compresaion loed
a force equal to the end reaction of the roof bean vhich frames into it. Mor
the case being treated, this is:
P& 3 ((20 x 22)(20 x 12)) (186)
a 2,680,00C 1bs.

Assuming s total cteel percentage in the column >f 1.5%:
P, " [(0.85)(6250) + (1.5)(520)] (60 x 4B)
= {5320 + 780)(2680)
= (6100)(2830) = 17,580,000 1ba.
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P__2.68

and F";-iffz- 0.152

Then, from Fig. 5A-10.2 for t, = 5000 and assuming ¢ = 1.5%:

M .
—-106
M, " .

. Thus, ve may (assuming our assumptions thus far to have been
ressoneble) proportion the flexural steel in the column for a moment equal to
1/1.6 times the end moment capacity of the roof beam. Thus:

For roof beam: 4 = 80,0 in.; g = 0.54%
For Wall column: 4 = 44,0 in.

For equal moment capacitice:

2
P (for column) = (18;%) (0.54) = 1.78%
For required column moment:
P = (1/2.6)(2.78) = 1.12%
vhich is less than the 1.5% assumed.

Revising tre computations:

Prom Fig. 5A-10.2, for f! = 5000, 1’/1°u = 0,157, and
assuming ¢ = 1,0%:
M

%,

To obtain required column moment:
Pp = (1/1.8)(1.78) = 0.99% & 1.0% as assumed.

Accept this as being reasonable end reinforcement percentege. It alsc agrees
with the original assumption of a total steel percentage (for computation

of P ) of 1.5% since a nominal emount of sbout 0.5% will be required on the
compfiession face (inside) at the ends of the column.

= 1.8

To oblain the steel required at the center of the cuit. 1,
refer to Fig. 5A-3.4 where for 4/L = 0.31
ad p,2+d)a90Fed)au,
(@c + ve)fdy = 49,000 psi
3
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. » 39,000 _
Thus: 9 + 9, = ZLo5s = 0.94h

and @ = 0.9% - ?, = 0.9% - 1.0 = - 0,06%
Therefore theoretically, no interior steel 1is required at the

column center, but a nominal amount (> 0.06%) is needed on the outside of the
column. To insure ductility, require 0.5% on both faces of the column.

DMagonal Tension Strength:
From Fig- 5A"1l8, kf = 0.70

Then A9 £ = (0.70)(0.5)(5000) = 1750

Py E = 90(21/5) = 378 psi

From Pig. 5A-3.8 for ‘Ar*&ci‘é a 1750 and Ppa™ 378, ve obtain:

Ad
¥z

and

- 2:28
A = O31 " O-TH

Therefore, since x‘ < 1.0, no wedb steel is required.

We conclude that the extarior column dimensions are sati~lactory,
and the reinforcement percentages are reasonable.

icor Systen:

8ince floor alad and floor besma wvere stated to bde similar to roof
slab and bemms, and because the {upwvard) floor system loading in only
slightly greatsr than the roof loading, no reviev of the floor systen is

required.
Qther Conpiderations:

In an actual design, careful attention r .ct Le given to a uumber
of structural factors vhich are beyond the scope of this 1llustrative treat-
ment. It might be atvantageous to locate the 100f beams and axtericor columns
ocutside the rouf and wall slals, for example. Such an arrangsmen’ wiuld
permit a fev feet reduction in to“al construction dapth. I:=r rAntil plancs
through the besn stems (and vertical planes thruugh tue coluun stems) would
be subjocted to tensile stress and might require additional reinforcemant.

It may bde poted that this condition axists in the €loor beams as projused.

Because of the large 4/L values of the floor beams, their distor-

tions vill be quite small, even though a ¥ vulue of 3.0 vas sreumed.
Bevertheless the effect of such distor“ion on equipment, and indeed, the
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vhole problem of isolating peraounel and equipment from shock effects would
require careful study.

Finally, extreme care would be required to avoid the introduction
of local structural weaknesses at abrupt section changes required for Jjoints,
mountings, holes for tunnels and conduits, entrances, etc.

6.3.7 Prelimin Design of Alternate, Flat 81 Roof for Control
Center. For the two-way slad design reviewed above the depth of floor and
roof beams had to be relatively large. If it is necessary or desiradble to
minimize the conmstruclion depth the reviewer wnight vish to explore the pos-
8ibility of using flat slabs for floor and roaf. As vas noted in Para. 6.3.5,
flat slabs require more material than slab crd beam construction, but they
are more efficient from the standpoint of space utilization.

Let us assume a flat slab rool cf 54.0 in. total dept:, without
drop panels, and with column capitals approximately 6.0 ft. square. If the
interior clear height is maintained at 12.0 ft., the total structure height
would be 21.0 ft.; this is 5.0 ft. less thau the Lotal height of the pre-
viously studied slab. and beam type structure. BDBecause of the greater roof
slad thickness no earth cover would be r«ru.i1d for rediation attenuation,
and the cover could be the minimum deemed nec:ssary for concealment. Hence,
the required depth of construction can be reduced substanticly if the flat
s8lab scheme is feasible. The criterion will be ‘the magnitude of the reinforce-

ment percentages required.

The assumption that drop panels will not be used may require rome
explanation. Assuming that the interior .lear height must be maintaired
over the entire area outside the capitals, and that we hope to limit the
meximm slab thickness to 54.0 in., a drop panel would imply thicknesses less
than 54.0 in. outside the drop panel zones. Sir~e the total flexural capa-
city thereby would be reduced, wrop panel construction will not be assumed.

Since two layers of reinforcement probably will be needed in each
direction, assume:

q= 51‘.0 - h‘oo = 50.0 in.

d --.h&
ol o
L
q-°5 H f'%'o'”

From Fig. 5A-5.6, K, = 1.48
4
2 o 2. . 0,135
5% - 1
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From the expressions on Fig. 5A-5.5 for 4 / = 0.135 and
Pov = 186, we obtain r:: Ppe - %830 x 10-{ lel

Thus the required flexural capacity is:

Ppe * la}%.’éoi.z 766 psi
From Fig. 5A-5.4, for C./L, = C_/L_ = 0.3 and L_/L, = 0.95
ve obtain K = 0,95 ’ /4 = CfL, oIy ’

Ppe K = (766) 0.35 = 728 ps1

From the expression on Fig. 5A-5.2 for p » Ko 725 and d/I’l = 0,2,
we obtain fQQ = 303,000

Thus required 9 = ,?2"-)0'3 = 5.8%
From Fig. 5A-5.3 for dp/d = 1.0 and pllLl = 0, we obtain
A= 1.0

Nov assume that the reinforcement percentages are everywvhere
eqm; i.e,, 0.01 = ‘P.D.2 = ‘Ptl = ‘Pte = 'Po

Then @ = @+ @ + 1.0(9 + 9 ) = 4o
and @ = ®/b = 5.83/4 = 1.46% O.K.

We conclude that flat slab construction with a total sieb thickness of 4.0 in.
is feasible. The required reinforcement percentages are large, but the
implied steel could be suppiied by two layers of steel in each direction.

6.3.8 Prelim Degi of Alternate Reinforced Concrete Barrel
Arch Roofs for Control Center. To achieve the advantages of large clear spans
it i necessary to use s shell type roof. As was noted in Para. 6.3.5, this
type may require high-capacity soil, or rock, at reasonabls depth becauss of
concentrated reactions to be resisted at the springiag line. For the purposes
of this illustration let us assume that foundation conditions are suitable.
Let us further assume that 5000 sq. f¢. of space. unimpeded by columns, and
vith & minimm height of 6.0 ft. are desired.

Ms jor Dimensions:

An infinite z:=ber of combinations of central angle, radius, and
arrel length would satisfy the above-stated space requirements. As radius
s reduced the shell thickness decreases, but the maximum height of structure
(at crown) increases for a given transverse span. Obviously the acceptable
Planform 1s significant; i.e., will a working space 50.0 ft. x 100.0 ft.
satiefy, or must the smaller clear span be at least 65.0 f£t.t For purposes of
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thie example let us a&s:'me that & minimum working space dimension of 62.5 f£t.
ig desired; the length of the barrel then must be 80.0 ft. to supply the
required 5000 sq. ft. of working area.

Iry a minimuwm ceniral angle of 120 degrees between springing points.
If r is the radius to the shell mid-plane and the thiciness, D, is estimated
to be about 2.0 ft., the rise of the intrsdos curve will be:

(r - 1)(1 - cos 60°) = 0.5(r - 1)

Then r can be determined from the requirement of a 62.5-f%. transverse dimen-
gion with §.0 ft. headroom.

Y-
[0.5(x-1) - 6.0)[2(x-1) - 0.5(r-1) + 6.0} = 33

¥rom vhich r = 42 £,

The total depth of the extrados curve (at crown) will te approximately

21.5 f£t., and the transverse spun of the extrados curve (at srringing) will be
about T6 ft. If a smaller central angle were chosen the maximum height would
increase and the transverse span would decresse. For this example the above
velues of radius and central angle are assumed to be satisfactory.

Barth Cover:

For purposes of radiation attenuation a depth of cover at the
crown, H , of 3.0 ft. will suffice. 'lb achieve the advantages of str.ctural
behaviorculociated vith "full burial® (see Para. 5A-3.7) H, must te at least

0..25 times the transverse span, B.

B = 42(1.732) = 72.8 ft.

0.125 B = 9.1 ft.
In add{tion, to be considered "fully buried" the average cover, B must be
at least 0.25 B. For the arch here considered ihie latter. requiraﬂnt governs;

that is, an average cover of 0.25 B requires a crown cover K, = 12. b £,
#hich is greater then 0,125B.

Required +vck thicimess and reinforcement will be determined for
each of two cases; 1i.e., Hc = 3,0 [t, and He s 12.4 fv,

“Partial Burial" Case (uc « 5.0 . ):

From Fig. 5A~7.5, we can read several combinations of acc .pt-
able ¢, and ¢/r 1/p Py, Hovever the steep slope of the curves indicates

that the arch thickness is not sensitive to changes in percentage reinforcemsent.
2 ;suming Wdy equal to 20,000, and interpolating for f' = 6250, ve find:
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L.« 0.000225
. pno
Mus d = (42x12)(180)(0.000225) = 20:k in.
20,000
P= W - On)“ 0.K.

¥e must check the arch capacity wvith respect to buckling. From Para. 5A-3.7,
wae critical load as governed by buckling is:

Pcr

2 2 3
- 250 -8 5 @

8.0 3
= 151 - BONEGREE -« w2 > 260

Ve conclude that a total shell thickness of 24.0 in. with 0.38% reinforcement
in esch face will be sufficient.

"Full Burial” Case (H, = 12.4 ft.):

E,=0.25B= 0.25(72.8) = 18.2 ft.

Estimating the total shell thicknass, D, at 1.8 ft., ve obtain:
x +D-18.2+1-8-m.0ft.
av

Assuming & reinforcement percentage 9, = 0.75% (1.e., 0.3T$
in each face) the unit strength of the shell section™is:

o.Bsr;la 0.009r@¢1. = 0.85(6250) + 0.009(52,000)(0.73)
= 5310 + 355 = 5660 pei

From Fig. 5A-7.1 we obtain (g')x o~ 0-003
av

From Tig. SA-7.3 for p_ = 180, ve rer. (%_‘-)P . 9,039
|
Thus 2« 0.003 + 2,055 « v.0%2

And required D = 0.042(k2x12)} ~ 21 in.
Ve conclu's that & total shell thickness of 21.0 in., vith 0.37% reinforcement
in each face vill suffice. It is of interest to note that the -equire. thick-
ness is essentially the seme for the "fully-buried” case as for the "partislly-
buried” cese.

The ends of the barrcl shell structure can be civsed off either by
a slad or by a double-curved shell. If e .ot a. is chosen {t vill be found
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to require a shell thickness approximately one-half as large as that of the
barrel shell. If the doubly-curved shell is used for end closure the length
of the barrel shell portion can, of course, be reduced somevhat.
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