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PREFACE

This is the final report on ItT Research Institute ~IITRI)
project 36427 entitled “Survivability in a Nuclear Weapon Environ-
ment ”. The study was performed for the Defense Civil Preparedness
Agency (DCPA) under Contract DCPAO1-77-C-0229. Work was initiated
September 30, 1977 and completed April 30, 1979.

The objective of the effort was to collate, consolidate and
structure casualty estimates and estimating techniques and to pre-
pare a reference text. The text prepared is suitable for use by
agencies making casualty estimates , however specific emphasis is
given to data suitable for DCPA use.

The work was performed in the Structural Analysis Section ,
Engineering Division of IITRI by A. Longinow. Mr. D. A. Bettge
of the Hazards Evaluation Division , DCPA was the project monitor .
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1. INTRODUCTION

The obj ective of the effort  reported was to collate , consol-
idate and structure casual ty estimates and estimating techniques
and to prepare a reference text. The text should be suitable for
use by agencies making casualty estimates , however specific empha-
sis is to be given to data suitable for DCPA use.

To meet this objective pertinent unclassified study reports
produced for DCPA over approximately the past ten years were as-
sembled , reviewed and summarized . Subject areas included :

. Casualty estimating methodology 
V

• Existing casualty estimates for people in shelters

In the process of reviewing existing results an attempt was
made to determine if these are sufficiently current when measured
relative to the capabilities and data of the current state of the
art. Deficiencies were noted and are discussed in Chapter 4. Where
possible , adjustments and corrections were made. This report con-
tains the following information.

Chapter 2 is a state of the art review of the analysis of
people survivability in a direct effects nuclear weapon environment.
It is described in terms of a computer program developed for pre-
dicting the survivability of people located in buildings when sub-
jected to the prompt effects of megaton range nuclear weapons. It
was developed for civil defense purposes and specifically for the
rating of existing buildings in terms of inherent protection af-
forded. This is a simplified , “table look-up type” of computational
routine which was developed on the basis of results generated by
the use of more general routines for the purpose of a speedy anal-
ysis of large numbers of buildings capable of sheltering people. V

It is specifically geared to the analysis of buildings when sub-
- jected to the effects of a single 1MT surface burst. The more gen-

eral routines and data used in casualty estimation are also de-
scribed in Chapter 2 and references on which they are based are
provided.

1
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Chapter 3 is a sunmiary of selected existing estimates of people
survivability in a direct effects environment . These results are
introduced in the following paragraphs.

A typical people survivability function, P5 , is shown in Fig-
ure l. This particular estimate is for people located in a five-

story school building* with masonry walls and an interior steel
frame. Superimposed on it is a casualty ftinction, 

~c’ 
(shown by

a dash line) which is its opposite , i.e.,,

P
~~
= l - P 5 (1)

where is the probability of casualty and P5, the probability

of survival.

A survivability (casualty) function relates the probability

of survival (casualty) to a particular casualty producing environ-
ment. For convenience , the functions in Figure 1 are related to

the free field overpressure at the site of the shelter.

Functions~ shown in Figure la are for combined effects. m di-
vidual effects on which they are based are shown in Figure lb , and
include the effects of thermal radiation , ionizing radiation , de-

bris and impact due to tumbling of individuals by the blast winds.

Combined effects probability of survival at a given overpressure
level is obtained on the basis of individual effects probabilities
as follows .

~ ~ti ~d ~ir ~tr (2)

where P
~j. ~d’ ~ir 

and 
~tr 

are probabilities of survival against
the effects of tumbling impact, debris , ionizing radiation and ther-
mal radiation respectively . Procedures, on the basis of which these
estimates are made are described in Chapter 2 of this report.

Over the past several years casualty functions were developed
for a number of different types of personnel shelters which are
grouped as follows.’

*Physical properties for this building (Rindge Technical School)
are given on the first line of Table 5, page 39. 

~~~~~~~~~~~~ 
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1. Existing Buildings (Upper Stories and Basements)(Ref . 38)
2. Designed Basements (Ref. 35, 43)
3. Single Purpose Shelters (Ref.. 59 , 60)
4. Dual Purpose Shelters (Ref. 60) -

5. Expedient and Special Purpose Shelters (Ref. 65, 66)
6. Expediently Upgraded Shelters (Ref. 65, 66)

Casualty functions for these shelters are discussed in Chapter 3,
and are briefly introduced next.

Existing Buildings - To determine what levels of protection
are inherent in existing engineered buildings against the effects
of nuclear weapons, a detailed field Survey of such buildings was
conducted (Ref. 37). The survey involved a ..statistically valid
sample of 219 NFSS (National Fallout Shelter Survey) type buildings.
Casualty functions were developed ,for fif ty of these buildings ,
both when people are located in upper stories; and in basements.
Results are summarized in Sections 3.1 and 3.2.

Designed Easements - Of the fif ty buildings analyzed from the
219 buildings sample , only thirty-six had basements and included
six different structural systems. Although results obtained are
very useful, the sample itself is tQo . sma]J. to provide any definite
conclusions about the population of such basements. To produce ad-
ditional data , several types of basement structures were designed
for conventional loads in accordance with existing building codes
and subsequently analyzed when subjected to the effects of blast V

produced by megaton-range nuclear weapons. All of the designed
basements were of one level type with the overhead floor system at
grade. The following basement overhead floor systems were considered .

• One-way slabs

• Flat plates

• Flat slabs V

• Two-way slabs on steel beams

A summary of casualty estimates for this set of structures is in-
V cluded in Section 3.2.3.

4
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Single Purpose Shelters - Personnel shelters in this category
are those whose single function would be to provide protection in

the event of a nuclear weapon attack. In a study described in

Reference 59 arch and rectangular - shelters were designed to resist 
—

one of the following nuclear weapon effects environments

a. fallout radiation
b. 10 free field overpressure and associated effects of

c. 20 psi~~prompt nuclear, thermal and fallout radiation
d. 30 psij resulting from a single megaton weapon in its

Mach region. 
-

These shelters were designed to be located on the peripheries of
large population centers to provide protection to an evacuated

population. Casualty functions for these shelters against the
blast effects of nuclear weapons are contained in Reference 60 and
summarized in Section 3.3.

V 

~~~~~~~~~~~ Purpose Shelters - Shelters falling in this category are
those which serve a primary function (a school basement for example)
during normal operation and as a shelter during an emergency. Such
structures are designed and built with both functions in mind. In
previous studies conducted for DCPA a number of different dual-use

(purpose) shelters were designed. These included school basements
(Ref. 63) , underground parking garages (Ref. 64), and an expressway
grade separation (Ref. 60). Individual design weapon environments
ranged from fallout radiation alone to 50 psi free field overpres-
sure and associated effects resulting from a single nuclear weapon
in its Mach region. They were subsequently analyzed against the
effects of blast produced by nuclear weapons and casualty functions
were developed for each. Casualty functions for school and parking
garage shelters are summarized in Section 3.4.

Expedient Shelters - In the context of this narrative, expedi-

ent shelters are those that may be constructed in a relatively short
period of time, several days , using available materials (lumber ,
logs , soils , etc ); no or few specialized tools and mostly unskilled
labor. In high risk areas located in geographic regions where

basements are not constructed it- will be necessary to construct

blast shelters for key workers using such expedient materials and

5
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methods. Expedient blast shelters-~have been constructed on an ex-
perimental basis and tested in the field (Ref. 67). Casualty func-

tions for this category of shelte~ .have not been developed. How- 
V

ever, estimates of their protective capabilities were made and are
discussed in Section 3~5~ - 

- V 
- - 

V 

V

Special Purpose Shelters - In the context of this narrative
special purpose shelters are those that may be constructed by in-
dividuals or communities to provide blast and/or radiation protec-

tion. When considered by individual families such shelters may be
constructed in the basement of a residence or near the residence
when a basement does not exist . Over the past two decades a nuni-
ber of different special purpose shelter concepts have appeared in
the civil defense literature (Ref. 68, 73). Eight of these were
evaluated in Reference 65 and include, -

1. Basement concrete block shelter (Ref. 68) - I
2. Lean-to shelter (Ref. 69) -

3. Rigid frame shelter (Ref. 69) -

4. Reinforced concrete block shelter (Ref. 69)
5. Aboveground A-frame shelter - (Ref. 70)
6. Plywood box shelter (Ref. 71) -

7. Wood grate roof shelter (Ref. 72)- - - -

V 
8. Gable roof shelter (Ref. 73)- - -

Casualty estimates for this set of shelters are given in Section
3. 6. .

Expediently Upgraded Shelters - , Basements and other areas of ~- 

-

existing buildings which may be effectively upgraded during the
crisis period to provfde blast and radiation protection are referred
to as expediently upgraded shelters. References 65 and 66 con- 

V

tam casualty functions for several categories of existing base-
ments, both as built and as upgraded using expedient techniques.

- 

V 
These casualty functions are discussed in Section 3.7.

Results included in this report may be used as a ~~~~ in the
V evaluation of alternative shelter systems, development of shelter

plans, damage assessment, etc. However, in doing so the following
special considerations and deficiencies should be mated.

6 
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The majority of results given here are for shelters subjected
to the effects of a single, megaton range nuclear weapon detonated
at the ground surface. Laws for scaling to other yields were not
developed and are therefore not included. Also, it is not clear
that such laws are capable of being developed. 

.

Results are for individual shelters located in the open and
away from buildings which can either provide some degree of shield- 

V

ing against the effects of blast and radiation or become additional
sources of debris capable of producing damage and/or casualties. 

V

Results, for the most part are based on deterministic models
which did not take into account variabilities in weapon effects
parameters , material and geometric properties of shelter structures
or physical variations in the makeup of the population. Although
physical variations in the population can be considered, available
casualty criteria are crude and for the most part are not capable
of accommodating such refinements.

In preparing survivability estimates for people in the upper
stories of large engineered buildings, possible overturning (col-
lapse) of the building frame was considered in a very approximate
manner. The level of uncertainty associated with predicting casual-
ties from this effect is greater than that associated with any of
the other casualty mechanisms considered. This means that for high-
rise buildings (approximately ten stories and higher), the number

— of people surviving in the upper stories may be somewhat less than
indicated here.

The interaction of the superstructure with the basement and
foundation when subjected to blast loading was not considered.
Since such interaction can initiate damage in the basement over-
head slab, foundation and peripheral basement walls, then for
buildings approximately ten stories and higher the number of people
surviving in basements may be up to ten percent less than that in-
dicated by the estimates given here.

-: - 
- People survivability estimates for people in single- and

dual-purpose shelters do not consider prompt nuclear radiation as
a casualty mechanism. These results are therefore applicable to

7
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shelters for which this effect can VbO neglected. - -

This report does not contain procedures whàreby casualty cx-
timates for people in different shelters tnày be made. Casualty
estimation iS still mostly a research area and procedures which
may be used on a routine basiS by engineers and planneri for the
purpose of evaluating the effectiveness of shelter ystems have
not been developed. Evaluation of the effectivenese~ of alternative
shelter systems is currently best accomplished, by.practitioners in
this area. • . •  V~ 
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2. ANALYSIS OF PEOPLE SURVIVABILITY

2.1 Introduction

This chapter describes a computer program developed for pre-
dicting the survivability of people located in buildings when sub-
jected to the prompt effects of nuclear weapons. Prompt effects
considered include thermal radiation , prompt nuclear radiation,
primary and secondary blast. The formulation of the model , its
physical basis and usage are discussed, and representative re-
suits are described by means of an example problem.

This computer model was developed for civil defense purposes
and specifically for the rating of existing buildings in terms of
inherent protection afforded. Therefore the usage of this model
is discussed herein in civil defense terms. However , the overall V

V 

methodology produced can also be used for the assessment of pri-
mary and collateral damage resulting from a nuclear weapon attack.

The emphasis is on casualty mechanisms produced by secondary
blast effects , i.e., diffraction loadings , blast winds and debris.
Only the models used in predicting and quantifying these casualty 

V

mechanisms are described in detail. Simulation models used for
predicting casualties due to thermal radiation, prompt nuclear V

radiation and primary blast are described in general ternis. For
a more detailed description of these models, the reader is referred
to References 1. and 2. The following paragraphs provide a brief
discussion of the relationship of this work to previous studies
in this area.

Casualty/survivability studies are performed for the purpose
of damage assessment and for designing or evaluating alternative
shelter systems. Initial efforts in this area relative to a nu-

clear weapon environment were performed following the detonation
of the first nuclear device. Shortly after World War II, the U.S.
Strategic Bombing Survey teams examined casualties and destruc-

V tion at Hiroshima and Nagasaki with the object of determining the
effects of nuclear weapons on these two cities. A large quantity
of information was collected and included data on casualties and
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structural damage. These data were analyzed with the object of
establishing damage-distance relationships. As a result a median

lethal radius corresponding to an overpressure of 7.0 psi for the V

13 KT airburst was established . Fatalities in general were taken

to be the result of initial nuclear radiation, blast, thermal ra-
diation , and fires. In subsequent time periods attempts to estab-

lish how these effects broke down were made by numerous indivi-
duals (e.g., Ref. 3). The results, however, were in general
sketchy and not entirely conclusive. Further, relationships for

extrapolating effects from low-yield airbursts to high-yield near-

surface bursts are not as yet established nor necessarily capable
of being established.

In the 1950’ s a series of nuclear weapon field tests were
conducted (Ref. 4). Subjects of these tests were full-scale struc-
tures , scaled structures , structural components , and animals .
This was followed by high explosive (HE) tests on similar subjects.
Since then ~ great deal of effort was devoted to the simulation
of weapon effects mostly in the laboratory. Concurrently with ex-
perimental studies, analysis methods aimed at predicting casualties
based on weapon effects -and associated casualty mechanisms were
initiated. In the civil defense sector of this subject area, the
work of Smith (Ref. 5) ,  Childers (Ref. 6) and Heugel and Feinstein
(Ref. 7) was included. The method described herein is a revision/
update of that originally formulated in Reference 7.

— 2.2 Emphasis of this Simulation Model

The civil defense planner must have knowledge of the best
available shelter space in his community . Conventional buildings

-; constitute the only significant , current sheltering resource. - Each
building has some level of inherent ability to provide protection
from the effects of nuclear weapons, and also natural disasters
such as earthquakes, tornados and hurricanes. It is important to

- 
-
~ have reliable and readily usable knowledge on their protective

capabilities and on the possible types of evasive action that can
be taken by personnel to gain full. advantage of these capabilities
in any emergency situation.

__________ ________________ _V ~~ ~~~~~~~~~~~~~~~~~~~~~~~ V VV V •~ V~~~~~~ 
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Assuming that the attack situation ts such that there is
little warning time then buildings of primary interest to the -

V

civil defense planner are those which contain substantial numbers
of people for signif icant portions of the day. Representative

V types include large, multistory , reinforced concrete or steel¶ framed buildings , combination reinforced concrete shear wall and
framed buildings, load-bearing buildings, and combination load-
bearing and framed buildings.

Framed buildings with weak walls are for the most part dif-
fraction sensitive , i.e., when interacting with the blast wave the
walls are expected to fail and be removed early in the loading his-
tory with the frame remaining essentially intact. In the upper
stories , hazards to occupants in a nuclear weapon blast environment
are due to thermal radiation , prompt nuclear radiation, blast dif-

fraction , high velocity winds and debris from the breakup of wall s, j
partitions and furniture. People located in unprotected areas are
expected to be translated by the blast winds and experience im-
pacts with the floor , walls , debris and/or the ground surface. In

deep basements the hazards are primarily due to nuclear radiation
and debris from the breakup -of the overhead slabs.

The simulation model described is capable of considering
low- and high-rise framed and partially framed buildings and de-
termining the extent of survivability afforded with a fairly high
degree of confidence. It is not capable of treating load-bearing
buildings with the same level of confidence. Load-bearing build-
ings are expected to collapse catastrophically once the struc-

- -
~ - tural (load-bearing) walls fail. Although in load-bearing build-

ings with large or moderate window sizes, blast translation of
personnel will pose a serious hazard prior to the failure of walls,
debris casualties produced by the breakup and collapse of the struc-
ture are expected to be at least as significant.

In evaluating the survivability potential in buildings, this
simulation model considers only the prompt effects which occur in
the Mach region of a nuclear weapon. These effects, corresponding
casualty mechanisms, and types of casualties considered in this
analysis process, are listed in Table 1 in the order of event.

11
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TABLE 1. EFFECTS MD ASSOCIATED TYPES OF CASUALTY

1. Thermal Radiation > Burn Casualty (Whole Body)

2. Prompt Nuclear Radiation > Radiation Casualty (Whole Body)

3. Primary Blast > Casualty Due to Fast Rising
Overpressure

4. Secondary Blast (Diffraction and Dynamic Pressure)

• Translation > Impact Casualty —> Head , Whole Body
O Debris > Impact Casualty > Head , Thorax , Abdomen ,

Limbs

• Acceleration > Whole Body Acceleration Casualty

This simulation model currently does not make a distinction be-

tween injured and uninjured personnel in its predictions. Numbers
of survivors based on several general , major categories of trauma
are predicted (see Table 1). Survivors include those per sons who are ex-
pected to live (survive) at least one week after the event provided tha t basic
rescue operations are carr ied out and injured survivors are removed to areas
conducive to reaoverz1,. Influence of fires which may occur subsequent
to the prompt effects is not considered.

The ultimate usage of results is to provide for reliable on-site
V 

assistance at the local civil defense level. The results would
— - take the form of a concise building classif ication scheme which

would be used for the rating of buildings in terms of their in-
herent protective capabilities and thus provide for the optimum
distribution of the local population within them in the event of
an emergency.

The simulation model is specifically oriented for predicting
people survivability in a direct effects nuclear weapon environ-
ment. As such, in addition to being able to provide shelter in-
formation for the civil defense planner , this methodology can also

V 

be used by the damage assessor to assess primary and collateral
damage resulting from a nuclear weapon attack.

12
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2 .3 People Survivability~- Simulation Model.

The computational process used in this simulation model is
described in Figure 2 , and a typical application is illustrated In
Figure 3. This is an elevation view of a ten-story , reinforced
concrete framed building.

Problem Defir ition - The building to be analyzed is described
in the terms of overall and room geometries, type of structural sys-
tem, relevant nonstructural systems (exterior curtain walls , in-
ten or partitions) and the distribution of building mass . Data
also include information on window sizes, sill heights and types
of interior window covering.

Information on people located within the building is provided
in terms of their distribution in various building areas and their
initial body positions , i. e . ,  standing or prone .

The hazard environment is specified in terms of a single wea-
pon, its size , height of burst , and range to ground zero. This
information is used to determine the time-dependent free field in-

V 

tensities of thermal radiation , prompt nuclear radiation , over-
pressure and dynamic pressure at the building location .

Structural, Blast-Load Analysis - The structural analysis
portion of the process is a separate computation. Its purpose is
to determine the onset of debris effects should this be important
at the given overpressure level. Debris is defined as any struc-
tural or nonstructural component that separates from the building
as a result of blast wave passage. For most framed buildings of

— 
- 

interest, in the relevant range of overpressures, this includes
exterior walls , interior walls and partitions, and slabs over
basements. Glass fragments and furniture items are not considered
in the present model.

The structural analysis uses procedures such as described in
Reference 8. It determines incipient collapse overpressures , times
to collapse and average velocities at collapse for exterior walls ,

V 

interior walls and partitions, and slabs over basements. A check
is made to see if the particular failure mode is the lowest for
the particular structural system considered.

- 13
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Figure 2 . People Survivability Computation Process
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Masonry (brick, concrete block, clay tile) walls break up
into a series of fragments when their incipient -collapse over-
pressures are exceeded. In the analysis process, probable crack V

patterns, number of pieces , sizes and their location prior to sep-
aration that are expected to be produced by a given masonry wall
are estimated based on full-scale experimental results (Ref . 9).

Available experimental results indicate that initial crack pat-

terns for masonry walls generally follow classic yield lines.
Reinforced concrete components (walls , floor slabs) are also as-

sumed to separate along major yield lines.

Determination of Casualty Mechanisms and Analysis of People
Response - A set of routines is provided to determine the inten-

sities of individual effects and casualty mechanisms that are ex-
perienced by personnel in the building analyzed .

• Thermal Radiation: Thermal energy incident in each room
facing the direction of blast is determined by modifying the in-
tensity of the free field thermal energy by the presence of window

glass, curtains , window sills , and neighboring buildings. Resulting
intensities are applied uniformly to occupants in affected por-
tions of respective rooms.

• Prompt Nuclear Radiation: The intensity of prompt nuclear
radiation incident in a given building area (upper stories or base-
ments) is determined by modifying the free field intensity by the
use of building mass and geometry. Resulting intensity is then

applied uniformly to the occupants in the given building area.

• Interior Blast Winds : By making use of free field blast
wave characteristics, building geometry , window sizes, sill heights ,

V room geometries , incipient collapse overpressures for walls and

interior partitions , diffraction impulses and dynamic pressure-
time histories are computed at specified locations in the room(s)
analyzed.

• Debris: Using previously determined wall fracture pattern s ,
times to incipient collapse and average velocites at collapse , this
routine determines trajectories for each debris piece comprising
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J
a given wall. Use is made of a two-dimensional (vertical plane)
trajectory model which includes both the translational and rota- 

V

tional motions of a given piece of debris which are induced by the
aerodynamic forces generated by the blast winds. Once separated
from the wall , debris pieces are assumed not to break up while in
flight. Also , possible interaction between -debris pieces while
in flight is ignored in the present procedure. Information com-
puted includes displacements , velocities and accelerations of each
debris piece.

• Blast Translation and Impact of Personnel: This routine
determines the types and magnitudes of impact velocity experienced
by personnel located within the building when subjected to blast
winds and debris from the breakup of walls.

Blast loadings (diffraction impulses and dynamic pressure-
V time histories) determined previously are appl ied to individual

persons. Individuals are simulated using a two-dimensional (ver-
tical plane) free-flight model. Individual trajectories are corn-
puted and impact velocities (head and/or whole body) with walls
and/or floor and/or ground surface are determined for comparison
with casualty criteria .

Previously computed debris trajectories are compared with
corresponding people trajectories for the same time intervals to
see if interactions occur. If an interaction occurs, the relative
velocity between the individual and debris at the point of contact

V - is determined for comparison with casualty data. Types of inter-
V actions considered include contact with head , thorax , abdomen or

limbs. Possible people with people interactions while in motion
are not considered.

Analysis of People Survivability - A routine is provided to
relate each of the computed hazard (dose) intensities to corre-
sponding casualty criteria. These criteria are contained within
the simulation model and are described:

• Thermal Radiation : The thermal pulse producing second and
third degree burns resulting from direct exposure of the skin,

-~ 

L 
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reradiation and ignition of clothing and subsequent burning of
the skin is considered. The probability of mortality is then re-

lated to percent of body area burned (Ref. 10 and 11) .

• Prompt Nuclear Radiation: Radiation casualties from m i -
tia]. ganuna and neutron radiation are determined in extrapolating
animal data and Hiroshima and Nagasaki results. The mean lethal
dose (50 percent probability of mortality) was estimated at 500
REM (Ref. 12, 13, 14 and 15). -

• Primary Blast : Blast casualties due to fast rising over-

pressures are based on data collected from animal experiments and —

extrapolated by weight of species. This resulted in an estimated

LD50 (mean lethal overpressure) of 75 psi for man (Ref. 16, 17 ,

18, 19 and 20).

• Blast Translation : Translation and tumbling of people by
the blast winds can cause casualties with resulting impacts on

hard surfaces. Impact data from animal experiments , related human
free fall accident experience, and skull impact experiments re-
suited in mean lethal velocities for two types of impacts; head
and whole body (Ref. 21, 22 and 19) . The mean lethal velocities
for man are estimated at 18 ft/sec for head impact and 54.4 f t /
sec for whole body impact.

• Debris: Blast generated debris from building walls and
contents accelerated by the blast winds may cause casualties.

Three debris mechanisms were identified (Ref. 2): impulse loading

V I related to debris momentum (MV); crushing or tearing related to
debris energy (MV 2); and cutting or penetration related to energy
times the square of the velocity (MV 4) .  Wound data for human
cadavers and animals were reviewed (Ref. 23, 24 , 25 , 26 and 27)
and casualty criteria developed as a function of mass and velocity
of the debris particles.

• Acceleration: Perso~ts in direct line of the blast jet as
V it enters a building are subject to possibly harmful accelerations

without translation. The mean lethal dynamic pressure (q) as re-

~~ 

lated to acceleration casualties is estimated at 8.7 psi (Ref. 6
and 28) .

18 



After considering these effects in context of given building
parameters, the model arrives at probabilities of mortality for
each effect for the building occupants. Combination of the sepa-
rate effects results in a combined effects survivability estimate
for the building as a whole or for various areas of interest.

2.4 Blast Wind Model

Brode ’s equations for the free field conditions in the Mach
region of a nuclear blast (Ref . 29) may be used to estimate winds
and pressures in and around an isolated building on which the V

V blast impinges. The coupling between flowfield and failing build-
ing elements constitutes a novel feature of this analysis.

Since a point in the free field experiences a pressure-time
history consisting of a shock wave which produces an overpressure
~p over ambient pressure Pj~ followed by an exponential decay ofp(t) over the “positive phase” duration t , it follows that the
pressure-time history in a particular room exposed to this blast
will consist’of a shock wave increase in pressure due to shock
penetration through window or door orifices followed by a short
period of “filling” of the room by outside air until the room
pressure equalizes with the exterior pressure. After all rooms
in a particular story have reached nearly free field pressure, the
flow through the story will be retarded only by the viscous dis-
sipation of the subsonically (incompressibly) flowing air. This
“flow through” phase will then persist throughout the positive
phase t~~. Typically, 1 sec < t < 4 sec , and a single room with

V 

no outflow at the rear has a filling time t .V/kA where V volume
of room (f t ) ,  k 2 ft/msec, and A — area of orifice (ft ) ,  giving
a typical order of magnitude of 10 msec. Thus, the most signifi-

t cant wind-delivered impulses will be those occurring during the
flow through phase.

V 
With the flow through phase being dominant, the temptation

arises to ignore the shock penetration and filling phases altogether ,
V 

but this cannot be justified since the peak pressure differentials
across walls occur during these phases. Wall failures are initiated
by the early-time loading, and this analysis must be included to

19 
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set the cracking time , t~ , of the walls. Once a vail is cracked,
the model assigns as innuediate loss of 15 percent of its area, and
the remainder is removed by falling, so that the orifice area A(t)
of a wall of height H and width W , which originally had an orifice
(window or door) of area A0, becomes

A(t) = A0 + (0.15 + g(t_t~)
2/2H] HW lCt-t0

) (1)

where g — 32.2 ft/sec2 and l(t-t
~
) is the Heaviside unit step func-

tion. It should be noted that equation (1) represents a lower
bound on the rate of removal of failed walls, since it ignores the
streamwise separation of wall elements as they are moved downstream.
Also , because A( t) has a time scale of (H/g)~~

’2—O .5 sec, comparable
to t , while the flow adjustment time is on the order of the room

filling time, there is no need to track expansion waves produced
at initial wall crackings, which provide only negligible perturba-
tions on the quasi-steady flow impulse.

In addition to the flow through wind impulse, occupants of
the room will experience shock-imparted impulses, once from the
incoming shock wave, plus , depending on position in the room , pos-

sibly from the shock reflected off the rear wall. The many pos-
sible secondary diffracted shocks and impulses delivered by the
high-speed but short duration jet flows of the filling phases are
all crudely lumped with the shock penetration impulses by assigning

— ‘F + (X_X
F) IR/L (2)

as the total impulse I delivered to an object at distance x from
the front of the building. Here xF is the position of the front
wall of the chamber , L is the chamber length , and I~. and ‘R are
the impulses imparted by the forward propagating and reflected
shocks , respectively. Details of this computation are given in
Reference 1.

The flow through phase winds are in the incompressible flow
range for any problem-in which - the building has not been totally
destroyed, so they are modeled using conventional orifice plate
coefficients (Ref. 30). To determine the flow thrbugh a chain of

-

-
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orifices representing a story, one must know the driving pressure
drop front-to-rear on the building . This is specified by assigning
a wake pressure

P~
(t) Pff (t) ÷ C~ (qff -q~ ) (3)

where Cd = -P 0 .4 is the “drag coefficient” for flow over a solid
block (Ref. 14) and cff and are the dynamic pressures of free
field and wake , respectively. The form of equation (3) is chosen
to obtain appropriate limits for flow through a story with walls
gone (where 

~~~~~~ 
so that 

~~~~~~ 
and for a story with no flow

through it due to solid walls (where 
~~~~~ 

so that p~ =pff +C~qff ) .
With these assumptions, a quadratic equation results for the volume
flowrate Q(t) through the story:

+ 2 - C
d}U

2U+Cd
.bO (4)

where i is the wall index = 1,2,.. .NB1 with NBI = number of bays
in story + 1; r~ = Aext/HjWj; 

~i 
= Aj(t)/ HjW1; and U = Q( t)/Vff Aext

with Vff = free field velocity of flow and Aext = area of upstream
exterior face of story, including frame area. The coefficient of
velocity for the orifices is C,~,. Note that the flow is coupled
to wall failures through the time dependence of ci~(t). computed
from equation (1) .

Once the flowrate at each station is determined from equation
(4), a jet flow geometry can be specified (Ref. 1) and the interior
dynamic pressure q(x ,y,z,t) is known. Aerodynamic loading on ob- 

V

jects and occupants can be computed , and the impulse from equation
(2) gives initial velocities. 

V

When the very open construction of the sample building in —

Figure 3 is considered, the interior winds can be obtained as a
special case analytical solution. Specifically, the absence of
the rear walls removes the reflected shock impulse, and there is
no filling phase duration. The large constant area orifices imply
a constant solution to equation (4), so that the interior wind is
simply a constant factor times the free field win~1.

21
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Extensions of the interior wind analysis would be desirable
in two directions: effects of nearby structures should be in-
cluded if urban areas are to be realistically simulated ; and the
free field winds of natural origin should be considered .

The blast problem for groups of buildings contains several
features for which wholly new models will have to be developed.
Considering that separation distances will typically be less than
building heights , it becomes clear that all shocks to which a
building is exposed will be diffracted shocks . Thus , no simple
free field exists below roof level. Secondly, a high density of 

V 

-

windborne debris can be expected , producing intense, hard-to-
analyze loads on upwind surfaces. In short, a statistical , highly-
parameterized approach would be necessary, perhaps based on Monte

V Carlo runs of. deterministic models of the type used here .

2.5 Personnel Response Model

Several simulation models have been used to predict the re-
sponse of building occupants in a blast wind environment . Two
of these are illustrated in Figure 4.

Originally, a simple rigid block free to translate and rotate
in two dimensions (vertical plane) was used to simulate the gross
response of a person when subj ected to blast loading . Its basic
geometry is as indicated in Figure 4a. The simulated person is
def ined by four corner points such that points 3 and 4 def ine the
head. The dashed line is used to identify -the front and the back
of the individual in the plotted output.

Under the action of blast loading a person would be subjected
to diffraction , drag , lift and contact forces. Contact forces come
into play when impact with the floor, wall or the ground plane oc-
curs. Diffraction loading occurs when the shock front interacts
with the individual and lasts approximately for the time required
for the wave to clear around him. Drag (D) and lift (L) forces
are assumed to be as indicated in Figure 4a.

D — q(t) Ad(Q)

L — q(t) A
~

(9) - (6)
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Where q(t) is the dynamIc pressure of the flow and Ad, At are the
position-dependent drag and lift areas respectively. The particular
dynamic pressure-time history used in any one case is the free field
dynamic pressure modified by dominant local conditions such as

building geometry, aperture (window and door) size and location ,
and roo-n geometry. Drag and lift areas are computed using the
relationships:

Ad ~~~~~~~~~~~~~~~~ sin2(Q-IT/2) (7) 
V

A1 — Atm~~ 
sIn(29-n) (8)

Rotation is produced because the drag force is assumed to act
through the center of pressure, i.e., the center of projected area
(Figure 4a) and thus has an eccentricity , relative to the center
of gravity. The lif t force is assumed to act through the center
of gravity and therefore has no associated eccentricity.

The final set of forces which may act on the individual are
contact forces due to impact with a horizontal or vertical surface.
Contact forces are assumed to occur at corner points only. The
force generated during contact is taken to be deflection and de-

flection-rate-dependent. The deflection is defined as the max-
imum perpendicular distance that the corner of the block ext ends
into the contact surface . This force tends to push the block out- :~
ward perpendicular to the contact point. A tangential force also

may be generated dur ing contact, which is considered to be a fric-
V tonal force. Its value is proportional to the value of the normal

force and its direction depends upon the tangential velocity vec- V

tor existing between the block and the impacted surface. The ap-
proach used in determining contact forces is similar to that de- 

•

scribed in Reference 31. The simulated individual can contact
three surfaces described by coordinates X1,Y1,X2,Y2 in the fixed
global coordinate system. The two horizontal contact surfaces
represent the building floor and the ground plane. The vertical

surface represents a wall which has not yielded at the time con- V

tact is made.
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In the more recent simulation model (Ref . 32) the individual 
V

is represented by means of seven elliptical cylinders intercon-
nected at six flexible joints as shown in Figure 4b. Since only
planar motions are allowed , this results in 21 degrees of freedom .
As in the case of the rigid block model , forces acting on any ele-
ment of the simulated man include gravity , joint , contact , aero-
dynamic and pressure forces. The gravity force is merely the
weight of the element directed in the global negative Y direction.
Each element has springs resisting motion in the local X(I) and
Y(I) directions as well as torsional springs resisting rotation
at each joint associated with the element . The total stiffness
at a joint consists of a combination of the stiffnesses associated
with the two elements joined . Force-deflection characteristics
of the springs are general piecewise linear functions. 

-

Normal and frictional contact forces acting between an ele-
ment and the three possible contact surfaces are modeled as piece-
wise linear functions of the contact interference volume. They
are assumed to act through the centroid of this volume. The con-
tact interference volume is def ined as the volume of an element
that would extend beyond a contact surface if there were no de-
formation. Different functions are used for deformation and res-
toration.

Initial velocities can be applied to all or several components

of the model. Aerodynamic forces are determined for each element

using equations (5) and (6). The dynamic pressure is obtained
for each element using its own velocity and wind parameters .
Effective drag and lif t areas are computed us ing equations (7)
and (8) .

Physical data describing the size, weight and joint positions
of the elliptical elements were obtained from References 31, 33
and 34. These data correspond closely with the fiftieth percentile
American male. Surface contact force and joint torsional spring
data are approximately the same as those used in Reference 31.
Since a “hard stop” was used at the ends of the range of normal
motions of the joints in this reference, these torsional spring

25
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data were altered to approximate the large increase in the stiff-

ness at these positions. Deflections in this range would ordinar-

ily indicate injury, probably fatal-in the case of the neck joint .

Figure 5 illustrates typical results using the two models.
In this example a standing individual at a large window (not shown) ,
with his bac~c to the direction of blast is subjected to an over-
pressure at the range of 10 psi. Partial trajectories are given
at increments of 0.1 sec . For the particular problem and physical
data used , the gross response of the individual is essentially the V

same for both models. The articulated u~ del provides more infor-
mation on the probable casualty state of the individual .

Parametric studies utilizing the rigid block model have been

-: conducted to examine the sensitivity of the first impact condi-
tions on the statistical variation of parameters such as weight ,

height, width, moment of inertia, areas , and location of center
of gravity . Generally impact conditions are not very sensitive to
expected parameter variations . The validity of multiple impact
conditions is’ indefinite due to the uncertainty of the response
detail during the initial contact , and the somewhat unrealistic
assumption of a rigid body. This aspect is discussed in Reference 

V

35.

Development of the articulated man model represents an attempt
to overcome such limitations and uncertainties. However , it is not
clear that any real gain in the quality of the transport informa-
tion or the details of the impact conditions is obtained . A more
realistic motion appears to exist and a better geometric appear-
ance is evident. Nonetheless the substantial increase in the num-
ber of degrees of freedom used to describe the motion requires the
introduction of a rather large number of connection parameters ,
the character and values of which are not well defined. The mag-
nitudes of the aerodynamic forces acting on each element of the
model are complex functions of the collective orientation of all
the elements. These shielding and interaction effects have not
yet been adequately described . Under some conditions, voluntary

V internal forces may exist and thus influence certain aspects of
the motion. For example, instead of the man falling over he may
literally run with the wind or just squat down on the floor.
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2.6 Illustration of the People Survivability Analysis Process

The use of the analysis process is illustrated by applying
it to the analysis of people survivability for the building shown
in Figure 3 when subjected to the prompt effects of a single , 1MT
surface burst . Results are obtained for a range of distances from
the building to the point of detonation .

Figure 3 shows an elevation view of a ten-story steel frame
building which is assumed to be located in the open and “suffi-
ciently” removed from other structures in the area so as not to be
affected by them during the passage of the blast. Stories from
the second through the tenth are identical . The typical floor
plan is shown in Figur e 6. The first story floor plan is essen-
tially the same except for its smaller size as indicated in
Figure 3.

F Data required by a people survivability analysis include build-
ing data and people data. Required building data include; build-
ing geometry,’ materials, type of structural system , strength of
the primary structure and of the critical building components when
subjected to the postulated blast environment and amount of shield-
ing provided by window covering. People and occupancy data required
for analysis include ; number of people , their distribution and ini-
tial body positions. Building data for the sample buildings are
given in Table 2 .

Building strength data required for the analysis include fail-

F ure (incipient collapse) strength of the building frame , exterior
walls and interior partitions . Failure strength in each case is
arbitrarily expressed in terms of the corresponding peak free f ield
overpressure at the site of the building referenced to the given

V 

weapon yield. Correspondence between peak overpressure , peak dy-
naxnic pr essure and range to ground zero for a 1NT surface burst is
provided in Table 3. - -
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- TABLE 2. BUILDING DATA

1. Building Description

• Number of stories 10

• Floor area per story — 8100 sq ft total
7200 sq ft usable

• Building height V — 102 ft
• Type of construction — Steel frame, steel deck, masonry walls

and interior partitions

2. Exterior Walls

Story Description - - Strength*
1 Glass 0.5 psi

2 to 10 4 in. and 8 in. brick 9.1 psi
non—load—bearing walls
inset in the frame

3. Interior Partitions

Story Description Strength*
1 to 10 8 in. nonreinforced 4.0 psi

Concrete masonry

4. Windows

Story 1~indov Size Sill Height

-
‘ 1 l2 ft by 3o ft Oft

2to lO lft by 3O ft 3ft

* Incipient collapse overpressure based on normal to the plane of the wall
blast loading.

30 
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TABLE 3. 1MT SURFACE BURST BLAST CHARACTERISTICS 
V

Peak Free Field Peak Free Field Range to Ground
Overpressure, psi Dynamic Pressure , psi Zero , Miles

4 0.37 3.14
8 1.44 2.08

12 3.13 1.67

16 5.38 1.44
20 8.14 1.29

As indicated in Table 2, upper story building walls facing
the direction of blast (Figure 3) are estimated to be at the point
of incipient collapse at 9.1 psi. Corresponding overpressure for
the interior partitions is 4 psi. This is a framed building with
moderately strong walls, though large window areas and is there-
fore considered to be primarily diffraction sensitive. For the
range of overpressures relevant to this problem (up to about 16
psi) the building will lose its windows , exterior walls and in-
terior partitions. However, the building frame is not expected
to collapse. -

People are assumed to be - uniformly distributed in all building
areas at approximately 10 sq ft per person and both the “initially
prone” and the “initially standing” cases are examined . In the
context of this analysis the initially standing case is considered

V to represent the condition when no warning is given . The initially
prone case represents limited evasive action corresponding to
limited warning time. In this example problem people are simulated
using the “rigid block” model shown in Figure 4a.

Results are given in Figure 7. They represent total (combined)
survivors taking into account all relevant prompt effects. They
were obtained by selecting discrete overpressure levels, computing
percent survivors for the individual effects, combining individual
results and connecting the points with straight lines. Conceivably

V 

smoother curves would be produced with a larger number of discrete
points. The individual effects results on which the results of

- - 

-
, Figure 7 are based are given in Figure 6. These results are briefly

discussed.

31.
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The number of casualties produced by thermal radiation and
prompt nuclear radiation depends on the quantity of energy de-
livered and therefore is independent of the initial body positions
of the occupants. Major variations in the thermal radiation curve
(see Figure 8) occur at 4 psi and 9.1 psi. These are overpres-
sures at which respectively the interior partitions and exterior
walls fail and are removed. This provides for a larger opening 

V

and therefore for more energy to be delivered.

The number of blast translation and debris impact casualties
is fairly strongly dependent on which initial body position is
used by the occupants. Consider the blast translation o~ the m i -
tially standing occupants (Figure 8). Due to shielding provided
by the sill , sidewalls and the interior partitions , essentially
no fatal casualties occur prior to 4 psi. At 4 psi the interior

partitions fail exposing all occupants to the blast. At 9.1 psi
exterior walls fa il exposing all occupants to being swept out of

— 

the building. It will be noted that at 10 psi no initially stand-

$ ing survivors remain . However , about 40 percent remain for the
initially prone case. The difference in survivors for these two
body positions is due to the following reasons. First, more
shielding is provided by the sill and sidewalls for the initially

prone people and therefore less casualties. Second, the drag area
is smaller and the floor contact area is larger for the initially
prone people , resulting in slower initial motion when compared
to the initially standing case.

The second difference works in the opposite direction as far

as debris impact is concerned . Initially standing people are
V 

- 

translated by the blast faster than the initially prone people,
resulting in less interaction with debris. One reason for the
upswing in the debris curves (see Figure 8) at higher overpressures
is that debris tend to be translated further before impacting the
floor. This reduces interaction with building occupants.

Results produced allow for the rating of individual building
areas and the relative effectiveness of evasive action. Such re-

$ suits can also be used for rating individual buildings relative to
protection afforded .

34
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2.7 Suimnary and Conclusions

Conventional buildings constitute the only viable, current
sheltering resource. In -providing for population safety in the

event of an emergency, the civil defense planner is faced with
several difficult problems. One is to identify the best avail-

able shelter space in various buildings in his particular local-
ity. Another is to identify modes of evasive action that can
effectively be used by building occupants so as to enhance the
inherent protective capabilities of these buildings. A third is

decide which buildings warrant being upgraded and in what manner so
as to provide the required protection. The goal is to save lives and

provide for continuity of the community in complex , multieffect
situations, i.e., prompt and indirect effects of nuclear weapons,
and natural disasters such as earthquakes , hurricanes and tornados.

A reliable building classification and rating system is needed ,

t 5 that can be quickly and effectively used at the local level by
nonengineers for the purpose of classifying individual buildings
in accordance with their overall protective capabilities and for

t the rating of the various spaces within them using an easy to
apply ranking procedure. The task of developing effective , easy
to apply tools is a difficult one. Numerous building types vary

V according to the socioeconomic function , geographic location, local
building codes , year of construction, whim of the architect , etc.
On the commercial or the professional plane a building classifi-
cation system that identifies and categorizes the salient features

of buildings in desirable detail , and one that can be used as a
starting point for developing the classification and rating system
described does not exist at this time.

Some believe that integrity of the building primary struc-
tural system is a good indicator of its inherent protective capa-

bilities. This is not generally true. This is amply demonstrated

V 
- 

in several recent natural disasters (Ref. 36) where the primary
structure survived and numerous persons were killed or injured by

so-called nonstructural items such as failed masonry partitions
and ceilings. A classification system which uses- the strength of
the primary structure as a rating base can lead to serious errors.
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The simulation model bypasses many- of these difficulties.
Assuming that repreaentative build s can be surveyed as de-
scribed in Reference 37, this simulation model can be used to

develop a reliable classification’ system after analyzing a suf-
ficiently large and repreSentative sample. It can be used for
the judging of the relative merl,ts of various modes of evasive

action and the adequacy of various shelter upgrading concepts.

The problem is one of establishing relative safety in a com-

plex, multihazard environment. For stated purposes the model is
considered to be sufficiently valid and adequate.

36
V -- V ~ V_ _ V~~V~~ V~~ V ~~~~~~~~~ ~V~~ V V



—-V —- —-V -V

I

3. SUMMARY OF PEOPLE SURVIVABILITY ESTIMATES

3.1 People Survivability in the Upper Stories of Large Buildings

3.1.1 Introduction

In 1972 DCPA supported a survey which produced (Ref. 37) de-
- tailed data on the physical makeup of 219 buildings of the type

surveyed in the NFSS . This sample contained mostly large engineered
buildings which in terms of use-classes included office buildings,
hotels , schools , apar tment buildings, etc. Fifty buildings were
subsequently selected from this sample and analyzed to determine
the extent of protection provided when the hazard environment con-
sists of direct effects produced by the detonation of a megaton
range nuclear weapon exploded at the ground surface. The analysis
was performed using the BUILDINGS computer program previously de-
scribed in Chapter 2 of this report. Results are presented in
Reference 38 and are summarized and discussed here in updated form.
The building ‘sample considered is described in Table 4. -

— TABLE 4. CATEGORIZATION OF BUILDINGS IN THE SAMPLE
I 

Building Type Exterior Wall Type Frame Type Number in Sample

1 Framed NLBW_A* Steel 11
R/C 12
Steel—RJC 4

-
~ NLBW—NA Steel 6

R/C 2

R/C 1
- 

36

- 

- 
- 2 Combination LBW Steel 5

R/C 6_

11

- 

- - 3 Load—bearing LBW — 3

—

V 
TOTAL 50

V 
*NLBW—A — nonload—bearing with arching support conditions

- - 1 NLBW—NA — nonload—bearing and nonarching (i.e., a curtain wall)
R/C — reinforced concrete -

LBW — load bearing

- -
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3.1.2 Summary of Results

Results are summarized in Table 5. In this table the build-
ings are arranged in the order of their “survey identification
numbers”. Percent survivors (50, 10 and 90) in each building are
related to corresponding hazard environments in terms of the free V

field overpressure at the building site. The three percentages V

of survivors were chosen to facilitate an initial comparison of
people survivability for this set of buildings. Complete curves

from which these values were taken are included in Reference 37.
Additional information describing these buildings in Table 5 in-
cludes the following :

• Number of stories -

• Type of building frame
• Types of exterior walls

• Average wall strength (in terms of incident free field
overpressure)
• Average window (aperture) percentage

-
~~ • Type of floor over the basement (where basements exist)

• Average strength of the floor system over the basement
(in terms of incident free field overpressure)

Average values referred to are weighted averages for up to the
first four stories of each building. Floors higher than the fourth

— were not considered viable shelter areas against the effects of
blast. Types of exterior walls were classified in four general
categories , i.e •, nonload-bearing with arching support conditions
(NLBW-A) , nonload-bearing and nonarching (NLBW-NA) (i.e., a cur-
tain wall), load-bearing (LBW), and reinforced concrete (RIC) . ‘ V

V 
BUILDINGS computer program does not have the capability of

V 
considering overall building failure (overturning , instability)

V 

as a casualty mechanism and therefore in the original people sur-

- 
vivability evaluation (Ref. 37) this aspect was not considered .

- In a subsequent study (Ref. 35) a simplified building failure anal-
- ysis was formulated and applied to this set of buildings. Results

- - given in Table 5 therefore include the influence of overall build-
-

V 

ing failure as a casualty mechanism. It is emphasized however that 
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the method used was very approximate. These results should there-
fore be verified using a more detailed analysis method.

3.1.3 Discussions of Results

Results given here are average values for up to four stories
of each building considered. They were obtained using the BUILDINGS
computer program on the basis of proportionally averaged data. For
each story the data included the following parameters.

Type of exterior walls
Length and width of the building —

Percent windows, i.e., (window area/gross wall area)x 100
Window sill height
Room height
Distance to first interior wall
Failure overpressure for exterior and interior walls —

People were assumed to be uniformly distributed in all nor-
mally usable .building areas. Therefore they did not preferentially
occupy the better shelter space. In this sense the results are
conservative. Assuming uniform distributions of people in each
case allows for a consistent comparison of protective capabilities
between individual buildings.

Only one mode of evasive action was examined , i.e.,, the ad-
vantage of taking a prone position relative to remaining standing.

For these reasons the results should be treated as being
average , conservative and not fully representative of the shelter-
ing potential of these buildings. Clearly, a given building does
not provide uniform protection in all of its areas; the first story
is likely to afford more protection than the fourth simply by vir-
tue of elevation; unexposed building core areas are likely to pro-
vide more protection than exposed peripheral areas. People are
not expected to be located in all building areas and possible modes
of evasive action are not limited to lying down.

An attempt was made to gauge the signiricance of the various
building parameters on people survivability. This, was done by

3
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means of a regression analysis. Due to limitations imposed by the
small size of the building sample , it was possible to consider only
the following relationships , i.e.,

• mean survivability versus exterior wall strength,

• mean survivability versus percent windows

for each of the following building categories. i.e.,

Steel framed buildings
R/C framed buildings
Framed buildings with arching walls
Framed buildings with nona~ching walls
All framed buildings
All combination buildings (framed and load-bearing)

Load-bearing buildings
All buildings

Wall strength was found to be the most significant parameter. The

distinction between the above building categories relative to sur-
vivability was found to be weak. Whether a distinction exists or
not could not be determined on the basis of this sample.

Average values of free field overpressure corresponding to
10, 50 and 90 percent survivors for four building categories char-
acterized by the type of exterior wall are summarized in Table 6
and plotted in Figure 9. R/C wall category is not plotted since
the sample contains only one building.

V TABLE 6.- PEOPLE SURVIVABILITY AVERAGES (UPPER FLOORS)
(Overpressure Levels at Indicated Percent Survivors)

Exterior Wall Number 50% 10% 90%
-; Type in _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Sample Standing Prone Standing Prone Standing Prone

1 NLBW—A 27 6.4 8.8 9.0 11.9 4.7 6.5
2 NLBW—NA 8 4.8 9.3 8.2 13.6 3.2 6.1
3 LBW 14 5.5 7.9 9.1 12.4 3.7 5.1
4 R/C 1 7.2 15.0 10.2 16.7 4.4 7.1

Average
Upper 50 5.9 8.8 9.]. 12.4 4.2 6.1
Floors
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Referring to Figure 9 it will be noted that for the most part,
buildings with arching type walls, by virtue of their strength ,
provide better protection for initially standing (unwarned) popu-
lation than do the other two categories. On the other hand, for
initially prone (warned) population wall strength is no longer
dominant. The influence of this parameter is diluted by the more
dominant influences of parameters such as window percent and sill
height.

Taking simple evasive action such as lying down before the
arrival of the prompt effects appears to be quite effective in

saving lives. Referring to the “average building” curves , Figure

9, it will be noted that when no evasive action is taken (all people
are standing) then fifty percent are casualties at the range of 5.9
psi. When simple evasive action is taken then fifty percent are
casualties at the range of 8.8 psi. This corresponds to about a
36 percent reduction in casualties assuming a uniform distribution
of people in the land area affected by the weapon. Conceivably ,

• using the “better” building areas rather than all usable areas would
further reduce casualties as compared to the “unwarned” popula tion
case. The study described did not consider such refinements . How-’
ever , the BUILDINGS computer program is capable of evaluating the
protective capabilities of different building areas and rating them
in terms of survivability. V

The study described was useful in gaining an insight into the
protective capabilities of upper story spaces . However , due to the
size of the building sample it was not possible to identify all
building parameters which contribute to people survivability and to
gauge the extent of their contribution .

V 3.2 People Survivability in Basements of Large Buildings

3.2.1 Introduction
V 

This chapter contains results of analysis performed to evaluate

- 

V the protective capabilities of basements of engineered buildings
against the prompt effects produced by the detonation of megaton-
range nuclear weapons. Two sets of results are presented . The
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first set is based on data collected in the field. These base-
ments-belong to the buildings discussed in the previous chapter.
The second set of results is based on basements designed (Ref. 35)
with the object of evaluating their protective capabilities. These
are therefore not actual, existing basements, but basement designs.
They were designed by practitioners in the field in accordance
with the ACI and Chicago building codes. Results of the 50 build-

ing sample are presented first.

3.2.2 Results of the 50-Building Sample

Of the 50 buildings analyzed in Reference 38, 36 had basements.
They are categorized by the type of overhead (first) floor slab

(system) in Table 7. This table also includes estimated percentages
of total U.S.  NFSS spaces in each of these categories based on
the 219 buildings sample (Ref. 37) . The seven categories used are
those previously identified in Reference 37. Collapse overpres-
sures ranged from about 2 psi to 55 psi with 50 percent of the
floors predic ted to collapse at 7 psi or less , and 90 percent pre- i 

- -

dicted to collapse at 18 psi or less. Collapse overpressures are
given in Table 5. The values are weighted averages for normally
usable portions of baseinents~ Collapse overpressure predictions
used here were obtained from Reference 39.

People survivability estimates are summarized in Table 5.
As was done with the upper story people survivability estimates,
percent survivors in each basement are related to corresponding
hazard environments in terms of free field overpressure at the
building site. Casualty mechanisms considered included debris
from the breakup and collapse of the overhead slab and prompt nud e-
ar radiation . Dynamic pressures (blast winds), which would affect
basement areas when closures are not provided for are exceeded by
blast loading, were not considered.

The reason why this potentially important casualty mechanism
was not considered is that at the time this study (Ref. 38) was

— 
-
- conducted , a readily usable and economic method for predicting

- 

- 

the transient velocity fields within a basement did not exist.
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TABLE 7. BASEMENT OVERHEAD (FIRST) FLOOR SYSTEM CATEGORIES

Number Percent of
Type of Floor System in Total U.S.

Sample Spaces*

1. Concrete slab—steel beam 9 22.1
2. Flat slab 6 4.9
3. Flat plate 2 5.7
4. Concrete slab—concrete beam 3 16.9
5. Concrete joist—concrete beam 1 0.8

6. Concrete joist—steel beam 3 2.1

7. Other:

Concrete slab—concrete joist —7
Concrete slab—steel joist —3 12 20 3Concrete slab—steel/concrete beam —l
Hollow concrete slab - —l

TOTAL SAMPLE 36 72.8
* Estimate based on the 219 buildings sample (Ref. 37)

Also , the development of such a tool was beyond the scope of the
study (Ref. 38) reported . Hydro-codes of the type used in References
40 , 41 and 42 are not considered here to be readily usable methods
due to long and costly computer running times . However , they can be
used to generate data on the basis of which simplified methods may
be developed.

- - Since the influence of transient velocity fields on people

survivability in basements was not considered , then results reported
here represent fairly specific sheltering options, i.e., one in which
the basement closures are stronger than its walls and overhead slab,
or one in which the shelterees occupy the best (safest) places in
each basement. In general, this would include all shielded areas
and areas away from any openings.

Average percent survivors for each of the seven categories of
basements are given in Table 8 and plotted in Figure 10. Based on
these results the following conclusions are made.

48
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TABLE 8. AVERAGE PERCENT SURVIVORS AT INDICATED OVERPRE SSURE LEVELS
(Basement Spaces)

— 

Floor System Free Field Overpressure (psi)

5 10 15 20 25 30 35 40

1. Concrete slab—steel beam 85.6 60.1 36.0 13.7 8.1 5.8 3.2 0.4
2. Flat slab 85.5 27.3 17.8 11.0 2.5 0.8 0.0 0.0
3. Flat plate 28.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4. Concrete slab—concrete beam 83.3 43.7 6.3 0.0 0.0 0.0 0.0 0.0
5. Concrete joist—concrete beam 77.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6. Concrete joist—steel beam 83.3 46.7 9.7 2.7 0.0 0.0 0.0 0.0
7. Other 78.4 17.8 0.0 0.0 0.0 0.0 0.0 0.0

Weighted average 78.4 36.5 13.9 5.0 2.6 1.8 1.0 0.1

Figure 11 is a relationship between free field over-
pressures at 50 percent survivors and the correspond-
ing incipient collapse overpressures for the 36 base-

V ments analyzed . It is seen that except for a single
data point, there is mostly a one to one relation-
ship between the overpressure producing 50 percent
survivors and the incipient collapse overpressure of — 

-

the corresponding basement overhead floor system.
This is approximately as expected. At lower over-
pressures structural strength governs survivability.
At higher overpressures prompt nuclear radiation
enters the picture and casualties can be produced
prior to collapse of the slab .

- V 2. For the sample of basements considered , basements
with concrete slab-steel beam overhead floor systems
provide the best shelter space . This is followed
fairly closely by basements having flat slab overhead

V floor systems . The flat plate takes the last place
in this ranking . (See Figure 10) .

-: 3. The only explicit structural parameter considered in
the statistical analysis of these basements was the
strength of the overhead floor system. Contributory
parameters such as span length , floor to ceiling dis-

- 
- tance, size of exposed wall, aperture percentage, and

interior basement partition were considered in the
analysis of percent survivors. However owing to the
small sample of basements , it was not possible to in-
clude these parameters in a regression analysis for

V the purpose of gauging their significance on survivability.
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4. In comparing people survivability results for basements
and upper stories it is important to note that final
results are in terms of survivors as such, and a dis-
tinction between injured - and uninjured survivors is
not made. Since debris is the primary casualty pro-
ducer in basements, while debris, thermal radiation ,
prompt nuclear radiation and dynamic pressure dominate
in upper stories , then it is reasonable to asstmte that
survivors in basements will have fewer injured than
survivors in upper stories.

100 -

1. Concrete Slab, Steel Beams

‘ ‘
~~~~\ 

2. Flat Slab

‘ ‘kk%\\ / 3. Flat Plate
/  4. Concrete Slab, Concrete Beams

!~!% \ / s. Concrete Joist, Concrete Beams
‘
~“~~ 
‘

~~~ 4 6. Concrete Joist, Steel Beams
2 7. Other

50 _
6

Average Basement

C. ~~~~
III

0 5 10 15 20 25 30 35 40
Free Field Overpressure, psi

Figure 10. People Survivability in Basements
(Average Values by Category)
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3. 2.3  Results of “Designed” Basements

To gain a better understanding as to the protection available
in basements of conventional buildin,gs against the effects of blast,

several types of basements were designed for conventional loads in
accordance with existing building codes and subsequently analyzed
when subjected to the effects of blast produced by megaton-range 

V

nuclear weapons (Ref. 43) . Types of basement s , design procedures
and results are described in this section.

The designs involve the following assumptions.

1. We are dealing with basements of multistory engineered
buildings . For design purposes the building height is V

limited to ten stories.
2. Basement s are single-level , i . e . ,  no subbasements are

considered . The overhead (first floor) slab is at grade .

Three types of first floor slabs were considered, i.e., one-
way slabs (simply-supported and two-span continuous), two-way slabs
without beams , i.e., flat plates and flat slabs and two-way slabs
supported on steel beams and steel columns. One-way slabs are
discussed first.

Basements with One-Way Slabs - One-way reinforced concrete
- 

- 
slabs considered include two types, i.e., simple span simply sup-
ported and two-span continuous over a central support. The basic
basement geometry associated with these slabs is illtVstrated in
Figure 12. Design parameters considered were varied over the ranges
given in Table 9. As indicated in Figure 12 , a clear ceiling height
of 8 f t  was kept constant . 

V

Slabs were designed using a procedure which utilizes the
“Ultimate Strength Design” approach and satisfies the requirements
of both the ACI 318-63 and ACI 318-71 “Building Code Requirements
for Reinforced Concrete”.

These slabs were subsequently analyzed with the obj ect of
identifying reasonable collapse mechanisms and determining corre-
sponding collapse overpressures when subj ected to the blast effects
of a single, megaton-range nuclear weapon in its Mach region.
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Collapse mechanisms were identified based on yield-line

theory (Ref. 44) , available experimental data (Ref. 45, 46 , 47
and 48) and engineering judgment. Based on this, it was assumed
that the only reasonably admissible collapse mechanisms to con- - -

sider are those shown in Figure l3a and 13b.

Experience and theory indicate that a uniform, simply-supported
one-way slab subjected to a uniformly applied load of sufficiently
high magnitude will develop a plastic hinge at midspan (the posi-

V 

tion of maximum moment). This produces an unstable condition re-
sulting in collapse. A symmetric collapse mode (Figure 13a) is
expected under conditions of a symmetric structure and uniform
load . However , since conditions are not expected to be ideal in
every case, an unsymmetric mode (Figur e l3b) is also considered.
It is included as a reasonable alternate to account for the pos-
sibly significant movement of individual supports (basement walls)

during the blast loading process and other variations producing
unsymmetric response.

Since the likelihood of these collapse modes is not known,
it is reasonable to assume that each is equally likely. This as-
sumption has some experimental basis . For example , in Reference
46 approximately one-half of the symmetrically designed, symmetric-
ally supported and symmetrically loaded slabs experienced unsym-
metric collapse.

The minimum overpressure magnitude required to produce a
plastic hinge at midspan is designated as P1. After the slab has
experienced overpressure P1 or higher (see position 1 in Figure
13(a) and (b)), the subsequent symmetric and unsymmetric modes of
collapse are described as follows.

The symmetric collapse (Figure 13a) is assumed to be followed
by a stable postfailure position 2. ~t sufficiently high overpres-
sures this is assumed to be followed by failure and collapse of the
half-spans resulting in postfailure position 3. The minimum over-
pressure magnitude required to produce a plastic hinge at the mid-
point of each half-span is designated as P2 .

- 

- - 
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The unsymmetric collapse (Figure 13b) is assumed to include
three events.

a. Rotation of span about support point A or B resulting
in unstable position 2.

b. Further rotation and sliding resulting in stable posi-
tion 3.

c. Failure and collapse of half-span due to overpressure
P2 or higher , resulting in postfailure position 4.

Only one collapse mode is assumed for the two-span continuous
slab and is illustrated in Figure 13c). After the slab has ex-
per ienced overpressures in the range between P1 and P2 , it becomes
a mechanism , i .e. , plastic hinges have been formed at points C
and B and the slab collapses. It is assumed to pull off support
A , rotate about support B into unstable position 2 and further into
stable position 3. If exposed to overpressures of P2 or higher ,
the propped part of the slab is assumed to form a plastic hinge at
midspan, break loose at support B and then rotate and slide into
postfailure position 4.

The structural analysis of the slabs was performed using blast-
load design-analysis procedures of the type described in Chapters

F 7 and 8 of Reference 48.

In estimating the numbers of survivors, the primary casualty
mechanism considered was debris from the breakup of the overhead
basement slab. The process used in estimating debris casualties is
one in which basement areas occupied by people (in the various body
positions, i.e., prone, sitting , standing) are superimposed on base-
ment areas affected by the collapsed slabs. The interaction of

-

V 
collapse modes with body positions provides a rough (though real-
istic) estimate of corresponding casualties. Impacts to the head
or the thorax were assumed to produce fatality. Impact to or pin-
ning of the legs was assumed to produce injury or fatality depend-
ing on the particular area or length affected . Small amounts of
debris breaking from the slab during the yielding of the slab were
considered and were assumed to produce injuries . The possibili ty
of injured people being rescued in the postattack period was not
considered in making the final estimates .
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(c) Collapse Mode for Two—Span Continuous Slab 
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NOTE: Numbers indicate successive positions of the failed slab

Figure 13. Assumed Collapse Modes for One-Way Slabs
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Results , percent survivors and percent injured , are summarized

in Figure 14 and Figure 15 for basements with one-way simply sup-
ported and two-span continuous overhead floor systems respectively .
Results are summarized in terms of overpressures producing lower
and upper bounds of survivors . The major parameter influencing

the spread between the lower and the upper bound is the “design
live load” (see Table 9,,) For a more detailed presentation of

results the reader is referred to Reference 43.

Basements with Two-Way Slabs - Flat slabs and flat plates (see

Figure 16 and Table 9) were designed as - square interior panels in
accordance with ACI 318-63 (Ref. 50). The designs meet the require-

ments of Chapter 21, “Flat Slabs with Square or Rectangular Panels”

and either Chapters 10 to 12 of Part IV-A , “Structural Analysis
and Proportioning of Members - Working Stress Design”, or Chapters
15 to 17 of Part IV-B , “Structural Analysis and Proportioning of
Members - Ultimate Strength Design”.

The design load acting on the slab was assumed to be the nom-
o inal live load reduced in accordance with American Standard Build-

ing Code Requirements for Minimum Design Loads , A58 .l-1955 (Ref .
51) for live loads less than 100 psf and surface area greater than
150 sq f t . and the dead load consisting of the slab weight based
on a unit weight of 150 pcf and an additional dead load of 10 psf .
This combination of service loads was used in the working stress
designs , and a combination of fac tored live and dead loads was used

• for the ultimate strength design.

Representative sizes of reinforcing bars and drop panel dimen-
sions were obtained from the CR51 DESIGN HANDBOOK (Ref . 52 , 53), 

V

Chapter 8 of the “Working Stress Design Manual”, and Chapter 12 of
the “Ultimate Strength Design Manual”. These values were used
since many structural engineers utilize the CRSI handbook for m i -
tial design configuration.

Two-way slabs on steel beams (see Table 9) were designed as
square , interior panels in accordance to ACI 318-63 using ACI Meth-
od 2 , (see Appendix A of Ref.  50) . The design live load acting
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Figure 15. Upper and Lower Bound Estimates of Survivability
and Injury for People in Basements of Framed
Buildings with One-Way Slab (Two Spans Continuous V 
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Over Center Support) Overhead Floor Systems
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on the slab was assumed to be the nominal live load reduced as
provided for in the Chicago Building Code (Ref. 54) for beams,
girders and trusses. - ,

Steel framing members were designed in accordance with the
AISC specifications , seventh edition (Ref. 55). This includes
steel beams , columns and framing connections .

The design criteria were based on minimum volume of concrete
through the use of minimum slab thickness and minimum column di-
mensions. These criteria were assumed to yield a reasonable-cost

structure if not the least-cost structure, which would be depen-

dent on actual construction costs at the time of construction.

Based on these design criteria , the matrix of slab designs

is shown in Table 10. This table contains 49 entries with each
of which two concrete strengths and two reinforcing steel strengths
were considered . Thus the total number of slabs designed was 196.

TABLE 10. MATRIX OF TWO—WAY SLAB DESIGN S

“~Span
Liv~. 12 f t 16 f t 20 f t 24 f t 28 f t
~~ad\

FP, WSD FP, WSD FP, WSD CAPS , USD
50 psf TS, ACI2 TS, ACI2 TS, ACI2 TS, ACI2 TS, ACI2

PS, WSD PS, WSD FS, WSD CAPS, USD
80 psf TS, ACI2 TS, ACI2 TS, ACI2 TS, ACI2 TS, AC12

-
V FS,WSI) FS, WSD FS, WSD CAPS, USD

125 psf TS, ACI2 TS, ACI2 TS, ACI2 TS, ACI2 TS, ACI2
125 pef TS, ACI2 FS, USD FS , USD FS, USD —

125 psf TS, ACI2 CAPS, USD CAPS, USD CAPS, USD —

200 psf TS, ACI2 TS, ACI2 TS, ACI2 TS, ACI2 TS, ACI2
CAPS, USD CAPS, USD CAPS, USD CAPS, US!)

250 paf TS, ACI2 TS, ACI3 TS, ACI2 TS, ACI2 TS, ACI2

NOTATION: TS - Two—way slab on Steel beams

-: FP — Flat P].ate
FS — Flat slab with drop panel and no capital

-

V - CAPS — Flat slab with drop panel and capital
V WSD — Working stress design

V US!) — Ultimate strength design

ACI2 — ACt Method 2

-
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A few words about Table 10. It will be noted that the entries
are not uniformly distributed, i . e.,  some of the boxes contain
two entries (two designs) , some one and other s none . For the 125
psf live load for example , there are four slab designs for the 24
ft span which include flat slab (FS) and two-way slab on steel beams
(TS) concepts but no flat plate (FP) concepts. The reason is that
for this combination of span and load it is practical to have a
flat slab with a capital or one without. Also, the working stress
design ~(WSD) or the ultimate stress design (USD) may be used with-
out the penalty of excessive use of concrete. However, a flat
plate (FP) is not a practical concept for this span and load corn-
bination. The results of the designs are included in References

— 35 and 43.

Each of these slabs and supporting structural components (col-
• utnns , connections , etc.) were analyzed to determine collapse over-

pressures when subjected to the blast effects of a single , megaton-
range nuc1eai~ weapon . Theory and experiments (Ref. 44 , 45 , 46 , 47
and 56) indicate that two-way slabs of the type considered here
will fail either in flexure, with yield lines forming along the
lines of maximum bending moment , or in shear due to punching at the
columns . Flexural failure is the likely mechanism for f lat  slabs
on steel beams while shear failure is the likely mechanism for
flat plates. Sequences of collapse and corresponding collapse
overpressures were determined using standard procedures (Ref. 49 ,
57 , 58) .

The level of uncertainty associated with failure overpressures
for two-way slabs is greater than for one-way slabs. Two-way slabs
are more redundant. The response of redundant structures is gen-
erally more difficult to Vpredict than that of simple structures
especially in the postyield range. Also, there exists less exper-
Lmental data on the response of two-way slabs than on one-way slabs .

Due to this , analyses to determine relative effectiveness of
-
• different body positions and distributions of people on survivabil-

ity was not performed. Instead it was assumed that people are
uniformly distributed in all basement areas and are either prone ,
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sitting or standing at the time of attack . Survivability is mea-
sured as indicated in Figure 17. -

100
Total Survivors

75 — P1 — Incipient collapse overpressure
PU — Ultimate collapse overpressure

5 0 -

J 

25 — 

Injured Survivors

0 ~~~~.. Overpressure

0 O .7 5 P1 Pt PU

Figure 17. Definition of People Survivability Estimate
for Basements with Two-way Slabs

For overpressure levels up to and including incipient collapse
(P1) no fatality level casualties are assumed to be produced . For
overpressure levels between P1 and PU , fatality level casualties
are assumed to be produced at the rate indicated by the straight
line between P1 and PU. Nonfatal injuries are assumed to begin
at 3/4 P1, reach a maximum at 25 percent at P1 and to decrease at a
linear rate to PU. Nonfatal injuries are assumed to be produced
by spalled chunks of concrete from the overhead slab.

— For the set of basements considered in this section , the up-

V 

per and lower bounds on P1 and PU are summarized in Table 11.
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TABLE U.. - BOUNDS ON P1* AND PU*

P1 - PU Structural
V Melnber**

Lower Bound Upper Bound Lower Bound Upper Bound —

0.57 0.81 1.80 2.40 PP

0.70 2.74 1.10 4.20 FS

0.56 3.38 0.60 13.50 CAPS

0.87 3.40 2.07 7.50 C/S

0.60 1.60 1.13 2.81 SB

— — 1.30 6.40 Conn

* P1 — Incipient Collapse Overpressure
PU — Ultimate Collapse Overpressure

**FP — Flat plate
- 

I FS — Flat slab with drop panel and no capital
CAPS — Flat slab with drop panel and capital

— C/S — Two—way R/C slab on steel beams
SB — Steel beant

Conn — Bolted connections

Incipient collapse overpressure (P1) was computed on the basis
of the structural member experiencing a ductility ratio (3.z) of one.
The ultimate collapse overpressure (PU) for concrete slabs respond-
ing in flexure was computed on the basis of a ductil ity ratio in
accordance to the following equation :

= ~ 30 (9)

in which 
-

= the maximum ductility ratio,
p ratio of tensile steel A5/bd,
p ’ — ratio of compressive steel A~/bd ,
A8 — area of tensile steel ,

area of compressive steel ,
b — unit width of section of slab
d — effective depth of slab, distance from extreme fiber

in compression to centroid of tensile steel
Corresponding criteria for reinforced concrete members responding
in shear and steel members are included in Reference 35 and 43.
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Corresponding people survivability estimates are given in Figures
18 and 19. For a more detailed presentation of results the reader
is referred to Reference 35 and 43.

The flat slab structural system for basements has the widest
bounds (see Figure 18). Depending on the magnitude of the design - :

load it can be the weakest or the strongest basement available.
The flat plate system has the narrowest bounds and is generally
the weakest structural system of those examined here.

3.2 .4  The Use of Results

The ultimate use of results (Figure 10, 14, 15 , 18 and 19) con-

tam ed here would be one or all of the following .

1. Allow for the ranking of shelter space in a given
community that is developing a shelter system.

2. Selection of basements to be upgraded from a set 
- 

—

of surveyed basements.
F 3. Evaluation of the effectiveness of alternative

shelter systems , etc.

Obviously in the form they are given her e , these results are not
fully capable of being put to such use. The reasons are the
following.

1. The data set is incomplete, i . e . ,  not all of the major
structural systems have been considered . According to
Reference 37 , the breakdown of basement spaces by type
of overhead floor system in the NFS structures is as
indicated in Table 12.

TABLE 12. BREAKDOWN OF BASEMENT SPACES

V Type of Overhead Percent of Normalized
Floor System Total U.S. Percentages

Spaces

1. Concrete slab—steel beam 22.1 30.4
2. Flat Slab 4.9 6.7
3. Flat Plate 5.7 7.8

4. Concrete slab—concrete beam 16.9 23.2

5. Concrete joist—concrete beam 0.8 1.1
6. Concrete joist—steel beam 2.1 2.8

.7.  Other 20.3 28.0

Total with basements 72.8 100.0
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Figure 19. Upper and Lower Bound Estimates of Survivability
and Injury for People in Basements of Steel Framed

: Buildings (Two-Wa y PlC Slab on Steel Beams)
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Results given in this section provide information on the first
three categoriesY Similar information on the remaining cate-
gories is needed .

2. The influence of dynamic pressures on survivability
when blast closures are not provided or are exceeded
was not specifically considered. Therefore these re-
sults apply mostly to the following sheltering options.

• When basement closures are provided and are stronger
than the overhead basement slab.

• When basement closures are not provided and the
shelterees occupy the “safer” shelter areas , i. e . ,
shielded areas and areas not in direct communica-
tion with any of the openings.

3.3 People Survivability in Single Purpose Personnel Shelters
Shelters considered in this section are categorized in Table

13. They include two basic structural types , i.e., arches and
rectangular (box) structures. Arch shelters are described first.

TABLE 13. SINGLE PURPOSE S~1ELTERS

Shelter Shelter Design Principal Location Number
Description Capacity Weapon Materials Relative of Shelters

No. of Persons Environment of to Ground Considered
Construction Surface

RC Arch 500 Fallout, 10, RC and soil Semibur ied 4
20 & 30 psi

RC Arch 500 100 & 150 psi RC and soil Semiburied 2

Steel Arch 500 Fallout, 10, RC, steel Semiburied 4
20 & 30 psi and soil

Rectangular 500 Fallout, 10, RC and soil Semiburied 4
Shelter 20 & 30 psi

3.3.1 Arch Shelters

Arch structures are subdivided with respect to materials of
construction into two types , i.e., (1) reinforced concrete, and

*There is a fairly distinct difference in the ultimate resistence
of slabs which were designed for analysis as compared to those
whose data-were obtained in the field survey . The reason for the
difference is not clear . An effort to determine the reason was
beyond the scope of this study. This should be investigated in a

V 
future study. 

—
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(2) corrugated and plate steel. With respect to “design weapon

environment”, they may be further divided into six categories to

resist one of the following weapon environments:

(a) fallout radiation alone

~ PS~ 1 free field overpressure and associated
30 effec ts of prompt nuclear thermal and

‘ / 
100 

1~9~ fallout radiation resulting from a sing le
(f) lSO psi g

These shelters were designed (Ref. 59) to be located at specific

V sites (shelter complexes) on the peripheries of large population

centers. The basic shelter, a single arch module , is capable of

housing 500 persons at approximately 10 sq ft per person . Basic
V modules are combined to form larger complexes as the need dic-

tates. Due to imposed siting conditions fires should not pose a

serious hazard and for this reason were not specifically considered
in their design. Consult Reference 59 for a more detailed descrip-
tion of peripheral shelter systems and their estimated costs for
midyear 1967 .

Shelters (a) through (d) are referred to as “low level weapon
effects designs” . For purposes of comparison they were designed
using reinforced concrete in one case and corrugated and plate
steel in the other . Shelters (e) and (f) are referred to as “high
level weapon effects designs”. One material-reinforced concrete
was used in their design.

The general configuration of an arch shelter (500-man size)
is shown in Figure 20. It has two levels with the second floor
resting on two rows of reinforced concrete columns with footings
separate from the rest of the structure . The second floor slab
was designed to resist its own weight plus a live load of 150 psf .
Location of this shelter relative to the ground surface (burial
condition) is shown in Figure 21. Basic dimensions of the struc-

ture are given in Figure 22 and Table 14.

Reinforcement steel considered in their design includes in-

terniediate grade A15, A16 , A408 , with f~=4O1 OO0 psi for footings ,
foundation walls and floor slabs , and hard grade reinforcement
A15 , A16 , A408 with f~~50~0O0 psi for arch shells and end walls.
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Figure 20. General Configuration of Basic 500-Man Arch Shelter
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Figure 22 . Basic Dimensions of Arch Shelter
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Welded wire fabric with a yield strength of 65 ,000 psi is used for
slabs on ground.

Steel arch shelters for fallout, 10 and 20 psi weapon environ-
ments were designed for the use of corrugated 12 gage steel plate V

with corrugations 2 in. deep and a pitch 6 in. wide. The shell of
the 30 psi shelter was designed for the use of 0.5-in, flat steel
plate formed into a circular arch and supported at intermediate
positions by means of wide flange beam arch ribs. The basic di-
mensions of the steel arch shelter are the same as those of the
reinfor ced concrete arch and are given in Figures 20 , 22 and
Table 14.

3.3.2 Rectangular Shelters

As in the case of arch shelters , reinforced concrete rectang-
ular shelters are also subdivided into four design weapon environ-
ment categories , i.e., -

• fallout radiation alone,

• 10 psi, free field overpressure and assoc iated
effec ts of prompt nuclear , thermal and fallout
radiation resulting from a single megaton weapon ,

• 20 psi , as above , and
• 30 psi.

These are also “peripheral type” shelters. They may be located
within population centers , however , siting in such a case must
correspond to peripheral shelter design criteria (Ref. 59) .

The general configuration of this shelter is shown in Figure
23. It is a basic 500-man module , exterior and interior walls
forming a rectangular grid. Both exterior and interior walls are
one-way slabs. The roof member is a two-way slab. Basic dimen-
sions are given in Figure 24a and Table 15. - Reinforcement grades
are the same as in the case - of arch shelters: intermediate grade
for footings and hard grade for walls and roof slabs. The depth
of protective soil cover can be - taken as 12 in. Figure 24 also
shows how two basic 500-man modules are combined to form a single
1000-man shelter . Location relative to the ground surface is shownJ in Figure 25. - 

-
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TABLE 15. BASIC . DIMENSIONS 0~’ R/C RECTANGULAR - S1I.ELTER

Dimensions for Indicated Design
- - Weapon Environment, in.Member -

FRE 10 psi 20 psi 30 psi

Roof Thickness 6 9 12 18

Exterior Wall ThIckness 8 8 9 10

Interior Wall Thickness 6 6 6 6

Exterior Footing Width 24 24 27 36

Exterior Footing Depth 8 8 8 8
Interior Footing Width 24 24 24 24

Interior Footing Depth - 8 8 - 8 8

Ground Line

Figure 25. Rectangular Shelter Location Relative to Ground Surface

3.3.3 Entranceways for Arch and Rectangular Shelters

Low Level Weapon Effects Designs - A typical entranceway con-
ists of:

1. an underpass type tunnel,
2. an internal shelter door , -

3. an external shelter door (fallout radiation
environment only) ,

4. a bulkhead, and
5. a blast door (no door is provided in the case of

a fallout radiation environment).

Entranceway details are shown in Figure 26 and dimensions are given
in Reference 59. The tunnel consists of corrugated steel plate
section with corrugations 2-in, deep and a pitch of 6 in. The in-
terior door is of standard commercial hollow metal construction ,
the external door is of stiffened steel plate. Entrance bulkheads
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are of structural steel plate formed with a 90 in. radius. The
exterior blast door i.s made of two skins of galvanized metal and
a core of aluminum honeycomb. The honeycomb is installed with
its ribbon direction spanning the 24 in. door width. The design
assumes one entranceway for each 500-man shelter unit.

High Level Weapon Effects Designs - Entranceways for the 100
and 150 psi arch shelters are similar to those described earlier
except that these consist of RC cast monolithically with the shelter.
Due to high overpressures to be resisted the blast doors are also
different. A typical entranceway is illustrated in Figure 27.
The blast door consists of a structural steel grid filled with con-
crete. It rests on rails and is mechanically actuated. The blast I - -

door detail is shown in Figure 28 which also gives the overall di-
mensions of the entranceway. Dimensions of the entranceway cross
section are given in Figure 29.

3.3.4 People Survivability Estimates

Arch ana rectangular shelters considered in this chapter are
simple structures in the sense that their survival in a nuclear
weapon blast environment is governed primarily by the strength of
a single, key structural component . In the case of arches the
key structural component is the arch shell , in the case of rectan-
gular shelters it is the roof slab.

Prior to collapse all shelter occupants are assumed to be sur-
vivors , after collapse all shelter occupants are assumed to be
fatalities. Thus for the shelter , and its occupants the survivabil-
ity rating can be represented by means of a bilinear function re-
lating survival to overpressure as shown in Figure 30. At over-
pressure intensity 

~A 
the structure has yielded so that plastic

- - - hinges are fully formed in key structural elements. It is assumed,
however , that these elements are still connected and are capable
of supporting their own weight and the surcharge dead load . At
overpressure P3, key structural elements (roof slabs , arch shells
and end walls) are no longer capable of supporting their own weight.
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Figure 29. Entranceway Cross Section (100 and 150 psi Design s)
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For roof slabs , the reinforcing steel along yield lines and/or
along the periphery ruptures. For arches , in addition to signif-

icant distortion (flattening) of the arch shell, the end walls

substantially rotate inward about their footings (see Figure 31).
At overpressure intensity 

~B the strongest of the key structural
components fails in the manner described . The structure no longer

exists in recognizable form .

When the entranceway closure is stronger than the roof slab
or the arch shell , then prior to no mortality level casualties

are expected. In the vicinity of 
~A 

injury level casualties will

be produced when p ieces of spalled concrete impact the peop le.
The influence of this will intensify in the range from to

with the whole structure collapsing at 
~B resulting in no survivors .

The manner in which people survivability varies between and PB
is not known at this time, thus, the two points are connected by

a straight line .

When other casualty mechanisms such as dynamic pressures and

prompt nuclear radiation are considered then depending on their
intensity, casualties may begin to be produced prior to 

~~ 
Prompt

nuclear radiation was not considered as a casualty mechanism. Over-
pressure and dynamic pressures in the interior of these shelters
were considered to a limited extent .

Two cases were investigated , i.e., shelters with blast doors

and without. For the case of closed shelters, analyses performed
indicate that cracks and other openings produced in key structural
components at overpressures less than would not result in pres-

sures or velocity fields in the interior of sufficient intensity

to produce mortality level casualties . Therefore the survivability

ratings for this set of shelters are mostly against blunt impact

and crushing of shelter occupants produced by the collapse of the

structure as a whole. Analyses performed to determine overpressure

V 
intensities and 

~B 
for each of these shelters are described in

Reference 60. Results are shown in Figure 32 through Figure 35.
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From these results it is evident that methods employed in the k
design of these shelters are generally conservative, the design
overpressure is not close to the failure overpressure. This fact
was also brought out in field tests (Ref . 4) where no buried struc-
tures experienced significant failures. The fact that a structure
is labeled a “fallout shelter” does not restrict it from providing
blast resistance. The extent of inherent blast resistance depends
on the structural system, depth of burial and materials of
construction.

An effort was devoted to estimate casualties due to blast winds
entering shelter areas when blast doors are not provided. Only arch
shelters were considered. The diffraction and drag loading on shel-
terees was estimated by means of a one-dimensional quasi-steady
analysis (Ref. 61). The plan view of the lower level of an arch
shelter is shown in Figure 36, which illustrates the area affected
by the jet. Shelter occupants were assumed to be located in the Larea affected, by the jet and were simulated using a two-dimensional,
rigid block “tumbling man” model illustrated in Figure 37. Blast
tumbling calculations were performed for 10, 20, 30 and 50 psi free
field (external) overpressures and three initial body positions,
i.e., standing, sitting and prone. The end result sought was the
head impact velocity of individuals with floor or the back wall.
The levels of casualty experienced was estimated on the basis of
impact velocity magnitudes (Ref. 20 2). Assuming that shelterees
are uniformly distributed in all shelter areas, i.e., on the upper
and lower levels, the survivability estimates for the arch shelters
are shown in Figure 38 and Figure 39.

These results indicate that if the occupants are in prone and/or
sitting positions and occupy areas away from the jet boundaries at
the time of the attack, then blast winds entering the interior of
the arch shelters should not pose a serious hazard. This statement
also applies to rectangular shelters considered in this~ chapter.
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TABLE 16. “TUMBLING MAN” PARAMETER VALUES*

Or ientation I S d1 h p
lb—sec2— ft  lb—sec2/ft f t  f t  f t

Stand ing 8.58 5.16 0.915 3.200 5.770 0.55
Prone 8,58 5.16 5.750 0.458 0.916 0.55
Sitting 3.16 5.16 1.550 1.030 3.280 0.55

* The values of I (mass moment of inertia), m (mass) and d1 (vertical distance
to the center of gravity) were selected from data compiled in Reference 62.
The value of p (coefficient of friction between the floor and the person)
was taken f rom Reference 6.
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Figure 38 Peoi,le Survivability Estimate for an Open Steel Arch

Shelter (Fallout Radiation Design)
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3. 4 People Survivability in Dtial-Purpose Shelters

A dual-purpose shelter is a structure which in addition to
performing its primary function is able to provide protection in
times of emergency. This protection may be inherent due to the
primary function , or specif ically provided to mitigate emergencies.
Shelters described here were designed as dual-purpose shelters.

3.4.1 School Basements

The basements of two schools were designed (Ref. 62) to pro-

vide classroom space under normal conditions and prompt effects

and fallout radiation protection in the event of a nuclear weapon
attack. They are illustrated in Figures 40 through 43. The two

schools are of the same design. The first school accommodates a

student body and staff of 500 persons while the second accommodates

1100 persons. Basement shelter designs for 5 , 25 and 50 psi over-
pressure levels and associated effects resulting from megaton range

nuclear weapons are described .

Structural design (Ref. 62) is based on ultimate strength
theory and , in most cases , is controlled by blast loading . The
strength under normal conditions meets the requirements of the cur-

rent ACI building code. Thicknesses of essential structural ele-
ments are given ir Tabl e 17. Other physical characteristics are
described in Table 18.

The basement overhead slab of the 5 psi structure has a one-

way slab spanning between the exterior walls and longitudinal cor-
ridor beams. For the 25 and 50 psi designs, the overhead slab
spans two directions between transverse and longitudinal reinforced
concrete tilt-up walls. The 10 inch slab thickness for the 5 psi

structure is governed by fallout radiation requirements, and affords
a minimum protection factor of 100. -

The 21 and 30 inch roof slab thicknesses of the 25 and 50 psi

basement schools satisf y structural requirements and afford the re-
quired radiation protection to reduce the initial radiation on the
ground surface to a tolerable level of 20 rad or less within the
shelter.
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TABLE 17. MEMBER THICKNEsSEs

Thickness at Indicated Pressure Level
Member 5 psi 25 ps-i 50 psi
Roof Slab : 10” 21” 30”

• Exterior Walls: 10” 10” 10”
Corridor Beam : Width 12” — —

Depth 3’ —O” — —
Concrete Partitions : — 6” 6”
Columns : 12”~l2” — —

Exterior Wall Fts. (Width) : 1’— lO” 2’ -O” 4’—O”
Interior Wall Fts. (Width) : l’—6” 3’—6” 6’ —6”
Column Fts.: 4’—0”x4’—O” — —

- 

TABLE 18. CHARACTERISTICS OF SCHOOL BASEMENT SHELTERS

Design Enviromnents 5, 25 and 50 psi
Characteristic

Capacity, persons

550 1100

Gross Floor Area (sq f t )  - 6,440 12,260

Total Volume (Cu f t )  57,960 110,3-40

Headroom ( f t )  9

Shelter Area per Occupant (cu f t )  11.7 11.1

Shelter Volume per Occupant (cu ft) 105.3 99.9

Fallout Protection Factor 100 100

t _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _  _ _ _ _ _ _ _

Maximum Inside Dose of Initial
Radiation (rad) 20 20

!* I
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The 5 psi shelter has cinder block intar~or partitions; the
25 and 50 psi shelters have reinforced concrete tilt-up bearing
walls. Reinforced concrete partitions were selected in the 25 and

-
• 50 psi schools for two reasons :- to serve as bearing walls and to

provide adequate lateral resistance. Blast doors are included for
each entranceway for each of the six designs .

The designs are based upon a minimum concrete strength of
3000 psi throughout for the 25 and 50 psi shelters and 3000 psi
for the roof and columns , 2500 psi elsewhere, for the 5 psi shelter .
The reinforcement conforms to ASTM A432 which has a minimum yield
point of 60 ,000 psi. The live load on the basement roof is taken
as 75 psf for the classrooms and 100 psf for the corridors. The
dead load and live load from the upper level roof slab is assumed
to be 10 and 40 psf , respectively. Debris loading is assumed to
be negligible in combination with the biast load . The normal
allowable soil bearing capacity is taken as 4 tons/sq ft.

The superstructure that would be located over such basements
is not described in Reference 62 . However , as shown in Figure 41
and Figure 43 it is at most a one story building. Since the base-
ment is of reinforced concrete , the superstructure is likely to
have a reinforced concrete frame with masonry walls. Being a low-
rise structure of conventional design, it is not expected to pro-
duce any significant damage to the basement when interacting with
the blast wave .

3.4.2 People Survivability in School Basement Shelters

People survivability estimates for this set of six shelters
are given in Figure 44 and Figure 45 . These results represent
the case of closed shelters, i.e., the case when the blast doors
are at least as strong as the overhead slab. The only casualty
mechanism considered in the analysis was debris from the breakup —

and collapse of the overhead basement slab. Analytic procedure
used in arriving at these estimates was the same as that used in
the analysis of rectangular, single purpose shelters described in
Section 3.3.2.
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The effects of prompt nuclear radiation were not considered
in arriving at these results . Therefore at higher overpressure
levels, i.e., greater than about 25 psi, these estimates will be
lower than indicated.

These results also indicate the degree of conservatism inherent
in the basic design at low or moderate design overpressures. Thus,
a 5 psi design shelter first experiences yielding at about 20 psi
and a 25 psi design shelter at about 55 psi.

3.4.3 Parking Garage Shelters

Parking garage shelters (Ref . 63) described are one-story
below grade reinforced concrete structures proportioned so as to
provide protection against the prompt effects of megaton range

• nuclear weapons and fallout radiation. They were designed to serve
the dual function of parking garage during normal operation and
shelter during emergency for each of three design overpressure

— 
levels , 5, 25 and 50 psi. These shelters are illustrated in Fig-
ures 46 through 48 and their basic physical characteristics are
given in Tables 19 and 20. Layout is based on multiples of a 29
by 37 f t  bay , proportioned to the dimensions of an average city
block , with either parking facilities for 150 cars or shelter
space for 5000 persons , as required . Typical locations for this
type of shelter are (a) below a street-level parking area, or (b)
below a city park site. The structure below the parking lot
(Structure I) is designed with a roof slab which doubles as the
deck of the parking lot . The structure below a city park site
(Structure II) is modified to support 3 ft 6 in. of topsoil over

• the roof slab for landscaping. The structural design is based on
ultimate strength theory and , in most cases , is controlled byI J the blast loading.

The overhead slab for each. of the three design overpressure
I levels is a two-way flat slab which spans between the exterior

walls and the interior columns . A 12 inch slab thickness is used
for the 5 psi Structure I to fulfill structural requirements and
afford a minimum fallout radiation protection factor of at least
100. This factor is somewhat greater for Structure II.
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TABLE 19. USIC CHARACTERISTICS OF PARKING GARAGE SHELTERS
- (Capacity of 5000 - Personi} - - -

- -

- - - 

- 

Design - aárdness Level
Characteristic -

- : - . 5 psi .25 psi . - 50 psi

Gross- Floor Area (sq ft )  51,670 51,670 51,670
Total Volume (cu f t )  413,360 473,814 473 ,814
Headroom (ft) 8.00 9.17 9.17
Shelter Area per Occupant (sq f t )  10.33 10.33 10.33
Shelter Volume per Occupant (cu ft) 82 .64 94.73 94.73
Fallout Protection Factor 100.00 100.00 100.00
Maximum Inside Dose of Initial
Radiation (rad) 20.00 20.00 20.00

TABLE 20. SIZES OF STRUCTURAL MEMBERS IN PARKING GARAGE SHELTERS

Structural Member 5 psi 25 psi 50 psi

Roof

Slab Thickness 12” - 

21” 36”
Drop Panel Thickness 3” 3” 9”

Columns 12” 1’—6”x3’ —6” 1’—6”x5’

Column Footings
Width 6’—9”x6’—9” 14’xl4 ’ 20’x20’
Depth 20” 30” 36”

Concrete Partitions
Thickness 6” 6” 6”

Partition Footings
Width 18” 18” 18”
Depth 8” 10” 12”

Exterior Walls
Thickness 8” 8” 8”

Exterior Wall Footings
Width 20” 22” 46”
Depth 12” 18” 30”
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Roof slab thicknesses of 21 and - 36 in. are used in the 25 and
50 psi garages which afford sufficient radiation protection to
reduce initial radiation on the ground surface to a level of 20
rads or less within the shelter . - - The interior partitions are of
cinder block construction in the 5 psi shelter and reinforced con-
crete tilt-up walls in the 25 and 50 psi shelters. The reinforced
concrete partitions were selected to provide adequate lateral re-
sistance against ground shock.

The designs are based upon a minimum concrete strength of
3000 psi throughout for the 25 and 50 psi shelters , and 3000 psi
for the roof system and columns, 25 psi elsewhere for the 5 psi
below ground garage. The reinforcement conforms to ASTM A432
which has a minimum yield point of 60 ,000 psi. The combined live
and dead loads on the garage roof of Structures I and II are taken
as 100 and 450 psf , respectively, over the ent ire surface. Debris
loading was assumed as negligible in combination with the blast
load . The normal allowable soil bearing capacity was taken as 4
tons/sq ft. The equivalent static blast load on the garage roof
was taken as equal to the peak iücident free field overpressure
at all three pressure levels based on allowable maximum deforma-
tions 1.3 times the peak elastic value.

The main blast doors at the ramp entrances of the 25 and 50
psi shelters consist of structural steel I-beams with steel cover t
plates. The hollow interior of the doors is filled with concrete
to provide the required radiation protection within the tunnel por-
tion of the ramps. The doors are mechanically (electrical power)
rolled open and closed. Blast seals are provided around the door
periphery to prevent pressure leakage within the structure. The
ramp entrance doors of the 5 psi shelter consist of standard over-
head rolling doors reinforced to resist the blast overpressure.
These doors are operated manually.
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3.4.4 People Stir~~vab~ility in Parking Ga~age Sh~iters

People survivability estimates for this set of three shelters
are given in Figure 49. As with the school basement shelters de-
scribed previously , these results represent the case of closed
shelters , i.e., the case when the blast doors are at least as
strong as the overhead slab and the exposed ramp wall. The only
casualty mechanism considered in the analysis was debris from the
breakup and collapse of the overhead slab and the exposed ramp wall.
Analytic procedure used in arriving at these estimates was the same
as that used in the analysis of rectangular , single purpose shelters
described in Section 3.3.2.

The effec ts of prompt nuclear radiation were not considered
in arriving at these results. Therefore at higher overpressure,
i. e . ,  greater than about 25 psi these results will be lower than
indicated.

Although the design overpressure is still considerably lower
than the corzesponding yield overpressure (see Figure 49a), this
is no longer true in the case of the 25 psi and the 50 psi designs .

3.5 Expedient Personnel Shelters

Expedient shelters are those that may be constructed in a rela-

• tively short period of time, several days , using locally available
materials (lumber, logs from felled trees , soil , etc.), none or few
specialized tools and mostly unskilled local labor . In geographic
areas where basements are not constructed , such as in areas with a
high watertable , expedient shelters represent the only means to pro-
vide protection for the population against prompt effects of nuclear
weapons.

Over the years a number of different expedient shelter concepts

such as covered trench shelters , metal and wood arch shelters have
been devised. Two typical examples are shown in Figure 50 and Fig-

ure 51. Some of these concepts, in particular covered trench shel-
ters and metal and wood arch shelters have been built and tested
(Ref. 74 , 75) in the early days of nuclear weapon effects tests.
Results of these tests indicate that expedient shelters are capable
of providing protection against the effects of btast at least up to

10 psi.
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In a more recent (October 1976) weapon effects test, the DICE
THROW Event , a number of different expedient shelter concepts were
tested (Ref. 67). The main event of the DICE THROW series was a
628-ton ANFO (aminonium nitrate-fuel oil) explosion which produced
surface air-blast effects about equivalent to a 1-kiloton nuclear
surface burst. Eighteen expedient personnel shelters (including
four half-scale models) were subjected to blast overpressures rang-
ing from 53 psi to 5.8 psi. Expedient shelters tested included
pole shelters, unshored trench shelters with different types of
structural covers , ridge pole shelters , etc .

Although most results obtained in this test are of interest,
the shelter of particular interest was the “small pole shelter”
located at the range of 53 psi, i.e. , 540 ft from ground zero. It
is illustrated in Figure 52.

Untrained groups of families , using only muscle-powered tools,
have succeeded in constructing this type of shelter in approximately
48 hours elapsed time from the time they received instructions
(Ref . 76) .

In this test the roof poles of the boxlike shelter were at

ground level. The length of the shelter was perpendicular to the
radius from ground zero . The roof of the shelter was covered with
5 ft of mounded earth. Both entrances were protected by expedient
blast doors. Each door (48x42 in.) was made of five thicknesses of
3/4 in. exterior plywood.

The measured overpressure at the shelter location was 53 psi
and a calculated wind velocity of about 950 mph. The shelter sur-
vived intact including the blast doors. It displaced as a whole
about 4 in. downward. This movement caused some earth to flow into
the shelter, however, over 80 percent of floor area was undisturbed.
About 12 in. of soil in the vicinity of blast doors was blown away
by the blast winds. Measured peak pressure within the shelter was
1.5 psi.

Shelters of this type are difficult to analyze structurally
in any rigorous fashion. Structural properties of freshly cut wood
are not well documented and the strength of connections is difficult
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to estimate. Structural integrity depends on the quality of wood
and soil , strength of connections , quality of workmanship in con-
structing the shelter and integrity of the backfill. No structural
analysis was performed in the course of this study . However , based
on the results of the test reported it is estimated that an MLOP of
at least 53 psi from an MT weapon can be achieved by this type of
shelter in stable soils with good quality wood and good workmanship.
This statement is not limited to the “small pole shelter”, but to
any expedient shelter of similar construction.

3.6 Special Purpose Shelters

Over the past two decades a number of different family and com-
munity shelter concepts have been produced , both against fallout
radiation and the effects of blast. To distinguish them from expe-
dient shelters , they are labeled as “special purpose” shelters .

• These categories are not always distinct. Although both categories
require careful planning , expedient shelters are generally limited
to two or three materials (soil, logs, etc.) and basic construction
techniques (see Figures 50, 51) . Special purpose shelters , on the
other hand, (see Figures 53 to 60) may consist of a variety of con-
struction materials, may require specialized hardware and contem-
porary construction techniques.

Eight shelter concepts were selected from available sources
and analyzed to determine their protective capabilities against the
effects of blast produced by the detonation of a megaton nuclear
weapon. Results are presented in Reference 65 and are summarized
here. Two types of special purpose shelters are included .

1. Basements shelters, i.e., shelters that may be construc-
ted in basements of family residences . This includes
the following.

1. Concrete block shelter (unreinforced) (Ref. 68)
2. Lean-to shelter (Ref . 69)
3. Rigid frame shelter (Ref. 69)
4. Reinforced concrete block shelter (Ref. 69)
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Of these , the first was designed to provide protection against the
effects of fallout radiation. 

- 

A fallout radiation (protection fac-
tor) PF of 100 is estimated. The other three were designed to re-
sist a uniform static pressure of 10 psi and to provide protection
against fallout radiation. A protect{on factor of -100 is estimated.

2. Outside shelters, i.e., shelters that were designed to
be constructed in open areas outside of residences. This
includes the following .

1. Aboveground A-frame shelter (Ref. 70)
2. Plywood box shelter (Ref~ :71)
3. Wood grate roof shelter (Ref. 72) - -

4. Gable roof shelter (Ref. 73) 

Each shelter was analyzed when subjected to the blast effects re-
sulting fron~ a single megaton range weapon exploded near the ground
surface. These shelters are illustrated in Figures 53 through 60.

People survivability estimates are given in Figure 61.

In Figures 53 through 60 the attempt is to illustrate the
basic shelter concepts rather than to provide any details on the
makeup of the shelters. For shelter details the reader is referred

to respective references provided in the text.

These results (Figure 61) ~indicate that family type shelters
can be constructed using contemporary materials and construction

techniques which will provide protection against the effects of

blast produced by nuclear weapons in the overpressure range of at
least 2 psi to 15 psi.

4
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3.7 Expediently Upgraded Shelters

Upgrading of potential shelter space in buildings and other
structures against prompt effec ts of nuclear weapons , through the
use of readily available materials , tools and equipment over a short
period of time is termed expedient upgrading .

• Potential shelters selected for upgrading should be those whose
inherent hardness is significant in comparison to other potent ial
candidates. Basements of buildings and other below grade structures
such as subways and tunnels belong in this category . Most of the
work done to date on expedient upgrading has been directed to base-
ments (Refs . 65 , 66 , 77 , 78 , 79). -One o-f the major assumptions used
in most of these studies was that upgrading would be performed during
the crisis period’~ 

- -

The degree to which a given basement can be upgraded depends on
what level of hardness is required, but is also a strong function of
the extent of the preplanning effort and the length of the crisis
period. If the task is carefully planned with materials present,
premeasured and prestocked and equipment, power and labor presched-
uled (taking into account seasonal variations) such that the job can
be completed within a stipulated (and possibly rehearsed) time period ,
then a very specific result is possible. This is one extreme. If,
on the other hand, the time available for upgrading is on the order
of a day, and no significant preplanning was possible, then the civil
defender must rely heavily on the inherent strength of the basement
and effective use of very simple upgrading techniques.

Since the length of the crisis period is difficult to estimate
with any precision, it is important- that the preplanning effort place
significant emphasis on selecting~ only those -basements that are very
strong and therefore require the minimum of upgrading. At the same
time, the chosen upgrading techni.ques must be simple, effec tive and
possess a great deal of redundancy. - -

*A period of great international tension, whose outcome decides
whether or not possible disastrous consequences will follow , is
one definition of the crisis period.
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Upgrading Methods - Each structure needs to be considered on
an Individual basis. However, in general, the following methods or
combinations thereof would need to be used for increasing the strength -•
(hardness) of a potential shelter .

For Overhead Floor Systems in Basements

Reduce spans by providing beams , columns or support walls
(see Figure 62) .
Provide additional end supports for beams (see Figure 63) .
Strengthen columns (see Figure 64).

For Openings (Entranceways, Utility Openings, etc) 7

Replace weak doors with stronger ones and provide
additional supports at hinges.
Introduce practical baffles where possible.
Reduce size of opening.

• Introduce blast closures at stairwells , elevator shafts ,
utility openings and windows (see Figure 65).

Interior Load-bearing Walls

Provide continuity.
Increase thickness.
Add pilasters and columns , etc.

The number and size of openings into the shelter should be reduced
to a level consistent with reasonable egress, safety and other oper-
ational requirements.

• As a minimum requirement for upgrading , good “housekeeping”
conditions should be implemented and maintained. These include the
removal and/or securing of all nonessential objects and the applica-
tion of padded surfaces in certain regions of the shelter. Fur-
thermore , depending upon shelter size, geometry, size of openings
and their location, certain regions of the shelter should be marked
off and not used whenever possible.

Upgrading Materials - Although the materials shown in the pre-
vious ~pgrading examples are wood, obviously expedient upgrading
will not be limited to this material alone.
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Due to the versatility of application , wood in various forms
is expected to be a popular upgrading material . This will include
structural timber, railroad ties, utili ty poles , timber piling and
felled trees. Other items that may be used for upgrading include

• Structural steel shapes from local warehouses

• Brick masonry, concrete masonry
• Steel Plates

• Available precast concrete elements from local pre-
cas ting plants
• Utility jacks and house jacks, etc.

People Survivability in Expediently Upgraded Shelters - In two
recent studies (Refs . 65, 66) conducted for DCPA, the effec tiveness
of several expedient upgrading options was evaluated. In these ana-
lytic studies, selected basements were first analyzed in the as-
built condition. Expedient upgrading methods of the type described
previously were subsequently applied and the shelters were then re-
analyzed. A comparison of results is shown in Figure 66. This is
a comparison of averaged results for six basement shelters which
include two office buildings , one apar tment building , an EOC (emer-
gency operating center), a parking garage and a hospital. • Detailed
results are given in Reference 66. These results indicate that ex-
pedient upgrading methods are capable of substantially increasing
the protection afforded by existing basements. To be effective,
these methods should be applied to those basements which have a high

-

• inherent strength.
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4. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

4. 1 Simvn~ry and Conclusions

This report contains information on protective capabilities
of a variety of different personnel shelters against prompt effects
of nuclear weapons . Protective capabilities are given in terms of
“people survivability functions” (Figure 1, pg. 3) which relate
the probability of survival (or percent survivors) to the free-
field overpressure at the location of the shelter. Respective
shelters are described in terms of their geometry and construction
materials. The following shelter categories are included .

1. Existing, Engineered Buildings (Upper Stories
and Basements)

2. Designed Basements
3. Single Purpose Shelters
4. Dual Purpose Shelters
5. Expedient and Special Purpose Shelters
6. Expediently Upgraded Shelters

Results were sunm~a’rized in Chapter 3. They were collected in
the course of this effort from previous studies performed for DCPA

• 

in this subject area.

These results may be used as a guide for effectiveness anal-
ysis of alternative shelter systems, development of shelter plans ,
damage assessment studies , e tc . ,  provided that personnel shelters
used in each case are the same as those described in this report ,
or very similar to them. In addition to this , the following ape-
cial cons iderations and deficiencies should be noted .

Results for shelter categories 1, 2, 5 and 6 are against the
effects of a single megaton range nuclear weapon detonated near
the ground surface. Results for shelter categories 3 and 4 are
against the effects of 0.2-, 0.5-, 1.0- or 10-MT nuclear weapons
detonated near the ground surface. The effects of multiple wea-

• 
- 

pon attacks were not specifically considered in arriving at these
results. Laws for scaling these results to other weapon yields do
not exist and are therefore not included. -
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All results are for individual shelters located in the open
and away from neighboring buildings . Shielding against the effects
of blast and radiation that may be provided by neighboring build-
ings is therefore neglected . Damage and casualty producing effects
of debris from the breakup of neighboring buildings are also ne-
glected. For urban areas directly outside of central cities, for
suburban and rural areas and in general for all areas having a low
building density this is a reasonable assumption.

Results are for the most part based on deterministic models
which did not take into account variabilities in weapon effects • -

parameters, material and geometric properties of shelter struc-
tures or variations in the physical makeup of the sheltered popu-
lation. Material properties used in the analysis were the same
as those used in design. Design properties are generally less than
the mean values of respective populations of properties and there-
fore the results are conservative, i.e., these shelters are likely
to be stronger against the effects of blast than these results in-
dicate. Although variations in —the physical makeup of the popula-
tion can be considered to some extent, available casualty criteria -

•

are crude and for the most part are not capable of accoimnodating
such refinements. - -

In preparing survivability estimates for people in the upper
stories of large engineered buildings, possible overturning (col-
lapse) of the building frame was considered in a very approximate
manner. The level of uncertainty associated with predicting casu-

— alties from this effect is greater than that associated with most
of the other casulaty mechanisms considered. This means that for
highrise buildings (approximately ten stories and higher), the nun-
ber of people surviving in the upper stories may be somewhat less
than indicated here. 

- 

-

The interaction of the building superstructure with the base-
ment and foundation when subjected to blast loading was not con-
sidered. Since such interaction can initiate damage in the base-

-

~ 

- ment overhead slab, foundation and peripheral basement walls, then
for strong-wall buildings, approximately ten stories and higher ,
the number of people surviving in basements may be less than that
indicated by the estimates given here. 

-

- 
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People survivability estimates for people in single- and dual-
purpose shelters do not consider prompt nuclear radiation as a

casualty mechanism. These results are therefore applicable to 1•
situations for which this effect can be neglected. This effect
can be neglected for MT size nuclear weapons producing free-field
overpressures less than 20 psi. For other weapons sizes additional
soil cover would need to be provided to keep the survivability es-
timates approximately the same as given here.

This report does not contain specific procedures whereby casu-
alty estimates for people in shelters may be made. Casualty es-
timation is still mostly a research area and procedures which may
be used on a routine basis by engineers and planners for the pur-
pose of evaluating the effectiveness of shelter systems have not

been developed. Evaluation of the effectiveness of alternative
- 

- shelter systems is currently best accomplished by practitioners in
this area .

4.2 Recommendations

The following recommendations are made with the obj ect of in-
proving casualty prediction capabilities , and data on the perfor-
mance of shelter systems in a nuclear weapon environment.

Bla8t Loading Experienced by Buildings - In a city complex ,
the blast loading experienced by a building is a function of the
extent to which other buildings in the area provide shielding prior
to their collapse, and the extent to which the flow is channeled
by the streets and other separation distances between surviving
buildings. Experiments with model city complexes subjected to
high velocity winds have demonstrated significant shielding effects;
both increases and reductions in wind loading can result. The ef-
fect is dependent on the length and width of open channels and on
the relative heights of buildings. Similar response is expected
to be produced in a nuclear weapon blast environment . Studies
should be conducted to bound the Loading on individual buildings
in typical city complexes.
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Building Frame Response and its- -r~tera~-t-io~ with the Basement
Structure - People survivability analyses performed over the past
several years have demonstrated that basements provide the better
shelter space of most available options in an urban area. An ex-
ception is made for basements in buildings with flat plate framing
systems . Flat plates over basements , by virtue of their construc-
tion , are expected to fail suddently and at relatively low over-
pressures and should therefore be avoided. It is also felt that
another exception may be necessary. This refers to basements in

• tall, framed buildings. Highrise buildings, and especially those
with strong walls, are expected to collapse due to the failure of
the frame at overpressures less than 10 psi (free-field)(Ref. 58).
The number of stories and the ratio of length to width that dis-
tinguishes low-rise from high-rise buildings, as far as response
in blast load environment is concerned , is not known at this time.
When a highrise building interacts with the blast, the interaction
of the superstructur e with the basement , i . e., the overhead base-
ment slab , foundations , peripheral walls, etc., may be of sufficient
extent to damage these components. The result is that the base-
ment loses a portion of its strength to resist the imposed airbiast
loading. The interaction referred to is illustrated in Figure 67.
Evaluation of the extent of this interaction has been neglected in
previous studies dealing with the analysis of basements subjected
to blast loads. It is recommended that a study be conducted to
include the following objectives.

- 

-

~ 1. Determine what categories of buildings are expected
to collapse when subjected to blast loadings in the
range of overpressures of interest to civil defense.
This should be expressed in terms of building height ,
plan area of the building, building plan aspect ratio,
type of walls (arching, nonarching), percent apertures,
type of framing system, type of foundations.

2. Determine to what extent and under what conditions the
interaction of the framing system with the basement
is important in significantly damaging the basement
structure .

3. Develop simplified procedures for predicting the
strength of basements taking into account the inter-
action of the basement with the framing system.
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4. Develop procedures for expediently upgrading base- —

ments so as to minimize the building frame/basement
interaction effects.

The building frame/basement structure interaction may be es-
pecially important when dealing with. inherently hard basements,
i.e., basements capable of being upgraded to withstand blast load- —

ings in excess of 30 psi. At high overpressures even buildings
with weak walls may be expected to collapse , or to at least ex-
perience signif icant distortions .

Blast Induced Loading of Basement Areas - In basement shelters
casualties may be produced due- t.o the collapse of the basement struc-
ture or by blast winds entering basement areas when closures are
not provided or are exceeded by the blast loading . People in the
path of blast winds will be moved about and tumbled resulting in
impact casualties. Differential pressures across partition walls

- 

- can cause wall failure producing a structurally degraded overhead
basement slab. The problem is illustrated in Figure 68 which is
a two-dimensional look at a three-dimensional problem. Readily
usable procedures capable of predicting blast wind velocities and
differential, time-dependent pressures across partitions are not
available at this time. The problem is important to civil defense
for predicting the effectiveness of basement shelters both as-built

- 
- and when expediently upgraded.

We recommend that a study be initiated to develop a procedure
— capable of generating the following information. • 

- 

-

1. Distribution and intensity of time-dependent velocity
fields in basement areas of engineered buildings as a
function of the number and size of openings into the

- - basement, basement volume and pressure-time history of
the incident blast wave.

2. Distribution of time-dependent pressure on vertical and
horizontal basement surfaces and across partitions .

Casualty Criteria - Criteria, on the basis of which casualties —

are predicted against the individual effects of nuclear weapons
are in need of being reviewed in the light of the information and
capabilities of the current state of the art . It is therefore
recommended that a study be initiated to review and update casualty
crit er in the I ollowing cat egorie a
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1. Thermal radiation
2. Nuclear radiation
3. Impact (blunt and penetrating)

Where information is lacking or is inadequate, studies should be
initiated to develop the required data.

Expedient Upgrading of Exièting Buildings - When the develop-
ment of a shelter system depends on the expedient upgrading of ex-
isting facilities in the crisis period , then prior planning and
preparation are very important elements. The length of the crisis

period may be as short as one or two days or as long as several
months~ To make effective use of the time available for implemen-
tation , it is important to develop the following ready to use in-
formation.

1. Procedur es for identifying inherently strong and
effective shelters in the existing inventory of
buildings.

2. Catalog of expedient upgrading methods for “key worker
shelters” in highrisk areas .

3. Catalog of expedient upgrading methods for evacuated
population in low risk areas .

It is recommended that studies be initiated to develop such
inf ormation. Supplementary experimental efforts should include
laboratory tests to determine properties of materials useful for
upgrading. Candidate full-scale upgrading concepts should be
tested to verify their performance.

*The extreme case of no crisis period, i.e., a surprise attack is
not considered since under the given conditions no- expedient up-

— grading would be implemented.
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