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RELATIVE STRUCTURAL CONSIDERATIONS FOR PROTECTION
FROM INJURY AND FATALITY AT VARIOUS OVERPRESSURES

SUMMARY

The emphasis of the study reported was on the survivability
of people located in conventional buildings when subjected to the
direct effects of nuclear weapons. The objective was to gain a
better understanding of the inherent protective capabilities of
such buildings. The study was based upon the conditions of a 1l
MT surface burst with the building (shelter) located in the Mach
region. Results produced can be used, in conjunction with the re-
sults of previous studies (Ref. 1,2), to identify and classify best
available shelter space. Specific topics considered are described
in the paragraphs that follow.

People Survivability in Basements

To gain a better understanding as to levels of protection in-
herent in basements of highrise buildings, a series of survivability
analyses were performed. These were full basements with reinforced
concrete peripheral walls and two-way overhead slabs supported on
steel beams. Building parameters considered constitute a represen-
tative range of spans, design live loads and material properties.
The hazard load environment consisted of primary and secondary ef-
fects of blast. Primary casualty mechanisms were impact and the
trapping of people due to the failure and collapse of the overhead
slab.

In the previous study (Ref. 1) basements of multistory rein-
forced concrete buildings with flat slab and flat plate floor sys-
tems were analyzed in a similar fashion. The results of this ef-
fort add one more basement category to the catalog of those examined
in the light of a nuclear weapon attack.

Flow Induced Translational Effects in Basement Shelters

The major task of this portion of the study dealt with gener-
ating the description of the transient velocity field within a given
basement shelter and then using it to determine the response of
individuals located within. The velocity field was generated using
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existing procedures and is an update and extension of that pre-

viously reported in Ref. 1. The following parameters were
considered:

Basement Size (Plan Area)

e Basement Aspect Ratio
e Size of Inlet(s) (Entranceway(s))

Location of Inlet(s)

External, free field overpressures specifically include 2, 6, 10

and 15

psi.

Using the transient flow fields and the shelter parameters
described, calculations were performed to determine impact veloc-
ities that would be experienced by individuals when coming in con-
tact with shelter walls. A simple, two-dimensional (plan) drag
model was used to simulate individuals. Results indicate that:

Most severe impact conditions result when individuals
are located in the jet. Outside the jet boundary, they
are substantially reduced.

Many of the wall impacts occur at very shallow angles
and hence the normal component is rather low. However,
since such an impact does not materially impede the
motion, the second impact may be more severe than the
first. The influence of the second impact was not
considered.

Most individuals will impact the front wall, i.e., the
wall which contains the entranceway. This suggests
that some improvement in survivability can be achieved
by appropriately treating this surface.

The influence of room size on impact velocities is to
make the translation-impact environment in the larger
shelters more severe. The reason is in part due to
the fact that the duration of the intense flow is
longer and therefore there is more time to accelerate
the individuals.

Results show that the location of the single inlet
significantly influences the percent of floor area
(related to the initial location of individuals)

which produces impacts in excess of a given intensity.
The most severe conditions noted exist for a configu-
ration in which the entranceway is located at the edge
of the front wall.
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Tumbling Characteristics in Shelters

Two closely related problems were considered in this task.
The first examines the influence of anthropometric variation of
shelterees on the general nature of the blast translation problem
(in a tumbling mode) and the severity of the resulting impact with
the floor and walls of the shelter. 1In addition to this, the in-
fluence of occupant orientation with height to the airflow is exam-
ined briefly. The tumbling mode is examined since it is the primary
response mode in a blast wind environment. The "tumbling man" com-
puter model (Ref. 1) was used to simulate individuals. Transla-
tion parameters studied included:

e Velocity variation of the center of gravity
of individuals
Time to first impact
Distance traveled before first impact
Magnitude of the impact velocity
Portion of the body impacted, i.e., nead, feet.

Results indicate that:

e differences in the response due to anthropometric varia-
tions are generally small and therefore relatively un-
important,

e head/floor impact occurs at approximately 0.5 sec after
the start of translation process

e the onset of head/floor impact occurs in the fairly
narrow range of wind velocities of 200 fps to 250 fps.

e the impact velocity experienced by individuals is rela-
tively independent of the intensity of the wind field
being about 16 fps.

e the displacement of the center of gravity at the time
of imgact is in the range of about 22 ft to 56 ft.
Therefore, in large shelters most impacts will be
with the floor.

The second problem considered examined the tumbling character-

istics of individuals in a series of representative flow environments.

Three wind fields characterized by equilateral triangles of
equal impulse but varying peak and duration were used in conjunc-
tion with the "tumbling man' computer model.
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Response parameters studied were again velocity, variation
' of the center of gravity, time to first impact, distance traveled
E é before first impact, portion of the body impacted and impact veloc-
5 ity. Results obtained indicate that:
e wave details are of little, if any, significance
on response;

e for the eight cases considered, with two exceptions,
‘the head impact velocities achieved were consistently
22.6 fps and therefore, mostly independent of the wave-
form and peak magnitude of the wind field.
Results indicate that the hazard to shelter occupants results more
from the fact that the individual will fall over when subjected
to a blast wind field, than the hazard being proportional to the

intensity of the disturbance.

People Survivability in Upper Stories

Previous studies on people survivability in the upper stories
of highrise buildings with strong (arching) masonry walls have
not considered the overturning of the building as a failure and
casualty mechanism. Results of an analysis effort reported in
Ref. 1 has indicated that this can be an important failure mech-
anism and should be considered. A nominal effort was devoted in

this study to the task of examining the consequence of this failure
mechanism on people survivability. A preliminary analysis method

| was formulated and was used to tentatively update previous (Ref. 2)

{ results. Chapter 5 contains a discussion and results of this effort.
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CHAPTER 1
SUMMARY AND CONCLUSIONS

The emphasis of the study reported herein was on the surviv-
ability of people located in conventional buildings of the National
Fallout Shelter Survey (NFSS) type when subjected to the direct
effects of megaton-range nuclear weapons. The overall objective
is to gain an understanding as to the inherent capabilities of con-
ventional buildings in providing protection to the urban population
in the event of a nuclear weapon attack. Results can be used to
identify and classify best available shelter space. The topics
considered are described in the following paragraphs. Detailed
discussion is provided in subsequent chapters.

1.1 PEOPLE SURVIVABILITY IN CONVENTIONAL BASEMENTS

To gain a better understanding as to the levels of protection
afforded by existing conventional basements of high rise buildings
against the effects of blast, a series of survivability analyses
for people located in basements of steel framed buildings was
performed.

Floor systems considered are two-way slabs supported on steel
beams. Slab design parameters constitute a representative (real
world) range of spans, design live loads and material properties.
The hazard load environment represents the blast effects of a
single, megaton-range nuclear weapon. Structural analyses of slab
response were based on current state of the art techniques backed
by experimental results, most of which were generated by Waterways
Experiment Station (WES) at the request of Defense Civil Prepared-
ness Agency (DCPA). People survivability analyses were performed
using the results of the structural analysis. Casualty mechanisms

considered were impact and the trapping of people due to the failure

and collapse of the overhead slab. Slab collapse mechanisms anc
corresponding overpressure levels were identified with the aid of
structural analyses.

————




In a previous study, (Ref. 1) basements of multistory rein-
forced concrete buildings with flat slab and flat plate floor sys-
tems were considered in a similar fashion. The results of this
effort add one more building basement category to the catalog of
those examined in the light of a nuclear weapon attack. Predicted
failure overpressures for all slabs considered correlate most
directly with design live load.

Upper and lower bound estimates of total survivors and injured
survivors were obtained for each type of floor system as a function
of free field overpressure. Results are compared and discussed in
Chapter 2.

1.2 FLOW INDUCED TRANSLATIONAL EFFECTS IN BASEMENT SHELTERS

The major task of this effort dealt with generating the de-
scription of the transient velocity field within the shelter and
then using it to determine the response of individuals located
within. The transient velocity field was generated using existing
procedures and is an update and extension of that previously re-
ported in Ref. 1. The following parameters and their ranges were
considered.

The study was based upon the conditions of a 1MT surface burst
with the shelter located in the Mach region. External, free field
overpressures considered specifically include 2, 6, 10 and 15 psi.

Shelters considered are square with Volume to Entranceway
Area (V/A) ratios in the range from 500 ft to 4000 ft. Shelter
(room) parameters studied include room size, room configuration,
i.e., aspect ratio, entranceway size and entranceway location.
Single and multiple entranceways were considered.

Using the transient flow fields and the shelter parameters

described, calculations were performed to determine impact velocities

that would be experienced by individuals when coming in contact
with shelter walls. Results for shelters having a centrally
located entranceway are described first.




As would be expected, the most severe impact conditions result
when individuals are located in the jet. Outside the jet boundary
they are substantially reduced. Many of the wall impacts occur at
very shallow angles and hence the normal component is rather low.
However, since such an impact does not materially impede the motion,
the second impact may be more severe than the first. The influence
of the second impact was not considered in this study.

Most individuals will impact the front wall, i.e., the wall
which contains the entranceway. This suggests that some improve-
ment in survivability can be achieved by appropriately treating
this surface and avoiding the placement of objects along this wall
which could be hazardous to impacting individuals.

The influence of room size on impact velocities is to make
the translation-impact environment in the larger shelters more
severe. The reason is in part due to the fact that the duration
of the intense flow is longer and therefore there is more time to
accelerate the individuals.

Results show that the location of the single inlet (entrance-
way) significantly influences the percent of floor area (related
to the initial location of individuals) which produces impacts in
excess of a given intensity. The most severe conditions noted
exist for a configuration in which the entranceway is located at
the edge of the front wall. When compared to that of the same
shelter but with the opening centrally located, the affected floor
area was increased by a factor of 2.7.

Rooms identical in all respects. i.e., volume, entranceway
area, entranceway area location, except that the aspect ratio is
different were examined to gauge the influence of this parameter
on impact velocities. Results indicate that the influence of inlet
location is predominant. That of the overpressure level is moder-
ate while room aspect ratio does not appear to be significant.

The multiple inlet problem applies primarily to large shelters.

The number of inlets was made proportional to room size which cor-

responds approximatelvy to one inlet per 2400 sq ft of floor area.
As in the previous cases., edge located inlets significantly increase
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the hazard over that produced by centrally located inlets. Room
aspect ratio is not a significant parameter.

Decreasing the size of the entranceway area by a factor of
two, resulted in the reduction of the affected floor area by
roughly a factor of two.

1.3 TUMBLING CHARACTERISTICS IN SHELTERS

Chapter 4 is concerned with the tumbling characteristics of

‘ individuals in shelters produced by blast winds when closures are
not provided or when their capacity is exceeded by the blast. Two
closely related problems are considered. The first examines the
influence of anthropometric variation of shelterees on the general
nature of the blast translation problem (in a tumbling mode) and
the severity of the resulting impact with the floor and walls of
the shelter. In addition to this, the influence of occupant orien-
tation with height to the airflow is examined briefly. The tum-
bling mode is examined since it is the primary response mode in a
blast wind environment.

Anthropometric data on the general population are fairly limited.
IITRI examination of the existing data base indicates that sample
sizes tend to be small and mostly involve the young adult male.

; However, for purposes of this effort the available data are ade-
quate. The reference point was taken as that of an average adult

male. A series of simple scaling relationships were established so
as to bracket a 90 to 95 percentile of the adult male population.
To make the picture more complete, limited anthropometric estimates
were also made for women, teenagers, and children. Using existing
computer programs the response of this group of individuals was
evaluated when subjected to step-pulse wind velocites in the range
of zero to 500 fps. Translation parameters studied included:

Veloéity variation of the center of gravity

Time to first impact

Distance traveled before first impact
Magnitude of the impact velocity

Portion of the body impacted., i.e., head, feet.




Results indicate that:

e differences in the response due to anthropometric varia-
tions are generally small and tharefore relatively un-
important,

e head/floor impact occurs at approximately 0.5 sec after
the start of translation process

e the onset of head/floor impact occurs in the fairly
narrow range of wind velocities of 200 fps to 250 fps.

e the impact velocity experienced by individuals is rela-
tively independent of the intensity of the wind field
being about 16 fps.

e the displacement of the center of gravity at the time
of impact is in the range of about 22 ft to 56 ft.
Therefore in large shelters most impacts will be with
the floor.

The second problem considered in Chapter 4 examined the tum-
bling characteristics of individuals in a series of representative
flow environments with the object of estimating the influence in
flow variations on response of individuals and of evaluating the
adequacy or limitations of the simple drag translation model used

in Chapter 3.

Three wind fields characterized by equilateral triangles of
equal impulse but varying peak and duration were used in conjuction
with the "tumbling man' computer model to evaluate the influence
of these parameters. Five other cases were considered to study
the influence of pulse shape. Again, triangular pulses were used.
Response parameters studied were again velocity, variation of the
center of gravity, time to first impact, distance traveled before
first impact, portion of the body impacted and impact velocity.
Results obtained indicate that:

e wave details are of little, if any, significance on response;

e for the eight cases considered, with two exceptioms,
the head impact velocities achieved were consistently
22.6 fps and therefore, mostly independent of the wave
form and peak magnitude of the wind field.

e a comparison of results for the two simulation models,
i.e., tumbling block and the drag model indicates that
agreement was generally adequate for situations in which
the time of motion or the overall displacement are not
excessive. The limits are estimated at 1 to 2 sec of time
motion and displacements not in excess of about 20 fps.




Results of this study indicate that the hazard to shelter occupants
results more from the fact that the individual will fall over when
subjected to a blast wind field, than the hazard being proportional
to the intensity of the disturbance. This is borne out by the
following.

Simple loss of balance followed by unaided fall with impact
to the head results in an impact velocity of about 22.8 fps for an
average adult. Results of this effort indicate that individuals
subjected to a 'zero rise time - no decay" wind field with magni-
tudes up to at least 500 fps will be tumbled and will impact (on
the head) with a velocity of about 16 fps, essentially independent
of blast wind magnitude.

When the pulse is triangular with durations of up to 0.6 sec
and wind -elocities are in the same range magnitude as above, the
head impact velocity was determined to be fairly consistently 22.6 fps.

It appears, therefore, that at least as far as large open
shelters are concerned, a great deal can be done with very little
to increase the survivability of initially standing occupants sub-
jected to blast winds in the range of magnitudes considered in this
study. By providing a padded surface on the floor the threshold of
fatality (about 21 fps) may be reduced to simple injury or less.

1.4 PEOPLE SURVIVABILITY IN UPPER STORIES

Previous studies on people survivability in the upper stories
of highrise buildings with strong (arching) masonry walls have not
considered the overturning of the building as a failure and casualty
mechanism. Results of an analysis effort reported in Ref. A2 has
indicated that this can be an important failure mechanism and should
be considered. A nominal effort was devoted in this study to the
task of examining the consequence of this failure mechanism on

people survivability. A preliminary analysis method was formulated
and was used to tentatively update previous (Ref. 1l) results.
Chapter 5 contains a discussion and results of this effort.




CHAPTER 2
PEOPLE SURVIVABILITY IN CONVENTIONAL BASEMENTS

This chapter contains the results of analyses that were per-
formed to gain a better understanding as to the levels of protec-
tion afforded by conventional basements against the effects of
blast produced by the detonation of megaton-range nuclear weapons.

Conventional basements considered are those in engineered buildings.

This, therefore, excludes single- and two-family residences which
are generally not engineered.

Protection in such basements depends on a number of parameters
which include:

1. Type of overhead floor system used in the building;
involves the type of slab, design live load, span
lengths, aspect ratio, end conditions, material
strengths and workmanship.

2. Size of basement - volume and floor area

3. Degree of basement exposure; can range from a sub-
basement with few protected apertures to a partial
basement with one or several exposed basement walls
and many large apertures.

4. Design criteria and age of structure; refers to the
specific design code provisions as to type of con-
crete, steel, the placement of reinforcement, de-
tails, allowable live load reductions, and the de-
gree of deterioration at the footings and elsewhere
experienced since construction.

In this study we consider multistory, steel-framed buildings.
The floor system consists of two-way reinforced concrete slabs
supported on steel beams. There is no exposure of the basement
walls, nor are there windows to the basement. The V/A ratio is
large, i.e., the subject is large basements with proportionally
small entranceway areas. This precludes the production of signif-
icant casualties by blast winds entering basements through failed
or open entranceways. Thus, the primary casualty mechanism is im-
pact which is produced by spalled chunks of concrete from the over-
head slab and the collapse of the slab itself. The influence of
blast winds on the survivability of people in basement areas is
discussed in Chapter 3 and 4 of this report.
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In the previous study, (Ref. 1) basements of multistory rein-
forced concrete framed buildings with flat plate and flat slab
floor systems were considered in a similar fashion. The results of
this effort add one more building basement category to the catalog
of those examined in the light of a nuclear weapon attack.

Ehgineering data on floor systems and other relevant physical
aspects of existing buildings was not readily available for suffi-
ciently large and representative samples of buildings in the course
of this effort. For this reason it became necessary to first design
a set of floor systems for representative ranges of design loads,

span lengths and material properties. The designs were subsequently
analyzed when subjected to the effects of blast produced by megaton-
range nuclear weapons. Specific parameters considered and the de-
sign approach taken is discussed.

2.1 DESIGN

Typical, square interior panels (see Figure 2.1) were designed
in accordance with ACI 318-63 (Ref. 2). The designs are based on
all combinations of the following parameters:

Span: 12, 16, 20, 24 and 28 ft . } j
Ultimate compressive stress of concrete: 3000 and 4000 psi
Yield strength of reinforcing steel: 40,000 and 60,000 psi
Design live load: 50, 80, 100, 125, 200 and 250 psf

As in the previous study (Ref. 1) the design was based on a mini-
mum volume of concrete through the use of minimum slab thicknesses.
This approach is assumed to yield a reasonable-cost structure if
not the least-cost structure, which would be dependent on actual
construction costs at the time of construction.

Slab design was performed using the ACI Method 2, (see Appendix
A of Ref. 2). The design live load acting on the slab was assumed
to be the nominal live load reduced as provided for in the Chicago
Building Code (Ref. 3) for beams, girders and trusses. This build-
ing code allows the following live load reductions for these struc-
tural members.
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Tributary Floor Area . Percentage of Live Load
e Not more than 100 sq ft 100
e More than 100 sq ft and not 95
more than 200 sq ft . _
e More than 200 sq' ft and not 90
more than 300 sq ft
e More than 300 sq ft : 85

Steel framing members were designed in accordance with the AISC
specifications, seventh edition (Ref. 4). This includes steel
beams, columns and framing connections. Assuming that cross-bracing
will be provided to support horizontal locadings, all beams are con-
sidered as simply supported so that connections were designed to
resist shear forces only. A307 common grade bolts were used, either
3/4 inch or 1 inch diameter as needed. Connection angles were of
A36 steel. Standard framed connections were used between beams and
column flanges and seated or seated/stiffened connections were used
between beams and column webs. The complete set of designs is in-
cluded in the appendix.

It was felt that most existing buildings having reinforced
concrete components have been designed using an older version of
the ACI code than ACI 318-71. For this reason, we chose Method II
of ACI 318-63 as the basis for the design of the two-way reinforced
concrete slabs.

The design procedure for simple bolted connections contained
in the seventh edition of AISC specifications is essentially the
same as in older versions of this specification and therefore,
adequate for the purpose of this study.

Design live load values were chosen so as to include approxi-
mately the entire range of existing building use classes. For the
range of values considered, -the use elasses -are as is indicated in
Table 2.1.
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3 TABLE 2.1
DESIGN LIVE LOAD AND BUILDING USE CLASSES
Design Live Load Building Use Classes
psf ,
40 - 60 Hotel, guestrooms, library reading %

rooms, private apartments, corridors 1
of residential buildings, classrooms

80 Offices

100 Restaurants, passenger car garages,
gymnasiums, office building lobbies,
hotel public rooms, school corridors,
first floor areas of retail stores,
theater corridors and lobbies

125 Manufacturing, light storage ware-
houses, wholesale stores
200 - 250 Heavy storage warehouses
2.2 ANALYSIS

The set of two-way floor systems described was analyzed with
the object of determining collapse overpressures when subjected to
the blast effects of a single, megaton-range nuclear weapon in its
Mach region.

Theory and experimental data indicate that floor systems of
the type considered will fail either in flexure of the slab or
the supporting beams or shear failure of the connections. Shear
failure of the slabs is not expected to be a prime failure mechanism.

Overpressures producing failure in the slab and the supporting
beams were determined using procedures described in Chapters 7 and
8 of Ref. 5 and Chapter 7 of Ref. 6. Failure criteria used are
described in the following paragraphs.

For the purpose of estimating the number of survivors, two
levels of structural failure are considered for reinforced concrete
slabs and steel beams, i.e., incipient failure and ultimate failure
(collapse). Loads producing incipient failure are defined herein
as the minimum values of flexural or shear resistance of the struc-
tural member. Thus in the case of a simply supported steel beam,
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incipient flexural failure is defined as the dynamic load required
to produce a plastic hinge at midspan. As indicated in Figure 2.2
this occurs when u (ductility ratio ym/yy) is equal to 1. Ultimate

collapse is assumed to occur when u = 8 (Ref. 5),

For two-way reinforced concrete slabs, incipient flexural fail-
ure is defined as the dynamic, uniformly applied load required to
produce plastic moments for a minimum load yield pattern. When
expressed in terms of a resistance function, this occurs when de-
flection‘yf (see Figure 2,3) is reached. Ultimate collapse depends
on whether the reinforcement is canable of developing membrane
resistance, then flexural failure is indicated by a limiting ductility
ratio, resulting in a collapse deflection of

= 0:10
where ¥e is the equivalent yield deflection of the slab based on a
bilinear resistance function and p.is the tensile steel ratio. When

Yo 3073, 2.1

the slab is capable of developing membrane resistance, then failure
is indicated by a limiting deflection of

Yee = 0.15 Lg (2.2)

where LS is the length of the slab in the long direction (Ref. 7).

Beam connections were analyzed to determine their ultimate
capacity by analyzing each possible failure mechanism. Failure is
assumed to occur and collapse is assumed to follow when either one
or several of the following conditions is produced.

(a) Combined shear capacity of the bolts

(b) Bearing capacity of the beam web

(¢) Bearing capacity of column web or flange

(d) Bearing capacity of simple connection support angles

In the case of seated connections, the contribution of the top
angle in resisting shear is ignored. The ultimate capacity of con-
nections is expressed in terms of dynamic uniform load applied to
the slab. Procedure used in analyzing connections was taken from
Ref. 8.
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2.3 ESTIMATES OF PEOPLE SURVIVABILITY

As indicated earlier, the primary casualty producer in base-
ments of the type considered in this study is impact which is pro-
duced by spalled chunks of concrete from the overhead slab and the
collapse of the slab itself. People (shelterees) are assumed to
be uniformly distributed in all shelter areas and survivability
is measured as indicated in Figure 2.4,

ko8 Total Survivors

v

g 2o

pe

>

“

=)

. 50

§ Injured Survivors

13)

E 25

/!’ %
0 kf | Oygfpressure
0 0.75 PI Pl PU

Figure 2.4 Definition of People Survivability Estimate

For overpressure levels up to and including incipient collapse
(PI) no fatality level casualties are assumed to be produced. For
overpressure levels between PI and PU where PU is the ultimate col-
lapse overpressure, fatality level casualties are assumed to be
produced at the rate indicated by‘the straight line between PI and
PU. Nonfatal injuries are assumed to begin at 3/4 PI, reach a
maximum at 25 percent and to decrease at a linear rate to PU.
Recoverable injuries are assumed to be produced by spalled chunks
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of concrete from the overhead slab, The fact that spallation
occurs is indicated by tests such as those of Ref. 9,

For the set of slabs considered in this effort and that of
the previous effort (Ref. 1), the upper and lower bounds on PI
and PU are summarized in Table 2.2,

TABLE 2.2
BOUNDS ON PI* AND PU*
PI PU Structural
Member*¥*
Lower Bound Upper Bound Lower Bound Upper Bound
0.57 0.81 1.80 2.40 FP
1 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
0.60 160 1.13 3.00 SB
- ; = 1.30 6.40 Conn

* PI - Incipient Collapse Overpressure
PU - Ultimate Collapse Overpressure

** FP - Flat plate
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 beam
Conn - Bolted connections

Corresponding people survivability estimates are given in Figure 2.5
and 2.6. Figure 2.5 was reproduced from Ref. 1. It depicts the
people survivability potential in large, full basements of rein-
forced concrete framed buildings with flat plate and flat slab

floor systems.

It will be noted that survivable injury is higher (up to 50
percent) in basements with flat slab floor systems. This is due to
larger quantities of debris that is produced by the failure (spalla-
tion) of drop panels which are generally unreinforced.
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Results for basement shelters in steel framed buildings with
two-way reinforced concrete floor systems are shown in Figure 2.6.
These results fit well within the bounds of those given in Figure 2.5.

In accordance with Ref. 10, the breakdown of basement spaces
by type of overhead floor system in the NFS structures is as in-
dicated in Table 2.3. Results produced in this study and that of
Ref. 1 provide "shelter capability" information on the first three
categories of basement shelters contained in the inventory.

TABLE 2.3
BREAKDOWN OF BASEMENT SPACES
Type Percent Normalized
of Overhead of Total Percentages
Floor System U.S. Spaces

1. Concrete slab-steel beam 22.1 30.4
2. Flat slab 4.9 6.7
3. Flat plate 2k 1.8
4. Concrete slab-concrete beam 16.9 23.2
5. Concrete joist-concrete beam 0.8 Lol
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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CHAPTER 3
FLOW INDUCED TRANSLATIONAL EFFECTS IN BASEMENT SHELTERS

3.1 BACKGROUND

In this chapter the results of an effort to establish the
probability of survival for personnel within conventional base-
ment type shelters when subjected to blast wind induced trans-
lating effects generated by an atmospheric burst of a nominal,
megaton-range nuclear weapon in its Mach region are presented.

The detonation of a large nuclear weapon within the atmos-
phere generates a rather well defined blast wave system which
propagates outward from the burst point. This blast wave system
will interact with the ground plane and its perturbations (hills,
structures, etc.) altering the local blast environment to some
extent. This blast environment is characterized by the presence
of a shock discontinuity across which the air pressure increases.
The pressure level then decreases, decaying down below the atmos-
pheric 1level (entering the so-called negative phase) and then in-
creases again, yet more slowly, until the ambient pressure level
is reached. The air motion also undergoes a similar oscillatory
(outward-inward) pattern. Structure geometries and orientations,
shielding effects, and shelter entrance locations and configura-
tions will further distort the fine details of the local blast
environment.

Ultimately, the blast wave energy will propagate within an open
shelter and induce a variety of rather intense flow regimes within
the shelter. Personnel and objects located within these shelters
will respond to the environment, in part, by being transported in
some fashion (tumbled, slid, etc.) until the adverse environment
is relieved or an impact with a wall or other object occurs. The
nature and intensity of an impact, if one occurs, will be depend-
ent upon the many variables defining the explosion, the shelter,
the object, and the location of the object and other objects
within the shelter. The survivability of personnel to such im-
pacts will be a function of the nature and intensity of the impact
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or perhaps impacts and the complicated interactions of other ad-
verse physiological effects such as blast overpressure exposure.

The current study is based upon the conditions of a 1 MT
nuclear weapon surface burst with the shelter located in the Mach
region. This restriction is not a limiting one as other weapon
yields and burst conditions can be readily treated. However, as
an effort to establish a measure of the survivability levels of
personnel in shelters some restrictions and simplifications are
required. The survivability question is a complex one and if an
adequate prediction is to be made, then a comprehensive effort
coupled with some attempt (perhaps experimental observations) to
verify the more important aspects of this complex problem will
have to be made. The basic elements of the problem can be cate-
gorized by these steps or criteria:

(a) Injury and fatality criteria
(b) Impact and bounce conditions

(¢c) Complete description of the transient air velocity
field within the shelter

(d) Development or adaptation of adequate translational
models

(e) Adequate selection of pertinent shelter parameter
values.

In many instances these steps can be undertaken at several levels
of sophistication and precision. Initially simple models and/or
criteria can be used or established to obtain a rough estimate of
the survivability levels for typical conditions of interest and
to identify the critical aspects of the overall problem. Such a
procedure is used in this effort.

The transient velocity field which will exist within the
shelter will depend upon the geometry of the shelter and the size
and location of the inlet opening or openings. Furthermore, the
mass flow rate of air into and out of the interior shelter region
or cavity will be a significant factor. The latter effect is a
function of the V/A ratio of the shelter, where the pertinent
area is the total inlet area. This effect will also be depend-
ent upon the free-air blast environment.
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Any attempt to define the transient velocity field within a
shelter will have to be limited to relatively simple configurations
such as rectangular rooms. Since the openings or inlets will fre-
quently occupy nearly the entire vertical height of the room, and
since the plan (horizontal) dimensions of a room are generally much
larger than the vertical height, the flow within the shelter will
take place primarily in the horizontal plane. A two-dimensional
flow model should be adequate to define the blast induced velocity
field and the basement shelter can then be characterized simply by
its width, W and its length, H. The inlet area can be connected

to an equivalent inlet width, B by dividing the inlet area by the
room height. 1Initially, the location of the inlet was restricted
to the central location on one wall which is called the front wall.
The identification of the back and side walls follows naturally.
Such a symmetric geometry leads to the inclusion of the case where
the axis of symmetry (across which no flow of air occurs) can be
treated as a wall. The width of this reduced room and of the in-
let correspond to the related half-widths of the full room, and

the inlet will now be located at one extreme end of the front wall.

Many rooms which differ somewhat from these two geometric
cases can be converted to these geometries by neglecting some small
geometric perturbations and by utilizing average or effective
values for some of the shelter parameters. The basic geometry (a
rectangular room with one centrally located inlet on the front
wall) can be combined with identical modules to yield more complex
configurations which contain multiple but similar openings. Figure
3.1 illustrates a variety of room configurations which can be
treated. The use of the basic geometry and its variant forms will
provide a range of configurations which correspond to most shelter
geometries of interest.

A number of distinct shelter sizes have been selected for
this study. Three large shelters were selected from Ref. 1l and
two small basement shelters considered in Ref. 1 were included
to cover a rather wide range of probable sizes. Dimensions
and parameter values for this range of shelter sizes are
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presented in Table 3.1. In most cases several inlet area values
were selected, however, multiple inlets will generally exist for
the larger shelters. The number of inlets and/or their locations
are not specifically defined at this stage. The fact that the
rooms selected are square is of no particular significance. Other
aspect ratios can be included at a future time. The sizes of the
inlet areas were generally selected to obtain a desired V/A ratio.

This parameter will generally be larger for the larger shelter

sizes.
TABLE 3.1
SELECTED SHELTERS

Case Volume, V Dimensions Inlet Area, A V/A Ratio

(ft3) (ft x ft x ft) (ftz) (ft)
A 440 2 107 200 x 200 x 10 400. 1000
B1 10° 100 x 100 x 10 25. 4000
B2 10° 100 x 100 x 10 100. 1000
c1 3.6 x 10* 60 x 60 x 10 10. 3600
c2 3.6 x 10° 60 x 60 x 10 50. 720
D1 2048 6z 16x 8 2.05 1000
D2 2048 16 x 16 % 8 4.10 500
El 6270 28x 28 x 8 6.27 1000
E2 6270 28x 28x 8 12.54 500

Since the overall mass flow rate aspect of this problem is only
dependent on one shelter variable (the V/A ratio) auxiliary cal-
culations were made for a range of this variable (from 200 to
4000 ft) and for a nominal range of peak free field overpressure
levels. Recall, that the weapon size and burst condition have
already been fixed. The overpressure values treated specifically
include 2, 6, 10 and 15 psi. The cavity filling computer code of
Ref. 12 was used for these calculations after some minor modifi-
cations needed to obtain the desired details were made. The in-
let flow velocity histories corresponding to an overpressure of
10 psi are presented in Figure 3.2. At somewhat high overpressures
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the flow is initially choked and remains so for a short period

of time. In those instances the inlet velocity remains constant
for an appropriate period of time at a value of approximately

1100 fps. 1In this study standard ambient conditions for both pres-
sure and temperature were used. This approximation is adequate
since these variables are not very influential over their conven-
tional ranges.

The inlet flow velocity histories shown in Figure 3.2 are
similar to those of the other overpressure levels with the excep-
tion that the initial value is lower for lower overpressure levels.
The mass flow rate reaches a value of zero when the cavity (shel-
ter) overpressure reaches its maximum value. The interior pres-
sure increases from the time of shock arrival in a manner which
can be described to be, very roughly, linear in form and then de-
cays like and at essentially the same value as the outside free
field overpressure decays. This pressure decay period corresponds
to the outflow (negative inlet velocity) interval shown in Figure
3.2. 1t lasts until the end of the positive phase duration of the
overpressure which for the overpressure levels indicated is in the
range of 2 to 3 seconds. The peak magnitude of the inlet flow
velocity is smaller during the outflow period than it is during
the inflow period. During the negative phase of the overpressure
the air within the shelter will continue to flow out of the re-
gion, however, at a substantially reduced rate. It would appear
that, as a first order approximation, the inlet flow velocity can
be set equal to zero during this late time period and thus enable
the analyst to terminate the inlet flow in some reasonable manner.

These cavity filling calculations have provided for a reason-
able estimate of the inlet flow velocity histories for the range
of overpressure of general interest. They also provide additional
flow details. The air density within the cavity will vary some-
what as the cavity pressure varies, but over a narrower percentage
range. Therefore, for the current study a constant value is used.
The standard ambient density is used in subsequent transport cal-
culations although a value modified slightly to account for the
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overpressure level could also be applied. The cavity filling cal-
culations also provide the maximum or peak pressure which exists
within the shelter. This information for thne range of shelter
parameters of interest is shown in Figure 3.3. This figure illus-~
trates the variation of peak average pressure within the shelter
as a function of external free field overpressure and the V/A
ratio. These pressure levels are too low to produce noticeable
casualties by themselves. Assuming '"fast rising'" pressure, the
LDg (50 percent probability of mortality value for man) is 61.5
psi (see p 28, Ref. 13). ‘

The major task of this effort dealt with generating an ade-
quate description of the transient velocity field within the base-
ment shelter and then to imposing this environment on objects
within and subsequently observing the resulting translational
effects. This has been done using a simple drag type translational
model. The calculations were carried out until an impact occurred
at one of the room boundaries. Only the initial impact was con-
sidered. The conversion of this observed impact condition into a
statement of survivability or injury level, although not explicitly
made in this report must involve some appropriate impact criteria.
The criteria presented in Figures 4 and 5 (Ref. 1) should be ade-
quate for initial estimates of survivability. It is apparent that

multiple impact conditions may be common in the shelter environment,

hence the rebound or "bounce'" aspect of the problem must be intro-
duced in some manner.

At the present time a simple approach has been formulated, but
not applied since the transport calculations were stopped after
the first impact occurred. The approach which was formulated was
that of using an analytical expression, specifically an exponen-
tial decay form, to reduce the normal component of the rebound
velocity when normalized by the normal component of the impact
velocity. The exponential factor involves the normal component of
the impact velocity and an appropriate critical velocity. A value
of 50 fps was selected initially for this critical velocity. In
this manner the rebound velocity is treated as a function of the
impact velocity. The final selection of the analytical form
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and the value of the critical velocity should be based upon a
separate impact analysis which can examine the influence of the
effective spring constants and hysteresis characteristics of the
impact materials (soft tissue, etc.) of interest to this study.

The use of a simple drag model to define the transport aspect
of the problem represents an initial or screening step in this
study. Such a transport model neglects the effects of gravity and
the corresponding tumbling and sliding effects. It defines the
motion of the object of the horizontal plane and should be appli-
cable for the early phases of the motion of people initially in
the standing position. The transport portion of the model was
extended to treat the tumbling man characteristics and thus per-
mitted an evaluation of the adequacy of the simple drag model to
be made. The tumbling man model was based upon the simple mass,
three degree of freedom model developed by IITRI (Ref. 14 ). This
tumbling man model was first exercised in an idealized (constant
velocity) velocity field for a wide range of '"people'" character-
istics and thus provided a sensitivity measure of survivability
estimates in terms of realistic demographic data. The model was
then coupled to typical time-dependent shelter flow fields and a
direct comparison with results obtained by the use of the simple
drag model were made. The results of these refinements are pre-
sented in chapter 4 of this report.

3.2 TRANSIENT VELOCITY FIELDS IN BASEMENT SHELTERS

An adequate description of the transient air velocity varia-
tions throughout the shelter for the shelter and explosion param-
eters of interest represents the driving force for the transport
of objects within the shelter and as such is a critical step in
attaining the overall objective of this part of the program. It
has been indicated that a two-dimensional flow model bounded by a
worizontal rectangular region would be adequate for this effort.
Other more complex flow models may ultimately be examined; however,
the two-dimensional model should be an adequate first step.

There are several approaches which could be followed to obtain
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the needed flow details. One method would be to use an appro-
priate gas dynamic or hydrocode capability to numerically inte-
grate the governing flow equations in a forward time stepping
manner and thus carry the solution to some late time point in the
flow process. A number of such solutions have been obtained for
basement type shelter geometries (Ref. 15, 16 and 17) for over-
pressure levels of general interest. Such solutions are relatively
expensive to obtain. The flow solution could be obtained simul-
taneously with the solution of a transport problem (for ome or
more objects) and then redone for other transport conditions. Or,
a given solution could be stored on tape and used repeatedly for
a wide variety of transport problems.

The storage requirements for a single velocity field solution
(one shelter geometry at one overpressure level) would be rather
large since such solutions frequently involve about 1000 node
points (the spatial coordinates) and perhaps well over 1000 time
steps. This many time steps would be needed to carry the solution
out far enough in time. Undoubtedly, some ecoromies could be gener-
ated by curve fitting over coarser intervals in either space or
time (or both). However, at least two parameter values would have
to be stored at each storage unit. It appears at this time that
for the many overpressure levels of interest and the wide variety
of shelter sizes and geometries which may be examined, the de-
scribed approaches are not economically feasible and were there-
fore beyond the scope of this study. The use of such an approach
may be appropriate as an accuracy check or at least as a consis-
tency check on other methods. The accuracy of these numerical
solutions is limited; however, these types of solutions should be
quite adequate for the goal of survivability prediction.

Experimental methods have been used in the past to obtain
solutions of such complex transient multidimensional gas dynamic
flows. The scaled shock tube type experiments were generally
limited to obtaining information relating to pressure variations.
Very little success was achieved in observing flow velocities of
air particles. Nonetheless such experiments did provide an
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insight into a number of complex phenomena, such as shock diffraction

effects and vortex growth and transport.

The approach which was selected for obtaining a description
of the transient air velocity throughout a shelter is that of syn-
thesizing the velocity field analytically by using a number of
functional terms to define the magnitude of the velocity vector
components. The bases for this development are all the known
applicable solutions such as the numerical solutions given in
Ref. 15 and 16, The adequacy and accuracy of such an approach
has not yet been demonstrated; however, the initial results are
promising. Accuracy is being sacrificed to some degree but this
approach does not permit many flow solutions to be generated at
a very low cost. Development of the synthetic process is described
and the current state of velocity field approximation development
is indicated in the following paragraphs.

Velocity diagrams for three time values (measured by Cycle
number which is a time indicator used in Ref. 15) are presented
in Figures 3.4 through 3.6. These details were taken from Ref.
15 and correspond to a square shelter with a 25 percent opening
in the center of the front wall. The solution was obtained for
a specific shock tube condition on a small-scale model; the peak
overpressure was approximately 5 psi. The effective duration is
such that this solution is applicable to the general range of
parameter values of interest to the current problem. These three
diagrams are presented to demonstrate the general nature of the
flow regimes which will exist within the shelter.

A shock wave will propagate through the inlet, diffract around
the geometric features and then propagate out into the shelter in-
terior. In this manner the first motions of the air within the
cavity are induced. The details of this initial flow will be in-
fluenced, in part, by exterior perturbations and distortions of the
local exterior blast environment and by the geometric details of
the entranceway. For purposes of the current program these fine,
perhaps randomly occurring, details are of secondary importance
and can be eliminated by considering a simplified model.
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The initial process can be idealized by a cylindrical disturb-
ance source emanating from the inlet position (Figure 3.4). The
strength of these pressure waves will be relatively weak such that
their propagation speed can be characterized adequétely by a con-
stant wave speed, c, say the ambient speed of sound of air
(C = 1130 fps). These waves will interact with the solid boundaries
or walls of the room, by reflecting and propagating back into the
interior regiohs of the shelter. 1In Figure 3.4 the disturbance
(shock front) has reflected from the back wall and is moving back
toward the entrance. The disturbance has also reflected from the
side wall and, in fact, has already reached the axis of symmetry
at some positions in the shelter. The result of these reflections
is to turn the blast induced flow such that the normal components
of the velocity at the walls are zero. At this time an inlet jet
is forming in addition to a swirl flow near the edge of the inlet.
The swirl flow field is due to the formation of a vortex whose
center is identified in this figure. The pressure disturbances
will reverberate between the various solid boundaries of the room
and decay in strength. These disturbances will also interact with
the rather strong vortex flow.

Shock tube experiments have shown that such an interaction
generally results in the destruction (by dispersion) of the shock
front and for this reason the more transient wave aspects of the
flow disappear. A description of the velocity field must contain
a contribution which is referred to herein as the '"monsteady"
phase. This contribution exists from the time of shock arrival
(a convenient zero time reference point) until a time of approxi-
mately 2H/c which corresponds to the double transit time of the
disturbance within the room. This contribution must account for
the air motion induced by the expansion of the pressure wave into
the shelter interior and the modifying contribution made by the
wall reflections.

Figure 3.5 illustrates the nature of the flow after the ini-
tial phase has ended. The flow is changing more slowly. The in-
let jet is completely formed and extends further into the room.
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It has already adjusted to the finite length of the region avail-
able to it. The swirl flow region has grown in size and now oc-
cupies the entire shelter area. The center of the vortex is mov-
ing slowly toward the rear of the shelter. Thus two significant
flow features are present at this time interval; a stabilized in-
let jet flow and a moving swirl flow region. These naturally form
two additional velocity contributing terms in the velocity field
model.

Figure 3.6 illustrates the velocity field at a later time.
The velocity of the air at the inlet region has decayed substan-
tially. The movement of the vortex center has stopped due to its
interaction with the back boundary; the swirl flow has stabilized
in position and is decaying in intensity. The path of the vortex
center is shown in Figure 3.6 and indicates its rather well defined
movement. Similar vector diagrams have been examined from other
related numerical solutions and the above described general fea-
tures are common to each solution. Unfortunately these available
numerical solutions were not extended sufficiently in time to
define the outflow aspects of the velocity field. It is clear
that the jet flow is replaced by some type of sink flow (the sink
being located at the inlet of the shelter) and that the intensity
of the flows is greatly diminished. The swirl flow may persist
for some short time after the outflow begins but no data are cur-
rently available to establish this aspect of the flow. If it
does exist its intensity will probably be small.

The current velocity field model which was used in this study
consists of four components defining (1) the nonsteady blast dif-
fraction effects, (2) the inlet jet flow, (3) the swirl flow, and
(4) the outflow flow contributions. These parts have been written
in a computer subroutine form for use in subsequent transport
calculations. The most significant aspects of these components,
and a discussion of the method used to combine the parts are pre-
sented in the following paragraphs. Due to the symmetry of the
basic geometry the velocity field need only be defined for the
reduced geometric case. Each submodel defines the velocity field
components U and V at a given time, t and position (x,y).
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The velocity components U and V correspond respectively to an
orthogonal x and y coordinate system whose origin is at the cen-
ter of the inlet on the front wall. The positive x-direction is
into the room toward the back wall of the shelter, thus O<x<H.
The positive y-direction is from the center of the inlet toward
the side wall, thus O<y<W.

The nonsteady flow submodel is applicable during the time
interval 0<t<2H/c during which the inlet velocity, Vo, is varying
slowly with time (see Figure 3.2). An examination of the available
numerical solutions during this early time period indicated that
the velocity distribution behind the initially expanding disturb-
ance (i.e., no wall reflections) is primarily radial in direction
and increases in intensity from an essentially zero value at the
shock front to the inlet value at the origin. The wave shape is
relatively constant, and nearly linear, hence a self-similar solu-
tion in the variable (R/Rs) can be formulated, where R is the
radial distance of the position (x,y) from the origin and Rs is
the range of the disturbance. This range is simply the product of
the wave speed and the elapsed time (Rs=ct) recalling that the flow
starts when t=0.

The development procedure was iterative in nature, being mod-
ified as the various submodels were combined and adjusted to ob-
tain a reasonably good comparison over the full field of interest
and for the various times at which velocity vector data were avail-
able. As a result the self-similar solution for the velocity mag-
nitude, Vn,took on the form

' o

v, = V(L - 'r,f)e s cos(0.80), 0 <R<R (3.1)
where Vzlis‘the contribution of the inlet velocity Vo allocated to
the nonsteady flow contribution and a is the position angle mea-
sured from the x-axis. The wall reflections are flow adjustments
dictated by the physical requirement that the normal component of
the velocity at the wall vanish. This requirement could be met

easily by using a method of images. Thus the velocity at a given
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point could be made up of many vector contributions. Eight sources
were selected, two in the x-direction and four in the y-direction.
Only two were needed in the x-direction since the applicability of
the nonsteady model was prelimited by t<2H/c. Four image positions
in the y-direction will allow for four reverberations in this di-
rection and thus be applicable to narrow shelters where H<2W. Nar-
rower shelter geometries can be treated by increasing the number
of source points. For each of the sources used, the velocity con-
tribution vanishes whenever the apparent range (distance from the
source) is greater than the disturbance range.

The current jet flow submodel was patterned after the jet
model described in Ref. 12. The latter model corresponded to a
free standing jet and is applicable for shelters which are very
large compared to the inlet width, B, of the jet. These types of
jets can be very long, in fact at a distance of 100 B the flow ve-
locity is still approximately 10 percent of the inlet value. Since
the shelter sizes and configurations of interest of the order of
say 10 B, the back and perhaps'the side walls will influence the
jet flow field. The analytic form used in Ref. 12 was simplified
slightly with respect to the velocity distribution at any distance
x from the inlet. The primary influence of the back wall is to
decelerate the jet flow such that the velocity vanishes at the
back wail. The current version of the jet submodel merely applies
a factor (1-x/H) to the free jet solution to satisfy this require-
ment; the free jet conditions being defined by an inlet magnitude
vy which represents that portion of the inlet velocity, Vo’ that
is allocated to the jet flow contribution. The free jet is nar-
row enough such that side wall interactions will not occur for
the shelter aspect ratios (W/H) being considered. An earlier ver-
sion of the jet submodel was based upon an image procedure to sat-
isfy the zero velocity requirement at both the back and front
wall. This model required some 20 to 40 images (i.e., velocity
contribution) plus a final correction procedure to obtain flow
details similar to those obtained by the current simple version.

The development of the swirl flow submodel represents the most
difficult flow regime to model because of its rather longlasting
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moving nature and because it covers the entire shelter area. The
motion of the vortex center is rather well defined. After a short
induction period it moves at a relatively constant speed, until it
approaches its final position of approximately 0.7 H. The path
occurs at a near constant value of y of approximately 1.8 B for
wide rooms. An adjustment was introduced for narrower rooms such
that when W approaches B (an unrealistic width) the value of y was
equal to B. The speed at which the vortex center moves is approxi-
mately 200 to 250 fps for the various solutions and times examined;
a value of 225 fps was selected for the current model.

This narrow range of vortex center speed is consistent with
vortex motion observations made many years ago while studying
shock diffraction effects on objects in shock tube experiments
(i.e., approximately 20 percent of the shock velocity). The di-
rection of flow (i.e., the streamlines) in the swirl flow region
is roughly elliptical around the center of the vortex and the flow
extends rather deeply into the corners. This feature was approxi-
mated by selecting a fourth order relationship between the vari-
ables Ax and Ay which define the position relative to the vortex
center. In thié manner the flow direction, the ratio of the veloc-
ity cpmpohents, was defined for every point within the limiting
streamline. The velocity was assumed to vanish outside of the
limiting étreamline, that is at the corner regions. The magnitude
of the veiocity also depends upon the absolute distance of the
position (x,y) from the center of the vortex. The magnitude of
the velocity is essentially zero at the vortex center and then
increases in a roughly linear fashion until it reaches its maxi-
mum magnitude at a distance approximately equal to B. For larger
distances the velocity decreases at nearly constant circulation
condi;iqné: Finally some minor adjustments were incorporated into
the magnitude calculation to reflect the fact that the intensity
of the swirl flow increased with vortex center displacement.'
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The outflow submodel is relatively simple in concept and does
not include any swirl flow features. Basically during the outflow
phase a sink type of flow should exist. The strength of the sink
is given by the value of the inlet velocity. The flow will be
primarily radial in direction and the magnitude will decrease with
increasing distance from the sink. The magnitude of the velocity
should be essentially zero at the walls of the shelter. Two fac-
tors were used to reduce the magnitude of the velocity. First a

simple finite sink type relationship was used. Specifically this
took the form

1 5 (3.2)
1+ 75
where D is the distance from the origin. Secondly a factor to
account for the finite size of the room was introduced. This
factor took the form

7 W TR, (3.3
Dy

where D, was the maximum room dimension along the ray passing
through the point of interest. In this manner the zero velocity
condition at the walls was achieved.

In describing some of the above-mentioned submodels, ref-
erence was made to a contribution of the inlet velocity which was
allocated to the particular flow regime. The intensity of the
flow and its variation with time have been keyed to the intensity
of the inlet flow. The inlet flow for a given condition was
determined from cavity filling calculations. Whenever more than
one flow regime coexists and contributes to the inlet flow mag-
nitude the component parts (such as Vi and Vs for the jet flow
and nonsteady flow contributions) must make up the whole (i.e.,
equal to Vo)' During the nonsteady flow period 0<t<2H/c when
the jet flow is in a growth phase, the driving velocity for the
nonsteady flow was expressed by the relationship

Vv, =V (1 - §§)2 (3.4)
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The .swirl flow growth was also related to the intensity of the
inlet flow; however, since this flow does not directly involve
the mass flow at the inlet, its relationship is not necessarily
influenced by other flow regimes. The driving velocity, Vy, was
defined by the relationships

vy = Vo oiciau/c)

b (3.5
) V3 =V 4H/c < t

During the outflow period all of the inlet flow velocity is allo-
cated to the outflow submodel since it is the only flow regime
“ which is assumed to exist at that time. Finally, after the posi-
tive phase duration of the overpressure has elapsed, the inlet
flow is very small and has been assumed to vanish. In this time
interval it has been assumed that a quiescent flow state exists
within the shelter and thus the velocity is assumed to vanish
everywhere. f

The above relationships as well as some of the details of
the submodels have been developed and further modified to achieve
as accurate a comparison with the existing velocity information as
possible. Although this development is not necessarily complete,
it appears that an acceptable level of accuracy has been achieved.
It is difficult to make any blanket statements regarding accuracy;
however, the reader is entitled to an impression in this area.
For this reason the following estimate of the accuracy is pre-
sented. For the vast majority of the flow region, especially
where the magnitude of the velocity is the largest, the magnitude

of the velocity is accurate to approximately +25 percent and its
direction is accurate to approximately + 20 degrees. Uncertainties

of these magnitudes will probably exist whenever the conversion
of any real life shelter and the related weapon effects details
are idealized to arrive at a specific prediction of the flow

environment.

‘ ; o Bt o g Ay " Ao st i -




3.3 TRANSLATION ENVIRONMENTS IN SHELTERS

The translational effects of objects or people located within
the subject shelters has been evaluated by using a simple drag type
of translational model and neglecting the effects of gravity, rota-
tion and ground interactions. A computer code was written for this
drag type model which called upon the previously mentioned air veloc-
ity description subroutines to define the aerodynamic condition at

the current location of the object. The inlet flow velocity histories

(see Figure 3.2) were curve fitted and a number of parameters were
established with which to define this flow as a function of both
overpressure and shelter V/A ratio. The current version of the
transport code is applicable to the basic, reduced and extended
shelter geometries identified in Figure 3.1. In each of these cases
the solid walls must be identified so that an impact condition can
be identified. The air velocity model does not discriminate between
a solid wall and an axis of symmetry, since in both cases the nor-
mal component of the velocity at these boundaries is equal to zero.
The current code does consider rebound and multiple impact condi-
tions; however, this feature has not been used to evaluate multiple
impact conditions within the shelter.

3.3.1 Basic Shelter Configurations

A series of transport impact calculations were made for shelter
cases C, D, and E (see Table 3.1) for the condition of a centrally
located inlet. The drag characteristics of the object were simi-
lar to those used in Ref. 1  for the case of a standing man. The
results are presented in Figures 3.7 through 3.13 and are expressed
in terms of trajectories and the magnitude of the normal component
of the impact velocity for the first impact. The latter value is
indicated for a number of initial positions of the object within
the shelter and several contours of constant impact intensity are
shown. These correspond generally to the 10, 25, 50 and 100 fps
values and represent nominal bounds for injury and fatality con-
ditions for both head impact and total body impact conditions. The
angle of incidence at the time of impact is evident from the tra-
jectory results. Other available details such as time of impact
and velocity history are not included herein.
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Figure 3.7 Transport Lnvironment, Case EZ, 6 psi
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Figure 3.7 presents the results for shelter Case E2 when it
is exposed to a 6 psi overpressure blast environment. The maxi-
mum overpressure which exists in the shelter in this instance is
approximately 4.7 psi (see Figure 3.3). The most severe impact
conditions result, as expected, from the initial objects position
just inside the inlet. These objects move straight back and im-
pact the rear wall. Although the impact velocities for objects
located along the axis of symmetry near the back wall may be
acceptably low; these objects may be subject to object-to-object
impactﬁ from objects closer to the inlet and thus generate an
unacceptable impact condition. These calculations show that some-
what less intense impacts occur for another region which is lo-
cated near the rear of the shelter and at the edge of the jet.

Similar results for this shelter case are shown in Figure
3.8 and 3.9 respectively for the 10 and 15 psi overpressure expo-
sure situation. The peak overpressure within the shelter for the
latter case is approximately 10 psi. The intensity of the impact
velocity has increased appreciably and the size of the critical
area has grown. Figure 3.10 presents some additional trajectory
details for the latter condition and identifies the boundary walls
at which objects initially located in certain parts of the shelter
willlimpact. Many of the side wall impacts occur at very shallow
angles hence the normal velocity component at impact is rather
low even though the absolute velocity of the object may be fairly
large. This somewhat glancing impact will not significantly im-
pede the motion of the object and a second impact which may be
much more severe than the initial one, can be expected to occur.
Most of the objects will impact the front wall suggesting that
some improvement in survivability can be achieved by appropriately
treating that boundary, or conversely by avoiding the placement
of hazardous equipment (hazardous from the point of view of impact)
along that wall.

The results for shelter Case El are presented in Figure 3.11
for an overpressure exposure of 15 psi. This shelter is identical
to that of Case E2 except the inlet area and width is smaller by
a factor of two. The intensity of the corresponding impacts
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is reduced and the size of the critical area is smaller by roughly
a factor of two. The influence of the absolute size of the room
is shown by the results presented in Figures 3.12 and 3.13. Fig-
ure 3.12 presents the results for a larger room (shelter Case C2)
and clearly shows that the translation-impact environment is much
more severe than that for a smaller shelter. The reason for this
may be the fact that the duration of the intense flow is longer
and more distance and hence time is available with which to accel-
erate the object. A tumbling object transport model may yield
less severe transport and impact conditions. Figure 3.13 presents
results for a small shelter (shelter Case D2), with a rather small
inlet, and demonstrates the somewhat milder translation environ-
ment when compared to those of the related case (Case E2). Both
Cases E2 and D2 have V/A ratios of 500 ft whereas a value of 750
ft occurs for Case C2.

Additional shelter configurations were examined to determine
the influence of inlet location and room aspect ratio upon the
impact environment. Emphasis was placed upon the impact environ-
ment in a small shelter and its variants. Results, show that the
location of the single inlet significantly influenced the per-
centage of the floor area (related to initial object location)
which produced impacts in excess of a given intensity. The most
severe transport (and impact) conditions noted existed for a con-
figuration in which a single inlet was located at the edge of the
front wall. At an overpressure of 15 psi calculations for the
reference shelter (Case E2, 38 ft x 28 ft) which has a single
inlet located at the center of the front wall indicated that
approximately 15 percent of the floor area yielded impacts in
excess of 10 fps (the threshold for head injury). The correspond-
ing critical area for the similar shelter (Case E2E, 28 ft x 28 ft)
with a single inlet at the edge of the front wall was approxi-
mately 40 percent.

Additional results were obtained for this shelter i.e. E2E
and for two additional similar shelters for all three overpressure
levels. These additional shelters have the same total volume,
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the same inlet area, and the same inlet location (the edge of the

front wall), but have different room aspect ratios (width to length

ratios). These additional shelters are identified as shelter Case

; E2G (39.6 ft x 19.8 ft) and shelter Case E2H (19.8 ft x 39.6 ft),

h and correspond to room aspect ratios of 0.5 and 2.0 respectively.
The results of these calculations, in terms of several critical
impact level contours are presentéd in Figures 3.14 through 3.22
for shelter Cases E2E, E2G, and E2H and the three overpressure

, levels. The percent floor area corresponding to impacts in excess

of 10 fps are presented in Figure 3.23 as a function of overpres-
sure for the four shelter cases. The influence of inlet location
is predominant while room aspect ratio does not appear to be sig-
nificant. The influence of the overpressure level is moderate.

3.3.2 Multiple Inlet Configurations

The computer model was modified to include the expanded room
configurations illustrated in Figure 3.1(c). The basic geometry, L
and its reduced form can be combined in a variety of ways to treat i
these expanded configurations by making use of the symmetry con-

ditions of the expanded configurations. Since the front wall does !
not represent a line of symmetry, the expansion of the basic geom-
etry in the H room direction is limited to two units as shown in

Figure 3.1(c). Any number of units can be expanded in the W room

direction yielding multiple openings along one or two walls. These
openings are all of the same size with the possible exception of
the end inlet(s) which will be one-half the nominal size if the
inlet is located at the corner.

The multiple inlet shelters will be associated with the larger
shelter sizes. Thus shelter B2 was selected for the examination
of room size, inlet location, and room aspect ratio. Impact
contours for one of the cases studied is presented in Figure 3.24.
Four inlets were used for this shelter size. The number of inlets
should be somewhat proportional to room size and in the current
evaluation this corresponds to one inlet per 2400 ft2 of floor area.
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Figure 3.16
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Figure 3.17 Impact Contours for Shelter Case E2G,
15 psi Overpressure
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(39.6ft x 19.8ft x 8ft) V/A=500 ft

Figure 3.18 Impact Contours for Shelter Case E2G,
10 psi Overpressure
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Figure 3 .19 Impact Contours for Shelter Case E2G,
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Figure 3.24 Impact Contours for Shelter Case B2B
15psi Overpressure
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Thus these room modules correspond roughly to Shelter Case
C2, although the V/A ratio is somewhat different.

The results of this evaluation are summarized in Figure 3.25
in terms of the percent floor area corresponding to impacts in
excess of 10 fps. These results are similar in form to those ob-
tained for the single inlet configurations, (see Figure 3.23),
in that edge located inlets significantly increase the hazard
over that produced by centrally located inlets. Room aspect ratio
is not a major parameter whereas increasing overpressure produces
more severe results as is expected.

3.4 RATING OF SHELTERS FOR BLAST INDUCED EFFECTS

The wall impact results presented in the preceding sections
demonstrate the general vulnerability level of shelter occupants
due to blast induced translational effects for a variety of blast
and shelter parameters. A shelter index has been established with
which to rate shelters with respect to the subject injury mechanism
as a function of the shelter parameters studied. The specific
index chosen is somewhat arbitrary and is therefore intended to
serve as a relative measure of the effectiveness of a given set
of shelters. The index chosen, Lo is the percent of floor area
corresponding to initial occupant locations which produce wall im-
pacts in excess of 10 fps when the shelter is exposed to an over-
pressure of 15 psi. The results of this definition are presented
in Figure 3.26 and the particular shelters examined are appro-
priately identified. The larger shelters tend to be more hazardous
shelters, but for space considerations may be more suitable. The
degree of protection possible in such shelters can be increased
by eliminating excess inlets, in particular inlets of the edge
type. Furthermore the avoidance of certain high flow areas near
the inlets will further reduce the general level of potential
injuries. It must be noted that many objects may be translated
through the sheiter space and thus good housekeeping practices
are essential in such situations. Finally, the use of padding,
especially on floors, should contribute materially to establishing
a safer shelter subject to blast induced translational effects.
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CHAPTER 4
TUMBLING CHARACTERISTICS IN SHELTERS

This chapter deals with two related aspects of the survivability
of individuals in personnel shelters when subjected to blast induced
translational effects. The first part examines the influence of
anthropometric variation upon the general nature of the occupant

{ translation (in a tumbling mode) and the nature and severity of
the resulting impact interaction upon the ground plane (i.e., the
floor). 1In addition, the influence of occupant orientation with %
respect to the airflow direction is examined briefly. The second 7
part examines the tumbling characteristic of an occupant in a series
of representative shelter flow enviromments as an attempt to eval-
uate the adequacy or limitations of the simple drag translation
model used in the preceeding chapter to rate shelters.

4.1 INFLUENCE OF ANTHROPOMETRIC VARIABLES

The IITRI tumbling block model (Ref. 14) was used for all of
the occupant translational characteristics examined in this chapter.
The occupant or block (see Figure 4.1) is initially in a vertical
(i.e., standing) position and is characterized by the following
anthropometric parameters:

heane - Ll

weight, WT %
height, H

mass moment of inertia about its c.g., I
height of c.g. above floor, Dl

horizontal distance between the c.g. and front face
of the block (body), S1

horizontal distance between the c.g. and the back
face of the block, S2

block width, W

horizontal projected area of block ADMIN
vertical projected area of block, ADMAX
effective area for aerodynamic 1lift, ALMAX
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Figure 4.1 Tumbling Block Model

In addition, a series of floor (wall) interaction spring stiffnesses
and friction coefficients are utilized. The blast induced or ideal-
ized wind field represents the driving force which causes the block

to tumble and ultimately interact with some nearby rigid boundary
representing the floor or wall. 1In the first part of this chapter

the wind field is idealized as a simple step increase in wind ve-
locity from a no-flow condition to a constant flow value. Thus,

the magnitude of the wind velocity is one of the variables examined

in this study. A nominal value of the air density was used throughout.

The anthropometric data were obtained from Ref. 18 and clearly
document the obvious fact that people come in a wide variety of
sizes and shapes, even excluding the influence of sex and age. The
anthropometric data are limited in some respects and have a bias
in others due to the practical or available sources for such data.
Sample sizes are frequently small and tend to involve the young
male adult (i.e., the military service candidate) to a large degree.
Nonetheless, this data base is adequate for the purposes of this
chapter. This data base was examined and the relationship between
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height and weight for a variety of conditions was determined and

is summarized in Figure 4.2. The average adult male is used as a
reference in this study, and a series of simple scaling relation-
ships was established with which to characterize such arbitrary
categories as thin and fat and which provides a practical and hope-
fully adequate and systematic means to estimate the values of those
parameters needed for the tumbling calculations and for which new
specific data are available. The height, H, of the average adult
male (sometimes referred to as the avg-avg) is used as a reference
value along with the assumption that the average body density for
all individuals is essentially constant. Furthermore, a linear
scale factor for proportions is assumed to be applicable. Thus we
can define two scaling parameters; a height scale factor

A =12

H
where H is the height of the individual and H the reference value,
and a scale factor ¢ for proportions. A value of A = 1.08 was
selected for the category '"tall", and a value of A = 0.91 was
selected for the category '"short". Similarly values of 0 = 0.85
and 0 = 1.15 were selected for the categories ''thin" and "fat",
respectively. The following scaling relationships follow from ele-
mentary considerations.

WT/WT = o223
I, = ar*
D1/DI = H/H = )
WW =0

S1/3T = 82/3Z = o)
ADMIN/ADMIN = o222
ADMAX/ADMAX = ALMAX/AIMAX = oA2

where the ( ) quantity represents the reference values for the
average adult male.
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Based on these relationships plus data from Ref. 18, the
applicable domain for the adult male in the height-weight plot
corresponding to the above category limits of thin/fat and tall/
short is shown in Figure 4.2. This domain includes approximately
90 to 95 percentile of the adult male population and therefore the
five specific points associated with avg-avg, avg-fat, ayg-thin,
tall-avg, and short-avg, conditions are adequate for a study of
the translation behavior of the adult male group. The average
adult female is estimated to be similar to the short-avg adult
male. Data corresponding to children and both male and female
teenagers are also presented in Figure 4.2. A comparison of the A3
scaling relationship with children data are also given and illus-
trate the adequacy of this simple scaling law. Children under the

age of approximately 5 years exhibit somewhat different body pro-
portions. Eleven specific height/weight cases were examined in
some detail. Basic data are present=d in Table 4.1 together with

b it ' at

the appropriate scaling factors. The simple drag translation model
used in the preceding chapter was characterized by an effective

height per unit area (frontal area) w. The values of this param-

eter, normalized by the reference value (w'= 0.13 psi) are also pre-
sented in this table. The height scaling factor A for children of

age 10 years and 5 years was estimated to be 0.78 and 0.62 respectively.

The results of the calculations are given here in terms of

L three parameters and their variation with the wind velocity.
Typically the block is accelerated downstream and if the wind ve-
locity is sufficiently large (say greater than 200 fps) the base
(i.e., feet) will lift off the floor as the block undergoes a rota- .
tion. Gravity will cause the c.g. of the block<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>