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Conversion Factors for U.S. Customary

to Metric (SI) Units of Measurement

IR SN S S

To convert from To Multiply by
mils millimeters 0.0254
inches centimeters 2.54
feet meters 0.3048
miles kilometers 1.6093
square inches square centimeters 6.4516
syuare feet gquare meiers 0.0929
square miles square meters 2,589,998,0
ibic inches cubic centimeters 16.38706
cubic feet cubic meters 0.0283
cubic yards cubic meters 0.764555
gallons (U.S.) liters 3.785
gallons (Imperial) liters 4.542
ounces grams 28,349
pounds kilograms 0.454
tons (short) kilograms 907,185 |
tons (long) kilograms 1,016.047
pounds per foot newtons per meter 14,59390
pounds per square inch newtons per square 0.6894757

centimeter
pounds per cubic inch kilograms per cubic 27,679.90
centimeter
pounds per square foot newtons per square 47.88026
meter
pounds per cubic foot kilograms per cubic 16.0185
meter
inches per second centimeters per second 2,54
inch~pounds meter-newtons 0.1129848
inch-kips meter-kilonewtons 0.0001129848
Fahrenheit degrees Celsius degrees or
Kelvinsga
kilotons terajoules 4,183

&
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1
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aTo obtain Celsius (C) temperature readings from Fahrenheit (F) readings,

use C = (5/9)(F-32).
(F-32) + 273.13,

To obtain Kelvin (K) readings, use K = (5/9)
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1. INTRODUCTION

A methodology for systematically evaluating the uncertainties assoclated with
the prediction of vulnerability and hardness of ground facilities has heen used for the
past ten years to develop confidence statements, from the defender's point of view, for
weapon systems survivability prediction. 1In this application, the defender theoretically
has perfect intelligence of site conditions and structural configurations anl materials,
and can establish, analytically or experimentally, the weapon effect environments and
structural fragilities to within acceptable uncertaioty bounds. Paruametric sensitivity
analyses are conducted to evaluate the impact of various uncertainties on the system sur-
vivability. This information proves to be invalvable for conducting design trade-offs,

and for weapon effects research planning.

The present study represents the first attempt to apply such a methodology to
analyzing the uncertainties in target vulnerability and hardness predictions. Target
vulnerability and hardness snd associated uncertainties, given good intelligence, were
evaluated for two representative targets: (1) an above-surface industrial building; and

(2) a shallow-buried command and control bunker.

The procedure for evaluating target hardness uncertainty was started with the
formulation ol mathematical models of the weapon effects and the targst respouse and
failure. Structural respouses models for both targets were developed based on classical
structural dynamics considerations. However, for the buried %"nke}. the structural model
is more uncertain because of the inadequate data base. Uncertainties on model parameters
were characterized and propagated through the analysis using a Tavlor-serfes expansiou
method, to evaluate the best estimate hardness and the harduess uncertafnty as a tunction
of weapon vield. The results were evaluated and compared with the Physical Vulnerability

System.

Uncertaintics caused by potential systematic errors of analysis, {.e., bias
between the mathematical model and the real world, were distinguished from nonsystemat fc,

random variations nf physical properties. When propagated through the weapon effect

scaling laws, nonsystematic variations lead to variations in est imated damage distances,
These nonsvatematic damage distance variations are treated adequately by the Physical vul
nerability System, and for most cases do not cause significant errors in the estimated
damage probabilities. However, systematic errors in target hardness estimates cause
systematic errors {n estimated damage probabilities which are not treated adequately by
the Physical Vulnerability System at present. Thc emphasis of this studv ‘s focused upon

B

the problems of quantifying tbe effects of the systemat{c errorx of analyais,
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From the results, it was concluded that for above surface targets such as
industrial buildings, the curient procadure for determining the beat estimate of physical
vulnerability is adequate. Uncertainty in the target physical vulnerability can be quan-
tified based on the state-of-the-art knowledge of low level blast envircvnments, material

properties, and structural response modeling. Scale model tests of industrial targets
would not be worthwhile unless the structural models were accurate representations of a

high-value class of uniformly constructed atructures.

For the shallow-buried targets such as command bunkers, procedures for physical

vulnerability prediction to achieve the des!red confidence levels remain to be validated,

of significant uncertainty is the structural response model and failure criteria.

Testing of model structures to failure with the objective of developing more accurate -g
prediction techniques is recommended, Additional sensitivity analyses, and research cost- i%
benefit trade-off studies should be conducted to provide a basis for setting priority ,%
for research projects pertinent to bunker vulnerability. :é
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2.0 STUDY APPROACH

Target hardness predictions are generally derived analytically, and the

uncertainties in these predictions are dependent upon the inputs to the analysis, and
also upon the analytical mudel itself., In the present study, mathematical models for
nuclear weapon environm ats and target structural loads and response were developed

as a f{irst step., The sources of uncertainties in the model paramsters were then
identified, and nominal values and uncertainty bounds for these parameters were
determined, The analytical models were used to determine both target hardness predictions,
and the sensitivity of these predictions to perturbations within the uncertainty bounds
of the parameters input to the models. Next, the uncertainties of the parameters were
propagated through the structural response model to determine the uncertainty bounds on
the target hardness estimates. The final and most difficult step in the quantification
of the target hardness uncertainty was to estimate the accuracy of the mathematical model
itsclf, end incorporate this information into the target hardness estimate.

Section 2.1 discusses the distinction between random variations and
uncertainties, and how these quantities are defined. The methodology for calculating
hardness uncertainties, and the impact of these uncertainties on targeting is given in
Section 2,2,

2,1 STATISTICAL CONSIDERATIONS

1f a number of cylinders, cast from the same batch of concrete and cured in a
carefully controlled manner, were subjected to an unconfined compression test in the
same loading device at esseniially the same time, identical resistance would not be
exhibited ty each cylinder. Individual differences in the cylinders, rfuch as air voids
in the concrete, which occur randomly and can never be completely eliminated, would cause
cylinder-to-cylinder strength variations, Thus, the strength of cylinders cast from a
single batch of concrete is a random variable. Random variations are the actual physical
variations that occur within a group, such as cylinders cast from the same batch of
concrete, or from the same concrete mix specifications.

When a specific cylinder is considered, the unconfined compressive strength is
not a random variable, since it has one specific, true value. This true value can be
estimated, for example, based on a knowledge of the properties of the concrete batch
from which it was cast, However, such an estimate will vary from the true value of
strength of this particular cylinder becauwse of random variation among cylinders from the
batch. The true value of the unconfined compressive strength of a particular cylinder
can be determined by subjecting the cylinder to a compiession test.
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Even after the test has been performed, there remains some uncertainty in the

10

result., This determination of the true value of the compressive strength of the cylinder
is only as good as the accuracy of the test will permit. Errors in the test measurements

will cause an error in the determination of the true value of the cylinder strength.

W) A TR B

In many cases, this uncertainty can have more impact on the outcome of a study than the
random variations. Effects of raundom variations tend to be self cancelling, while

uncertainty often adds a significant error to the entire study result,

Uncertainty refers to potential differences between the real world and the
perceived world of analytical models and of wodel parameter values. There will be uncer-
tainty in the measure of central tendency of a random variable (for example, the mean or
median value), in the measure of its spread (for example, the standard deviation), and

in the distribution function selected for the variable. The uncertainty in any of these

statistical properties is the confidence, or the expectation, that the true parameter
value is less than a specified value, defined over the range of possible values. (A 50%
confidence value implies that the actual parameter value 1s as likely to be higher as it

is to be lower). Uncertainty in the measure of central tendency of a targeting analysis

3 ; variable, or in the analytical model chosen could introduce significant uncertainty in

the targeting analysis results, However, uncerta'nties in the variance or in the

distribution function of an analysis variable are generally not significant.

The bounding values of a variable, or the limiting responses associated with

the extremes of model assumptions, are the usual bases for estimating uncertainties.

There is necessarily a degree of subjectivity on the confidence level ascribed to bounds.

Reasonable engineering bounds are sometimes taken to represent 95% confidence bounds,

Thus, if the uncertainty in the variable under consideration is normally distributed,
these bounds will correspond to a region within plus~and-minus two standard deviations :

from the mean.

In targeting analysis both random variation and uncertainty effects should

be properly treated. The response of a specific concrete structure, subjected to the

effects as ~ciated with a particular nuclear device detonated at a specific location and
time, is deterministic. There will be uncertainty, but not random variation, in the
response. This is true even though some parameters of the analysis model might be
described in terms of both a random variation and an uncerteinty distribution, as for

i example, when the concrete mix specifications are known, but cvlinder test data for the

actual pour are not available., The random variance associated with the mix strength

actually represents an uncertainty on the cylinder strength of the concrete in the
specific structure of interest. The effect of this uncertainty is combined with that of

other sources of uncertainty to determine the total uncertainty in the target hardness,

L2 e st e 5 ) Bt 2L el Sl
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Where there are many similar structures constructed using the saue mix
specifications, the random variation in mix strength will have a smaller effect on the
uncertainty in the median structure response if all structures are subjected to similar
nuclear loading conditions. Random variation in concrete strength causes some structures
to be stronger, and others to be weszker. This variation tends to average out when the
median response of a large number of -itrwctures is considered. Thus, when analyzing
many structures, random variation and uncertainty cannot be combined. Since the random
variations tend to be dominated by the weapon miss distance (CEP) distribution, their

effects are generally not critical.

An appreciation of the distinction between random variation and up: ertainty
leads to better understanding of the research options available, in addition to aiding
the understanding of complex targeting situations. For example, the ratic of the
standard deviations of the uncertainty and the random variations will influence the

number of tests required to reduce the uncertainty to an acceptable level,

In the present study, random variations in the analysis parameters are assumed
to cause only random variations in the system response. However, it is possible that the
eff.cts of random parameter variations around the median conditions will not average out,
even after a large number of similar structures are cousidered. If this were the case,

a systematic bias would be introduced in the response. For example, if a group of
buried structures have a very stiff median foundation modulus, those sites with higher
than median stiffness might exhibit nearly the same response as the median site, i.e.,
the response associated with a rigid founlation. However, those sites with much lower
stiffuness could have a rmarkedly different response caused by a rigid body mode. The
interaction between random variations and uncertainties can possibly be removed oy
categorizing sites, such that the response phenomenology 1s the same for all sites in a
category, and by performing separate targeting analyses for each category. However,
this interaction is treated in more fcrmal statistical survivability modeling, such as
in the FAST code (Reference 1).

Another approximation used in this study is that the uncertainty distributions
are assumed to be lognormal, This assumption is commonly used in weapon effects analysis
because ii¢ conveniently approximates much of the data. If there are a number of uncertain
parameters in the system, and these parameters are multiplicative factors affecting the
system response, then the Central L.mit Theorem indicates that these uncertainties will

be lognormally distributed (Reference 2).
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Consisgtent with the assumption of a lognormal distribution, best estimate
values of the parameters are taken as the median value of the distribution. For a
continuous variable, the medidan is defined as the value of the variable at which 50%
of the area under the distribution function lies above the median, aud 50X below, For
a lognormal distribution, the median correaponds to the mean of the logarithm of the
variable. Uncertainties are defined in terms of 20 K-factors which represent approximately
95% bounds. This means there is approximately a 95% expectation that the true value of
the parameter will be within a factor of K and 1/K of the wedian value of the parameter.
The K-factor is related to the s.andard deviation of the distribution of the logarithm
of the variable by

20 = 1n K (2-1)

2.2 EVALUATION OF UNCERTAINTIES

Two primary factors determine the importance of the uncertainties in various
parameters affecring target response: (1) the sensitivity of the target hardness, p, to
uncertainties in the input parameters, xi;'and (2) the uncertainty in the median values

of the parameters. If the target hardness is written as

In p = £(1n xi) (2-2)
then from Reference 2 (Equation 4,39), the standard deviatiop in the uncertainty of
in p, cpj. which i8 caused by the uncertainty in the particular parameter, xj, can be

computed from the approximate relationship

3(in p) "
Upj - a(ln X OJ (2"-&)

3

where the partial derivative gives the sensitivity of the target hardness to variations
in X4 and 04 is the standard deviation in the uncertainty of In Xy The approximation

arises from neglecting terms higher thsn first order in the Taylor-series exparsion of

the function, f, used in calculating the standard deviation. Then, from Equation (2-1)

3(in
In K, = ﬁﬂ—% In K, (2-4)

3

where K ., and K, are the uncertainty factorc corresponding to opj and aj. respectively.

PJ ]
Continuing with the approach of Reference 2 (Equation 4.44), an expression for the
total target hardness uncertainty factor, Kp. can be derived aa

10
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) 1/2
l(p - exp ( t In K . 1n Kpj) (2-5)

where the piJ are the correlation coefficients between the target hardness uncertainty
factors.

Equations (2-4) and (2-5) make poseible the evaluation of the relative impact
of the parameter uncertainties on the target hardness uncertainty. In addition, the
potential benefits in reduced target hardness uncertainty, resulting from reducing the
uncertainties in the key parameters can be readily evaluatad with these expressions.
Whether these uncertainties can be reduced by test must be determined by a separate
evaluation of the potential errors associated with the available test techniques. If
no suitable techniques exist, then the requirements for simulation capability can be
stated {n terms of the nceded uncertainty reduction.

To determine the need for uncertainty reduction, the target hardness
uncertainties are propegated through the scaling laws for weapon effects to determine
damage-distance reiationships, and the corresponding uncertainties, as a function of
yield. Then, the impact of these uncertainties on the yiald and a:curacy requirements
of the attacker can be evaluated. |

For this study, each target was considered to be the object of a single attack
aimed directly at that target. Each target was one of many constructed from the same
designs and sited in the sanme generic geology. Therafore, random variations in as-built
material properties are about 15 to 30%, and construction tolerances are usually small,
For a given generic geology, weapon effect variations are also small, even considering
the effect of weather conditions (which are partially known), ard total random vai‘ation
on target damage distances will usually have a standard deviaiion (cD) less that 20%

of the median damage distance (R). Based on the detailed analysis of Referenc: 3,
(Appendix B), the probability of damage, PK’ is very nearly the same as the cookie cutter
equation:

PeR1-P (2-6)
if PKS 0.9 and ODS 0.2R. The cookie cutter approximation is that there i8 zero

probability of failure at ranges greater than R and unity at ranges clcser-in than R.
Then, convoluting this damage—distance model with the weapon wniss distance Rayleigh
distribution gives

11
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2,2
P, = exp (=0.5R" /%) (2-7)

o = 0.849 CEP

A property of the Rayleigh distribution ia that there is a 50X probability of the weapon
landing within a distance from the target equal to the CEP (circular probable error).

The random physical variations do not significantly affect the probability of
damage computation in the above case. Their effect is much smaller than that caused by
random variation of weapon miss distance (the CEP distribution). On the other hand, a
systematic uncertainty in a damage distance edtimate does affect the confidence iu the

calculated probability of damage.

The attacker's confidence (expressed as a functlon of damage distance) is the
expactation that uncertainties in the tarqeting analysis would not result in a damage
distance greater than a given value, Confidencs estimatea are thus based on the
systcmatic.uncertuinty i1 damage distance, assuming a lognormal distribution of the
uncertainty. The kill probability as a function of contidence level may be determined
from Equation (2-6), using this damage distaiuce versus confidence level distribution,

12
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3,0 INDUSTRIAL TARGET 4
This section deszribes the analysis of a typical heavy steel frame industrial 13
building, as shown in Figure 3-i, subjected to dynamic pressure loading. A generalized, ?
siagle~degree-of -freedom model was utilized because of its tractability and because :
it has been widely accejted as a useful engineering tool. Work hardening of the E

structural material was taken into account to arrive at a realistic model for structural
behavior. The analysis considers two loading conditions; side-on and end-on. Side-on ’ 3
loading deforms columns and crane rail beams, while end-on loading causes rotation and

drop of the crane itself.

Uncertaintics in the details of construction of the building, in the loads
induced in the structure, and in the rusponse of the structure to these loads are

estimated, and propagated throughout the analysis, The magnitude of the uncertainties

it

result in various levels of confidence in the success of an attack. Weapen yield and

accuracy requirements are also determined,

3.1 TARGET DESCRIPTION

2l L T im0 S

The target selected for this study (Figure 3-1) is a typical medium
size industrial building, as described in Reference 4. 1t is a single-story,
single-span, multi-bay building with a heavy steel frame designed for an industry
involving heavy equipment and the manufacture of large products. The typical span
length for this class of building is 80 ft and the bay size is about 40 ft. A 50-ton, 3
column-and-girder-supported travelling crane is mounted on beams, bridging the span of :
the buildings. Steel columns, built up'from rolled steel sections, carry the roof and
crane loads, and either concrete or steel roof trusses support the main roof load
carrier. The jolsts on both the top and bottom chords are braced to prevent lateral

buckling.,

Pracast reinforced concrete foundations provide seats for the columns. When

the column is inserted and fastened, this joint can carry moments transferred from the
columns. The foundations extend about six feet below the finished grade to prevent
frost action during winter. The crane support girders are rolled steel beams or steel

plate girders. The walls are supported by the foundation beams which bridge the span

between column foundations. From the ground level up to about ten feet above the ground,
tie walls are made of brick or large concrete blocke. Above this height, the walls are
made of light weight concrete panels or asbestos-cement corrugated sheeting. Commonly

used roofing materiala are steel sheet, asbestos-cement, and tile.

13
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3.2 STRUCTURAL RESPONSE ANALYSIS

When the building described in Section 3.1 is subjected to a nuclear attack,
several vulnerabilities are possible. However, dynamic pressure and ground shock are
the most eritical weapon effects for above-the-surfacn structures. Overpressure and
radiation would, of course, be lethal to personnel inside the building, but are not
likely to cause permanent damage. Overpressure propagates to the inaide of a bullding
of this type faster than structural raesponse, minimizing the effect of differential
overpressure between the inside and the outside. At the overpressure levels of interest,
structural materials are not affected by radiation, and cratering, debris, and thermal
radiation are not significant threats to the building integrity. Electromagnetic
pulse might damage electrical equipment and controls, but they can probably be repaired
in a few days, or means can be found to operate without them.

Dynamic pressure acts on the side or end of the building like a hurricane,
producing a lateral force proportional to the expvsed area. Ground shock produces
oscillating motions, much like an earthquake, which result in lodds dependent on the
building mass, and possibly cause differential settlement of columns. Dynamic pressure
i the most significant loading mechanism for a building of this type, since there is
a relatively large area exposed to the wind, and a relatively small roof mass. Building
and crane-beam damage resul .ing from dynamic pressure are, therefore, the prime failure
modes for the industrial building under consideration when subjected to a nuclear attack.

1f parts of the roof or siding are blown off by nuclear wind pressure,
emer zency repairs could be made to permit resumed operations within a few days. However,
structural damage to the crane or its supporting structure is likely to require materials
which are in short supply in a war situation, and extensive fabrication and erection of
major structural members. It was assumed that use of the crane is essential to the
industrial process carried on within the building, and that rendering the crane

inoperative is a suitable measure of a successful attack.

One mode of failure for the overhead crane may be lateral displacement of the
crane rail beams, just enough to allow the crane to fall, while not necessarily exceeding
the beam yield stress. Another failure mode may involve substantial plastic deformation
of the beams. Based on these failure modes, two limiting attack conditions can be
considered: a low level attack of sutficient intensity to produce a lateral beam
defleccion just large enough to allow the crane to drop, provided it is parked at the
location where the maximum lateral deformation occurs; or a higher level attack in which
the maximum plastic deflection of the beam has been exceeded, causing the beam to fuil,

and drop the crane from any parking position along the rail beam.

15
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The geometry of a typlcal industrial building suggests that two primary
loading orientations should be coneidered, mside-on and end-on. For the side-on case,
the detonation point is located to the side of the building, but not necessarily
centered between the columns, This orientation primarily loads the sides of the
building, with 4 much smaller load on the ends of the building.

In the side-on loading case, the siding is assumed to fail first, since it is
not designed to support large side pressures across the span between columns. This
leaves the columns and crane rail beams exposed to the dynamic blast pressure., Parta
of the siding, however,'mighc stay on the beams and columns increasing the exposed area
and, therefore, the load. Such loadings tend to move the rail beams out from under the
crane, permitting the crane to fall,

For the end-on loading case, the detonation point 1is located in front of the
building, not necessarily centered, so as to give the major loading to the end with a
smaller loading acting on the sides of the building. 1In this loading case, blast
prussures act over the side of the crane, Even though such loadings could subject the
crane to pressures which are edsentially uniform along its length, yaw moments would be
created because of the unsvmmetrical frontal area exposed to the blast wave. Such
moments induced yaw rotation, which may be large enough to rotate the ends of the crane
oft the rail beams allowing the crane to fall to the floor,

The free field equations used to determine the loads are given in Appendix A.
Uncertainties in the modeling, the loads, and the basic variables are discussed in
Section 3.3, The models synthesized to represent side-on and end-on loading uf the
building are discussed in the following sections,with detalls given in Appendices B to D,

3.2.1 Sida-on Loading

Side pressure on the industrial building will cause rotation of the foundations,
bending of the columus as cantilevers, and lateral bending of the beams. The model of
the building used in this study consists of two vertical columns attached to the ground
through flexible torsional spring support. The rail beam spanning the distance between
the tops of the columns has support stiffness between simple and clamped support
conditions. The top of the column is assumed to carry a portion of the roof mass. When
these structural elements are subjected to the dynamic pressure loading, bending and
rotation are induced in the vertical columns and the horizontal rail beams.

The structural response is determined by first approximating the actual system

16

r

PO L anT Y

S RRRGPPRENYLo S AP 1L SN~

O DETONC I RPNy




T Ty I TR e T Y i b ™ T ERETTITIATTIER) vy AT A Safiha I TS T TACRL S NN T eIy ST S 0 T s ey o Gy P ey e §

by the elasto-plastic, single-degree-of-ireedom system model, whose governing equations
are summarized in Apperdix B, In this model, the generalized mass, stiffness, and force
are related to the mass and elastic properties of the building, and the dynamic pressure
loadings acting on it, by the equations developed in Appendix C.

After the system peak response to a given attack condition was determined, two
failure boundaries were computed. The first fa..ure boundary was based on the elastic
lateral deformation of the beam just sufficient tu allow the crane to fall, if it was
located midway between the columns where the maximum lateral displacements occurred. The
second failure boundary was based on the maximum stress in the beam exceeding the plastic
failure stress, which would cause crane damage regardless of its location.

Figure 3-2 shows the damage distances for both failure criteria, based on the
set of median analysis parameters, given in Appendix C. It is seen that there could
be a significant enhancement in lethal radius if the crane were parked midway between
columns. However, in the vulnerability analysis it was assumed that the crane was
parked in ite hardest position, near a column, and the plastlc failure stress criterion
governed, This assumption is reasonable for targeting since the parking position would
not be expected to be knowa. l

3.2,2 End-on Loading

Figure 3-3 shows the approximate failure boundary for the end-on loading case.
This loading case makes use of a simpler model to determine when crane drop will occur,

In the development of the model, it was assumed that the end wall will be destroyed,

and the dynamic pressure will act on the face of the crane itself. The dynamic pressure
will move the crane along the rail support beams, and at the same time induce a yaw
rotation which will tend to rotate the ends of the crane off the rail beams until

it falls to the floor., This yaw rotation induced by the dynamic pressure is a consequence
of the lack of symmetry in exposed area and loading on the crane, The fallure boundary

in this case could be based on the actual crane rotation, and the rotation required to o

cause the crane to fall between the two rail beams at each end of the crane. However,
1t takes only a relatively small rotation for the crane to be free to fall. Theretore, : ?

the failure boundary was approximated by ansuming the peak disturbance yaw moment to be
equal tc the peak resistance yaw moment produced by forces at the crane~rail beam in-

tecfaces. A detailed description of the model and the median values of the parameters

used is given in Appendix D.
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3.3 STRUCTURAL RESPONSE UNCERTAINTIES

From the attacker's point of view, uncertainties leading to various degrees of
confidence in a successful attack on the industrial target may be grouped as follows:
uncertainties in weapons effscts, uncertainties in intelligence data, and imperfect
modeling. In the analysis which follows, these uncertainties are combined with the
random distribution of miss distances to obtain probabilities of successful attacks
at various confidence levels. To provide a better comparison with World War 1I damage
from Japan, the building in this analysis was asrumed to be oriented side-on where the

damage criterion is structural failure of the rail beam.

3.3.1 lUncertainty in Loads

The empirical relationshipa betwaen overpressure and range for a given weapon
size have been well established from weapon tests at the Nevada Test Site and the
Pacific Proving Ground. The dynamic pressure relationships are not so well defined
ampirically. The procedure used ia this study was to estimate overpressures from the
empirical Brod¢ equation, and then compute the dynamic pressure by means of the
Rankine-Hugoniot equation (See Appendix A). Overpressures were calculated with a 2-¢
uncertainty range of 1,2. A 2-0 uncertainty range of 1.2 means that, if the overpressure
uncertainties are lognormally distributed, about 95X of the overpressure values are
expacted to fall within the range of median/1.2 to median x 1,2.

3,3.2 Upcertainties in Intelligence Data

Intelligence data on targets of interest is necessarily uncertain. This
category inrludes the dimensions, thicknesses, and other properties of the various
structural elements, The uncertainties due to intelligence limitations utilized in
this siudy for purposes of illustration are as follows:

Parameter 20 Uncertainty Factor

Beam

Moment of Inertia 2.0

Depth 1.2

Weight 1.3
Column

Moment of Inertia 1.7

Frontal Depth 1.0

Weight 1.5
Roof

Mass 2.2
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3.3.3 Uncertainty in Target Model and Response

Even if the building's characteristics were perfectly known, response
predictions to a given dynamic pressure would have large associated uncertainties. The
single-degree-of-freedom approximation used here has been widely accepted as a useful
engineering model. Predictions based on this model provide engineering estimates in the
linear deformation range. Beyond the yield point, however, predictions are less
accurate, since the behavior of engineering structures up to total collapse is difficult
to predict. Other uncertainties included in this category are the degree of fixity
afforded by joints, the drag coefficients associated with the various shapes, and the
amount of wall siding that might atay attached to columns and beams, increasing their

exposed area. The modeling uncertainties considered in this study are as follows:

3.3.4 Uncertainty Propagation

Figure 3-4 ghows the uncertainty in target hardness, in terms of the peak
dynamic pressure that causes failure (Q), which results from the uncertainties discussed

above. The data for this figure were obtained by expanding the expression for dynamic

Parameter 20 Uncertainty Factor
Beam

Drag Coefficient 1.8
-t End Fixity 3.2 3
' Area Factor 2.2 b
- 3
. ~olumn E
- Drag Coefficient 1.8 ;%
| End Fixity 3.2
Area Factor 2.2 B
] 5
A
| Ductility 3.0 %
Work Harden!ng Parameter 3.2 i g
i

e e

pressure at failure about the means of the various parameters in a Taylor series, and

{ truncating the series to the linear terms., The resulting expression for the variance of

nantron 301 hax u

Q involves its partial derivatives with respect to each parameter and the uncertainty

of the parameter, Tne derivatives were calculated numerically, since there {8 no closed

! form expression for 0, Assuming a lognormal distribution for Q, 10 and 90X confidence

levels were calculated for the range of weapon yields of interest and were plotted in

Figure 3-4, A 907 attacker's confidence means that there is a 90% probability that the

true (but unknown) hardness is equal to or less than the stated value,
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Also shown in Figure 3-4 is a comparison between these analytically derived
dats, and the actual damage incurred by similar buildings due to the nuclear detonations
in Japan during World War II. A recent DNA-sponsored study by Lulejian (Reference 5)
has provided a detailed classification and analysis of the damage data compiled by
survey teame¢ at the detonation sites in Hiroshima and Nagasaki.

The structural damage to the Japanese buildings was reported in terms of
the fraction of damage to the walls and to the roofs of the buildings and the distance
of the building from the detonation. For this comparison, the structural damage

to the building walla most nearly parallels the measure of building vulnerability used
in the preseut study.

The data base includes 41 single-atory heavy steal frate buildiugs, 38 in
Nagasaki and only three in Hiroshima. These buildings are divided into two groups,
those with cranes less than 25 tons, and those with cranes greater than 25 tons.
The single-story buildings with heavy cr.nes comparable to the industrial target
studied here existed only in Nagasaki, and only six data points are available.

Asruning a yield of 22 KT and a height of burst of 1640 ft ‘or the Nagasaki
detonation, as reconmerded by Lulejian, the distance from the burst of each of the
six applicable data points was converted to a dynamic pressure and plotted in Figure 3-4.

Each data point corresponds to a percent damage to the walls, as interpreted by the

survey teams. It is8 ¢ :cted that the order of 50% damage can be used for general
comparison with the analytical results of Figure 3-4,

et e e Bl sttt o b e
AN ) 3

The 10 and 90% confidence bounds on the data for 50% damage to the walls of the
building, calculated using the maximum likelihood estimate method suggested by Lulejian,

L AR AR v R

are alse shown in Figure 3-4, These confidence bounds are seen to be in general agreement
with the TRW calculated 10 to 90% confidence bounds on dJamage to the ruil beams sufficient
to drop the crane. However, since the damage dofinition and the buildings differ from

iR

those used in this study, much significance cannot be attached to the comparison without
further study of the responses of the Nagasaki buildings.

P v

3.4 COMPARISCH WITH PVN SYSTEM

The rvhysical Vulnerability System (Reference ¢ ) gives ratings of a range of k

turgets in terms of hardness at the reference yield of 20 KT, with a correction factor

for other yields. The equivalent Physical Vulnerability Numbers (PVN) for the

BT 8ty T e ditrnili
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industrial target under consideration were computed to provids a comparison with these
data. Curves for targets with various sensitivities to yield, so-called K-factors, were
calculated from the formulas given in Reference 6, and were matched with Figure 3-4,

For the best estimate curve, the closest PVN number {s 12Q9. Y¥or the curves at 10

and 90% confidence, the corresponding PVN numbers are 8Q9 and 16Q%9, reépectively, where
confidence is defined as the estimated likelihood that parameters having systematic
uncertainty combine to bias the results to the extent indicated.

A comparison was also made between the procedures used in this work and the
Newnark method (Reference 7). For a yield of 10 KT, the Newmark method gives a dynamic
pressure hardness of 2.7 psi, which compares well with the value of 2.9 psi obtained by
the method presented in this report for the same parameter values. The small difference
is due mainly to the fact that work hardening was included in the present work, but is
neglected in the Newmark method.

3.5 ATTACKER'S REQUIREMENTS
The weapon yields and accuracies required for k111>probab111tiea (PK) of 0.5

and 0.9 are shown in Figures 3-5 and 3-6." These figures are based on the target hardnesses
shown in Figure 3-4, and on a Rayleigh-distributed miss distance. The uncertainty bands
shown correspond to the effect of the systematic uncertainties on target hardness and
damage distance.

For a 10-} weapon, for example, a CEP of 1000 ft is needed for a 0.9
probability of scverely damaging the building (Figure 3-6). This is the best estimate,
or 50% confidence value. To obtain 90% confidence that the 0.Y PK will actually be
achieved, a more accurately guided weapon with a CEP of 750 ft is needed. If gystematic
uncertainties could be reduced, the CEP requirement for a 0.9 probability of kill with

90% confidence may be relaxed.

A reduction in gystematic uncertainties has a similar effe:t on yield require-
ments. With a CEP of 1000 ft, for example, a 20-KT weapon is required for a PK of 0.9
with 90X confidence. This figure could be potentially reduced to nearly 10 KT {if the
uncertainties could be substantially reduced. It should be noted that if the yield

i RS e A

X
2

is large enough, CEP req irements are easily met.
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4,0 BURIED TARGET

Hardened buried structures design/analysis procedures typically consider only a
moderate amount of yielding, within the do.nain of small deformations, and apply simplify-
ing approximations which nearly always add comservatism. This background has generally
led to significant underestimation of the overpressure (for a given yield) required to
collapse such a structure. In fact, no fully buried concrete structure has collapsed
when exposed to nuclear airblast loading; with a number of structures retaining their

protective capability at overpressure higher than their predicted collapse load.

For targeting considerations the loading required to damage the structure beyond
the point of its subsequent usefulness is of primary interest. In such cases, proper
modeling of the large deformation response is of paramount importance and use of conserva~

tisms which have been applied to the design process needs to be reconsidered.

In analyzing the response of a rectangular bunker the typical approach has been
to model the roof as a single-degree-of-freedom slab with pinned or fixed supports., When
the roof deflection reaches a specified factor (ductility ratio) times an elastic
deflection, the structure is considered to have failled. However, the inability of the
technical community to predict structural failure loads has led to the identification of
several key issues regarding this approach, including (1) Is a single-degree-of-freedom
model adequate?, (2) If so, what end conditions should be used?, (3) How is the response
affected by loading on the bunker sides?, (4) How does structural damping influence
the response?, (5) What is the effect of rigid body motions of the whole bunker?,

(6) What 1is the large deflection force-deformation behavior of the structure?, and
fiually, (7) What is the failure criterion?

Since the analysis uncertainties have a major impact on the targeting un-
certalnties, some effort was placed in evaluating the analysis model to use in the
study. It was determined, based on comparison with more detailed finite element
calculational results, that a single-degree-of-freedom model would be adequate. However,
tho model used in this study considered the primary response mode of the complete
structure and first-order large deflection force-deformation structural behavior, which
includes effects of in-plane stresses. Fallure criterion is based on the structure

achieving a specified ductility or deflection., Rigld body motions of the bunker have
not been included directly in this study. However, a straightforward modification of

this analysis is all that is required to incorporate inertial loading effects caused

by these motions.
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In order to evaluate the elastic response portion of this analysis model the
bunker configuration studied is identical to that used in the Reference 8 finite element
analysis porformed by the Waterways Experiment Station (WES). Since little data are
avallable to properly evaluate the large deformation portion of the response, this study
primarily a.dresses the sensitivity of the response to possible variation in the primary
model parameters, Estimates of the uncertainties in the model parameters and in the model

itself, alorg with the sensitivity coefficients,determine the target hecdness uncertainty.

4,1 TARGET DESCRIPTION

A box-type reinforced concrete bunker structure ls assumed to be sufficiently
long co that the response can be considered two dimensional. Obviously, shliort structures
with the same cross section will be stronger. Figure 4-1 shows the 40-ft wide by 25-ft
high bunker to be fully buried under 5-ft of overburden., The 5-ft thick roof slab has
2,0% and 1.5% reinforcement at the slab bottom and top, respectively; while the 4~ft thick
walls have 1,0% compression and tension steel, Other properties of the bunker structure
and surrounding backfill are shown in the {igure. The site medium i3 dry soll over shale

with the depth to the soft rock located approximately at the bunker foundatioun level.
4,2 STRUCTURAL RESPONSL ANALYSIS

The bunker is considered to be subjected to effects caused by the overpressure
loading of a nuclear weapon detonation. The side loading oun the walls 1s based on the
stress atteunuation associated with the overhead airblast loading. Thus, in this analysis,
direct-induced and upstream~airblast-induced effects huve been neglected. 1In layered
stiffer geologies these effects could be quite significant and the possibility of the wall

being more vulnerable than the roof should be considered.

If the primary response mode of the bunker is known, then "simplified" analysis
procedures can be applied. These procedures, which assume the bunker to respond only in
this primary mode, would be limited by (1) how closely the actual response corresponds to
the assumed mode and (2) knowledge of the complete load-deformation relationships. The
roof of the bunker considered in this study is expected to be the most critical vulner-
ability, which is consistent with the assumed response mode. For conditions where the

wall response is most critical a different mode would be considered,

During the initial phase of the bunker response the structure behaves elasti-
cally, followed by various degrees of plastic deformation and finally collapse. The
following subsections address each of the response phases,
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4.,2.1 Elastic Response Phase

The bunker is modeled as four rigidly connected one-way slabs whose motion are
primarily due to bending effects, and therefore, only the midplane motion of these slubs
1s required to define the complete bunker response, The response of the ith slab is then
approximated by (Figure 4-2)

Y " ¢1(xi) n(t) (4=1)

where ¢i(positive inwards) is the normalized mode shupe, n is the single=-degree-of~freedom
response amplitude and X, is a coordinate along the midplane of the ith slad (roof, 1 = 13
wallg, 1 = 2 and 3; floor, i = 4), This results in the undamped equations of motion

2 4
Pymh 4 b,k m a0t (4-2)
1 D =g (x,,t -4
R T
whnre
B
D, #» woemmiaauen ([‘_3)
L 20avh)
;‘ and Py Di' Hi and o, are the muss density per unit midplane area, flexural rigidity,
{ thickness and transverse applied stress, respectively, of the ith slab and E and v are

Young's modulus and Poisson's ratio, respectively, of the concrete, Substituting the
Equation (4-1)approximation into the equations of motion, multiplying by ¢i’ integracing
with respect to Xy and summing over the four slabs yields

i+ wzn - —Lé Lio é,dx (4=4)
ﬂ M.q = Jo 14771
where 4 Li )
Meq -z f piéidxi (4=5)
fw] ©
2
- a ¢
2 1 ﬁ IR |
and 0" - o J D, dx, (4=6)

are the generalized mass and frequency relationships.

Since this analysis considers a bunker configuration for which the roof vulner- l ;
ability is most critical, the elastic mode shape (Table 4~1) was based on the deflected

shape for a static uniform pressure (w) loading on the bunker roof, The moments MA and MB

at the iatersections between the walls and roof and walls and floor, reapectively, are l
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Tuble 4=1  Bunker Modal Equations
A. Mode Shape
3 4
(5 (B (2 Ay S Y s A e
4 T T T ) T T
1 1 1 le 1 1
2 2 3 3
8MA Dl L2 [ Xy .3 x ] Xy _.t:i& ] .:_c_z‘ . 2
n =235 = |=5) *35) (g, )+t
le 2 1‘1 2 2 2 A 2 2
9
ZAMB xa X, |
o3 -6 @
wlLy 4 4/ g
where —'-‘-r - %,_2' (1 = kl) ' —Mlz- - %7‘- klkz
WLI le
and k, = - K 1 Ky ® 1=k
1 2 2 5152 LA 2
1~ -,--) 142 )
“ 271
B. Generalizod Mass
2
Yo { Yy M Mz
e B l( 17y, u) :;f :;f 1
2.4 2 2
D,L M MM MB M‘B
172 A AR
+ 9,75 § H, 43 l( ) - 1,94 +(—-) ]L + 19,28 H (
: T4 I\ 2 751 2 2 172
Dle le le le . sz
C. Frequency
: ? 2
D M M M
0l - -,1-1—— -—13- “19.2 - 384 25 + 2304 (-1‘—2-) + 23048 (—‘li-)
eq Ll le le le

1

: 2
o Dyby [ (M T A
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determined from conditions of slope continuity at the corners, and the equivalent slab

lungths, Li' are measured from the midpoints of the corners,

1n proceeding with the analysis the following siwplitfying approaimations ave ; -
1 | 4
made vegarding the loading: (1) tho muss of #oil overburden {s considerved part of the : é
roof which {8 loaded unitormly by u time varying overpressure, (2) the side loading {8 also © 3
uniform and time varying and {s symmetrically appliod on both sides of the bunker and (3) : é‘g
the affect of the bottom loading {s neglected. Then Byguution (4=4) becomoes ] %f%
2 1y M %
R+ 2wl + w'n - g v(':)[-;;-%—%] L
oq vL; | 4
; (4=7) B

; 2 Dyly |

. 20, () |y s (M, = M) L, i

’ . wld oprs AW

; 1 "M E
whora modal damping haw bown added with 8 befug the perveent ervitdcal damping and the ]

ponevaliced muds and treguoney relationshipe ave given dn Table 4=1 (8 betug a tracer E
paramoter which s oqual to 1,0 for the elastye portious of the responne  and Yo und Y, .
! ave the wolght denafties for concrete and woil overburden, treapectively), ! ;
| 5
Equatlon (4=7) {8 divectly fntegrated uslng the Brode HOB overprassure tunetdion | 3
(Refevence §) and an oxpressfon for latecal load based on the stvess attonuation in a i i
bilinvar mediuwm (Linear loading wavespeed, €y and unloaddng wavenpoeod, cl) for u afngle "
wkponent fal approximat {on (n, exp = (t/tu“))tu the surtace pressure (Reterence 19, vie., ! !
LA Z") \ - o o™ 2 o

' L ) Y ) “ n . ou o - -s- (I-H) !

a (2,t) =k e Lo ¢ +2Va ® uinh(——-—-)] H(t = =) !

! Po [ Ly 1 “_‘, °1too Ln .
where ]

*
ol

and p o du the peak surface overpressure, to o e the indedal atope time dntereept, k (n the

lateral strows couffictont and 2 s the wid=depth of the structure,

A purely elantic analysis of the baseline bunker cont {guration wan poertformed
to compave results of thin simplifiod analysis with the move detatled WES caleulational
ronultss  This comparison, which fa shown tn Pigure 4=3, {ndicates the peak deflection in
the WES results to be sliphtly lavgoer than {n the saimpliried analyadn (009 {n. an compared
to 2.7 1) The wavetorm compavison {1 good for the tirat vesponse cveleg with the Wil
caleulation exhibining tavger equivalent damping at later cyelesn, an might be oxpected, n
both cader the reaponse oncilates about the quani=rtat{e molutton (atatic dotlect ion

n

st o
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caused by the overpressure at a given time),

A comparison between the simplified analysis and WES results for theilr stiffer Ej

backfill case does not show good agreemert; probably caused by the approximations used in e
calculating the side loading (e.g. the side loading does not act until the backfill stress
i?* wave gets to the midpoint of the wall). Thus modeling of this loading needs further study.
f However, the baseline configuration of this study considers the soft backfill whose load-

i

ing does not have a significant effect on the bunker roof response,

: - 4,2,2 Small Deformation Plastic Response Phase

: . The elastic analysis is considered to be applicable until the fully plastic

; é moment develops at the top or bottom corners or at the midpoint of the roof, This dis~

- cussion assumes that the plastic hinge initially develops at the top corners (the case for
the baseline buuker configuration), however, similar analysis methodology would be applic- iz
able il yielding initiated at the center, 7

i .L Yielding is governed by the moment-thrust diagram (Reference 11) shown in
' Figure (4~4)., Tha diagram is a linear fit between (1) the compression capability of the

ot 4t (20

slab with zero moment, Po’ (2) the balance point Mb’ Pb’ corresponding to the maximum
moment, (3) the moment capability in pure bending, Mp and (4) the tension capability of

kil

|
|
{
|
i
n
1
' the slab., For compactness the equations governing the points on the yield surface are
!
O given in the figure.
i

It is not known apriori whether yielding at the roof corners will occuf within

the roof or wall slabs and therefore both possibilities must be checked. The moment is

determined from the curvature at the corner as

- 4D1

- M, = ~= (1=k )n(t) (4-9)

- A L2 1

4 while the axial load in the roof, determined from the shear (dM/dx) in the wall just below
! the corner, is given by

1 2%3 .
P R omwg—y— - A ——— L ——— R
Al 7 1=k * 7 n(t) (4-10) f
L,L k ,
1 1-k, - =2 !

273

and similarly for the axial loads in the walls

24D i
Paz= —5= n(e) (4-11)

L
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The ultimate moment 1s reached when M, , reach the yield surface.

A Pa1 A2
When the yield hinge develops the stiffness and primary frequency of the

or MA, P

structure decrease and the mode shape must be modified. The load, w, used as a basis for
calculating the revised mode shape is taken as the average of the static loads required
to (1) devélop the yield moment, MX, at the corners and (2) develop the yield moment,

Mg, at the center yith MK applied at the corners. The mode shape is then proportional

to the static deflection caused by this load and by the corner moments u?. Thus, the

A
equation fo. MA in Table 4-1 is modified to be
MA 1
- Y
vi? 1= M, (4-12)
—_— 41 =
24 Y

for purposes of calculating the mode shape ¢1, and the cbrresponding equation of motion
is

. ] M 24M (4-12)
n+28mn+u2n-ﬁ-1— p(t)[-g--lo—A-—]L + 2M [2..._ A]i

eq 5 "Li 1 A|T "Li

where the generalized mass (Meq) and frequency (w) are as defined in Table 4-1, with the
tracer parameter § equal to zero, Continuity of displacement and velocity at the center
of the roof is the basis for determining initial conditions for the plastic region. This
small deformation plastic response formulation is considered to be applicable until the

fully plastic moment is developed at the center of the roof,

Subsequent response can result in large deformation since three yield hinges
have developed., However, resistance to this motion is still provided by the yield moments

and by the in-plane tensile forces which develcp as the roof deformation becomes large.

4.2.3 Large Deformation Plastic Response Phase

Once three yield hinges develop in the roof then bending effects between hinges
will be neglected. The equation of motion of the link between two hinges is given by

TL (4-14)
5 - 1 l_ 2 - Y Y 1 .
© I, [8 p(e)L, MA"Mc"_z"e]
with
1 Ye Yg 3 (4-15)
I = ol .5 —
ATy (B +y Hl

i
1




and
1/2
T=E; (p + pi)ﬂl[kl +09) 1] (4-16)

is the tension in the ronf slab, where E is the steel modulus, and ] is the rotation for
the link. During this phase of the r-sponae the yield moments M and M are reduced
according to the moment - thrust criterion of Figure (4-4). When the maximum tension,

To’ is reached the moments go to zero and the tensile load thereafter is given by

]
T, = fy(pl + Pyl (4-17)

where fy is the yield stress of the steel,

4.,2,4 Structural Capability

Figure (4-5) shows the response of the baseline bunker configuration for a
1-MT/300-psi overpressure loading. Initial yielding occurs at the top of the wall at
approximataly 0.013 secs. If the subsequent response followed the yield surface of

Figure (4-4) the wall moment would continue to increase since the axial load increases,

from a state below the balance point. However, whether this additional capability is
L achievable after ylelding occurs is questionable and the yield moment has been taken to
» be constant when the post-yielding axial compression increases (below the balance point),

The yield surface is followed when the axial load decreases, as shown in Figure (4=4).

The moment in the center of the roof continues to increase in the plastic
reglon until the yield criterion for the roof is satisfied. (The initial small moment
decrease in this region is an lInaccuracy in the model caused by the change in mode shape

at the beginniug of the first plastic reglon.) At 0,016 secs three yield hinges have

developed in the roof and large deformations can occur which cause tension in the roof
slab. The residual roof moment capability associated withi this tension is indicated in
Figure (4-5). A muximum roof deflection of 8.3 inches occurs at time of 0.084 secs,
which corresponds to a ductility of 5.5, with respect to the three yield hinge deflection
and a ductility of 8.3 with respect to the elastic deflection,

The bunker response to 10 LI/300 psi and 10 KT/3000 psi overpressure loadings

i3 shown in Figures (4-6) and (4~7), respectively. In the latter case, the large

roof tension and correspondingly large shear stresses at the top of the wall would
actually tend to be relieved by cantilever yielding at the bottom of the wall
(currently not included in the model). However, neglecting this effect would

not be expected to have a significant effect on the results since (1) the moment

caused by the roof tension was relatively small and (2) the shear loading was not
considered to reduce the moment capability at the top of the wall (showa to be

constant under large deformation).
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A more general bunker model should include combined large deformation behavior of the
roof and walls and yield conditions which include the effects of shear loading in

addition to moment and thrust.

Figure (4-8) shows the damage function corresponding to a baseline ductility
of 10 (with respect to three yield hinge deformation) and to a center deflection of 10%
of the roof span (3.6 ft or u = 28.5), If the larger deformations were achievable, a
significant increase in hardness over the y of 10 case would result, especlally at the
lower yields (factor of 2,7 for 10 KT compared with 1.6 for 1 MI), For purposes of further
comparison damage functions are shown for a roof glab with simply supported and with fixed
end conditions; both for ductilities of 10. The "lower bound" simply supported condition
reflects hardnesses lower, by a factor of 1.7 at 10 KT and a factor of 1.5 at 1 MT, than
determined from the analysis model used, with the corresponding factors for the "upper
bound" fixed end conditions being 1.5 at 10 KT and at 1 MT. To investigate effects of
wall ylelding reducing the roof tension, additional analysis considered the maximum tension
to be zero with the minimum moment equal to the roof capability under pure bending (Mp).

These assumptions resulted in a factor of 1.2 increase in hardness for 1 MT and 1.4
increase for 10 KT,

4.3 STRUCTURAL RESPONSE UNCERTAINTIES

Uncertainties in the bunker response are assoclated with uncertainties in (1)
the structure-media interaction (SMI) response analysis, (2) the structure configuration,
(3) the material properties and (4) the free tield weapon effect environments. Since a
generic bunker design has been considered,uncertainty sources associated with intelligence
data have not been considered. However, even for & high degree of intelligence data
(e.g., structural drawings, material specifications and average engineering site pro-
perties are known), uncertainties still exist in such parameters as structural material
propertius, since contractors typically use materials which have properties bvetter than
specification. For example, statistical analysis of two sets of test data for 40,000 psi
steel reinforcing bars, summarized in Reference (12), shows the actual strength to be 1,19
and 1.27 times the nominal, respectively., Targeting vulnerability analysis can account

for material properties which are better than design specification requirements.

Determination of the bunker hardness uncertainties is based on the methodology

in Section 2.2. Sensitivities of the hardness to variation in the analysis parameters are

determined as a function of yileld frowm a series of response calculations, for specific

ylelds, each of which consider variation »f an individual parameter, Table 4-2 summarizes
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Table 4=-2 Systematic Bunker Uncertainties

IR R e s e s

(M) Effect of

20% damping

Senaitivity 20 2¢ Target
Category Parameter i X, Hardnean
X, d(1ln xy) Uncert, Uncertainty
Factor
10 KT 1 M1 10 KT 1 M7
Mode Shape, ¢(]) Loty bon
Equive Roel Span, Iy A 1Y 1.1 10 1.0
Structure Faflure Critovia, v 0,4 U b0 S 1,0
Madia Rending Yield, M (0,9 0,04 o 1alh [N
Interaction »
fesponga Tensile Yield, "'“ 0, Deln I 1,07 1o
[l N 4 "‘ .
walysis Dump iy, p(~) 1alh Faith
Auanlvais Modal A I
Subtotal (Y 2
Steel Avoa, p & p! 1444 1.00 1l Talh 1.0
Structure Effective Roof Depth,H 2.0 1.8 AV Yobh 1000
Confipuration 1
Overburden Depth, W, 0edd 0.1 ! 1a04 1,04
PRI U
subtotal 1yl 1.1
O S N
St(‘el Yl(—!‘ldg "V 1,.:;"' .‘ol)“ ltu‘ ]." ]g~
oneroete b o, B 0,40 1,00 . SO0 ot
Mo tur il Concrete Moduln )C ) et 1 !
Propevtios Racktf 111 Stresy
e ) '\
Speed, ¢, Ll 1,
Subtotal L bt
Paak Overpressure, P 0,713 0.97 [ Lol 1,19
Weapon . i
BFfocts Tuitial Stopn
Intercept, t 1,52 0,77 1.2 1o )
Subtotal 1,4 1,8
Total a,0 A
P = =0.,5
(1) {

e s
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the key parameter sensitivicies for 10 KU and 1 Ml ylelds, the parameter 2¢ uncertalnty
factors and target hardness uncertainty component, corresponding to both ylelds, asswociated
with each parameter and with the analysis model. The busis for ecstimating the 2o
uncertudinty factors in the analysis paruamoters is sunmarized in Table 4-3,

Glven reasonably good intelligence {nformation on the structure, it is seen that
the analysis parameter uncertaintioes, particularly the {oullure criteria, have the most
pignificant effuect on target harducds uncertainty. The unalysis model uncertainty
considers that even Lf all model parameters are known adequately, the unalysis may not
prodict the rewpousu correctly. This uncertainty would be strongly dependent on the
bunker being analyzed, f.e., 1f it were rosting on soft soll such that rigld body
motions wore Lfmportaat or {f the side loading had o signiticant effect on the response,
the analysls wodel vincertuainties would Lo larger than for the bunker considered in thie
study, Modoel uncertaintioes herein are considered to be targost where modeling of the
structure yielding ls most critical (low yields weapons) but are estimuted to be not
aw large as the offects of failure criteria uncertainties. Addltional teust datua for the
large deformation response of model bunkers is required to better define the fallure
criterdn and validate analywis, espocially for tho low yleld weapon loading. Current
uncertaintied may have an fmportant impact on weapon allocation,

Damping was not considered in the baseline analysis (although it may have been
appropriate to consider the order of 20% dumping) und it is seen that the effect of dumping
or its uncertainties is not very significant. The turget hardness uncertaintics shown in
Table 4=2 ure based on an unalysis which considered 20% damping within the small deforma-
tion portion of the response. Rather large hardness lncreases are obtatned Lf thd siume
damping coefficient L8 used in buth the elastic and plastic region., Howover, within
the plastic region, the damplng forces should not dmply o total vesistancoe which is
significanely boyond the structure capability,

WES analyeis resulte fndicate that wtiffer backfill modia will roduce the
roof response., It is estimated that this effoct would not be greater than having the
roof act as a fixed-ond beam, Thus the effect of backfill uncertalnty on target havrdness
is considered to be the same as the effect of mode shape uncertainty. In calculating
total carget harduess uncertainty this effect {8 counted only once, which 18 equi-
valent to having a correlation coefticlent of -0,5 between the target havduous
uncertalnties corresponding to these parameters, Although used {n this study, a
lognormal distributlon {8 not an accurate representation of the backfill related
uncertainty since softening the backfill does not {nfluence the response nearly ae
much as stiffening does. Howaver, the approximatlon will not affect che total

uncertuinty.
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éi Table 4=3  Bawile For Parameter Uncertainty Lutimates

|

E"' : .

i_ Category p"::‘t“ Uncurtainty Factor Bauls

|

Stravture

‘ Modia

" luteraction
Renponng
Ailyvuln

t

q

|

I

Mode Shape, ¢

Plxedwand and simplyssaupportod
roul boam anadyuln veaults

Lquive Roef Span, L1

Wideh of wallw

Fallure Grltorda,

Diffovence between u » 10 and
0,10 Ll roo! deflection voumuttin

Bending Yietd, M”

Rof eronne (8)

Tousile Yield, T”

Concreto tonndon capabdlity

Damping, A

Effout of 208 damping

Amnlyuin Model

Lut tmated based on tallure
erdtorin related wweervatntien

Strugture
Coutipuration

Bteol Avea, p & p!

Eng hneering entdmate

Ui toctive Roat bapth, H1

Vardation {n steel vovoer

Overburdon bopth, ty

Dostpn dopth of 40 1neg nominal
of 60 tne g maximum of 90 {n,
for the median value

Steel Yield, fv

Retorence (8)

Roforouce (B)4 B, v i";'\

Inttial Slope lntercopt, t

Material Convrete Modulus, Ec
Propavtion .
Buek! L1l Strods Hpeed, Cu Would not have proater offect
than fixed=ond wlab
Peuk Overproesnure, p Raferonco (9)
Woapon i\
Nifocta

Samo an p
4]
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The totul target hapduess uncertalnty (e conslderably larger for 10 KI' weapons
(20 factor of 4.,0) than for & ML weapons (2e¢ fuctor of 2,3) This Ly prinarily asuoclated
with the fact that at high yleld the overpressure required to fail the structure lu

not nearly as dupondent on the ductility as 4d the case for low yleld, On the busle

of these vesults damage function curves corresponding to 10%, 508 (best ostimate)

and Y0% vontidence are shown {n Plgure 4=9,  The 50X confldence curvoe is caleulated

from the wedlan values of all analysls pavamoters and, based on related analywis, s

oiuly vary slightly different trom the actual modian havdnoss,

4.4 COMPARLSON WITH PVN SYSTLM

For the bust uetlmate curve, the closuvst PYN (Rofevence 6) 1e 37870 Por the
10 and 0% contidunce curves, the correuponding numbers are 3300 and 4107, respectively,

405  APTACKER'S REQULREMENTS

Attacker roquirvements gonerally conslder probabilitioes of kill, PK. of much
greatur thuan 50X, Random variations willl have some {utlucnce on thoese yequlrements
slice the targetling may need to counsddor nwar-worst-site conditions. Howevur, thede
utu gonorally negliglble compared to the vrandom variations fntroduced by the GBP
distelbutlon,

Table 4=4 glved eutimatos of random varfation effects for both the 10 R and
1M yleldye  Busod on thesu data aud on the systematic uncertainty, the woapon ylold
and CEP pecuracy requirved forv PK of 0.3 and 0.9 was caleulated, The results are
shown {u Mlgures 4=10 and 4=11 for confidence levels of 10, 50 and 90%. Table 4-4
glves autimatos of random varlation effects tor both the 10 KT and 1 M ylelds.
However, as discusaed tn Sectlon 2, these offocts do not signdflcantly {nfluonee
targoting requiroments.
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Tatle 4-4 Bunker

Random Variations

Segsitiv?ty ic 20 Target
n i Hardness
Categor P H
gory ar:meter In Xy Uncert, Uncertainty
i 10kr | 1mr | Faetor [yopr [ 1mr
Steel Area, p and p'! 1,45 1.00 1.0 1.0 1.0
ffectiv . 2 ) 1,08 7
Strueture Effective Roof Dc.pth.}l1 2.0 1.8 1.04 1.08 1.07
Configuration Overburden Depth, Il 0,22 .11 1.5 1,00 1.04
Subtoeoial 1.1 1.1
Steel Yield, fv 1.34 1.00 1.2 1.3 1.2
Concrete Modules, ¥ 0,40 0,20 1.,¢ 1.08 1,04
Material ¢
Properties Backfill Stress Speed, 1.6 1.
C
O
Subtotal 1.7 l.b
Peak Overpressure, Py 0,73 0,97 1.1 1,07 1.10
Weapon Initial Slope Interceptyd 1.52 0,77 1.1 1.16 1.08
Lifects .
Lm
Subtotal 1.2 1.1
Total 1.8 1.6
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5.0  CONCLUSIONS

This study demonstrates the use of an analytical methodology for the evaluation
of the uncertainties associated with the prediction of target vulnerability. Two types
of uncertainties are properly distinguished, namely: random variations, which represent
actual physical variations; and uncertainties which represent potential bias between

the real world and the perceived world of the analytical models and model parameters.

Random variations affect the damage probability of a given target (or the
expected number of damaged targets for attacks on similar targets) and are treated
adequately by the Physical Vulnerability System. However, the more significaut systematic
uncertainties are not treated adequately by this system. Where high confidence of high
target damage probability is required, the targeting requirements for most cases are

governed by the systematic uncertainties.

The targeting uncertainties for the industrial building studied are largely
associated with the unique construction of a heavy c¢rane building. These uncertainties
could be reduced by experiments designaed to provide force-versus-deflection data for
structures similar to the 50~T crane building analyzed. However, the cost-to-benefit
ratio for such experiments would be prohibitive unless correlations could be established

between the representative structures tested and a number of industrial targets.

The targeting uncertainties for the buried bunker analyzed are largely
associated with the fact that the analytical procedures have not been validated. The
results of this study indicate that simplificd analytical models which include the
primary response mechanisms, such as the effect of wall {lexibility and post-yielding
resistance, are adequate. An advantage of a mechanistic model over a finite clement
analysis is that it is not restricted to a continuum description of the structure

analyzed,

Additional test data are anceded in several areas to reduce the uncertainties
in the present aralysis. Dynamic testing should consider representative construction
techniques, backfill placement, and site media where possible. Initial testing should
consider the smallest size mndels for which these conditions could be satisfied. The
airblast loading should be simulated for times corresponding to structural failure.
Both high and low yield testing is desirable, but the high pressure, low yield end of
the hardness curve should bv emphasized since the uncertainties are largest. Testing

at the high yield end provides baseline hardness data.
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Both the simplified analysis model and appropriate finite element analysis
should be used for pre-test preduction and post-test evaluation. To support this
effort, several features could be added to the simplified model, including (1) improved
treatment of the bunker side loading, (2) rigid body motion of the bunker, and (3)
effects of soill arching. The specific modeling of the soil-media-interaction phe-
nomenology needs to be verified by comparison with results of finite clement analysiy

and test data.
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6,0 RECOMMENDATIONS

Based upon the results of this study, the following general recommendations are

Error analyses of target hardness estimates should be assoclated
with each analytically derived target hardness estimate so that
the potential users of such information cuan evaluate the
associated risks,

The ° term of the Physical Vulnerability System should not be

used to lnclude systematic errors of analyses., The o, term very
often has little effect upon the probability of damagé. Hence
including analytical uncertainty understates the risk of significant
errors in estimated damage probabilities,

Additional testing of scale model bunkers should establish an
empirical. basis for predicting large deformation and establish
fallure criteria of this class of structure.

Simple analytical formulations for buried bunker response should
be validated with test data.

Sensitivity analyses should be conducted to provide a data base to
support weapon effectiveness evaluation and research planning.
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APPENDIX A FREE FIELD EQUATIONS

A.l1 Peak Overpressure

Equation (3-3) of Reference 1l expresses the peak overpressure Pgo
in psi in terms of the yleld W expressed in MI and radial distance

r expressed in kft created by a surface burst by the equation

3300W |, 192 ,H
Pgo ™ 3 + r T (A1)

r

A.2 Peak Dynamic Pressure

Fquation (3-10) of Reference 11 expresses the peak dynamic pressure
q, (psi) in terms of the peak overpressure p ., (psi) and ambient

pressure p_ (psi) by the equation

2
2.5 Pgo

q —— T (A2)
Pso T 7 P

=
o

A.3 Time Variation of Dynamic Pressure

The peak dynamic pressure occurs shortly after the arrival of the
blast pressure and subsequently decays approximately exponentially with
time. It is assumed here the dynamic pressure q can be expressed by

the equation
q=q e ot (A3)

Approximations of the decay parameter a or the time constant
T =1/a (A4)

are obtained as follows:

Figure 3-21 of Reference 11 shows the variation of dimensionless
dynamic pressure q/qo with dimensionless time t/tu. The time t,
represents the duration of the positive phase of the dynamic pressure.

Figure 3-21 displays the variation of q/qo for several peak overpressures
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0 (or peak dynamic pressures qo) for a 1 MT yield weapon. Values of

!f‘ p )
g t/tu read from the curves at q/qo = 0.1 are listed in Table Al in

DT A e g

column 3, (The subscript is appended to denote the time when q/qo = 0.1.)
The corresponding Pgo and 4 values for these curves are listed in

! -
B .l K.
i columns 1 and 2. Values of t, are show in colum 4 which have been N
?} read from Figure 3-19 in Reference 11, corresponding to the value of ]"
E;' Pgo+ Setting q = 0.1 q  in Equatfon (A3) and solving for o gives |
iR 1?
Py t |
i | 1 |
gl a,
) or AR
| !

? | - L PYETI)) (A5b)

! Values of 1 1listed in column (5) in Table Al are obtained from
b Equation (ASb).

s e " e et

Figure Al shows the variation of 1t with 9, The data indicate
the variation can be approximated by a straight line on a log-log plot.
This implies q, can be approximated by the equation

fnq = 2n(A) + B n 1 (A6)

The straight line approximation in Figure Al corresponds to
A= 0,25 and B = -2,72, so that (A6) becomes

o e * g e 0 it s et

ano =-1,39 = 2.72 2u 7

or
-(1.39 + ano>
2.72

Equation (A7) represents the time constant for a 1 MT weapon. The time

(A7)

T = e

—— ——— — > —— — =
. . N o
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Table Al: Dimensionless Time Correspondir; to a Fixed
Dynamic Pressure Ratio

© @ ® ® ®

Overpressure Dynamic Press. tljtu tu T
L Pgo (psi) q, (pst) At q/qo = 0,1 Figéizc%-19* qus%:;b)
?ﬂi ; —— i=L==$; Figure 3-21%
2R 10 2 0.43 2.5 0.467
I 20 8 0.31 2.3 0.310
an 50 40 0.107 2.9 0.135
| 100 118 0.086 2.8 0.105

constant for a weapon of yield W(MT) is

ag + lnqo

a
T = W1/3 e 9

» ag ™= 1.39, ag = 2.72 (A8)

o e RSk ki o

*See Reference 11
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APPENDIX B  ELASTO-PLAST1G ANALYSIS MODEL

Solations of the aingle-degree—of-freedom elasto-plastic system
considered are derived in this section for the idevlized system
illustrated in Figure Bl,

B.l [Elastic Range

The governing differential equation for the first elastic range
03y sye is

my + ky = Poe_at
(B1)
y(0) = 3(0) = 0
and the solutions are
Po o -0t
- - | = ginw,t - cosw,t + e
m(az + wlz) [ml 1 1 ]
(B2)
- ’ GcoBW, t + w slnw,t - ae O
m(az + w12> 1 1 1 ]
where
k
wl = a (BS)

If the disturbance force is not large enough to cause the
displacement to exceed the elastic limit Ye? (B2) are valid for all
time in which case the displacement increases, reaches a maximum snd
then decreases. The time at maximum .s denoted by t, and is obtained
by setting ;(Lz) = 0 iu (B2) obtaining

-at wl
e = cosu,t, + ?;-sinmltz (B4)
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Figure Bl: Elasto-Plastic Single-Degree—of-Freedom System
(a) System (b) Resistance Force, (c) Disturbance
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The corresponding maximum value is obtained from (B2)

max 2 2) 1 2

P -atz

y - = = sinw,t, - cosw,t, + e

w 2 1l
m(a +w1 1

which caa be simplified by making use of (B4) to obtain

P
y sinw, t (BS)

max - mawl 172

Suppose the disturbance force 1s large enough to cause the
displacement to exceed Voo Then equations (B2) are valid until time
ty when y =y, This time is obtained from (B?) by substituting
t = tl and y = Ye to obtain

2 2
m(a® + wy )ye -utl

o
7 - e - ™ sinwltl - cosw,ty (B6)

The corresponding velocity at time ¢t, is

1

P
. 0
v, = y(tl) - ff———_—f; [acoswlt + w,sinw,t
1

-utl]
- ge
mn(a” + w 1 1 11

-at
This can be simplified by making use of (B6) to eliminate e 1 to

obtain

!
Vi " e sinw tl - ay

1 (87)

B.2 Plastie Range

For those cases where Po is large enough for the displacement to

exceed Yes the governing equations are (y > ye)

oy + kly = Poe-at (B8)
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Y(tl) "y,

P
0

yley) = vy =

) sinwltl - ay,

The general solution of (B8) is

P e-at
o

y=A sinmzt + B cosuw,t + 2 3
' m(a” + w, )

vhere

The constants A and B obtained by imposing conditions (B9) are
found to be

c

2
sinwztl + o cosmztl

A=C
1 2

C
2
B = Clcoawztl - G; sinwztl

where

-atl

Pe
[o]

C, =y ~ -
1 e m(az " wzz)
-at
P ae 1
0

Ch= v, +
2 1 m(az + w22)

Let tq represent the time when (B10) reaches its maximum value.

This occurs when §(t3) = 0 which gives
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-at

P ae 3
0

N Amzcosmzt:3 - Bmzsinw2t3 (B14)

m(ut2 + w, )

The corresponding maximum displacement obtained from (B1l0) is

-0t

Pe
S

2 2
m(a“ + Wy )

3

Yoax ™ y(ta) - Asinw2t3 + Bcoaw2t3 +

As before, this can be simplified by making use of (Bl4) to obtain

w9 Y2
Yoex ™ (A - B —a—) sinw2t3 + (B + A -a—) cosw2t3

Upon substituting for A and B and performing a few algebraic steps,

one can also express as
ne can P Ynax

v
Ynax ™ (ye + Tl) cos[mz(t3 - tl)]

-at
1
+ 2 lvia - w2 +P°e—- sinfw, (t, - t.) (B15)
aw, \'1 2% m [2 3 1]
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APPENDIX C SIDE-ON LOADING ANALYSIS

C.l Introduction

In this derivstion it is assumed the detonation point 1s located
80 a8 to subject the side of the building to the blast wave. The angle
between the detonation point and a perpendicular to the rail beams which
support the crane is denoted by ¢y, When ¢ = 0, the detonation point
18 centercd on the side of the building and would not subject the front
of the bullding to a dynamic pressure wave. When ¢ 1is different from
zero both the side and front of the bullding are subjected to dynamic

pressure loading.

Failure i1s considered to be initiated when the crane support beawm
deforms sufficiently to allow the crane to fall to the floor below. The
minimum deformation corresponds to the crane located where the maximum
rail deformation occurs, nominally at the midpoint of the rail. Faillure
ie considered to be a certainty if the deformations are large enough

to exceed the plastic failure limic.

Equations relating weapon yileld and range to the two failure limits
are derived here for a single degree of freedom representation of the
crane rail and 1ts support columns. The single degree of freedom system
is considered to be an elasto-plastic system which may have a work

hardening behavior after yield begins in the rail beam.

The lateral displacement of the crane rail, denoted by y, corresponds

to the total deformation that would be measured at the center of the

rail beam. This displacement consists of the sum of the displacement

of the top of the vertical columns (where the rail beams are attached)
plus the displacement at the center of the rail beam relative to its

end attachment points. The single degree of freedom approximation

begins with a determinatlon of the linear spring rates and static mode
shaprs, "The spring rate is determined by applying a load P at the
center of the crane support beams. One half of this load is reacted

by each of the two columns. Equations are derived for various end

fixity conditions both at the beam-column interface and also at the
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column-ground interface. Once the deformed shapes have been determined,
the generalized mass, spring constant and aerodynamic forces are
determined. The column-support beam system and its single degree of
freedom approximation are illustrated in Figures 1 and Bl. Figure Cl
shows an idealization of the elastic members when subjected to the load
P. A list of the parameters used in this analysis is given in Table C-1.

C.2 Beam Deformed Shape and Spring Constant

The moment at any point X, (in the range 0 < x, £ (12/2) due
to the load P 1is

(c1)

The root moment Mo corresponds to the moment reacted by the column.
If the beam is simply supported, the moment Mo is zero. By assuming
the beam is uniform one can write

2

d7y
2 P
EIZ dx2 " Mo ) (c2)
and then by assuming
4y, )
yz(x2 =(0) =0 and renl bR (c3)
2
Equation (C2) integrates to give
2 3
PR M2 M Px
-2 .02 L 2 __2
EIy, "\ 16 7 %t % T2 (c4)

The support moment Mo can be eliminated by introducing a fixity factor

F2 defined as

Mo (corresponding to actual system)

F (C5)

2" Mo (corresponding to a clamped beam)
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Table C1 Parameters for Side-on Loading Case

PARAMETER MEDIAN
neutral axis to outer fibers of beam (in) 6.0
column drag coefficient (dimensionless) 1.3
1} beam drag coefficient (dimensionless) 1.3
column frontal depth (in) 14.8
: beam frontal depth (in) 36
: Young's modulus for column (psi) 3x107
Young's modulus for beam (psi) 3x107
column end fixity factor (dimensionless) 0.5
beam end fixity factor (dimensionless) 0.5
acceleration of gravity (in/secz) 386
column area moment of inertia (ina) 1700
beam area moment of inertia (1n4) 300
column length (ft) 33
4 beam length (ft) 40
11 lumped roof mass (1b seczlin) 25
. ! ambient pressure (psi) 14,7
range to ground zero (kft) 5
! weapon yield (KT) 20
! column weight/unit length (1b/ft) 140
F beam weight/unit length (1b/ft) 170
i * ninimum displacement of beam for crane 6
: drop (in)
1 work hardening parameter (dimensionless) 0.25
- column area factor (dimensionless) 2
; beam area factor (dimensionless) 2
5;: ductility parameter (dimensionless) 6
v beam yield stress (ksi) 36

69

L R S T o o it 701,

A AT et

Qi T T T

i
3]
:

[ T ESTR I s S R T4 CREY

E
3



BT T AT T T Ty

and the governing differential equation is

dzyl Pﬁl
- - (C13)

1,2 2 2
dx 1

EI

Solutions of (Cl3) subject to the conditions

dyl
yl(x1 = () =0, T (xl =Q) = 61 (C14)
1
are
P 3
12 BXy
(C15)
dyl le lez
Mia At T
By letting 61 represent the deflection at the top of the column
(x1 - 21) (C15) gives
Pll 3
51 - 6121 + -6_E-}T,[—; (cle6)
Note that if the base was pinned, the system would be unstable so one
cannot introduce a fixity factor based on root moment that can be
considered to be zero in the limit. Thecolumn fixity factor Fl is
defined as
61 {due to rotation of base)
Pl =] - (C17)

61 (due to bending of column)
With this definition Fl = 1 corresponds to a clamped base, similar

to F2 = 1 corresponding to a clamped support for the beam. However,

Fl = 0 corresponds to a root support {n which the top of the column
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With this definition F, = 0 corresponds to a simply supported beanm,

and Fz = 1 corresponds to a clamped beam. For a clamped beam

P22

Moc =8 (c6)

Introducing (C6) into (C5) and solving for M, sglves

P22
Yo T Me T R (€7
which introduced into (C4) gives
P223 X, P223 Xy 2 PRZB X, 3

By =16 -Gt T Ral\n,) "2 \g, (8

By letting 62 represent the deflection at the center (where the load
P 1is applied) relative to the top of the column, (C8) gives

9123 4 - 3F,
Sy = ET, 192 (c9)

The corresponding beam spring constant kb equal to P/d2 is

192a2
kb el (c1¢)
2
where
EI
a - — (Cll)
2 (23)beam

C.3 Column Deformed Shape and Spring Constant

The moment at any point X, of the column shown in Figure Cl due
to the end load P/2 1is

PL Px
1 1
M= 3 - 3 (C12)
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has equal displacements contributions due to column bending and column
rotation. By making use of (Cl6) Equation (Cl1l7) becomes

T4 AT ST TR T TR A S SR R SR

Fpel-—pt
Pll /6EI1
3 or
SR le 3
}3‘,; 0,4, = - Fl) gﬁ; (c18)
g which substituted into (Cl6) gives
A pe,
51 = (2 - Fl) Eﬁ; (C19)
f ; Hence, the column spring constant kc - (P/2)/61 becomes
1 !
W k., = 3F (c20)
{ 1
4 ; where
P \ :
y a = J%- (c21) ij
Bl £° J column g:
T" {‘:@
b

By making use of (C1l9) Equation (Cl5) gives the deflection at any
point to be

N

2 3
P *1 X *)
yl - -I—ZEI [2(1 - 'Fl) 'q + 1(;;) - (-9‘—1-) ] (Cc22)

C.4 Effective Spring Constant

F o T - WA e,

The effective spring constant of the single degree of freedom

approximation is composed of a parallel combination of two column
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N

springs in series with the beam spring. Hence, the effective spring
constant k is

(2k ) (k)
k=T 2 (cz3)
L
where kc and kb are given in (C10) and (C20).
C.5 Relation Between Beam Yield Stress and Deformation
The deflection y that produces a bending stress equal to the
: yield stress in the outermost fibers of the beam is denoted by Yoo
-
? i The corresponding relative ceformation in the beam is denoted by 622.
%}1 The relation between the yiezld stress cy and the deformation of

single degree of freedom system Yo is derived in this section. The

total deformation of the single degree of freedom system y 1is related

to column and beam deformations by the equation
y= 61 + 6

2 (c24)

ey ey - by i

Since the same force exn'sts in the equivalent system, the becam and in
| the columns, one can write

ky = 2k 8, = k&, (c25)

From (C23), (C24) and (C25) one obtains the relative deformation of
the beam center 62 and the deformation of the top of the column

61 for a given total deformation y to be

(c26)

The maximum bending moment occurs at the center of the beam and according
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to Equation (C8) is (sign was changed to make moment positive) ‘rg
.
dzyz P2, |
Mmax - EIZ 2 78 @~ FZ) (c27) E
de X, =%,/ 1
2 7272 3
The maxiiwm moment can be expressed in terms of 62 by solving ?
(C9) for P and introducing the result in (C27) to obtain j
24E1,5, [ 2 - F 1
22 2 i
Mhax = 2 4 - 3F (c28) :
2 2 ;
2 1o
3
and the corresponding maximum bending stress O max in the outer fibers .;
, located a distance C from the neutral axis is :;
P R
| o almax® aume (7% ), (c29)
A max 1 2 \4 - 3F 2 - :
2 2 2 2 i
an 2
%f At a deflection which produces the yleld stress one writes 62 = 62e é
Ef : and O nax ™ oy and (C29) gives é
E . \
. 2 -F
L | . 24EC 2
3 %y "2 (4 = 3F2)62e (€30)
3 2
% By making use of (C26) the deflectiun Yo can also be expressed as
2 -F
ZAEC( 2 ) (k )
g = —1 vy (c31)
Yy 2 \4 - 3F2 kb e
2 ,
L
C.6 CGeneralized Mass '
The generalized mass m of the equivalent single degree of freedom
1

system is obtained from the equation {

£

P31 2/2 :
2a2 24m, + 2 (v, + 6.)% dn (¢32) |
ny ¥y 9m 27 % 2
(o] [o]




which is based on an energy equivalence criteria. The factor 2 in
the first integral accounts for 2 columns, while the factor 2 on the

gsecond integral is introduced because the integration extends over one
half the beam.

In Equation (C32) y represents the displacement of the equivalent
single degree of freedom system, y, represents the shape of the deformed
column under the end load P/2, y, represents the deformed shape of
the beam under the central load P, and 61 represents the displacement
of the beam supports. Upon replacing y by the expressions (C24)

(and then introducing (C19) and (C9)), and substituting (C8) for Y,

and (C22) for ¥4 and finally performing the integrations, the results
can be put in the form

m = Klml + (K2 + AKz)m2 (c33)

where

2
2lf %2
470 - 511F, + 140F “[{ -=
_ 512 1

1 105 2
%2
[4 - 3F2 + 32(2 - Fl) a—]

1

: (C34)

o

[ [272 - 427F, + 168F2]2

2 2
2

[4 - 3F, + 32(2 - F)) a—]

1

(12 qz
(2 - Fl) [32(2 - Fl) a; + 5 - 4F2] -
= 32 1

ay 2
4 - 3F2 + 32(2 - Fl) ;I

K

2

C.7 Generalized Force

The generalized force of the equivalent single degree of freedom
system is obtained from the relation
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1 2/2

Py = j[ y 4P + 2 (v, + &) dp,

P o o

vhich is based on a work equivalence principle. The differential work

terms arriving from the dynamic pressure loading are expressed as

D dp, = q(nldlcnl) dx,

dP, = q(n,d,Cpy) dxy

where q 18 the dynamic pressure loading, C. 1s the drag coefficient

D
d represents the width of member exposed to the blast pressure. The

T ey T T L L

n factors are introduced to account for a possible increase in effect
frontal area resulting from some effect such as the outer gkin of the
building wrapping around the member and increasing the area exposed

- to the air blast, Upon introducing the expressions for vy, Yy and
L, 2 and performing the integrations, as was done for the generalized
mass, the generalized force P becomes
#
L P = Pl + PZ
o where
. .
. 16(n,d )% Cp, (7 = 4F)) ;I
l,1 "34 a,
32(2 - Fl) P 4 - 3F2
1
%2
) (nzdz)z2 CDZ[S - 4F2 + 64(2 - Fl) ;I]
Py=34 o )
2
32(2 - Fl) e + 4 - 3F2
1
76
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(C36)
(C36)
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(c37)
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APPENDIX D. END-ON LOADING ANALYSIS

D.1 Introduction

In this derivation it is assumed the detonation point is located such that
it subjects the end of the building to a blast wave pressure loading. The angle
between the detonation point and a perpendicular to the crane is denoted by y.
When ¢ = O,Ithe detonation point 1s directly in front of the end of the building
and the blast wave impinges on the end of the building without impinging on the
side of the building. When ¢ is different from zero a component of the blase
wave impinges on the sides of the building.

From Figure D-1, it can be seen that even if | = 0 and the blast wave subjects
the crane to a uniform pressure loading along its length, a yaw moment would exist
about the mass center because of an unsymmetrical frontal area exposed to the
pressure wave. The rotation produced by the yaw moment is resisted by contact
forces between the wheels and rail beam. If the disturbance moment is large enough
compared to the resistive moment, the crane will rotate and fall the the floo:x
below. Equations governing this type of failure are derived in this appendix.

A list of the parameters used in the derivation are given in Table D-1.

D.2 Single Degree oX Freedom Approximation

In general the impinging blast wave produces both a translation
and rotation of the crane. Translational motion of even several feet
may not necessarily be critical with regard to the crane leaving its
track and falling to the floor. On the other hand, only a few degrees
of rotation would be sufficient to allow the crane to fall. 1In this
section translational motion is neglected and only the yaw rotational
degree of freedom is considered. By letting 6 represent the yaw angle,
the differential equations governing the motion for the system illustrated

in Pigure D1 is
Ioe - Mo - [(a - b) F2 + bFl] sgn Mo {D1)

where Io is the yaw mass moment of inertia about the mass center

and F, and Pz are the rail reaction forces.

1
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Table D-1. Parameters for End-on Loading Case

¢ EAES TqE RS B S my e T e e A S P T e T A SWRL Repe - B ARt AE - e 20 e v e

L e I P R T

PARAMETER MEDIAN
crane length (ft) 78
distance from left rail to crane center of mass (ft) 39
minimum inward motion of crane before failure (ft) 0.5
maximum inward motion of crane before failure (ft) 1.0
drag coefficient (dimensionless) 1.3
frictional resistance at left rail (1b) 1000
frictional resistance at right rail (lb) 1000
moment of inertia about center of mass (ft 1b secz) 25000
depth of crane (ft) 0.8
depth of operator housing (ft) 2.5
distance from center of mass to housing (ft) 10
length of housing (ft) 4
range to ground zero (kft) 5
crane weight (1b) 2000
weapon yield (KT) 20
area factor (dimensionless) 2
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The blast pressure disturbance moment MQ is

a-b
Mo = q cosy / (nhCD) udy
-b (D2)
iy M =q e‘“'t nG. I,cosy
I o 0 D72
where

o
, a=b
e I, = [ uh lyw 1 h,a(a = 2b) + 1 h, (L) JAL + 24 (b3)
. 2 ., 21 2 2 1
E‘ ' In (D2) the change in the normal pressure due to a rotation is neglected
i because one only nveds to consider small changes in ¢ from its original

zoro value. MNere again the n  factor is included to account for a

possible increase in effuctive area upon whi-h the bluast pressure acts.

Equation (D1) cun be written ln the form

Uw A - (D4)

whoro

M0 qun(.l) CORY

A [P R S AR

I
0

.

: [§]
| (0S) ‘
My (0= b) Py + bF }
[ LI T- - v---........‘.l‘—__...-—.._—.- sgn(M“) ) i
(o] [\] .-
A
The solution of (D4) for zero in.tial conditions 1a 1
!
b ow A (1 - u"“t) - Bt ,
0 i
(D6) f
0 = i—i- (ut + u"“t - l.) - % Bt'2 1
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The time when 6 reaches a maximum iz denoted by tl and is obtained
by setting ¢t = t and 6 = 0 1in (D6) to cbtain

-X
%(l-e 1)-x1-0 (D7)

x, = utl (D8)

where

One observes that a maximum will only occur when A > B, {i.e.,
the disturbance moment must be larger than the resistive moment. When

A > B the maximum yaw angle is

-t
0 o A (ét + e 1 - ) - l Bt 2

max 2 1 2 1
a

which can be written more simply by making use of (D7) and (D8) to

obtain
2A - (2 + L\tl)ﬂ
0mux - o2 (‘tl) (09)
FAS |

De3 Two Degree of Freedom Approximation

The yaw motion © considered in the preceding section is generslized
here to account for crane motion along the rail boams. Let ¥y and
Yy represent the downtrack motion of the left and right ends of the
crane. One can describe the crance motion in terms of any two of the
three coordinates Yis ¥y OF 0. In this derivation motion is described
in terms of Yy and 0,

The kiunetic energy of the system 1T {s

T ; m9]2 4 % 16 + mbylb coso (D10)
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vhere I 1is the yaw mass moment of inertia about the left end. The

dynamic pressure force is taken to be

Q= q et coniy + 9) (D11)
and the track reaction forces are
_ - E
. F) = sga(y)) ]
(D12) g
F, = £, sga(y,) %
where
*\ Y, =¥, * a tan 0
P (p13)
. y, = 5. +ad sec?o i
Peo- 2 1 .
&f j The generalized forces associated with the disturbance and reaction 1
forces are 3
L B - - - » 8] !
’f G =TT R ranth 1
e (DUO)
i Q. = =F, a “20 + 1CLI i
% 0 5 ascc q nCyl, !4
f! f ;
b vwhere 12 is given in (D3) and 1
- t ;
- I1 - /hdu - hlu + hz(AQ) (D15) : |
(| .
t. By making use of the preceding relatfons and substituting into Lagrange's i
' equations, one obtains !
5 i
‘ my, + (mbeon0)l = G o
. (D16) :
(mbcos0)V, + 10 = @ i
1 2 \
).
i
1
éﬁ
84 ;
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where

- 2 _ - -at
G, mbd” sine P, - F, +nClqe cos(y + 6)

(p17)

t cos(y + 8) E

2 .
G2 = -Fz asec 6 + nLDIZqoe’a

b s A

i
N T

The solution of Equations (D16) for yl and § gives

IG, - (mbcosd)G H
y = "1 2 3
1 [ 22 ] -+
n|l - mb cos™d :
(D18) L
i
i Gz - (bcose)G1 Z .
I - mbzcosze
Equations (D18) are to be solved subject to the initial conditions | )
yl(O) - ?1(0) = 6(0) = 8(0) = 0 (D19) g g
: 3
i
I3
:
]
T
]
j
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AVING G, Austin
ATIN: 0, Bowen

Naval Weapons Lvatuation Facility
ATTN: Code 10
ATIN: R, Hughis
strutngxc Systoms Project Office
TTN:  NSP-43

ATING  NSP-272
ATTN:  NSP-273

DEPARTMEND, OF THE AR }ORCE

ADCOM/1C
ATTN:  KRX
ADCOM/XPD
ATIN:  XPX
ATTN:  XPDYQ
ATIN: XP

AF Arnament Laboratory, ArFSC
ATTN: ULYV, J. Colline

AF uuoxh¥s1cs Labaratory, AFSC
TINt  SUOL, Rsch, Lib,
ATTN:  LWW, K. thompson
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DEPARTMENT OF THE AIR FORCE (Continued)

AF Institute of Technology, AU
ATTN: Comuander
ATTN: Library

AF Office of Scientific Research
ATTN: NA, Dr., Wolfson

AF MWeapons Laboratory, AFSC
ATTN: DEP, J. Bratton
ATTN: DES-G, Mr, Melzer
ATTN: DES-S, M. Plamondon
ATTN: DES-C, R. Henny
ATTN: DE, J. Leech
ATIN: DED

Air Force Systems Conmand
ATTN: R, Cross
ATTIN: DLCAW

ASD
ATTN:  Technical Library

Assistant srcretary of the Afr Force

. Research and Development

TIN: K. Steere

Deputy Chicf of Staff
Rescarch and Development
ATTN: J. Gilbert
ATIN:  HOPM
ATTN: RODQPM, V. Vajda
ATTN:  RDOSM
ATIN:  RIXRM, S, Green
ATTN:  ROPY, A. Chiuta

Fureign Technology Division, AFSC
ATTH:  PDBG
ATTN:  NICD, Library
Lroe

ATTN:

ATIN:  PDBIT, My, Spring
USAF/IN

ATTN: IN

loputy Chiot of Statf
Peograms and desources
ATIN: PRE

Rome Afr Development Conter, AFSC
ATIN:  Commandoer
AVING  Documgnts Library/1SLD
ATTN: RBES, R, Mair

SAMS /DL
ATTN:  DED
ATTN: MM .
SAMSQ/ 1Y
ATTN: Dy
SAMSO/MN
ATING MM
ATTNt  MNNH
SAMSO/RS
ATIN:  R$S/Col B, Dowler
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DEPARTMENT OF THE AIR FOKCE (Continued)

Strategic Air Command
ATTN: XPFS$
ATTN: NRL-STINFO, Library
ATIN: 0QAl

Director of Conferences ((SEC)
United States Air Force Academy
ATTN: OFCEM, W. Fluhr

DEPARYMENT _OF ENERGY

Department of Energy

Albuquerque Operations Office
ATTN: Doc, Con, for Technical Library
ATIN: Director

Departient of Energy
Library tranch G-042
ATTN: Dug. Con. for Class Technical Librarvy

Departiient of tnergy

Nevada Operations Office
ATTN: Doc. Con, for Technical Library
ATTN: Directur

Division of Mil{tary Application
ATTN: Doc. Con. for Test Office

Lawrence Livermore Laboratory
TNt Doc¢. Con. for T, Butkovich
ATTN:  Doc, Con, for J, Guudreau
ATTN:  Doc, Con. for M, Fernande
ATTN: Do, Con. for 1. Gold
ATIN: Doc, Con. for J. Thumsen
ATTN:  Dog, Con for R, bong
ATTN:  Dog, Con, for L. Woodruff
ATTN:  Doc, Con, for J, Hearst
ATTNY  Doc, Con, for J, Cortos
ATTN: Doc, Con, for 0, Norrls
ATING  Dog. Gon. for Technical Information
Departmont Library
Doy Gon, for Ry Schodk
o Doy Con, for J, Kahn

Los Alamos Scientific Laboratovy
ATTN:  Dug. Con, for A, Davis
ATIN:  Doc. Con, for 1, lDowler
ATIN:  BDoc, Con, for G, $pidiman
ATIN:  Doc. Con. for Repurts Library

Uak Ridge National Laboratovy

Union Carbide Corporation-Nuctear Division

X-10 Laboratory Records gupartiient
ATTN:  Doc, Gon, for Civil Def. Res, Proj,
ATTN:  Doc, Con, for Technical Library

Sandia Laboratorios
Liveriiore Laboratory
ATTND Doc. Cone for Library & Security
Classification Division

Sandia Laboratoriey
TTIN: foc, Con, for W, Caudle

ATTN:  Doc. Con, for L, Vortman
ATTN:  loc, Con, for W, Rohorty
ATTN:  Doe¢, Con, for L, Hill
ATTNT  Doc, Con, for W, Huerrmann
ATTN:  Doc, Con. for 3141
ATTN:  Doc, Con, for A, Chaben
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OTHER GOVERNMEVT AUENCIES

Central Intelligence Agency
ATTN: RD/S1, Rm, 5648, Hq. Bldg, for NED/0SI-
5G48, Hgs.

Department of the Interior
Bureau of Mines
ATTN: Technical Library

Department of the Interior
U.S. Geological Survey
ATIN: D. Roddy

NASA
Ames Research Center
ATIN: R, Jackson

0ffice of Nuclear Reactor Regulation
Nuclear Regulatory Commission
ATTN: L. Shao

DEPARTMENT OF DEFENSE CONTRACTORS

Aerospace Corp,
ATIH: L. Selzer
ATTN: P, Mathur
2 ¢y ATIN:  Technical Information Serviges

Agbabian Associates
ATTN: €. Bagae
ATTN: M. Agbabian

Analytic Services, Inc, (ANSER)
ATIN: G, Hesselbacher

Appliod theory, Inc,
Sy ARG J Tvulio

Artoc Assoctates, Ing,
ALTND s, GEN

Aveo Resedrch & Systoms Group
MTIN: . Atanasoff
ATTIN:  Code ABS0
AVING By Henderson
ATIN: W, Broding

Battelle Momorial fnstitute
ATIN:  Technical tibrary
ATTH: Ry Klingsmith

BOM Corp,
ATTN:  Corporste Library
ATTN: A, Lavagnino

HOM Corp,
ATTN: R, Moensley

Boll 1uln“hunu Laboratories
TN:  J. White

Bouing Cu,

ATTIN: K, Friddell

ATTN:  Aovospace Library
ATTIN: R, Dyrdah!

ATIN: R, Carlson

ATTN: R, Hagur

ATTN: J, Bodwell
ATTN: ), Wooster
ATTN: I, Holmes
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Brown Engineering Company, Inc.
ATTN: M, Patel

Califorria 'nstitute of Technolugy
ATTN: T, Ahrens

California Research & Technology, Inc.
ATTN: K. Kreyenhagen
ATTN: Technical Library
ATTN: S, Shuster

Calspan Corp.
ATTN: Technical Library

Center for Planning & Rsch., lnc.
ATTN: R, Shnider

Civil/Nuclear Systems Corp.
ATTN: R. Crawford

University of Dayton
Industrial Security Super KL-508
ATIN: H. Swift

University of Denver
Colorado Seminary
Denver Research Institute
ATTN:  Sec. Officer for J. Wisotski

EGAG Washington Analytical Services Center, Inc,
ATTN:  Library
ATTN: Director

Electric Power Research Institute
ATTN: 4. Sliter

Electromechanical Sys. of New Mexico, Inc,
ATIN: R, Shunk

Enginoering Decision Analysis Co., Inc,
ATIN! R, Kennedy

Franktin Institute
ATIN: ¢, Zludans

Gard, Inc,
ATTN:  G. Neidhardt

General Dynamicy Corp.
Pomona Division
ATTN: K. Anderson

Goneral Dgnamics Corp.
tectric Boat Division
ATTN: M, Pakstys

General Electric Co.
Space Division
ATTN: M, Bortner

Genera) Electric Co,
RO-EHLV{ & Environmental Systems Div,
ATTN: A, Ross

Goneral Electric Comgnny-TEMPO

Center for Auvanced Studies
ATTN: DASIAC
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DEPARTMENT OF DEFENSE CONTRACTORY {Continued)

General Research Corp.
Santa Barbara Division

ATTN:

8. Alexander

Geocenters, Inc.

ATTN:

E. Marram

H-Tech Laboratories, Inc.

ATTN:

B. Hartenbaun

Honeywell, Inc.
Defense Systems Division

ATTN:

T. Helvig

11T Research Institute

ATTle:

Documents Library
R. Welch

University of 111linois

ATTN:

A, Ang

Institute for Defense An&lyses

ATTN:
ATTN:

Classified Library

birector

J. Ho Wiggins Co.y Ine,

ATIN:

Kawan AviDyne
Division of Kaman Sciences Corp.

ATTN:
ATTN:
ATTN:
ATTN:

J, Colling

N. Hobbs

ko Criscione
Technical Library
G, Zartarian

Kaman Sciences Corp.

™!
ATTN:
ATTN:
ATTN:

P, ENVYs
Library
F. Shelton
D. Sachs

Karagozian and Case

ATIN:

Lockheod Missiles & Space Co., lng,

ATTN:

Lockhex# Missiles and Space Co., Ing,

TN:

ATTN:

Lovelace Foundatioa for Medica' Vducslion & Research

TTN:

J. Karagozian

TIC-Library

T, GQoars
8, Almroth

R, Jones

Martin Marietta Corp.
Orlando Division

ATTN:
ATTN:

Universi
ATTNY

a4, Fotieo
A, Cowan

of Massachusetts

W, Nash

MeDonnell Douyles Cowp.

ATTN:

McMillan Science Awsociates, inc,

ATTN:

R. Halprin

W, McMiliian
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Merritt CASES, Inc,
ATTN: J. Merritt

Meteorology Research, Inc.
ATTN: W. Green

Mitre Corp.
ATTN: Director

University of New Mexico
Dept. of Campus Security and Poliin
ATIN: G. Triandafalidis

University of New Mexico

Civil Engineering Rsch. Facility
ATTN: N, Baum
ATIN: D. Calhoun

Nathan M. Newmark Consulting Engineering Services

ATTN: N. Newmark
ATTN: W. Hall

University of Oklahoma
Research Institute
ATTN: J. Thoepson

Pacifica Iechnolo?{
ATIN: o
ATTN: R, Bjork
ATIN: G. Kant

Physics International Co.
ATTN: F. Sauer
ATIN: C. Vincent
ATIN: R, Swift
ATTN: E. Moore
ATTN: D. Orphal
ATTN: L. Behrmann
ATTIN: Technical Library

University of Pittsburgh
School of Engtnootin?
ATTN: M. Willimg, Jr,

Prototxpo Usvelopment Associates, (nc,
TIN: T, McKinley

R&D Associntos
ATTN: A, Latter

ATTN. P, Rausch

ATTN: C. Knowles

ATTNG W, Nr1§ht. A\l

ATTNt H. Brode

ATIN: J. Carpsnter

ATTN: J. Lewis

ATTN: Tochnical Information Center

ATTN: A, Flelds

ATTN: R, Port

R & D Assuciates
ATTN: H. Cooper

Rand LorgN‘ A, Laupa

ATTN: Library
ATTNS C. Mow

Science Applications, Ing,
ATTN: Technical Library
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued

Science Applications, Inc.
ATTN: S, Oston

Science Applications, Inc.
TN: R. Hoffmann
ATTN: D. Maxwell
ATTN: D. Bernstein

Science Applicltions. Inc,
ATTN: W. Layson
ATTN: 8. Chambers

Soutiwest Research Institute
ATTN: W. Baker
ATTN: A. Wenzel

SRl Internatiohal
ATTN: W, Wilkinson
ATTN: G, Abrahamson

Systews, Science & Software, Inc.
ATTN: R Sedgewick
ATTN: D. Grine
ATTN: T. Cherry
ATTN: Library
ATIN: T. Riney

Terra Tek, lnc,
TN:  Library
ATTN 4 S . Gmn
AYTN: A, Jones

Tetra Tech, Inc.
Nt L. Hwang
ATTN: Library

Texas A & M University Systew
¢/0 Texas A & N Research Foundation
ATTN: H. Coyle

TRW Defense & Space Sys, Group
ATTN: A, Navevshky
ATTN: N. Lipner
ATTN: . Jorther
ATTN: P, Bhutta
ATTN: B, Sussholtz
ATTN: A, Feldman
ATIN: Tech. Info, Center
ATTN: J. Farrell
ATIN: ). C
ATTN: A, Soux

2 cy ATTN: P. Dat

TRW Defense & Space Sys. Group
San Bernardino Operations
ATIN: Q. Hulcher
ATTN: F. Pluper
ATTN: E. Wong

Universal Analytics, lnc,
ATTN: €. Fleld

m-:qgn Nmocwn Engineering Rech, Fac,

TNt L. Rickle
ATTN: N, Daum

Holdl1n?or Assoc,, Consulting Engineers
J. McCormick
ATTN: M, Baron
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Weidlinger Assoc., Consulting Engineers
ATTN: J. Isenberg

Westinghouse Electric Corp.
Maring Division
ATTN: W. Volz

PARTMENT OF DEFENS NT

Westinghouse Elgctric Corp.
ATIN: F, Petkevicivs

TORS ntinued
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