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Conversion Factors for U.S. Customary
to Metric (SI) Units of Measurement

To convert from To Multiply by

milo millimeters 0.0254

inches centimeters 2.54

fact meters 0.3048

miles kilometers 1.6093

square inches square centimeters 6.4516

sp'are feet square meters 0.0929

square miles square meters 2,589,998.0

.,tbic 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
Kelvinsa

kilotons terajoules 4.183

aTo obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use C - (5/9)(F-32). To obtain Kelvin (K) readings, use K * (5/9)

(P-32) + 273.15.
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I. INTRODUCTION

A methodology for systematically evaluating the uncertainties associated with

the prediction of vulnerability and hardness of ground facilities has been used for the

past ten years to develop confidence statements, from the defender's point of view, for

weapon systems survivability prediction. In this application, the defender theoretically

has perfect intelligence of site conditions and structural configurations anJ materials,

and can establish, analytically ot experimentally, the weapon effect environments and

structural fragilities to within acceptable uncertaioty bounds. Parametric sensitivity

analyses are conductd 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 reseatch planning.

The present study reprosents the first attempt to apply such a methodology to

analyzing the uncertainties in target vulnerability and hardness predictions. Target
vulnerability and hirdness and associated uncertainties, given good intelligence, were

evaluated for two representative targets: (1) an above-surface industrial builhing; and

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

The procedure for evaluating target hardness uncertainty was started with the

formulation oi mathematical models of the weapon effects and the targt response and

failure. Structural respontses models for both targets were developed based on classical

structural dynamics considerations. However, for the buried b,,iker, the structural model

is more uncertain because of the inadequate data base. Unc.ertainties on model parameter.s

were characterized and propagated through the analysis using a Taylor-series expan-:ioat

method, to evaluate the best estimate hardness and the hardneis uncertainty as a function

of weapon yield. The restilts were evaluated and compared with the Physical Vie nctab iity

System.

Uncertainties caused by potential systematic errors cf analysis, i.e., bias

between the mathematical model and the real world, were distinguished from ntonsystematic,

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

scaling laws, nottsystematic variations lead to variations in estimated damage distances.

These nonsvstematic damage distance variations are treated adequately by the Ph~sical Vul

nerability System, and for most cases do not cause s ignificant errors in the est imated

damage probabilities. However, systematic errors in target hardness estimates cause

systematic errors in estimated damage probabilities which are not treated adequately by
the Physical Vtilnerability System at present. Tht, emphasis of this study t- f,.-cused upon

the problems of quantifying tbe effects of the systematic errors of analysis.
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From the results, it was concluded that for above surface targets such as

industrial buildings, the current procedure for determining the best estimate of physical

vulnerability is adequate. Uncertainty in the target physical vulnerability can be quan-

tified based on the state-of-thd-art knowledge of low level blast envirsnmaonts, xaterial

properties, and structural response modeling. Scale model tests of industrial targets

would not be worthwhile unless thw structural models were accurate representations of a

high-value class of uniformly constructed structures.

For the shallow-buried targets suih as command bunker6, procedures for physical

vulnerability prediction to achieve the desred 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

prediction techniques is recommended, Additional sensitivity analyses, and research cost-

benefit trade-off studies should be conducted to provide a basis for setting priority

for research projects pertinent to bunker vulnerability.

i6



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 model itself. In the present study, mathematical models for
nuclear weapon enviroam ts and target structural loads and response were developed •

as a first step. The sources of uncertainties in the model parawit.ers 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

itself, 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

If 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 essenLially the same time, identical resistance would not be

exhibited by each cylinder. Individual differences in the cylinders, ruch 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 cna 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 becatuse 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 compression test.

7
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Even after the test has been performed, there remains some uncertainty in the

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.

In many cases, this uncertainty can have more impact on the outcome of a study than the

random variations. Effects of random variations tend to be self cancelling, while

Uncertainty refers to potential differences between the real world and the

perceived world of analytical models and of model 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 para'ueter value is as likely to be higher as it
* is to be lower). Uncertainty in the measure of central tendency of a targeting analysis

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

the targeting analysis results. However, uncertainties 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 tht mean. 
'

In targeting analysis both random variatO.on and uncertainty effects should

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

effects as -ciated with a pnrticular 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 unc'ýrteinty distribution, as for

example, when the concrete mix specifications are known, but cylinder 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.

8
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Whera there are many similar structures constructed using the sawe 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, end others to be weaker. This variation tends to average out when the

mcdian response of a large number oi -r-rctures is considered. Thus, when analyzing

4 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 um ertainty

leads to better understanding of the research options available, in addition to aiding

the understanding of complex targeting situations. For example, the ratio 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 grour 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

stiffness could have a t-larkedly different response caused by a rigid body mode. The

interaction between random variations and uncertainties can possibly be removed by

categorizing sites, such that the response phenomenology is 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 1, commonly used in weapon effects analysis

because ic 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).

9



Consistent with the assumption of a lognormal distribution, best estimate

values of the parameters are taken as the median value of the distribution. For a

continuoui variable, the median is defined as the value of the variable at which 50%

of the area under the distribution function lies above the median, and 50% below. For

a lognormal distribution, the median corresponds to the mean of the logarithm of the

variable. Uncertainties are defined in terms of 2a K-factors which represent approximately

95% bounds. This means there is approximately a 952 expectation that the true value of

0 the parameter will be within a factor of K and 1/K of the median value of the parameter.

The K-factor is related to the sLandard deviation of the distribution of the logarithm

of the variable by

2a l- K (2-1)

2.2 EVALUATION OF UNCERTAINTIES

Two primary factors determine the importance of the uncertainties in various

parameters affecting target response: (1) the sensitivity of the target hardness, p, to

uncertaintie3 in the input parameters, xi and (2) the uncertainty in the median values

of the parameters. If the target hardness is written as

ln p- f(ln xi) (2-2)

then from Reference 2 (Equation 4.39), the standard deviation in the uncertainty of

ln p, apJ. which is caused by the uncertainty in the particular parameter, xj, can be

computed from the approximate relationship

"uP Oj (2-30)Op a(In x)

where the partial derivative gives the sensitivity of the target hardness to variations

in xj and oj is the standard deviation in the uncertainty of ln xj. The approximation

arises from neglecting terms higher than first order in the Taylor-series expassion of

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

lnK .(n p) ln K (2-4)
pj a(ln xj)

where K and K are the uncertainty factorG corresponding to Oap and oj, respectively.

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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Kp exp P inK inK (2-5)
p i-i iJ Kpi i

where the pj are the correlation coefficients between the target hardness uncertainty

factors.

Equations (2-4) and (2-5) make possible 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 in terms of the noeded uncertainty reduction.

To determine the need for uncertainty reduction, the target hardness

uncertainties are propagated through the scaling laws for weapon effects to determine

damage-distance relationships, and the corresponding uncertainties, as a function of

yield. Than, the impact of these uncertainties on the yield 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 aame li

designs and sited in the sae. 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 val'ation 41

on target damage distances will usually have a standard deviai:ion (aD) 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:

PK M - P (2-6)Kcc

if P :0.9 and a !0.2R. The cookie cutter approximation is that there is zero

KD

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 miss distance Rayleigh

distribution gives
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2 2P - exp (-o.51E2/a (2' i c c( 2 - 7 )

a -o0.849 CEP I I

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

The random physical variations do not significantly affect the probability of

damage computation in the above case. Their effect ig much smaller than that caused by i
random variation of weapon miss distance (the CEP distribution). On the other hand, a

systematic uncertainty in a damage distance estimate does affect the confidence lit the

calculated probability of damage.

The attacker's confidence (expressed as a function of damage distance) is the Ii
expectation that uncertainties in the targeting analysis would noL result in a damage
distance greater than a given value. Confidenc4 estimates are thus based on the

systomatic uncertainty iii damage distance, assuming a lognormal distribution of the

uncertainty. The kill probability as a function of confidence level may be determined

from Equation (2-6), using this damage distanice versus confidence level distribution.

Q,
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3.0 INDUSTRIAL TARGET

This section describes the analysis of a typical heavy steel frame industrial

building, as shown in Figure 3-1, subjected to dynamic pressure loading. A generalized,

single-degree-of-freedom model was utilized because of its tractability and because

it has been widely acce)ted as a useful engineering tool. Work hardening of the

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

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 buildLnp, in the loads

induced in the structure, and in the rýsponse of the structure to these loads are

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

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

accuracy requirements are also determined.

3.1 TARGET DESCRIPTION

The target selected for this study (Figure 3-1) is a typical medium

size industrial building, as described in Reference 4. It 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,

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 joists 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 innerted 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,

the walls are made of brick or large concrete blocks. Above this height, the walls are

made of light weight concrete panels or asbestos-cement corrugated sheeting. Commonly

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

•'3
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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 critical weapon effects for above-the-surfaco 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 inside of a building

of this type faster thain structural response, minimiuing 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 cani probably be repaired

in a few days, or means can be foun'd 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 exposed area. Ground shock produces

oscillating motionr., much like an earthquake, which result in loads dependent on the

building mass, and possibly cause differential settlement of columns. Dynamic pressure.

is 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 indt~strial building under consideration when subjected to a nuclear attack.

If parts of the roof or siding are blown off by nuclear wind pressure,

emergency 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 tabrication and erection of

major structural members. It was assumed that use of the crane Is essential to the7

industrial process carried on within the building, and that rendering the crane

inoperative is a suitable measure of a succpssful 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 sufficient intensity to produce a lateral beam

deflection 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 faiil,

and drop the crane from any parking position along thie rail beam.
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The geometry of a typical industrial building suggests that two primary
loading orientations should be considered, pide-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 a 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. Parts

of the siding, however, might 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 is located in front of the

buildin$, not necessarily centered, so as to give the major loading to the end with a

smaller loading acting on the sides of the building. In this loading case, blast

pressures act over the side of the crane, Even though such loadings could subject the

crane to pressures which are essentially uniform along its length, yaw moments would be

created because of the unsymmetrical frontal area exposed to the blast wave. Such

moments induced yaw rotation, which may be large enough to rotate the ends of the crane

off the rail beams allowing the crane to fall to the floor.

The free field equations used to determine the loadu 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 details given in Appendices B to D.

3.2.1 Sido-on Loading

Side pressure on the industrial building will cause rotation of the foundations,
bending of the columnts 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

) .6
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by the elasto-plastic, single-degree-of-freedom system model, whose governing equations

are summarized in Appetidix 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.Lure boundary was based on the elastic
lateral deformation of the beam just sufficient to 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 Lhe vulnerability analysis it was assumed that the crane was

parked in its hardest position, near a column, and the plastic failure stress criterion

governed. This assumption is reasonable for targeting since the parking position would

not be expected to be known.

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 failure boundary

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

cause the crane to fall between the two rail beams at each end of the crane. However,

it takes only a relatively small rotation for the crane to be free to fall. Theretore,

the failurt boundary was approximated by assuming the peak disturbance yaw moment to be

equal to the peak resistance yaw moment produced by forces at the crane-rail beam in-

I terfaces. 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 thA industrial target may be grouped as follows:

uncertafnties in weapons effects, 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 II damage

from Japan, the building in this analysis was aspumed to be oriented side-on where the

damae criterion is structural failure of the rail beam.

3.3.1 Uncertainty in Loads

The empirical relationships between 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

empirically. The procedure used in this study was to estimate overpressures from the

empirical Brode equation, and then compute the dynamic pressure by means of the

Rankine-Hugoniot equation (See Appendix A). Overpressures were calculated with a 2-0

uncertainty range of 1.2. A 2-a uncertainty range of 1.2 means that, if the overpressure

uncertainties are lognormally distributed, about 95% of the overpressure values are

expected to fall within the range of median/1.2 to median x 1.2.

3.3.2 Uncertainties in Intellizence Data

Intelligence data on targets of interest is necessarily uncertain. This

category includes the dimensions, thicknesses, and other properties of the various

structural elements. The uncertainties due to intelligence limitations utilized in

this study for purposes of illustration are as follows:

Parameter 2a 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 Tarzet 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 stay attached to columns and beams, increasing their

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

Parameter 2o Uncertainty Factor

Beam

Drag Coefficient 1.8
End Fixity 3.2
Area Factor 2.2

.olumn

Drag Coefficient 1.8
End Fixity 3.2
Area Factor 2.2

Ductility 3.0
Work Hardentng Parameter 3.2

3.3.4 Uncertainty Propagation

Figure 3-4 shows the uncertainty in target hardness, in tsrms 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

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

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

of the parameter. Tne derivatives were calculated numerically, since there is no closed

form expression for ). Assuming a lognormal distribution for Q, 10 and 90% confidence

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

Figure 3-4. A 90% attacker's confidence means that there is a 902 probability that the

true (but unknown)hardness is equal to or less than the stated value.
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Nagasaki Data

Single- story heavy steel frame buildings41
* with cranes greater than 25 tons (with

observed percent damage to wall*)
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Also shown in Figure 3-4 is a comparison between these analytically derived

data, and the actual damage incurred by similar bu±idings 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 Iraction 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 walls most nearly parallels the measure of building vulnerability used

in the present study.

The data base includes 41 single-Rrory heavy gtaal fratie Wuildl.us, 30 iv m

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-stoey buildings with heavy cr.nes comparable to the industrial target

studied here existed only in Nagasaki, and only six data points are available.
Aspuming a yield of 22 KT and a height of burst of 1640 ft -or the Nagasaki

detonation, as reconaet.ded 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 is c ,cted that the order of 50% damage can be used for general

comparison with the analytical results of Figure 3-4.

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,

are also 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 jamage to Lhe rail beams sufficient

to drop the crane. However, since the damage d,.finition and the buildin~e differ from

those used in this study, much significance cannot be attached to the comparison withodt

further study of the responses of the Nagasaki buildings.

3.4 COMPARISON WITH PVN SYSTEM

The rhysical Vulnerability System (Reference 6) gives ratings of a range of

turgetsin 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

J
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industrial target under consideration were computed to provide 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.

Fi•r the best estimate curve, the closest PVN number is 12Q9. For the curves at 10

and 90% confidence, the corresponding PVN numbers are 8Q9 and 16Q9, respectively, 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

Newmark 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 REQUIREHENTS

The weapon yields end accuracies required for kill probabilities (P 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 10-1 weapon, for example, a CEP of 1000 ft is needed for a 0.9

probability of soverely damaging the building (Figure 3-6). This is the best estimate,

or 50% confidence value. To obtain 90% confidence that the 0.9 PK will actually be
achieved, a more accurately guided weapon with a CEP of 750 ft is needed. If systematic

uncertainties could be reduced, the CEP requirement for a 0.9 probability of kill with

90% confidence may be relaxed.

A reduction in systematic uncertainties has a similar effe.zt on yield require-

ments. With a CEP of 1000 ft, for example, a 20-KT weapon is required for a PK of U.9

with 90% 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

is large enough, CnP reqt 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 doadain of small deformations, and apply simplify-

ing approximations which nearly always add conservatism. 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 I
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 failed. 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 is the large deflection force-deformation behavior of the structure?, and

fiiLally, (7) What is the failure criterion?

Since the analysis uncertainties have a major impact on the targeting un-

"certainties, 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 defl'ction force-deformation structural behavior, which

includes effects of in-plane stresses. Failure criterion is based on the structure

achieving a specified ductility or deflection. Rigid 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

•I by these motions.
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In order to evalutate The elastic response portion of this analysis model the

bunker configuration studied is identical to that used in the Reference 8 finite element

analysis performed by the Waterways Experiment Station (WES). Since little data are

available to properly evaluate the large deformation portion of the response, this study

primarily aidresses 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 hLtdness uncertainty.

4.1 TARGET D'ESCRIPTION

A box-type reinforced concrete bunker structure Is assumed to be sufficiently

long so that the response can be considered two dimensional. Obviously, short 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 figure. The site medium ic dry soil over shale

with the depth to the soft rock located approximately at the bunker foundation level.

4.2 STRUCTURAL RESPONSE ANALYSIS

The bunker is considered to be subjected to effects caused by the overpressure

loading of a nuclear weapon detonation. The side loading on the walls is based on the

stress attenuation associated with the overhead airblast loading. Thus, in this analysis,

direct-induced and upstream-airblast-induced effects have been neglected. In 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 I
primarily due to bending effects, and therefore, only the midplane motion of these slabs

is required to define the complete bunker response. The response of the ith slab is then

approximated by (Figure 4-2)
(x n(t) (4-1)

where *i(Positive inwards) is the normalized mode shape, n is the single-degree-of-freedom

response amplitude and x is a coordinate along the midplane of the ith slab (roof, i = 1;

walls, i 1 2 and 3; floor, i 4). This results in the undamped equations of motion

2 4

Pik••'. + Di _Yi-- a-(xit) (4-2)

I2
whr re

3E Mi

D (i 12---v--2 (4-3)

and pi, Di, Hi and oi are the mass density per unit midplane area, flexural rigidity,

thickness and transverse applied stress, respectively, of the ith slab and E and \1 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 ýi, integraLilg

with respect to xi and summing over the four slabs yields

+Wn + 1 : dx (4-4)

where 
J 2

S4_ Li

M =q W f Yi (4-5) 0

iml 
0

and = -- 0- 'v D xi( -6

are the generalized mass and frequency relationships.

Since this analysis considers a bunker configuration for which the roof vulner-

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 M

at the intersections between the walls and roof and walls and floor, respectively, are
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Table 4-1 Bunker Modal Equations

A. Mode Shape 3
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caused by the overpressure at a given time).

A comparison between the simplified analysis and WES results for their stiffer

backfill case does not show good agreemert; probably caused by the approximations used in

calculating the side loading (e.g. the side loading does not act until the backfill stress

wave gets to the midpoint of the wall). Thus modeling of this loading needs further study.

However, the baseline configuration of this study considers the soft backfill whose load-

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
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 bunker configuration), however, similar analysis methodology would be applic-

able iZ yielding initiated at the center.

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

slab with zero moment, P09 (2) the balance point M9, Pb' corresponding to the maximum

moment, (3) the moment capability in puce bending, M p and (4) the tension capability of

the slab. For compactness the equations governing the points on the yield surface are

given in the figure.

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

MA *-• (l-kWn(t) (4-9)
L1

while the axial load in the roof, determined from the shear (dM/dx) in the wall just below

the corner, is given by

4D0 ( 6k k
P 1-.- 1 2 23 I1t

Al =212 k 1 + 2  t) (4-10)L L 3

1-k2-"

and similarly for the axial loads in the walls

24D
A2= 3--(t) (4-11)
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The ultimate moment is reached when MA, PA1 or MA, PAreach the yield surface.

When the yield hiuge develops the stiffness and primary frequency of the

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
yto (1) develop the yield moment, MA, at the corners and (2) develop the yield moment,

Y yMC, at the c-- with MA applied at the coxners. The mode shape is then proportional
Yto the static deflection caused by this load and by the corner moments M. Thus, the

equation foL MA in Table 4-1 is modified to be

MA __ _"__ __ __ _A-

pwtj.?-k MYl (4-12)

=4+ 4 i+ i-C(Y12

for purposes of calculating the mode shape 1,and the corresponding equation of motion :

where the generalized mass (M eq) and frequency (w) are as defined in Table 4-1, with the

tracer parameter 6 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

Sj 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

2 Y t)L I0] (4-14)

with

I •" (H1 3 (4-15)

C
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and

T -E (p + p')HE I + 02)1/2 (4-16)

is the tension In the roof slab, where E S is the steel modulus, and 0 is the rotation for

the link. During this phase of the response the yield moments MY and M4 are reducedA C
according to the moment - thrust criterion of Figure (4-4). When the maximum tension,

T, is reached the moments go to zero and the tensile load thereafter is given by

Tm f (p + p) (4-17)K0 yl 1 1

where f 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

l-MT/300-psi overpressure loading. Initial yielding occurs at the top of the wall at

approximately 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

[~ achievable after yielding 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 .

region until the yield criterion for the roof is satisfied. (The initial small moment

decrease in this region is an Inaccuracy in the model caused by the change in mode shape

at the beginnitig of the first plastic region.) At 0.016 secs three yield hinges have

developed in the roof and large deformations can occur which cause tension ini the roof

slab. The residual roof moment capability associated with this tension is indicated in

Figure (4-5). A maximum 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 J1i/300 psi and 10 KT/3000 psi overpressure loadings

ia shown in Figures (4-6) and (4-7), respectively. In the latter case, thle 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 (showo to be

constant under large deformation). '
38
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A more general bunker model should include combined large deformation behavior of tbe

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 v - 28.5). If the larger deformations were achievable, a

significant increase in hardness over the V' of 10 case would result., especially at the

lower yields (factor of 2.7 for 10 KT compared with 1.6 for 1 MT). For purposes of further

comparison damage functions are shown for a roof slab 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 yielding 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 (M ).
These assumptions resulted in a factor of 1.2 increase in hardness for I MT and 1.4

increase for 10 KT.

4.3 STRUCTURAL RESPONSE UNCERTAINTIES

Uncertainties in the bunker response are associated with uncertainties in (1)

the structure-media interaction (SMI) response analysis, (2) the structure configuration,

(3) the material properties and (4) the free field weapon effect environments. Since a

generic bunker design has been considered,uncertainty sources associated with intelligence

data h~ave not been considered. However, even for a high degree of intelligence data

te~., trctualdrawings, material specifications and average engineering site pro-

perties are known), uncertainties still exist in such parameters as structural materialI
properties, since contractors typically use materials which have properties better 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

fo'r 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 yield from~ a series of response calculations, for specific

yields, each of -which consider variation rmf tin individual parameter. Table 4-2 summarizes
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Table 4-2 Systwaatic Bunker Uncerta~nties

Sensitivity 2a 2c- Target
Category Parameter (In p)ardnesas

cal XI), Uncerts Uncertainty

10______ KT.0 KT 1 HT

ILcptviv. Roof Spiui. 1, 1. 1 3 I 1.

Stxtwtcurc Vaillure Ci ritvd, t, 9C 1'..7 .U '.

Mnted i c t it Heud tug Yie'ld, 1,1 0. 9, "1.21 3¾,

e~ptlA&w lcusim. Mot'del'0,1W01' J. . .1.I.

Stvut Av4tl, p & lit1 .4' 1.01 o .1. 1 . N 1 1
Stucur ffec 'ihiof R Vtu Dpth,111  2(0 1 8 1 0 1, 11 .

Cotif gittoI

Stp l. ipat Vo 1.34, j ýn. .I.

(Iticrvt.e, Modt1it.w . 1` 0.40 (.1.* 0 1 .2 1 10;*Ii
Mte'rial

Propert jios Nlickfi 14 rt I'.!i

NSpee&d, C 0I

Peak ove'rpreHwurt', 0.73 0.97 1 1 . 1 1.1')

Effects ltl I)'

1stihtottil /1 I



tile key parameter sensitivities for 10 Wr and I HT yields, thle parameter 2v uncertainty

factors and target hardnessm uncertainty component, corresponding to both yields, associated

with cachi parameoter and with tile analysis model. Tito basis for estimating the 20f

uticertainty fctor&m in thle anialysis paranietors iii Buitlarized in1 Table 4-3.

tUiven reasonably good intelligence information onl thle ftructure, it is seen that

the analysis parameter uncertainties, particularly the failure criteria, haVe Lthe most

significant effect oti target hardness unoertainty. Tito unalysis miodel unuerLainity

considers that even if all m~odel paramet~ers are known adequately, thle analysis may not

predict thle response correctly. This uncertaint~y would be strongly dependent onl thu

bunker being atimlyzod, i.e., if it weAre resting onl soft moil such that, rigid body

mo1tions6 were importuit or if thue side loading had at significant affect on tho responuie,

the analymia model Lvncortalnties would be larger than fur the bunker considered in this

study. Model uncertainties heruin are consmidered to bit largout where owdoling of thle

structure yielding is most critical (low yields weaponis) but are estimiated to be not

am Itivge us thle effects of failure criteria unceirtainties. Additional taut data for tile

large deformation response of model bunkers is required to batter define thu failure

criteria anid validatu analysis, especially for thle low yield weapon lo~ading. Cirrenti

uncertainties may have an imiportant impact un weapon allocat ionl,

Damping was not considered in thle baselitte analysis (atlthough~ it may have been J
appoprateto consider the order of 20% damping) and it is seon that thle effect of damping

.1 or its uncertainties is not very significant. Thto target hardness uncertainties shown in

Table 4-2 are based on an analysis which considered 20% damping within thle small deforma- .
tion portion of thle responso. Rather large hardness increases aire obatained if the ddame
damping coefficient is used in buth the elastic and plat i~c region. However, within

tile plastic region, the damping forces shoiuld not imply it total resistance which is

significantly boyond the structure capability.
rofrsoj.I setmtdta hsefetwudntb rae hnhvn h

M1~ analyoiw results indicate that stiffer backfill media will reduce the

roof act as a fixed-end beant. Thus the effect of backfill uncertainty onl target hardniess
is considered to be thle same as thle effeet of moded shape uncertainty, lin calculatingI
total 'argot hardliess un~certainty this effect is counted only onceu, which is equi-

valent to having a correlation coefficient of -0.5 between the target hardness

uncertainties corresponding to these parameatern. Although utiud in this study, at

lognormal distribution is not an accurate representation of Lth, backfill related

uncertainty sincee softening thle backfill does not influence thle response nearly as

much as stiffening does. 11oweaver, thle approximation will not affect Jit. total

uncerti'inLy.
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Table 4-3 Basis Yor Parameter Uncertainty U~timatnes

ParameterUnuaiy aorIal
Category x nlranyFCO AL

~ I ~ ~ lquivdti, Hoof~ 811111 1, 1W id'th (f8)1

St ue uv V,1.1t o l'ttvilf if er kw b two llIiH 0 ll
1)sed (un it1~~I u 't 2~dti

1,01114110 tviu' T r ho t, I. V ri iat L u) t il utl 01111agov ty,

ohwf ixod-oud (sit'a

Wos~on e~i 0v~r ('*giufor Kthortwdial (9) I]

Stoulviold f (6



Tho total Ltairgt Ihurduuios Unleortulity im cu~iwidurably laiurx for 1U KIP wu~lpt~nl

Sj(2v f~actur of 4.0) than fur 1, HT wuupotw (2v factor uf 2.3). Thi Lit lutmurily agucluitud

V With Lteu fact that at highb yiold thu uVUrprodsUro ruquirod to fail tho wtrUcturu is

ilut nucaVlY til dUpunldont unl tho. ductility ag i Ulhu CANO fur LOW yiUld. Ukn thu bakisi
of thUsu oUU~ltki (141naag functionl Crubi CU V croil pondll& to 10%, 50% (bust UsitildutO)

and 90% confidence are swikwn it F'iguro 4-9. The 50% cunfidonco curve Lit calculated

fromI tho lluwdian VUluoi of all Unlymis purailuturo aLid, btlwud oin related dinalysiN, iw

o.illy Very 14liliLly dtiffUVVen ftruiii Lho actual1 modiall hardilotwi,

4,4 CUMPARISON WMIh 1'VN SYST1M

FeuV the buiit witiliatu CUMv, th lw clooes PVN (~uI(Oerilco 0) iN' 370. * 1OV thu
10 and ')UZ cutfidunca., c urvus , hu cu rruepund ing lwitiew 111. 1311 ai'~nid 41117, I'vae 1. vol Iy.

4.5~ ATTVACKER'S~ REQULRI~MIUN'11

Attackmr roqirtiutruwnw Menoraily consider probabilities uf kill, PK fmc

6VU4eatr th111 50%. Ran~dol vilrIationsM Will ha4Ve somel inlfltiien oil those l:qkuruments%

Wince thum Larguutinl may need tu cutsider n1UAV-wurmt-bsite cuniditLiuns. IluwUVUV, these

&at g uiturally tiugligtblu cumparod t.o 0h0 ranldoll Vn.,itlrdunsl int ruduced by thu CEP'

tdisti eibUtiwlr

TIable 4-4 gLvos owtimatom of randum variatilun ofttuct fur bOth1 Ulu 10 KT and
1 MT' yields. Ballot onl these data and onl 01u Hytitoffidic UllueLtaint~y, the Wuaponl yield

anid GEP ucouracy required fur 11 o f 0.5 and 0.9 was caIcuutod. 'rthu roksults are *
ahuwn in F'igurou 4-1U and 4-11 for eunf ideuac lovolu ulf 10, 50 and 90%. Tbob 11 -4
Utvcws vmtitnutms of random variat ion effects lor both tho 1.0 KT and I. Mf yields.

1luwoevur its d imcumbled Lin soct Ion 2, t hoem Off' IetH (id nt) 110L~ Hicunfidt: y illfl U0110

targieting rotiki romenta,
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Table 4-4 Bunker Random Variations

SensitiCitegory2a Target

d(In ) xt ardness
Caegr PaamteKT( , Uncert, Uncertainty

SFactor 1K

Ii

Steel Areai, p aind 1) 1.45 1.00 1.0 1.0 1.0

tutueEffective Rloof Depth, 1I 2.0 1.8 1.04 i.08 1.07

Cotif igur.atio O~f verll~urden De~pth, 11 0.22 0. 1. 1 1 .S. 1.. 04
S

"SAl'tL.1

Stei.- YýIcld, f 1.34 1.0c0 3.2 1.3 1.

C(w.crete Module-, 1..e 0.410 0.20 1i. 1o08 1.04

rOp.ert iens Backfill Stress Speed, 1.6 1 .

.Sub.to t i 1 F. . 7 1.t

Peak Averpreure, p 0.73 0. 9 7 1.1 1.07 1.10

WQaprunt Iffetivl Slope Iotercept, 1.52 0.77 1.1 i.10 1.08

EffectsSubtotal 1. 1.1

1.Otal 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 Lypes

of uncertainties are properly distinguished, namely: random variations, which represent

actual vhysical 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 crane building. These uncertainties

could be reduced by experiments designed 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 targetizng 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 simplifiod analytical models which include the

primary response mechanisms, such as the effect of wall flexibility and post-yielding

resistance, are adequate. An advantage of a mechanistic model over a finite element

analysis is that it Is not restricted to a continuum description of the structure

analyzed.

~\ .. Additional te~st data are needed in several areas to reduce the uncertainties

in the present ar.alynis. Dynamic testing should consider representative construction

techniques, backfill placement, and site media where possible. Initial testiilg should

consider the smallest size models 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 b, 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 %%sed 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 btwkzr side loading, (2) rigid body motion of the bunker, and (3)

effects of soil archig. The specific modeling of the soil-media-interaction phe-

nomenology needs to be verified by comparison with results of finite element analysiai

and test data.
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6*6.0 RECOMMENDATIONS

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

I made:

1) Error analyses of target hardness estimates should be associated
with each analytically derived target hardness estimate so that '
the potential users of such information can evaluate the
associated risks.

2) The o erm of the Physical Vulnerability System should not be

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

3) Additional testing of scale model bunkers should establish an
empirical, basis for predicting large defornuition and establish
failure criteria of this class of structure.

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

5) Sensitivity analyses should be conducted to provide a data base Lo
support weapon effectiveness evaluation and research planning.

U54ii.'i
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APPENDIX A FREE FIELD EQUATIONS

A.1 Peak Overpressure

Equation (3-3) of Reference 11 exnresses the peak overpressure p

in psi in terms of the yield W expressed in MT and radial distance

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

3300W 192 (Al)
Pso 3 r (l)-

r

A.2 Peak Dynamic Pressure

Equation (3-10) of Reference 11 expresses the peak dynamic pressure

qo (psi) in terms of the peak overpressure pso (psi) and ambient

pressure po (psi) by the equation

2
2.5 p50

it Pso (A2)qo " + 7 poPso0

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 oq e (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/q for several eak over ressures

14.
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p (or peak dynamic pressures q) for a I MT yield weapon. Values of

t/t read from the curves at q/qo - 0.1 are listed in Table Al in
U

column 3. (The subscript is appended to denote the time when q/qo W 0.1.)

The corresponding pso and q values for these curves are listed in

columns 1 and 2. Values of tu are shown in column 4 which have been

read from Figure 3-19 in Reference 11, corresponding to the value of

p5. Setting q - 0.1 q in Equation (A3) and solving for a gives

.a = Zn(lO__) (ASa)

or 0 W1 ni0)(Ab

Ekain( b.ausof t listed in column (5) in Table Al are obtained from !'

ro

Equation (A5b).

Figure Al shows the variation of T with qo0  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

Rnqo -Zn(A) + B Zn T (AM)

The straight line approximation in Figure Al corresponds to

A - 0.25 and B - -2.72, so that (AM) becomes

knqo -- 1.39 - 2.72 £u T

or

'I
orT e 2.n7 ) (A7)

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

I5
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Table Al: Dinensionless Time Correspondir3 to a Fixed
Dynamic Pressure Ratio

Iit/u t
Overpressure Dynamic Press. u u

ps0 (psi) q (psi) At q/qo a 0.1 (sec) (sec)
soFigure 3-21* Figure 3-19* Eq. (A5b)

10 2 0.43 2.5 0.467

20 8 0.31 2.3 0.310

50 40 0.107 2.9 0.135

100 118 0.086 2.ý 0.105

constant for a weapon of yield W(MT) is

a8 + Xnqo
1/3 a9

W1/3 ,a 8 a 1.39, a - 2.72 (A8)

*See Reference 11
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APPENDIX B EL.ASTO-PLASTI C ANALYSIS MODEL

SSol~tions of the single-degree-of-freedom elasto-plastic system

considered are derived in thin section for the ideolized system

illustrated in Figur l. I
B13.91 latic Range

The governing differential equation for the first elastic range

0 y ye is

my + y e-at

0 (l

y(O) N(O)- 0

and the solutions are

P
0____ -ati

ii i 2 2 [5,L it-coswt+e
m(a 2 + ) LW 1 J

(B32)0! t
m(a + W1 )Lowt-t

where

W (B3)

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 and
then decreases. The time at maximum ý.s denoted by t 2  and is obtained
by setting '(t 2 ) - 0 iu (B2) obtaining

"-at2  W
e " co•w t2 +- sinw 1it2 04)
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Figure B3: Elasto-Plastic Single-Degree-of-Freedom System
(a) System (b) Resistance Force, (c) Disturbance
Force.
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The corresponding maximum value is obtained from (B2)

maxo 20 2 sinw1 t 2 -cos 1t2 + e

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

i °P
y0p- sinw t (BSImax maw 1  1 2 (5

Suppose the disturbance force is large enough to cause the I
displacement to exceed ye" Then equations (B2) are valid until time

t when y yet This time is obtained from (B2) by substituting

t nt 1  and y -y to obtain

m(a2 + 2 )ye -at 1
- e - ssinwitI - cOSwlt, (B6)

The corresponding velocity at time t1  is

Vl '(tl) >m7 a2 + 2) cost + w sin•1 toe

This can be simplified by making use of (06) to eliminate e to

obtain

P
vI 1 sinwt 1 - aye (B7)

B.2 Plastic Range

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

exceed ye' the governing equations are (y > y

-P tmVY + k y P Pea (B8)

F0
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Y(t1 ) " Ye

P (B9)

S 0

r a sinw t 1  e

The general solution of (B8) is

P0 e-'at

y - A sinw2 t + B cosw2 t + 2) (BlO)2' 2 c 2 2

where

W 2 (BlI)

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

K1 found to be

C2
A - Clsinw2tI + 2 2 t 1

(B12)

Bm cosw 2 t 1 ---.. 2 2 1

where -

p e-atl

P 1

1 e 2 2

C2  V 1 + 2 2m(a2
L + w2 )

Let t3 represent the time when (BlO) reaches its maximum value. *
This occurs when y(t 3) - 0 which gives
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Pei
y y(2 + t2) - cosw2 t3  -B 2sinw2 t3  (B14)0

m~a +(h w

As before, this can be simplified by making use of (B14) to obtain

yux " (A - B i~)sinu2 t 3 + (B+ A cosw2 t 3  i

Upon substituting for A and B and performing a few algebraic steps,
one can also express nmax as

-- a

Asiw +B)sinw(t

_:. 65
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APPENDIX C SIDE-ON LOADING ANALYSIS

C.l Introduction

In this derivation it is assumed the detonation point is located

so as to subject the side of the building to the blast wave. The angle

H between Lhe detonation point and a perpendicular to the rail beams which

H support the crane is denoted by p. When 0 - 0, the detonation point
i ~is center'ed on the side of the building and would nit subject the front

of the building to a dynamic pressure wave. When ý is different from

zero both the side and front of the building are subjected to dynamic

pressure loading.

Failure i, considered to be initiated when the crane support bea-mn

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. Failure

ip considered to be a certainty if the deformations are large enough

to exceed the plastic failure limit.

Equattions celattng weapon yield and range to the two failure limits

are dar,:ed here for a single degree of freedom representation of the

crane rail and its 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 determination of the linear spring rates and static mode

shapos. 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 varioua end

fixity conditions both at the beam-column interface and also at the

Q-I.,,SIAMG
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column-ground interface. Once the deformed shapes have been determi.ned,

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 Bi. 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 x2  (in the range 0 i_ x2 <. (k2/2) due

to the load P is

MHo M (Cl)
0 2-2

The root moment M0  corresponds to the moment reacted by the column.

If the beam is simply supported, the moment M is zero. By assuming0
the beam is uniform one can write

2
dy 2

El 2 -- Mo x (C2)
2dx 2  20

and then by assuming

y 2 (x 2 -0)-0 and dx 2  2 2R

Equation (C2) integrates to give

~2 HP 3

~2 o t2  + 0 2 2EIy 2 x2 2 12 (C4)

The support moment M can be eliminated by introducing a fixity factor
0

F defined as
2

H (corresponding to actual system)

2 H (corresponding to a clamped beam) (C5)
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Table Cl Parameters for Side-on LaigCase
PARAMETER MEDIAN !

neutral axis to outer fibers of beam (in) 6.0

column drag coefficient (dimensionless) 1.3p

JIbeam drag coefficient (dimensionless) 1.3

I 

I I I

column frontal depth (in) 14.8

beam frontal depth (in) 36
Young's modulus for column (psi) 3xlOa

Younge s modulus for beam (psi) 3xlOo

column end fixity factor (dimensionless) 0.5

beam end fixity factor (dimensionless) 0.5

acceleration of gravity (in/sec2) 386
column area moment of inertia (in 1700

beam area moment of inertia (in 300

column length (ft) 33

beam length (ft) 40
olumped roof mass eb see2e/in) 25

ambient pressure (psi) ( o.7

range lo ground zero (kft) 5

bmweapon yield (KT) 20
column weight/unit length (lb/ft) 140

beam weight/unit length (4b/ft) 170

minimum displacement of beam for crane 6
drop (in)

work hardening parameter (dimensionless) 0.25
column area factor (dimensionless) 2

beam area factor (dimensionless) 2

ductility parameter (dimensionless) 6

beam yield stress (ksi) 36

69
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and the governing differential equation is

Sd Yl P•i PxI

El (C13)

Solutions of (C13) subject to the conditions

(x 0)- 0, * (xI -0) m0.8 (014)

are

) PI 2 Px3 "1
EI yl 1 -1-- xl - -12

(C15)

dvl PtI Px2 (05

Eli- -E I1O1 + -2 l --1l -1 4l-

By letting 6I represent the deflection at the top of the column

(xI Zi) (C15) gives

3

u = 1 1 3 (C16)

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. The column fixity factor F is

defined as

1 1  1 i (due to rotation of base)

6 (due to bending of column)

With this definition F1  1 corresponds to a clamped base, similar

to F2 - 1 corresponding to a clamped support for the beam. Howcver,

F 0 corresponds to a root support in which the top of the column
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With this definition F2 - 0 corresponds to a simply supported bea&,

and F2 - 1 corresponds to a clamped beam. For a clamped beam

- -M (C6)
ii o

2

Introducing (CO) into (05) and solving for M0 gives

i!iiM°- F 2 M oc-8F2 (C7)

which introduced into (C4) gives

BylttnP9 l- M -F 2  2 niF 2~la
E2 (1 1x2 \ +- (C8)

2Y2 16 2 16 F2  k1

, By letting 62 represent the deflection at the center (where the load

P is applied) relative to the top of the column, (C8) gives

6 2 El2  \192/ 09)

The corresponding beam spring constant kb equal to P/6 2  is

192a 2

•b " 4- 3F2  (do)

where

(cil)
beam

C.3 Column Deformed Shape and Spring Constant

The moment at any point xI of the column shown in Figure Ci1 due

to the end load P/2 is
4.: PE Px

S2 2 (C12)

I ;



has equal displacements contributions due to column bending and column

rotation. By making use of (C16) Equation (C17) becomes

F -1--
3

Pt 11 /6EI11

o r 1 • ( 1 - F 1 ) 6 E 1 ( c 1 8 )

• " which substituted into (C16) gives

3

Ptl

z1 -(2- F1) 1 (C19)

SHence, the column spring constant kc a (/)/561 becomes
31

k - 1

k ( 2 F (C20)

whe re

-l " $.3 column(C)

i By m~aking use of (C19) Equation (C15) gives the deflection at any

i ~point to be

1* 6E
1

ck~ (C20)

C.4 Effective Spring Constant

• ;- The effective spring constant of the single degree of freedom

:; • approximation is composed of a parallel combination of two column

7C21
coum
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springs in series with the beam spring. Hence, the effective spring

constant k is

(2c) (2b)
k 2 ) + (C23)2c b

where kc and k are given in (C1O) 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 ye"

The corresponding relative deformation in the beam is denoted by 6 2e"

The relation between the yiald stress a and the deformation of
y

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

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

to column and beam deformations by the equatirn

y = + 62 (C24)

Since the same force ex'.sts in the equivalent system, the beam and in

the columns, one can write

ky 2k kc 6  = kb- (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

Sfor a given total deformation y to be

(c2c)

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) '1
2 4

dy 2  P2
m 2 E' " (2 -F 2 ) (C27)

dx2 92 /

The maxinum moment can be expressed in terms of 62 by solving

r (C9) for 1 and introducing the result in (C27) to obtain

24EI 64
- 2 4 (C28)

max 2

and the corresponding maximum bending stress a in the outer fibersmaxlocated a distance C from the neutral axis is

maxC 24EC ( 2-F 2max 1 -2 • 3F 2 )2

At a deflection which produces the yield stress one writes 6 2 62e

and a m a and (C29) gives

YA

y 2 3F 2 )2e (C30)

Z22

By making use of (0126) the deflectiun ye can also be expressed as

k. Ye (C31)
24E2C(T -3F2)(-)Y

C.6 Generalized Mass

The generalized mass m of the equivalent single degree of freedom

system is obtained from the equation

Z 1 2/2
my 2 - dm+ + di2  (C32)

00
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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

second integral is introduced because the integration extends over one

~ I half the beam.

In Equation (032) y represents the displacement of the equivalent

single degree of freedom system, y1 represents the shape of the deformed

column under the end load P/2, y2 represents the deformed shape of

the beam under the central load P, and 6 represents the displacement

of the beam supports. Upon replacing y by the expressions (024)

"'I(and then introducing (C19) and (C9)), and substituting (C8) for

and (C22) for yjand finally performing the integrations, the results

can be put in the form

m K Km 1 + (K2 + AK2)m2  (C33)

where

51 [470 - 511F,+ 1  40F12](~
1l i105 [ F 3(- 1

2a

[43F2 + 32(2 - F1

K -322 - 4~27F2 -F 1) 8 (C34)
2 (T c21

_ _ _ _ _ _ _ _ _ [ 4~ 3 F 2  + 3 2 ( 2 -F t1)

C.7 Geeaie Force (2 4 /'

The geeaie2oc fteeuvaetsnl ereo reo

syte is obandfo terlto
2I
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2/2
P " 2J YldPi+2 (Y2 + 6i) dP2  (C35)

0 0

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

terms arriving from the dynamic pressure loading are expressed as

dP 1 -q( ldlCDl) d1I (C36)

(C36)

dP2 - q(n 2 d2CD2 ) dx 2

where q is the dynamic pressure loading, CD is the drag coefficient,
d represents the width of member exposed to the blast pressure. The

n factors are introduced to account for a possible increase in effective

frontal area resulting from some effect such as the outer skin of the

building wrapping around the member and increasing the area exposed

to the air blast. Upon introducing the expressions for y, y, and
Y2 and performing the integrations, as was done for the generalized
mass, the generalized force P becomes

P P P1 + P2  (C37)

where

S16(nldl)l (7 - 4F1 ) 1DP1 a

lc1 2
- q 32(2 -F 1) a2+ 4 -3F 2I M 2

1 76C3832( - 4F) + 64( - F2
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Figure Cl: Idealized System Elements.
(a) Elements Subjected to Pressure Loading
(b) Elements Subjected to Centerload P
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D.1~~ Inrduto

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 .

When ~,-0, the detonation point is 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 *P is different from zero a component of the blaseJ

wave impinges on the sides of the building.

From Figure D-1, it can be seen that even if ip-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

prssr wae h oainpoue yte a oeti eitdb otc
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 flooz

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 of 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. In 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 Figure Dl is

lIn M [(a -b) F + bFl]gn M0  (Dl)

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

and F1 and F2  are the rail reaction forces.
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Table D.-l. Parameters for End-on Loading Case

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 (lb) 1000

frictional resistance at right rail (lb) 1000

moment of inertia about center of mass (ft lb sec ) 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 (lb) 2000

weapon yield (KT) 20

Larea factor (dimensionless) 2
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The blast pressure disturbance moment M is

a-b

M q cosq, (01D udu

-b (D2)

HtMo aqe 11C.bI 2 coso'

where

a-b

I u l lu1 "-la(a- 2b) +Iu 0 L)1 + 2I (D3)
2 2 1  2 2 [A

-b

In (D2) the change in the normal pressure due to a rotation is neglected

because one only needs to considur small changes in 0 from its origital.

zero value, liere again the t, factor in included to account for a

possible increase In effuctlve area upon whi.,h the blast pressure acts.

Equation ()1) can be written In tlw form
4q

tU Ac"'• (1) C4)

where

M q 0t( 1) coti)

o 1)U -10

MR ( - 2 + bF(
S= I s g n (M o) -

lhe solution of (D),) for zero intial conditions is

(1)6)

44,

28
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The time when 0 reaches a maximum is denoted by t1  and is obtained

by setting t - t 1  and 0 -0 in (D6) to obtain

A ( - '- .' -0 (7)

where

x1 = •tI (D8)

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

+ e 1a 1al ) 1 12

max - A2 I -t L
which can be written more simply by making use of (W7) and (D8) to
obtain

0 max [ -(2 - ]tI (D9)

V.3 Two Degree of Freedom AppLroximation

The yaw motion 0 considered In the preceding section is genetalized

here to account for crane motion along the rail boams. Let y1  and

Y2  represent the dovntrack motion of the left and right ends of the

crane. One can describe the crane motion in terms of any two of the

three coordinates Y1, y2 or 0. In this derivation motion is described

in terms of Y, and 0.

The kinetic energy of the system T is

T 1 2 1(4 1 1 + nibv 1  Como(D10)
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where I is the yaw mass moment of inertia about the left end. The

dynamic pressure force is taken to be

!% q -atqo cop,• + •)(Dll)

and the track reaction forces are

F 1 -"~ f n (D12)

F 2 - f 2 sgn(g 2 )

where

SY2 y" Y+ a tan 0

0(13)

-Y2 - + a a sec2 )

The generalized forces associated with the disturbance and reaction

forces are

1 2 + q qCDID I

2 ,(1) L4)
i. Q0 -F "2 asec20 + q n'C D 12

where I is given in (D3) and
2

I, f hdu- hla +h 2 (At) (D15)

0

By making use of the preceding relations and substituting into Lagrange's

equations, one obtains

mY1 + (mbcosO)

(D16)
(mbcosO)9V + lh a02

I.'
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where

G abd 2 nine- -F + -at )-i
1 1 " 2 + nCDIlqoe cos(n + e)

(D17)
,.2 -at

C -F 2 asec2  + n( tqoe cos(G + e)

The solution of Equations (D16) for and 6 gives

IG1 - (mbcosO)G 2  (D 8

a I i C s 1(D l8)

G- (bcos6)G1

I -mb Cos 0

Equbtions (D18) are to be solved subject to the initial conditions

y - )(O) Y 0(0) 6(0) 0 (D19)
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ATTN: Cwde F3d ATTN: Teiheimial Library
ATTN: "ode W40, C. Aronson
ATTN: Cu,,e E21, G. Matteson ~ Assistant S-cretary of th'o Air Force
ATTN: %,odu 240 Research and Develolment
ATTN: Code U4G1, W. Kcinerinam ATTN: R, Stoere
ATTNi Code 241
ATIN: Cod., ý4J Oeputy Chief of Staff

Research and Develoirnint
Naval Surface Weapons Center ATTN: J. Gilbert
Dahlrei,; Laworao|ry ATTN: ROPM

ATTN, W. Wisherd ATTN: RDIPM, V. Vaida
ATIN: Technical Library & tifon:ation ATTN: RDQUM

Services Branch ATTN: RIDRM, S, Green
AITN: RDP1, A. Chiuta

Naval War College
ATIN: Code LI1 Iorulyn Tec&hnology Division, AFSC

AITT1' PUBQ•
Naval Weap rn Center ATTN: NICD, Library

kTIN: Cude 533 AliN: ETOP
AIN' C, Austin ATTN: PD3i', Mr. Sprinq
ATIN: J. Uowen

USAF/IN
Nival Weaponý Lva'luatiuii Facility AITN: IN

ATTN: Code 10
ATTN: . IIuQIIL% Deputy Chi',f of Staff

leuyirlls and ',suurcus
5trdto lie Systems Project Office ATTN: PRLATTN: NV1-43

ATTN: NSII-272 Rome Air Deveolopwnt Center, AFSC
ATTN! ;ASP-273 ATTNi Coimoandor

A ITN: I)ecuit :ti Library/1SLI)
UJPA•RTM•N! p LTIiA-.R !DIRG ATINi RUES, . Mair

ADCOM/DIC SAMS')/DL
A ITN: KRX ATTN: DELI

AUC M/XIUATTNi Mr41

ATTN: XPX SAMSO/1IY
ATTN: XPU;Q ATTN: DYS
ATTN: XP

SAi4S0/MN
AF Amament Laboratory, AFSC ATiN:• 4t1

ATTNi bLYV, J, Collinu ATjTNt MNNti

AF Geoophysics Lablratory, AFSC SAMSO/Rs
ATTNi SUOL, Rich, Lib. ATINi RSS/Col b. D)owler,
ATTN: LWW, K, thompron
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DEPARTMENT OF THE AIR FORCE (Continued) OTHER GOVERNNI'T Aý;ENCIES

Strategic Air Comand Central Intelligence Agency
ATTN: XPFS ATTN: RD/Si, Ri•t 5148. Hq. Bidg, for NED/OSI-ATTN: NRI-STINFO, Library 5G48, Hqs.
ATTN: GAI

Department of the InteriorDirector of Conferences (CSEC) Bureau of Mines

United States Air Force Acadrmy ATTN: TUchical LibrdryATTN: DFCEM. W. Fluhr

feparthant of the LnteriorUEPARTK-NT-OF LNERG.Y U.S. Geoluqical Survey
ATTN: D. Roddy

Department of Energy
Albuqu Oper ations Office NASA

ATTN: Doec. Con,. for Technical Library Aties Research Center
ATTN: Director ATTN; L. Jackson

Department of Energy Office of Nucthar Reactur Regula|tion

Library A iranioh G-042 Nuclear Regulatory lncnission
ATTN: Doc. Con. for Class Technical Library ATTN: Lf Shad

Lparti|went of Liturgy DPARTIMNT CFDEFNS[ CLNTgCTURSNevada Operations Office

ATTN: Dc. Con. for Technicl Library Aer im:pace CMrp.
ATTN: Directur ACI', N: L. Selorr

ATTNi ri, Mathu (A
Aivision of Military Applfedtor | 2 (y ATIN: TUchnical ineforiatihne Servit.es
ATTN: Dec, Con, for Test Uffice Agbabian Assuciatv%

Lawrence, Livurilitw Labw•atory ATTN: C. l~aggle

ATTNM Doc, Con, for T. Butkole ch ATiN: M1 , Atbabin
ATTN: Doc, Con. fur J. Guudreau
ATTN: Doc. Con, for M. renic|dei Analytic SJrveces, tnc. (ANSrR)
ATTN: Do, C(on. fur T. J o, Id AT TN A1o G. Iles;selbacer
ATTN: foe, Coi. for J, Thu'||se| N
ATTN: Doco, Cun, for ,Diag Anpliod Theorfy. 11.
ATTN: Doec, Con, for L, Wuudeuff 2 cy AITN: J, IriiuaIou
ATTNt Duc, Cun, fur J, Hearslt
AIINM Lo c Cun, futrtJ fiLor, tt z Ayt- AllN •lWts, it'n
ATTN: lluc, Con, fur A, Norris AITN: 5. Gill
AIMN Doc, Con, for Iecl l Ifio fuirma tLI n LO MetuO'l & S 1.1ttDepartotwi;t Litrwiry Ai hs•)c ytm ru

AMlN: Doc, Con, fur R, .S0ilek AITN: J. Atial f lf'tat
ATIN: Duoe, Cun. for J t KdLi r ATTN: Codv, A830tiAIIN: 1). Il,,idmtiron

Lf Alam Scientioafi Labtor'tury ATTN: W. Co'odrnp
ATMNt fiuc, C.ci, for A, DavisATTN: tDoc. Co||, for I. D)owh, r [tattv,11e Mvillurial 111stiltute,

ATIN: Doc, Con. for t i, LSpi br ta y AIN: IvchDMcil o rbrary
ATTN: Doc. Con, foil Reports Libra'y AIT;Ai: t. KlitiJoithy

Oak Rdi u National Laboratorty BUM Corp,thlion Carbide Curlporationl-Nucledar Uivislo| AITM Curpur~itv Lib~rary

X.Lv LabtorLtory Rlcurdi•patl.,nt ATMITN Ai Ldvabttl voATTNi Due, (Coi|, for Civil 00.,f Res, Pruj,
ATTN: Doc, Con, for Technical Library 40M Corp,

ATM~ 11. ilumsluy

Livuriltu|,o Laboratory 1011lele IM11hon Laboraturivs

AII'Ni Dic. Coit, for Library & Security ATI'N: J. White
Clal I fication Dlivisiot Bouuing1 Co.,

Satdila Laboratcries ATIN: K, Friddell
ATTN: floc, Cuo, for W. Caudle ATTNM Atrospace l.ibrar,
AITN:• c, Coni, for I., Vurtman ATTN: RH, l)ytrdit Il
ATIN: 1Doc, Coni, for W, Hohvrty ATTN: R, Cart I soot
ATTN: 1oc, Con, for L., 11111 ATIN: RH. lagr A'
ATMN: Dloc, Coni, for W. lierrtniamt AIINM J, lIotdwol II
AITNI: Dlo, C0i, for 3141 ATTN: d, Woos let'r
AITNI floc, Cci, for A, Chabeti ATIN: It, Ilolmts
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P4

S~Brown Engineering Com~pany, Inc. General Researv.h Corp. ; •

ATTN: N. Pat~el Santa Barbara Division •
ATTN: B. Alexander

S~Califorria Institute of Technology'
ATTN: T. Ahrens Geocenters, Inc. i

ATTN: E. Marram •:
California Research & Technology, Inc.

i. ATTN: K. Kreyenhagen H.Techl Lab~oratories, Inc. .:
SATTN: Technical Library ATTN: B. Harteatbaum

I

ATTN: S. Shuster Honeywell. erIc
Calspan Corp. Defense Systems DivEsEon

SATTN: Technical Library ATTN: T. Helvig

Center for Planning & Rsch.. Inc. GiT Research InstitutC
ATTN: R. Shnider ATTN: Documents Library

ATT7: R. Welch
I Civil/Nuclear Systems Corp.

ATTN: R. Crawford University of Illinois
ATTN: A. Ang

University of t~ytonIndustrial Securety Sueor ,.L-e s Hnstitute for Defense Analyses

ATTN: H. Swift ATTN: Classified Library
ATTN: Uirector

University of Deiver
ColoraTN Semcnary L. H. Wiggins CoT. 111
Denver Research Institute ATTN: J. Collins

ATTN: Sec. officer for J, Wisotski

Kaman AviDyne
LGIG Washington Analytical Services Center, Inc. Division of Ka~man 50ences Corp.ATTNt Library ATTN: N. lobbs

CivilNucl troSytem orp

ATTN. DirectATTN; A. ArisOne
ATTN: Techsical Library

Electric Power Research Institute ATTN: G, Clrtlrian
ATTN: S. SlOter

Kaman Sciences CoA,
Electronchanitcl Sys. of Noti Mexico. Inc, ATT N SiEnCis

ATTN: rary ATTNI Library
ATTN: F. Shelton

Oiglitoorig Decision Analysis Co,, Inc, ATTNM D. Sachs

A1TNi R. Kennedy lasoin4rd(•$

Frinkin s Institute ATTN: J. Karagorian

ATTN: L. ZuasltrL

ATTN:Z, ZuallSLockheed Missiles $ Space C'o.. hc.
Gard, hin. hATTNt TIC.Library

"TATTN: G. Nidhardt
Lockheed Missiles and Space Co., Inc.

General Dynamics Corp, ATTN: T. (leers
POmonia Division ATTNi S. AlirithATTNt K. Anderson

Lovelace Foundatio~i for Medica' Iduct.Ion & Research

General U Iny1amics Corp, ATTNt R. Jones
Electric Boat Divisloni

ATTNi M. Pakstys Martin Marietta Corp.,
Orlando Division

General Electric Co. ATTN: (G. Fotieo
Space Division ATTNi A. Cowan

ATTNi M. Bortner 1
OsnerAl Electric Co, ATTNT W. Nash
Re-Entry A Environnental Systems Div.

AfTN: A. Ross MDonnell Douglas Corp.,
ATTN: R. lialprin

Goenral Electric Comnipany-TLWPO !

C Genter fo, Avanced StudieM McMillar Science tssociatvs, Inc,
ATTN DASIAC ATTN: W. McMillian
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Merritt CASES, Inc. Science Applications, Inc.
ATTN: J. Merritt ATTN: S. Osto,

Meteorology Research. Inc. Science Applications, Inc.
A7TN: W. Green ATTN: R. Hoffmann

ATTN: 0. Maxwell
Mitre Corp. ATTN: D. Bernstein

ATTN: Director
Scienct Applications, Inc.

University of Now Mexico ATTN: W. Layson
Dept. of Campus Security and PoliL1 ATTN: B. ChambersATTN: G, Triandafalidis

Southwest Research Institute
University of eow Mexico ATTNt W. Baker i
Civil Engineering Rsch. Facility ATTN.: A. blenul

ATTN: N. BSam
ATTN: D. Calhoun SRI International

ATTNz W. Wilkinson
Nathan M. Nemark Consulting Engineering Services ATTN: G. Abrahamson

ATTN: N. Newmark
ATTN: W. Hall Systems, Science & Software, Inc.ATTN: R. $edgewick

University of Oklahoma ATTN: 0. Grine
Research Institute ATTN: T. Cherry

ATTN: J. Thompson ATTN: Library .
ATTN: T. Riney

Pacifica fechnolofy
ATTN: R. All en Terra Tek, Inc.
ATTNi R. Bjork ATTN: Library
ATTN: G. Kant ATTN: $. ,reonATTNt A. Jones

Physics International Co.
ATTNt F. Sauer Tetra Tech, Inc.
ATTN: C. Vincent ATIN: L, Hwang
ATTN: R. Swift ATTNi Library
ATTN: E. Moore
ATTN: D Orphal Texas A I N University Systam
ATTNi L: BeMann c/o Texas A A M Research Foundation
ATTN: Technical Library ATTN: H. Coyle

University of Pittsburgh TRW Defense h Space Sys. Group
School of Engineeoin ATTN: A. Na•evsk~y

ATTN: M. Willims, Jr. ATTN: N. Lipner
ATTN: D. Jortner

Prototype Ueveloplient Associates, Inc. ATTN: P. Bhutta
TTN: T. McKinley ATTN, B. Sussholtz

ATTN: A. Feldman
f 1 D Associates ATTN: Tech. Info. C"mter

ATTN: A. Litter ATTN: J. Farrell
ATTh: P. koausch ATTNt J. Chiu
ATTN: C. Knowles ATTNt A. Soux
ATTN: W. Wri ht, Or, 2 cy ATTN: P. DeI
ATTNi H. Biroue
ATTNi J, Carpenter TRW Defense A Space Sys, Group
ATTNý J. Lewis San Bernardino Operations
ATTNi Technical Infornmtion Center ATTN: 0. Hulcher
ATTNt A. Fields ATTNi F. Pieper
ATTN: R. Port ATTNI E. Wong

R A D Associates Universal Analytics Inc.
ATTN: H. Cooper ATTNt E. Field

Rand Corp, The Eric H. Wang Civil Engineering Rich. Fac,
ATTN, A. Laupa ATTN: L. Pickle
ATINi Library ATTN: N. a•au

ATTNi C. Mow
Sci eApiTi os, I nc Weidlin.r Assoc., Consulting Engineers

science Applications, Inc, A ITN I a , cCormick

ATTN: Technical i brary ATTN: M. Baron
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Wetdlingor Assoc, Consuli~ng Engineers Westinghouse Electric Corp.
ATTqN: J. izanberg ATTN: F. Petkovi€ivs

Westinghouse Elect~ric Corp.
Hering Division •

ATTN: W. Volz
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