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Abstract

This papersummarizes an approadfeveloped forobtaining quantitative vulnerabilities of
buildings and their occupants exposed to falling debris, depending on (1) the fragmentigize,
and velocity, (2) the structural characteristics of the building roof and floors, and (3) the
occupancy level of each floor diie building. The penetration modeadeveloped provides an
example of the complexity that component lethatitydels must have to include the propagation
of hazardous threats through the interior of a facilitye model igyeneric and can accommodate
wood, steel, and concrete structural membédfsetic energy of the impacting fragment is
assumed to be fully transferra@do the structural system, and the resultiegponse is computed
using a simplified engineering model that includes both shear and flexural failurdeagrhent's
residual velocity after passinprough each level is computedsing conservation oénergy
methods to allow sequential treatmentatiffloors in abuilding. The hazardarearesultingfrom
fragment penetration is calculated probabilistically amagncombinedwith the floor occupancy,

is used to produce aexpectednumber of casualtiefor each impact. Sampleesults are
presented to illustrate parametric sensitivities and potential areas of application.

Overview of Lethality Models

Current interest in thesulnerability of buildings to various types of explosive- or
accident-generated environments has focused attention on lethalitgls whichcan predict
building damage and casualti&®m a given scenario. One of the areas of gredaiéfgtulty in
implementingthesemodels isthe propagation ofthe various hazards (fragments, blast, shock,
chemical, biological, or radioactive agents, heat, smoke, etc.) into the intett@fatility. As a
result, current lethality modebre generally limited tothe intial interaction atthe building’s
perimeter and are unable to propagate the hazards into various parts of the building’s interior.

These hazards require consideration as potential thredts icontext ofmissile and
space booster launch accidents, aircraft accidents, terromditgary conflict, or explosive
safety. Quantitative prediction of lethality is desirable for l#bkignand assessment purposes
and for decision makers. Givene large uncertainties ibuilding configuration, distribution of
personnel over thbuilding, and hazardevels,these predictionaremost appropriately provided
in probabilistic terms. Since this typically involves some leveMointe Carlo simulation, the
modelsembeddedvithin the assessment tool muskecutewith sufficient speed to permiarge
numbers of cases to be analyzed in a relatively short span ofFiguee 1 shows some of the
components required in tHethality model and their role iobtaining the lethality estimates
desired.
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Figure 1. Components of a lethality model.



For example, there araodelscapable ocomputingthe blast vulnerability of an exterior
wall/frame systend,but shouldthe exteriorwalls fail there is noprovision for propagating the
airblast beyond thesgalls and intothe building’s interior. Certainly, this propagation ishaghly
complex phenomenothat remains intractableeven for high-powred first principle finite
element codes, but the limitation is not overly constrainingsg asthe building being analyzed
is relativelysmall and devoid of interior partitions. However, particularly whiee building is
large and the explosive sourcesimalland close in, such a modeill predict localized failure of
the exterior wall facing the charge and survival of all other elements; what can then be concluded
about the fate of thkeuilding’s occupants? It is relatively easy to prediw extent ofailure of
the exterior wallsput what doeghis imply about occupantasualties? It is likelythat the
occupants in the distant portions of the building are shielded fromdffasts by the cumulative
effect of theinterior walls.Even relativelyflimsy construction andbuilding contents (e.g., metal
studs with drywall, office furnituregan act toabsorb fragment loadend attenuatélast loads,
particularly ifthere aremany partitions anthe distance opropagation is large. Botine above
conditions apply to a typical offideuilding, and the attenuative effectgseatlyenhanced if the
interior walls areload-bearing, such aoncretemasonry or reinforcedoncrete. In many cases,
the strength ofthe exterior wall may well beufficient to absorlthe blast and fragment effects
without any further propagation, even though the wall itself may collapse.

Figure 2 shows aypothetical scenario with small charge close to ongde of a large
building with interior masonry walls. Thexteriorwalls fail oppositethe charge but theglso
reduce the peak pressures by a significant margin. The next set of masonry walls will also fail and
reduce the pressures even furth€hus, the corridor areaswill remain vulnerable but the
cubicles in the NW and NE corners would be protected since the magaligywould beable to
survive the reducedoading. Similarly, whilethe masonry wall onthe west side othe SE
guadrant (facing the corridor) would fail, the pressure level within the first row of cubicles would
be low enoughthat the partitionwvalls would beable to contain thélast, andhe second and
third rows of cubicles would survive. By comparison, analysiag models limited t@xterior
elements would be unable to make quantitative conclusions regarding casualties for occupants.

The portion ofthe flowchart inFigure 1that has heretofore beemegected is the
“computation of residual hazard” due to its inherent complexity. However, without stemept
at defining this propagation, modedse limited to relying on usinghe response of exterior
elements to provide any quantitative results foritierior of abuilding. The modepresented in
this paper takes amitial step at quantifyinghe interaction between environment and structure
for a particular class of problémdebrisfalling onto a conventionabuilding and penetrating
throughthe roof andloor structure&l and includes a@impleyet physically logicalapproach for
obtaining the residual environméhin this case, the residual velocity of the fragment as it passes
through successive floors. The genexaproach, howevewould bethe same if theproblem of
interest was airblast, thermal, shock, or any other hazard to personnel or equipment.

! A prime example is the FACEDAP code (Facility and Component Explosive Damage Assessment Program)
developed by the Southwest Research Institute for the U.S. Army Corps of Engineers, Omaha District, CEMRO-ED-
ST.
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Figure 2. Hypothetical scenario illustrating effect of interior partitions on blast
propagation and personnel survival.

Taken together, a number of suotodelscan, in theory, beassembled to provide a
comprehensive lethality assessment tool usablpréividing quantitative hazardatafor use by
decision makers, planners apdlicy makers,designingnew facilities,and evaluating retrofit
concepts forexisting facilities. Thestructure of thedebris penetratiomodel described in this
paper provides an example lmbw such modelsan beassembled from individual components,
each of which can be easily enhanced if better models become available.

Scope of Penetration Model

The context for the penetratiomodel discussed herein tisat of risk assessments for
missile and space booster vehicle launch accidents. As a result of previous analytical and
empirical studie$, data isavailable definingthe number, size,and velocity of fragments
generated by a particular launch failure scenalong with the probability of that scenario
occurring. Because¢he space vehicle’s mass, configuratiamd environment is constantly
changing(because of fuebeing burned, stagebeing jettisonedand changes in altitude and

2 One of numerous examples is “LARA Vehicle Specific Data Bases, FY95 Revision”, J. Baeker and M. Herndon,
ACTA Inc., September 1995 (Technical Report No. 95-314/72-02).



velocity), the distribution of fragments is highly dependent on the time after liftoff théiline
occurs.Also, depending omhe prevailingweather patternévind velocitiesand directions), the
footprint of the debris on thgroundwill be highly variable. However, if th@npact distributions
for the various categories of fragmentan be predicted, therobability of a given fragment
impacting a given buildingan be computed’he above computatiorege performedvithin the
LARA progrant whose scope covers a broader range of hazards tlemelymfragment
penetration. The penetrationodel (named HACK for Hazardréa mputational kernel) is
then called upon to estimatiee probabilistic hazarérea on eacfioor of the building where
casualties would be incurred by personnel locatitin the area. Whenombined withdata on
the population density okéachfloor, the totalnumber of casualtiesan be estimated fdhat
particular fragment impactinthat particular building. Th@rocess (illustrated ifrigure 3) is
repeated forll combinations of fragmentsnd buildings. When combinedvith the population
densities, probabilities of impaand of that particular laundailure scenario, ancepeated for
all possible failurescenarios, therobabilisticexpectedhumber of casualties for given launch
event is computed.

- >

e BUILDING Sample Haze}rd Area Table
DATABASE (areas in sq. ft.)
Building 1 Building 2 ...
R Fragment Floor 1 Floor 2 Floor 1 ...
FRAGMENT GROUP Group
DATABASE
\T/ 1 45 8.4 3.2
2 8.0 0.5 0.0
Compute Probabilistic 3 235 32 9.9
Hazard Areas M M M M
|
Loop Over Fragment Groups
|
Loop Over Buildings
|
Probabilistic Hazard
Area Table

Figure 3. Overview of model utilization.

The objective othe HACK lethality model is thushe calculation of the hazaatea for
each floor of the building. The required inputs are as follows:

For the fragment: « Mass

% Documented in “Launch Risk Analysis Program: Mathematical Methodology and Functional Flow Diagrams”,
Revision V, NTS Engineering, Long Beach, CA, September 1986 (Technical Report No. 86-3148-03). Periodic
updates are provided in other documents such as “Debris Risk Analysis: Model Developments, FY95 Activities”,
ACTA Inc., Torrance, CA, September 1995 (Report No.k 95-314/71-01).



* Velocity at impact
* Projected area (treated probabilistically, hence a range is actually input)

For the building: » Dimensions (overall length/width, member spacings, etc.)
* Member properties (e.g., beam section properties, etc.)
* Number of stories

The primaryoutput consists of ainglenumber,the hazardarea in square feefipr eachstory in
the building for a given fragment impact. Thentire model has beemplemented into a
FORTRAN module which can run as a stand-alone progrdmatchmode or as a module within
a larger program.

A few features of thenodel meritfurther comment. Givethe variety ofbuilding and
fragment types, it was necessdhat the idealizations of both Heept relatively generic to
accommodate this variety. The individual components of the lethality model (e.g., beam response
computation, residual velocity computatiogtc.) arehighly modularized,both in thelogic
utilized as well as inthe coding, to facilitate potentiguture enhancement at a later daiiéh
additional or more sophisticated modules. Finally, gitlemlarge numbers obuildings which
needed to be analyzedwas importanthat the level of input required to definebailding be
limited to afew values easily obtainable from typically available structural drawiBigslarly,
the large number of fragment®mandatedimiting input values forthe fragment tothe basic
guantities of mass, area, and velocity.

Model Idealizations and Simplifications

In order to enable thenodel to execute inrelatively rapid fashion and satisfy the
constraints described above, a numbddedlizationsand simplificationswere required to keep
the scope of th@roblem manageabld&his was especiallytrue in light ofthe wide range of
building and fragment typethat HACK was required to handl&/herever the actual structural
response had to b@mplified, conservative assumptions were matiet is, the simplification
maximizedhe resulting hazar@rea.The list below enumerates tipeimary idealizations made,
separating them into the two chief elements treated, the building and the fragment.

Building Idealization (please refer to Figure 4)

» The building footprint is rectangular and constant owdlr floors. [Non-rectangular
buildings can be treated bylividing them into rectangular piecebuildings which
have different footprints at different levels could be treated similarly.]

* The framing inthe roof/floorconsists othree sets of members: girders (large beams
spanningoetweencolumns or exteriowalls), joists (smaller beams spanningtween
girders), and plate(two-dimensional sheathing such as corrugated steel decking,
concrete slabs, plywood, etc.).

» Alljoists and girders are evenly spaced throughout the roof/floor area.

» The roof is flat and horizontal, sbat thefragment’s vertical velocity componewill
be used in the analysis.



» Separate properties aadlowed forthe roof and thdloors, but all floors must be
identical (same members, spacings;.). [Inclusion ofvarying floor definitions is
easily implementedut complicateghe input and is notikely to occur much in
typical construction.]

* Penetration is controlled by the horizontal framing members (girders, j&ts) and
not by any vertical load-bearing members (columns, bearalig). [The model could
incorporate a separate setrbdules to permit analyticaleatment of vertical load-
bearing members; however, this would greatly incrélaseomplexity ofthe model
and lay beyond the scope of the current effort.]

» Structural membersave a binarglamage state: failed or not failed.thie latter, the
hazardarea iszero andthe fragment does nopenetrate to the nextoor; if the
former, there is a non-zero hazard area and the fragment will reach tHeoentth
some residual velocity. No intermediate damsigeges (e.g., moderate damage where
the fragment does nopenetrate but causesifficient damage tdhe menber to
generate some secondary debris, such as concrete spallation) are considered.

Fragment Idealization

 The fragment is inert, i.e., non-explosive, ah@ only energy it imparts to the
building is its kinetic energy.

» The fragment isigid and non-deformable; thus, upon impact, all okitsetic energy
is transferred intohe structural element and nogees into deforminghe fragment.
[In reality, the amount of interaction betweéragment andouilding will vary as a
function of their relative stiffnesses atite detaileddistribution of mass&ind stiffness
within the fragment, details which are currently not included in the fragment database.
Fragment deformation could prove to beignificant energy absorbing mechanism;
however, the current assumption is conservative and believed reasonable.]

» A corollary ofthe above is that thieagment doesn’t changgze or mass as ftasses
through successive floors. [In reality, some attrition of its malisely to occur and
can be incorporated insaampleway by putting in dactor of some kindjthe current
assumption is conservative, at least with regard to the mass.]

» The fragment impactrea Aqag IS treated probabilistically by using a uniform
distribution from itsminimum to its maximunvalues; thisaccounts for thevarying
projected area presented by a rotating body, as shown in Figure 5.

 The loadedareaupon impact is a square of sid®,, = /A, - [The actualarea

could vary widelyboth in shape awsell as inaspect ratio, buanythingother than a
square would vastly increase the model’s complexity.]

» The probability of fragment impact is uniform over the entire footpritthebuilding.
This is reasonable given the wide area covered by the debris impact distribution.
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Figure 5. Idealized fragment areas and impact areas.

Model Logical Structure

The structure othe HACK lethality model consists of a number éstedloops, each
covering one othe primary parameterbeingtreated, as illustrated in Figure 6. Thetermost
loop addresses thariability in the fragmentarea and, therefore, tls&ze ofthe square loaded
area; a total of ®qually spacedamplesare used over theange from Avag)min 10 (Arrag)max tO
provide variation without excessive computational effort. Nexte@whfragment,the building
stories are treated sequentially from top to bottom.

At this point, a given fragment (with knowproperties) is impacting given roof/floor
structure (with known properties). However, we muatcount for thevariability of impact
location: the fragment could land directly on top of girder, over ajoist, or onthe plate;
furthermore, thdikelihood of itspenetration depends greatly on which of those membaéits.it
The probability of impactingny given membewill depend on the mdmer dimensionaind the
size ofthe fragment: larger fragmentsill neverhit the platesince they're todoig to fit between
joists (i.e.,they cannot penetrate the platghout failing the joists, thereforeonly joist failure
need be considered), aamhilarly the number of joists or girders being kiépends on fragment
size. Consequently, four cases were defined depending on the relative dimensions of the fragment
and roof/floor structure. Farach one, theossible impact conditions (IC’'syere definedgach
corresponding to the type and number of structural members with which the fragment interacts:



>< Loop over fragment areas >

>< Loop over stories >

—>< Loop over fragment velocities >

4><L00p over impact conditions >

* Probability of occurrence
* Hazard area
* Residual velocity

Compute:

y

Combine results for each story

Figure 6. Overall structure of model.

1. Smallfragmentthat fits betweenjoists; in thiscase, there are E’'s: (a) plate,
(b) joist, or (c) girder.

2. Medium fragment largethan the joist spacinhence can'thit the plate alone) but
smallerthan thegirder spacinghere, there aralso 3 IC’s:(a) N; joists', (b) N-1
joists, (c) one girder.

3. Large fragment, largehan thejoist span but able to fibetweencolumns;here there
are only 2 IC’s: (aNg girders$, (b) Ng-1 girders.

4. Very large fragmerthat is unable tdit between columns; for thisase, there isnly
one IC.

To illustrate the combinations available, Figure 7 shows the areas assuadiatedch IC
for case 1, the case corresponding to a sergll fragment. Conceptually, dbe fragmentsize is

“ Note thatN;, is the maximum number of joists impacted and is computed as a function of the fragment size and the
joist spacing. SimilarlylNg is the number of girders impacted.



reduced to ginpoint, the areafor IC=2 (joist impact)reduces to the area of tlasts alone;
conversely, as th&agmentsize approaches thgist spacing,the area associateslith plate

impact (IC=1) nearly disappearSince all thebuilding dimensiongnd spacings ar&nown, the

sketch is used to compute the total area associated with each IC which, when divided by the total
floor area,givesthe probability ofthat particular 1Goccurring.Similar figurescan be drawn for

the other cases.
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Figure 7. Impact conditions for case 1: small fragment.

Sinceeach ICresults inthe fragment interacting with different structural members (with
different resistance to impact loads)follows that the residual velocity dahe fragmentwill be



different foreachlC. Consequently, when thanalysis progresses frothe roof to the topmost
floor, the number of velocities is increased from 1 t@if2the roof had 2 1C’s)Similarly, if the
topmost floor has 3 1IC’'she number of possible velocities impactitige secondopmost floor is
2x3=6. This cascading propagation of impact velocities is illustrated in Figure 8)einvorst
case, if there are I€’s per floor(the maximum possiblethe analysis of the bottom floor of an
N-story building would involve 8V velocities. This exponential relationship results in lengthy
run times for any buildings with mothan a few stories, but is unavoidable if frepagation of
the hazard (in this case, the fragment velocity) is to be represented in a systematic fashion.

AN Level #of IC’s # of vel's
1 2 1
A A
2 3 2
3 3 6
MAMAMA - A AL AAA
4 3 18
M .
N (NIC), il;llj(NIC)i

Note: (NIC), = number of inpact corlitions for N" level

Figure 8. Cascading increase in number of impact velocities at each level.

We now return to théow chart inFigure 6;for a given fragmenarea and @ivenstory,
the nextloop (third from the top) is over thiadividual impact velocities possible. Feach
velocity, the final loop is over the number of impact conditions possibleesd@icombination of
these parameters, then, thmodel must computéhree values: (a) the probability of that I1C
occurring, (b) the hazardrea associatedith that IC, and (c) theesidual velocity of the
fragment if it succeeds in penetrating the member. While (a) is easily computethé&bmilding
parameters and fragmesize,(b) and (c) constitute the heart of teduleand are defined in
greater detail below.

The final computation of hazard area includes a number of probability terms, as shown in
the equation below:

0
HAG (M, N) =Z§F’(D Prait (1) BZ HA(i)EP(J')ERan(J)%
i ]



Here, HAw is the total hazardreafor the M" fragmentarea(ranging from 1 to 5and the N
level of the building. Theinner bracket encloses sum (over all the impact conditionsbeing
analyzed) of the product of (1) thmobability P of that IC, (2) theprobability Psy; that the
member failed, and (3) the hazadkaHA associated with failure dhat member. The sum in
the inner brackets then represetiie hazarcarea at thatevel if the fragment penetrated far
enough to reach the level in questi@onsequently, a second term must be appleggtesented
by the product in the outsum incurly braces, which accounts fibre probability that fragment
reached thdevel being analyzed. Thutje outersum istaken overall the impact velocities at
that level, each of which has a probabiRtyof occurring and a probabiliy’s; of having failed.

Member response

Sincethe model coverghree differentbuilding materials (steelconcrete, wood), two
types of members (plates and joists/girders), and two response modes (shesardarg), a total
of 12 individual response mode&e neededThe types ofmodels currently utilized are
summarizetin Table 1. Bending response is calculaisihg a singlelegree of freedortSDOF)
approach which is computationally efficieydt represents the damant physical characteristics
of thesystem. The basiSDOFmodel (illustrated in Figure 9) requires definition ofeav easily
obtained parameters (mass, elastic stiffness, yield resistance, loafflat@gsvhich in turn can
be computed fronthe model input. ANSDOFmodel was also used to obtdire shear response
of concrete and ste@ist/girders,but the shear calculatiomas terminated ahe time of hinge
formation observed irthe bending calculation, sincence the beam haplasticized the
mechanism for shear transfer to the supports is no longer vialalkk chses where SDOFRgere
used, the peak deflectiomas computed and compared to well-established criteria for failure
(typically defined as a percentage of the span) to determine whether or not the element failed.

Table 1. Overview of response models utilized.

Bending Shear
(all materials)| Steel Concrete Wood
Joist/Girder| SDOF SDOF SDOF Shear energy comparisom
Plate SDOF (1-way) Empirical model Shear energy comparison  Shear energy comgarison

Since the actual time history of load during impact is a functidghefragment’s detailed
configuration and beyonthe scope of the curremiodel,the model (conservatively) assumes
that the fragment momentum is completely imparteth® structural elementhus, the initial
velocity ofthe lumped mass ithe SDOFmodelcan beeasily estimatednd applied as anitial
condition to the calculation.

5 Considerably more detail regarding the response models (equations and procedures used to obtain the
various parameters needed, references for key equations, intricacies of logic utilized, failure criteria,
etc.) can be found in the HACK documentation, “Hazard Area Computational Kernel: A Model for
Predicting Fragment Penetration into Buildings”, D. Bogosian, Karagozian & Case, Glendale, CA, July
1996 (Technical Report No. TR-96-29).
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Figure 9. SDOF model parameters.

As generic athe SDOFmodel is, someesponse modes wermt amenable to such a
representation and alternative response prediction methods were implementsitedfimg of
steel plate, aempirically basedmodel (consisting of a closed-forequation whichgives the
velocity required topenetrate agiven thickness of steel for given set of fragment
characteristics) was utilized. For shearing of wood joists/gia®isconcrete awvood plates, the
total internal energy required to fail the structural material in shear (essentiadiyethender the
stress-strain curve) was computed and compared to the fragment’s kinetic energy; if the fragment
energy exceeded the required shear energy, punch-through was assumed to occur.

Since actual material properties (strength, modulus of elasticity) afikeiptto be easily
obtained, especially when analysis of thousands of facilities is envisithreethodel assumes
typical material properties (e.g., @ncretecompressive strength of 4,00&ipwood shear
strength of 100 psi, etc.) in defining the needed SDOF and shear energy parameters.

One problem withusing the SDOF model to do bending calculationstlgat the system
characteristics (stiffness, yield resistaneeg highly dependent on thécation of impact; in
terms ofthe outcomejmpact neamidspan may result in failure while impastar the support
may not. Hence, a set of 5 actual analyses were carried ogadbbeam to represent the
distribution of possible impact points acrdege span (ashown in FigurelQ), and the actual
probability of failure was computed based on the number of points at which failure occurred. For
example, if failure occurred #te twopointsnearesimidspanbut nowhere elsehe probability
of failure was 0.4 forthat case, andvas factoredinto the hazardarea computation. The
distribution of load was assumed to be uniform and equal to the fragmentDyigith,

There remains to be computed the residual velocity of the fragment after it passes through
the structuramember. In general, this wa®neusingconservation of energy methods with the
assumptiorthat theresidual kinetic energy is equal tbe original kinetic energy minus the
energy absorbed ke structureThus, for SDOFModels,the internal energy absorbed by the
failed structural member can be estimated fromattea under thiad-deflection curve, and the
residual velocity computed as follows:
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whereVr is theresidual velocity andhe SDOF parameters are those definedFigure 9. A
similar approach was used ftine empiricaland shear energyodels; sincéhese computed the
fragment velocity required for penetrativpe, the above equation was modified as follows:

- 2 2
Vi = A\ Vfrag - Vpen

Failure and Hazard Areas

If a structural member does faiyhat portion ofthe roof orfloor fails with it? To
determine théailure area of theoof/floor structure, it is necessary distinguishbetween plate
and joist/girder failure and between shear and flexure failure modiée failure areas
implemented in HACKare sketched ifigure1l. For shear punch-through tbie plate, it was
assumedhat thefailure occurred nearlglongthe perimeter of thGagment, sdhat the portion
of roof structure that cangown was equal tthe fragmentarea. However, if the platailed in
bending, a strip of plate equal in widthttee fragment widthand havingthe length ofthe joist
spacing was assumed to fail. For joiatsd girders, failure(whether in flexure or shear) was
assumed to cause failure of all framing elements supported by that member. Hence, if a joist fails,
the plate on eithesidewill also fail asfar as the next adjacejtist; if a girder fails, all joists
framing into that girder will also fail, as well as the plate framing into those joists.
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Figure 11. Definition of failure areas.

But what happens to all this debris as it comes down fhemoof to theloor? Certainly
some dispersion of the debris will occur due to the non-uniformity of the respontecamergy
of theimpact, so that the actual hazangka is likely to be significantlgreater than théailure
area. To account fothis effect, a factorFy4am was introduced which, when applied ¢ach
dimension ofthe failure area, produced the hazaadea on the nexioor level, as shown in
Figure 12; the actual factor on the areathisis (Riam)?. The values of & used were varied
depending on the type of failure: for shear failures a value of 1.5 was used while 2.0 was used for
bending. Thisaccounts for thdact thatbending failuresare theresult of hinge formation and
significant rotations ofhe structuramembers, sthat the spread of secondaitgbris is likely to
be greater than for a relatively “clean” shear failure.
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Figure 12. FactorFg4amto account for debris dispersion.

Sample Results

To verify the functionality of HACK and to examin¢ghe parametricsensitivity of its
results, a series of sample problewere analyzed. One set used a typical dtagédling, 180 by
120feet insize, withsteel girdersandjoists and ribbed rooflecking as shown in Figuiks; for
simplicity, it was assumed that the building only had a single stosymna&l fragmentweighing 42
pounds and with an area varying between 50 and 100 square inches washseaatyses, the
impact velocity being varied as an independent parameter against which theaneaeodld be
assessed.

A summary ofthe hazardareafor this building/fragment combination as a function of
impact velocity is presented Figurel4. Sincehe intent of the exerciseas to evaluate the
model’'s responsehe velocity was increased beyond realidimaits for falling debris. The curve
clearly demarcates the various regimes of plate, joist, and girder failwel @s thedistinctions
between shear and bending failure, with the associated variations in hazard area.
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Figure 14. Hazard area as a function of fragment velocity for a typical steel building.



Initially, for very low velocities,the hazarcarea is O; as theelocity reaches 280 in/sec,
plate bendingfailure begins tdhappenwith increasing probabilityhence the gradual increase in
hazard area. However, as thalocity tops 400 in/sec, plasghearfailure begins tchappen for
the smaller fragmenéreas; as theelocity reaches 600, shear failurew happens foall areas.
The reduction in hazardrea isconsistent with thessumed failure areahiown in Figure 11:
plate shear failure only creates a failure area equal trabmentarea(quite small in thiscase),
while bending failure caes failure of an entire strigpanningbetweenjoists. An additional
factor is thediffering value of Eqan)? which is 2.25 for shear and 4.0 foending.Between 600
and 1800 in/sec, there is no chasgeethe plateconsistently fails irshearwhile the joists and
girders remain unharmed. Howevéeyond 1800oist bending failures begin toccur with
increasing probability until, at 600€here isjoist failure in all cases. Sindhe failure area for
joists is significantly greater thahat for plate, the hazamatea at theseelocities is also greater.
Beyond 6000 in/sec, girders begin to fail in bending, though the probability of such faguess
exceeds 0.8 (i.e., impact nghe support never caustslure). It is interesting tmote that even
thoughthe failure area associatedlith girders isvery large,the probability of impacting a girder
is very small (compared to th@robability of impactinghe platewhich occupies a much larger
area). Consequently, the effect on hazmeh ofgirder failures is relativelyninimal. Finally, at
very high velocities (from 30,000 to 40,000), some jsietarfailures begin taccur, which (due
to the variability ofFq4a) results in a slight decrease in the hazard area. This is consistent with our
intuition, since we would expect vehigh-velocity fragments to shear through wherslasver
ones would be more likely to excite bending modes.

To evaluate the functionality of the code for a multi-stouiding, a 6-storybuilding was
definedusingthe roof structure ifrigure 13for all the floors as well; a different fragment was
used in these analyses, ameighing760 pounds antlaving anareavarying from 1000 to 4464
square inches. The results, showrFigure 15, are consistenwith our expectations. For low
velocities, the fragment penetratethe roof and causes hazard areas on thdlaops, but the
gradual decay ofvelocity preventsthe lower floors from beingaffected. Gradually, as the
velocity is increased to 700 in/sesignificant levels of hazardrea are observed even on the
lowermost floor, indicatinghat in someof the scenarios analyzed, tfragment was able to
penetrateall the way to the bottomThe reversal in hazardrea as dunction of velocity
observed inFigure 14 isseen here awell: for the topfloor, going from 700 to 1000 in/sec
reduces the hazard areapughthe magnitude of the decreasenmich lesghan it was for the
smaller fragment used earli@is too is consistenvith expectations, sinctine larger fragment
will produce alarger failureareaduring plate punch-through, and the contrast between plate
shear andbending failuresvill not be as drastic. Returning Eagure 15, as thevelocity is raised
to sufficiently high levels, failure occurs foall elements andhe attenuation of velocity is too
slight to make any difference; hence, the hazard area is constant over &l floors

6 Similar verification problems were devised in which the concrete and wood options were exercised; in
all cases, the observed behavior was consistent with the idealizations implicit in the model and was
generically similar to the steel building results shown above.
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Figure 15. Hazard areas for typical multi-story steel building.
Conclusions

In summary, a simpleyet rational model hasbeen developedvhich permits the
development of quantitative hazard assessments for generic fragi@éngs upon generic
conventionabuildings. User inputsire limited to thebasic quantities available to analysts and
engineers, anthe output reflects therobabilities associated with impact upeach type of
structural member and failure tiat member. The modular construction tbe model permits
components to be easily inserted as rnest databecomes available and/or new analytical
methods are developed.

This approach provides an example l@dw hazards such as fragment impeah be
propagatedwithin a structurewith regard to basic physioget without undue computational
effort. A similar approach could profitably be applied to the propagation of other hazards such as
blast and contaminants to allow risk assessmentsuitdings which includethe effects of
building contents.

Acknowledgment

The authors wish t@acknowledgethe 30thSpaceWing Flight Safety Analysis Office
(SEY), Air Force Space Command, VandenbangForce Command, under whose sponsorship
the above model was developed.



	Abstract
	Overview of Lethality Models
	Figure 1. Components of a lethality model.
	Figure 2. Hypothetical scenario illustrating effect of interior partitions on blast propagation and personnel survival.
	Scope of Penetration Model
	Figure 3. Overview of model utilization.
	Model Idealizations and Simplifications
	Figure 4. Idealization of building elements and dimensions.
	Figure 5. Idealized fragment areas and impact areas.
	Model Logical Structure
	Figure 6. Overall structure of model.
	Figure 7. Impact conditions for case 1: small fragment.
	Figure 8. Cascading increase in number of impact velocities at each level.
	Member response
	Table 1. Overview of response models utilized.
	Figure 9. SDOF model parameters.
	Figure 10. Distribution of loading center points across beam span.
	Failure and Hazard Areas
	Figure 11. Definition of failure areas.
	Figure 12. Factor Fdam to account for debris dispersion.
	Sample Results
	Figure 13. Steel building used for verification analyses.
	Figure 14. Hazard area as a function of fragment velocity for a typical steel building.
	Figure 15. Hazard areas for typical multi-story steel building.
	Conclusions
	Acknowledgment

