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Abstract

The presentation belongs to the effort to get a PC based program to predict the debris throw in
case of an accidentaxplosion in aboveground ammunition storage hou§smcrete
structures will be overloaded by internal detonation. Overloading results in catastrophic failure
and debris throwDepending on théoading densityand the charge arrangement 3 different
fragmentation processes arise:

» Local composite shoakverloadingcauses a spall crater, scabbing and penetration

» Areal blastimpulsiveverloadingcauses shear and punching failure

» Volumetric gaspressuverloadingblows the structure up and causes bending failure

Any of the processeresults in debris throw. The maaad shape of debris agll as the
launch velocity and launcéingleswill be different. The available DISPREfatabase isalid

for gaspressure overloading laading density Q\& 1 kg/nt. It must be extended to cover
composite shock overloading situations at loading densities>@/\g/nt. Experiments were

done in the DPMrogram (Debris Bgram Meppen, 1995yvith unreinforcedconcreteslabs

to demonstrate overloading mechanismeszideofilm on the DPM program ispart of the
presentation.
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1. Introduction

The presentation belongs to tktz Club’seffort to get a PC basqafogram to predict the
debris throw incase of an accidentakplosion in aboveground ammunition storage houses.
The available program DISPRE2 works for charge mass up to Q = 5000daglioig density

up to Q/V = 1 kg/m in earthcovered, hardeneitcaaft shelters(HAS). It wasthe goal to
develop a debris prediction methodology also for ammunition storage h&eseshundred
tons of different type ofnunition can be storedTypical loading densitieare Q/V = gg/m®

to 75 kg/n.

» The point thawill be discussed ishat extrapolatinghe available DISPRE2 empirical data
base to high loading situationsnist possible. The DISPRE2atabasenust beextended to
cover specific differences between low loadiagd high loadingsituations. Only few
empirical data isavailable. The DPM experiments were planned to do one step to an
acceptable database.

The fragmentation oftoncrete structuresvill be discussed in terms ofoverloading”.
Overloading results inatastrophic failur@and debris throw. The internldading was sdigh
that a componeribses its material integritgnd/or the structurkwses its structural integrity.
Additionally the debris was accelerated and kinetic energy is availathynon debris. Only a
fraction of the total available energy was taken to break the structure.

Three different mechanismean destroy a structure iaternal detonationcomposite shock
overloading, blastimpulse overloading and gaspressure overloadingany case aritical
amount of momentum must be transferred to the structural component within a critical time in
order to produce a certain failure mode. The fragmentation from composite shock overloading
runs on a timescale of about 1/1000 tbe gaspressure overloading. Nevertheless
gaspressure overloading is a rapid event!

» Local composite shock overloadingccurs at contact or near contact detonation. It causes
a spall crater, scabbing and penetration. A hole was produced and delslswvasut by
an escaping gas flow. The average debris mass is expected to be small.

» Areal blastimpulse overloadingccurs if a whole component wascelerated to aritical
velocity so fast that stress concentration atntloeintings cases shear or punching failure.
Typically a component was torn off in one large piece of debris.

» Volumetricgaspressure overloadinigiows the structure up like a balloon. Different modes
of failure may happen at gaspressure overloading: "Zippering" due to weak spot or corners,
rupture into large sectors like a pressure tank or fragmentation.

The DPM tests were planned to demonstthtg the failure mode changes with increasing
loading density and decreasing scaled distafioen gaspressure to composite shock
overloading. For loading densitiy QA/1 kg/n? in hardened aircraft sheltetse governing
process of fragmentation was gaspressure overloading. The emgatiadbasdéor DISPRE2
was taken from HAS experiments. Composite shock overloadihg governing mechanisme



at loading density Q/\* 8 kg/n? in ammunition storage houses. The availabi¢éa base is
rathersmall.

2. Critical Impulse in a Critical Time

A key aspect in the study of detonations is the criterion used aslex for their damage
potential. The conventional peak overpressure criterion is deficient in that it predistsrtbe
damage capabilty for both, very short disturbances and for sustagigoressures, provided
only that the peak valuesre thesame. Generallyhe damage inflicted by detonative shock
and blast to a target is the result ofiapulsive loadthat exceeds the resistance ohaterial
or a construction. Thenpulse criterion alone is deficient ithat it considers aslamaging
small overpressures that are applied over a long period and are actually undamaging.

To overcome thesdifficulties a criterion was suggested in terms ohpulse deliverable
within a critical time, thécritical impulse in a critical time'(Ref. 1; 2). For each targebme

critical impulse exists above which it is damaged if such impulse was reedihéd a critical

time. Below which, there is no effect.

The identification othe critical time within which an impulse must beceived by a target in

order to havedamage inflicted is essentially empirical. Howeubere areavailable some
guidelines. The critical time must be short compared to the reaction time, otherwise it is not an
impulsive loading situation. Sometimes it is possiblegsbmate the reactiomme from basic
engineering data.

The criterion also carries withintlhe important consideratiothat a minimunoverpressure is
required to inflict damage tog@ivenstructure.This minimum being2-times)the ratio of the
critical impulse tothe critical time. Foreach targesome criticalpeak overpressurexists

above which it is damaged, below which, there is no effect.

The critical impulsethe critical time and the critical peak overpressuaee very much
different for gaspressure-hlastimpulsive and composite shocloverloading situations.
Nevertheless each of the mechanismes can destroy a structure and cause debris throw.

3. Composite Shock Overloading

» Localcomposite shock overloadingccurs at contact or near contact detonation. Both the
shocked air and the detonation products are important in the transfer of mechanical effects.
The applied shock overwhelms the material strengthtfadompositegas flow erodes the
material. The component loses locailly material intergrity. A spaltraterarises at the
frontside andscabbing atthe backside. lroverloading situationsthe composite shock
perforates the component and produces a holatgé number o$malldebris is produced
and then accelerated by the escaping gas flow.



The distance betweethe charge and theall is animportant parameter. Composite shock
fragmentation otoncretematerial happenwithin 5 charge radii for an equivalent spherical,
centrically initiated TNT sphere. In general terms composite shock overloading happens
within a scaled distance 263 m/kd".

* From the available data it is obvious that composite shock overloading wamt an
important factor at HASests. Thdoading density was Q/¥ 1 kg/nT and thedetonating
charges at scaled distance B.3 m/kd” from the walls. Contrary ithe Generic Structure
at loading density Q/\¢ 8 kg/nT up to 75 kg/m composite shock overloadingill be a
governing mechanisme.

An empiricaldatabase on the effect obmposite shock overloading ieeded in order to
extent the available DISPRE2 program to high loading situations.

Some additional remarks according to composite shock overloading:

The loading densit®/V in terms of charge maggrvolume is not the appropriate parameter
to describe composite shock overloading situations.

The composite shock causes mmpulsive loading situation: A critical impulse must be
imparted to the component in a critical time. Velocity is an important parameter. At composite
shock overloading a stress wave moves thrdbglmaterial. Associated with th&ress wave

is the relative particlerelocity v =o / (pLC). If a critical particle velocity iexceeded, it
causes decomposition tife concretanaterial. So far experimental valuase notavailable

for concrete material.

The critical time for composite shock overloading (arbitrduily reasonably) is taken as the
time the shockfront needs to rutmrough the wall thickness. At a shock velocity of
Vs = 4500 m/sand a wallthickness t = 0.45 nthe critical time t =100 us. The range of
critical time for composite shock fragmentation typically is 10 to 100 microseconds.

Preliminary calculation withSHARC of the reflected pressutame history at distance
R = 0.5 m indicatethat the scaledomposite shock duration typically is t.= 10 pus/kg1/3.
Thus the loading time is in accordance with the critical time typically 10 to 100 microseconds.

Composite shock overloading happenshi@regularreflected zoneThis was not a result of
direct observation. But it is hard to think this type of reaction in theide-on orthe Mach

reflection region. A criticapeak overpressurexistsabovewhich aconcreteslab is locally

damaged, below whicthere is no effectThe range of criticalmpinging shock strength is
some 100 MPa peak reflected overpressure.

The idealized, exponentidecayblast wave configuration does not applythe earlystages
of composite shock ithe nearzone. The discontinoyamp in pressure at the shockfront is
followed by a thin lamina of compressed and detonation products. A secondary shock in



the opposite direction discontinoustgkes the overpressuctose to zero. At a distance of 5
charge radii the pressure-time history rather looks like a rectangel.

Detonative shocks consist of two components: The overpressure compontre gasl flow
component. The expansion thie detonation products issanificantpart of thedynamics in

the nearzone. Thepeak particle velocity exceeds 4000s. Close-inabout 50 % of the
detonation energy is kinetic energy of products and only about 10 % is overpressure energy. It
is not only the shockhatdisintegrateshe concrete material. Thget“ of compositegas flow
additionally erodes the wall material.

In contact detonationsgncreasing charge mass ieeded to perforate concretells of
increasing thickness. The shock overpressure athbege ssurface is independent of the
charge mass. More shock impulse must be transferred to the thick wall within a critical time.

If penetration occurs does not omgpend on theharge’s mass and distance, &igb on the
type of high explosive (HE), its shape and the point of initiation.

The fastest pieces of debris, that are observed in experiments are shock produced scabbing
debris from the backside or flow driven debris if the component was penetrated.

Hydrocodes may be used to calculate pressure-time histories in the composite shock regime.

4. Blastimpulse Overloading

» Areal reflectedblastimpulseoverloading of components typically causes shear failure
along fixed edges or restraints. One large piece of debris, wall or roof, is thrown away. The
component wasiccelerated so fast toaitical velocity that stress concentration at the
mountings cases shear forces that exceed itinegterial strength. No time was available to
dissipatethe energy and transform it into plastic deformati@mly a smallfraction of the
imparted energy was transformed into work done. Most of it is kinetic enerflyinof
debris.

Experimental verification of this failure mode is available frothe excellent
photodocumentation ofSwiss model tests with aboveground structureend shallow
underground structures (Ref.4, Test 3 (k@hn°), Test 4 (0.3g/m?’), Test 5 (0.7%g/m’),
Test 6 (1.5kg/m°), Test 7 (1.5g/m°) and Ref. 6 Test No.7Blastimpulse overloading was
simulated in the DPM tests with unrestraint testslabs.

Blastimpulse in thiscontext is theintegral of the pressure-time history i fp(t)dt of the
reflected primary shock measured ahe surface of a componefiom the moment of
shockfront arrival. The momentum was transferred to the structural component in a time short
compared to the first bending mode. The critical time for blastimpulse overloading typically is
0.2ms/kg” to 2 ms/kd®. For this mode of fragmentatiathe available peak overpressure
usually exceeds the critical value. Blastimpulse overloading typically happens to a component



at loading density Q/\* 0.15kg/m® and scaled distance<Zl m/kg”®. As mentioned earlier,
exact figures of critcalloading values danot only depend orloading densityand scaled
distance. Structural geometry as well as structural and material properties are important.

5. Gaspressure Overloading

» Volumetric gaspressureverloadingblows up the concrete structulike a balloon. It
causes bending of components uthié concrete breaks undmsile stress. Different
modes of failure happen: "Zipperinglue to weak spot or stress concentratadong
corners, rupture into large sectors like a pressure tank or fragmentation. When the structure
was fragmented some overpressure remains that accelerates the escaping debris.

In the process of detonati@achkilogram of solid highexplosive HE produces an additional
volume of about 0.7 Mmof hot gaseous reaction products. THee of pressurawithin
milliseconds is sloncompared to composite shock ahtastimpulse. Nevertheless fast
enough to prevent the detonation proddicisn escaping through leakuring the builtup of
gaspressure the structural strencgim be activatedlhe reactiorwill be in the bending mode
and thus similar to static overloading of components.

For damage from gaspressure overloadhmgcritical time wastaken as one-quarter of the
natural period of the first bending mode. The critical time for gaspressure overloading is in the
range 10 to 10@nilliseconds. Criticabverpressure is in the range of 1 MPa to 10 MPa. The
sizeandmass of debris stronglyepends on theall thickness, the type of reinforcement as
well as on the quality of construction materials and on the workmanship.

The magnitudend duration of thgaspressure loadimghase depends on the charge amount,

the internal volume and the vent area. The loading density Q/V, charge mass Q to the chamber
volume V ratio, was sucessfully used to empirically desctitee destruction in case of
gaspressure overloading. tliere is alarge vent area thegas loadingphase is essentially
eliminated.

Experimental verification of gaspressure overloading situations is available from the
photodocumentation ddwissmodel tests. The reinforcemegtid was blown upand some
concretedebris inthe size of the reinforcementnesh was blowrout. For aboveground
structures the critical loading density was Q/V = (k@8n® (Ref.5, Test No.1 and Test No.2).
For earthcovered structures the critical loading density was Q/V kgl (Ref.6, Test No.2

and No.3).

The structures inthe HAS, hardened aircraft shelters tests typically were overloaded and
destroyed by gaspressure. Photodocumentation &8 test is availableThe distance
between the charge and tweall or roof was large enough to avoid composite shock
overloading. The momentum that was imparted to the roof by the blastimpulse was not enough
to tear itoff. Nevertheless thgaspressure was strong enough to loevstructure up and to
accelerate théebris. Onlypart of the total structurahass was throwaway. The structure



collapsed and much ahe mass fell tothe ground in front ofthe structure. IIDISPRE2 the
term "total destroyedhass" was used fahe fraction of totaimassthatwas thrown away as
dangerous debris.

6. DPM Video

A seven minutevideofilm is part of the presentation. It describes the Dpfgigramthat was
done to demonstratdastimpulsiveand composite shoakverloading situations. Much of the
dynymics of the debris throw can be seen filna In order to start a systemativestigation
of fragmentation processes the only variable test parameter was the charge mass.

The Debris lPogram Meppen DPM Phasewas run in Aug/Sefd995 at theGerman testsite
Wehrtechnische Dienststell&/TD 91 in Meppen. A number of 16 experimemntsth
detonatively overloaded concrete slabs was executed.

A detonation chamber with the inner volume of V =3was the basic DPM testarrangement.
A concrete slab with the area of A = £ was placed on top dhe chamberThe idea proved

to be successfuhatvertically upwarddlying debriscan be observed better by cameras than
horizontally flying particles.

Two different versions of the basic testarrangement were us#tk ¢fosed "C" arrangement
the charges were detonated in an undergropidAll walls were made of steelplatébat
were backed by heavy concrdilcks. It wasthe idea to have a nonreacting chamber to
allow maximum gaspressure builtup.

In thefully vented"V" arrangement the testslalas put as tabletop on a wooden radesur
sides were open to avoid gaspressure builtup. ltthaglea tdind out if in composite shock
overloading situations the venting does have an effect on the fragmentation.

All testslabs were identical 1 m1Cm [J0.1 m, made of unreinforced concrdiee slabsvere
dyed in 3 zones in different colours (rgellow, green) to allow identification afollected
debris.

SemisphericalNitropenta charges were used falt experiments, thecharge’s center at
R = 0.5 m belowthe slab center.The ignition was inthe charge’scenter.The chargemass
varied from Q =1 kg to Q = 27 kg.

The tests were done onlageconcreteplatformthatwas cleanedfter each testThe debris
in each of thecollection fields could easily be collected. It waxgpected thatnost of the
original mass impacthe platform nearground zero tdiave ahigh recovery rateUsually in

fieldtests only a smaflercentage of the destroysthsscan be collected. Wwas a problem in
Meppen thamostlythewind blew at a velocity up to v =10 m/s. It wast possible to wait
for calm wind. The windchad a strongffect on thefinal debris distribution. Fronlaunch to



impact the debris flew up to 40 seconds. In some of the tests all of the debris was blown out of
the platform, more than 100 m away from ground zero in the bushes.

The second problem wittie debris collection waghe tertiaryfragmentation in thenoment
the flying debris impactedhe ground. A single slab in flighbroke into 4 parts when fell
down from 5 meter hight. Many pieces of debriflight were disintegrated to aggregate and
cement in the moment of impact.

Successful wathe High SpeedFilm at 500 frames per second ahkiigh Speed Video at 200
frames per second. The film speed was appropriate to shawehall effects. It wapossible
to follow singlepieces of debriglongtheir trajectories outsidéhe fireball and to determine
the launchvelocity. In some experimentie maximum heightand the totaflight time was
measured. Both helped to estimate the launch velocity.

In earlier tests only the velocity of the fastest pieces of debris were obs8laedrparticles

were covered by the fireball and detonation products. Those fastest parttbie DRM tests
were identified as "precursothat transports only a smdfiaction of the totadebris mass.
The main mass of debris wksinched at lower velocitthat could be measured the DPM

tests.

The launch velocity ighe most sensitivegparameter in DISPRE2 to determittee debris
distribution. Fromthe DPM testsadditional data on thedebris launch velocity for the
extended DISPRE2 empirical datsbase are available.

Details and results of the DPM tests will be descibed in Reference 7, which is in preparation.
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