Twenty-Seventh DOD Explosives Safety Seminar
Las Vegas, NV, 20-22 August 1996

RESPONSE OF ROBUST MUNITIONS
TO SECONDARY FRAGMENTATION

L. Javier Malvar
Naval Facilities Engineering Service Center
Port Hueneme, CA 93043

ABSTRACT

Sympathetic detonatioSD) criteria is being developed for thedesign of walls to
prevent the propagation of accidental explosions. Magaanedseingevaluated foincreasing
storagelimits without compromising explosivesafety. This can beaccomplished via the
installation of non-propagatiowalls to separateanunitionsand reduce thenaximumcredible
event. Special wallgleveloped and certified under thiggh Performance Mgazine program,
will insure mitigation ofSD. However for standard reinforced concretalls, e.g.standard
dividing walls, secondary fragments could result in SD of adjacennitions. Criteria for
prevention of sympathetic detonation between adjacesmgazines is also being studied.
Prevention of sympathetic detonation is currently feasible for robust, albeit sersitieptors
such as theMK82 bomband theM107-155mm projectile iradjacent non-standard earth-
covered magazines (with separation distances based on standard magazines).

Robust acceptor munitiongere first numerically analyzed fqoeak explosive fill
pressure and deformatidrom singleconcretefragment impact. The acceptors considered
were a M107-155 mm projectile, andviK82 bomb. The numerical analysegre carried out
using explicit, Lagrangian finite element models. To&culated response was compared to
sympathetic reactio(SR) criteria andlimited debristest data tadetermine debris mass and
velocity thresholds for SRThe numerical study considered tw@es ofsphericalconcrete
debris fragments: 4 inch and 12 inch diameter (3 andsiéspectively) at velocities from 200
to 1200 ft/s. Both test and analysis results for the thicklegd€¥-155mm projectile showed a
burn threshold of 800 ft/s for large fragments. The projectile was shown to be insensitive to the
3-Ib fragment at usual debris velocities. The thick-case MK82 bomb was shown analytically to
be about asnsensitive ashe M107-155mm projectile. With aigid backwall, the burn
threshold for the three acceptor munitions was reduced to 600 ft/s for large fragments.

Numerical analyses werthen conducted tassessthe response of three MK82
acceptors locateh-line and impacted by a concreteadwall at velocities of up to 110 ft/s.
This headwall velocity corresponds to a 500,000 Ib detonation in an adjaaegazine. These
preliminary numerical analyses indicatieat the MK82 acceptorswould be subjected to
pressures and deformations well belestablished reaction thresholds and no sympathetic
reaction would be expected.
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1. INTRODUCTION

Nonpropagatiorwalls (NPW’s), such as th&2-inch reinforcedconcrete “substantial
dividing wall”, the USAir Force BufferedStorage walland the US NavyHigh Performance
Magazine (HPM)wall, are used irexplosives facilities to mitigatéhe explosioneffects of
donor munitionsand thereby prevent sympathetic detona{®n) of acceptormunitions. The
greatestisk for SD of acceptors is thempact and penetration @kimary fragments from the
donor. Primary fragmentsan beeasily mitigated with properly designed barriers. However,
since it is impractical to desighe NPW to structurallgurvivethe donoroads,the impact of
the NPWdebris onacceptors becomes tleetical mechanism for SD. Thsecondary debris
impact creates direct shock dhe acceptor'sexplosivefill that could exceed thecritical
pressure for shock-detonation transition (SDT). In addition, the debris impact couldazgase
deformations and rupture of the acceptor that could result in sympathetic r¢&€tjonith the
possibility of deflagration-detonation transition (DDT) or unknosfimulus - detonation
transition (XDT). SR is used to identiny chemical reaction dhe acceptor explosivll,
such as burning, deflagraticamd detonation.This paperfirst presents an analytical study of
the effects of single concrete debris on selected munitions, compares the results to sastilable
data, andorovides a limited preliminary threshadympathetic reactio(SR) criteria. This SR
criteria is developed fosingle concretefragment impact ofacceptormunitions in terms of
fragment velocity andhass. A limitedstudy on the prevention of SD between adjacent earth-
covered magazines in then detailed.

2. BACKGROUND

Limited SR criteria is available for debris impact acceptor munitions. Tests
conductedwith concreterubble, gravebnd sand debris [1] indicatélat velocities of 350 ft/s
could result in SR olightly cased explosiveTests on M107-155mm projectiles indicatiet
higher thresholdarepossible forthick-case, or robusimunitions. Robust munitiorere thick-
casemunitions, sometimes defined as having a nomivall thickness of at least 1 cm and a
ratio of explosive weight to emptiaseweight lesshan 1. The M107-155mm projectile and
the MK82 bomb are considered thick-case munitions. The projectile is 155chamater (6.1
inches), 23% inches in length (withdbe shock attenuatingug), and has a NEW of 15.5 Ibs
of Composition B. The MK82 bomb &bout 5 ft.long, with a10%-inch diameter, a weight of
500 Ibs, and a NEW of 192 Ibs of H6.

Lagrangian and Eulerian finite element code¥NA3D [2] and AUTODYN [3], have
been used to predieixplosivefill peak stress and case deformation in flyer plate SR tests and
NPW tests. Good agreement of predicted deformation and SR pvegiously obtained for
M107-155mm projectiles and MK82 bombs [4, 5]. The effects of key properties, suwdsas
velocity, shape of debris, and shape of acceptor can be evaluated by these codes.

Explosives pressure sensitivity tests (suckthasUnderwateSensitivity TestUST), and
casecrushingtests [4] have been used in the HP¥bgram to establish sensitivity thresholds
for peakexplosivefill pressure and case deformation. The predieiszeptor response to



concretedebris impactan use theame peak pressure and ceseshing threshold criteria for
establishing preliminary SR thresholds versus concrete debris mass and velocity.

3. SCOPE

The critical, i.e. most sensitivacceptors of eachlass of munitions was determined
under a previougprogram [4]. It is assumethat if the most sensitiveacceptor does not
experience sympathetic detonation, then no other acceyptaition inthe classwill. Among
the robust, thick-casenunitions, the M107-155mm projectileand the MK82 bomb were
determined as critical and analyzed. These acceptors have already been tested in at least two of
a series of debris tests, flyer plate tests, and NPW tests.

For the single concretefragments, two fragment massasre used (4” diameter, 3 Ib.;
and 12” diameter, 7¥. spheres) at velocitidsetween 400 ft/s and 1200 ft/s. Sympathetic
reaction was based othe mechanical response (peakplosive fill pressure and case
deformation) criteria used in the HPpMogram. Forthe magazine headwall, two velocities
were used, 55.4 and 110.9 ft/s.

4. THRESHOLD RESPONSE CRITERIA

The Underwater Sensitivity Te@t)ST) and Modified Gap Tes{MGT) establish peak
pressure thresholds for reaction of explosives. The UST and MGT differ in the manner in which
theload is applied, inheresulting loadshape and duration, and resultingreaction threshold
pressure values. The longer duratld&T gives lowerthreshold reactiofignition) pressures,

Pust (Table 1). Thes®&ST threshold pressurdat which ignition,not detonation, occurs) have
been used in the HPMrogram to establish threshold SR desigiteria for preventingSDT.
That criteria limits calculated design pressures in the explosive fill to @7&® 3 Kbar if Rst

IS not known) [4].

Case crushing thresholds for thick-case munitions (MK82 bombs with H6 fill and M107-
155mm projectiles with Composition #l) havealsobeen determinedsingflyer plate tests
[4]. The ratio of the change in diameter to original diameter of the accApi®, is limited to
25% to prevent any explosive fill reaction (burning, deflagration, DDT Xddi@). At lessthan
25% relative deformation, case cracking and rupture is preventbithkrskin munitions. For
thin-case munitions, SR criterlzased on peak pressure amgplied loads (momentum and
energy) is in the development stage in the HPM program [6].

Response to debris impact was categorized as a function of relative deformation and
predicted explosivédill pressure. The analytical modelsveloped peak pressures exceeding
the threshold forSDT only at veryhigh velocities. The criteria used to indicdtee relative
response or reaction was based on test data and analysis and is shown in Table 2.



5. DEBRIS CHARACTERIZA TION

Typical debris characteristics (mass, size, and velocity) were researched in the literature.
Schwartz reports measuredncretedebris velocities, from tests @tandarddividing walls,
between 400 and 800 ft/s [7TURSfragment tests on NWC Standddd/iding Wall Acceptors
were conducted at velocities between 330 and 930 ft/s [1]. Independent t&&1961155mm
projectiles used velocities between 425 and 1170 ft/s [8]. The NPW velocities are
predicted to be between 200 and 450 ft/s. In order to spamrige of design velocities for
NPW’s and concrete debris, this study considered velocities between 200 and 1200 ft/s.

The URStests used standard rubble charges (Mk-1 rubble) contaafiagt 50Ib. of
concretefragments and 2. of 3/8 to 3/4-inch aggregate, for a tote¢ight of 70 to 75 Ibs
(Table 3). Theconcretefragments varied isize from 1 to 8nches [1]. In tests by Rindner et
al., rubble masses of 125 to 250 Were used [8]. In additiorsingle concreteprojectiles
(fragments) with masses between 55 and 480 Ib. were also utilized (Tables 4a and 4b).

The current fragment study limited to the effects okingleconcretefragment impacts
on the acceptors.Two large sphericalsizeswere chosen: (1) a 4-inch diametwncrete
fragment,weighingabout 3 Ibs, and (2) a 12-inch diametencretefragment,weighingabout
77 Ibs. The 12-inch, 77-lIbingle fragment has approximatethe totalmass ofthe standard
URSMKkK-1 rubble butwill yield conservative results fdreing in a singleipce. Many of the
Rindner tests (Table 4) used larger masses. However, a 12 inch diameter giecerefe is
considered large for a single piece from a NPW. The &Ab.77-Ib.singleconcretefragments
used in this studwill be conservative for mitiple debris impacts with total mass lesshan or
equal to thesinglefragment mass. Although resultstog 77 Ib. fragment impact should apply
conservatively to maniPW scenariosadditional researcBhould beconducted to determine
typical characteristics of concrete debris (e.g. n&ss,shape), and additional analystsuld
be conducted for these additional parameters, as well as for multiple fragment impact.

6. HEADWALL IMPACT

Non-standard earth-coverethgazinesre beingevaluated for increased storagmits
without compromising explosiveafety [9]. Themain concern is prevention of sympathetic
detonation betweemagazines. Thisympathetic detonation mainly dependent upon the
sensitivity ofthe acceptor munitiongnd themassand velocity ofthe secondaryragments in
the acceptors’'magazine. Secondary fragments frahe headwallsare potentially most
damaging.

Among the robust, thick-casenunitions,the M107-155mm projectileand the MK82
bomb were determined as critical [9]. Since the MK82 bomb could be easily stored beyond the
current explosive weightlimits for non-standard earth-coveradagazines,the numerical
analyses concentrate on this munition. If only this type of munition is store@xpested that
the current 250,00s limit for non-standard earth-coverathgazines could becreased to
500,000 Ibs without compromising safefhis storage weight is now allowed fapn-standard
earth-covered magazines.



The maximum secondary fragment velocity in anagazine headwallcan be
conservatively calculated bgssumingthat the headwall has no resistance. The headwall
velocities for various magazifdEW limits andwall thicknesses were derived. Th@ximum
velocity was 110.9 ft/s for a 6” thick wall, and 55.4 ft/s for a 12" thick wall [9].

For the headwall study, onlyhe critical thick-cased MK82 bomb was considered as an
acceptor. Previoustudies [5]have shownthat aligning several acceptorith their axes of
symmetry parallel tahe wall, as in a pallet, yieldgonservative results for explosiv
pressure and case deformationddionally, modeling onlythree adjacenin-line acceptors is
sufficient tocapture a typicahcceptor response. Thian beverified if successive impacts do
not increase the permanent plastic deformation of the first acceptor. It was finally aisaimed
most of the headwall kinetic energy wolldvedissipated byhetime the end of thenagazine
is reached, so no backwall was placed behind the acceptors.

In modeling thewall, it was decided to conservatively assurtltee wall intact upon
impact withthe acceptors.This wouldproduce a worst cadeading, as more impulse tlken
transferred to the acceptordfhe magazinesurveyed [9] were ovalith a main diameter
around 26 ft. It was decided toodel a 26ft. by 13 ft. rectangulawall hitting the acceptors.
The highest reinforcement of #5 bars at 6”camters (each wayach facewas used, since
more reinforcing would insure more momentum transfer to the acceptors.

7. FINITE ELEMENT ANAL YSES

The Lawrence Livermore National Laboratomgxplicit Lagrangian finite element
program DYNA3D [2] was used in the study. The concrete fragments were modeled as spheres
with an initial velocity. The material modelsed to represent concreteas developed
concurrently under sponsorship tfe Defense NucleaAgency [10,11,12]. This model
represents a complete revisiontbé existing material 1§concrete/geological material), with
significant improvements in tension, compresseand ratebehaviors. In particular, as the
fragment starts to crackhe original model wouldnstantaneously losall its strength, both in
tension and compression. timerevised model, a post-cracking strain softening model is used,
together with dracture energyocalization limiter topreclude anymesh sizedlependency, and
cracked elementsanstill carry compression. Steel reinforcement was modakdg discrete
truss elements and an elastic plastic matenadlel. Explosivefill properties were obtained
from the Navy Explosives Handbook [13].

8. DEBRIS IMPACT RESULTS

Table 5 summarizethe calculated acceptadeformations and peakxplosive fill
pressures resulting fromme impact of aconcretefragment (4-inch and 12-inch diameter) at
velocities from 400 to 1200 ft/s. Expected reactions, based on the SR criteria defined (Table 2),
are also given. Any predicted reaction in a thick eagaition could potentially transition to a



detonation. Susantests performed on thexplosives used ithesemunitionshave shownthat
Composition B is somewhat more sensitive than H6 [14].

8.1 M107-155mm Predictions

The model used fdhe thick casé1107-155mm projectile is shown in Figure 1a with a
3-Ib, 4-inch fragment. The analysis showhbdt ingeneralthe M107-155mm projectilavill not
react unless under severe conditions (Table 5). A 4-inch fragmileonly slightly deform this
acceptor and produce no reaction within the usual range of debris velocities. At 400 ft/s (Figure
1b) and 800 ft/s, the concreffrmgmentwill fracture andlow around the acceptorThis is in
agreement with test results [8].

Calculations showthat a77-lb., 12-inch fragment would possibtyack the case and
produce a burn beyond 800 f{fsigurelc). With a rigid wallbehindthe acceptorthis burn
could occur around 600 ft(&igure 1d). The threshold pressure is cegeeded at velocities
in excess of 1000 ft/s.Figures leand 1f show complete three-dimensional views of the
analyses. Figures 1g and 1h show the permanent deformations in the acceptor.

Figure 2a showshe deformationversus time history ofhe M107-155 at two central
locations due to a 12-inch fragment at 400 ft/s. The peak deformation is relainadly6.8%)
and a significanpart of it is recovere@lastically. Figure 2lndicates thecorrespondindill
pressures at 6 locations, 3 thre impact sideand 3 on the bac&ide. Figures 2and 2d report
the same information for a velocity of 1200 ft/s. The elastic recovetlisthigher velocity is
insignificantand the peak deformation is 34.1%. Pressureslatadionsare againreported,
the largest one being 3.3 Kbar.

8.2 Comparison with Rindner’s tests

Tests results by Rindner et al. on M107-155mm projectile (Compositidifl) Bire
summarized in Table 4. Table 4@ports results at ambient temperature, whereas Table 4b
shows results withthe Comp Bfill heated at 15% [15]. In most testsingle solidconcrete
projectiles, or fragments, were used. The fragments weighed from 50 to 480 Ibs each. Since the
projectile used in thaumerical simulationkad a mass of 77 Ibs, predicticea® compared to
resultsusingthe 50-lb or 55-Ib masses. These masgere projected at velocitidgsom 370 to
1170 ft/s. At ambient temperature and velocities up to 117@rftscasing deformation was
observed, with no reaction (Table 4a). At I50Qthe 155mnacceptorcouldreact at avelocity
of about 900 ft/s (Table 4b).

The numerical predictions for aingle 77-lb debris fragment indicated burning
threshold of 600 ft/s with a rigid backwall behitige acceptor (conservative case), and 800 ft/s
without a backwall (as irthe test program). Hence themodel and reaction criteria
conservatively predict the actual responsambient temperature (part thfis conservatism is
due to the different mass). Facceptors at elevated temperature (Ep@ closer prediction is
obtained.



8.3 MK82 Bomb Predictions

The finite element model fdhe thick-casevIK82 bomb is shown in Figures &nd 4.
Calculations indicated that reactiwill only occur under severe conditions. As for M&07-
155mm projectile, a 77-lb, 12-inch fragment wouldéck the case and produce a reaction at
velocities around 800 ft/s. With ragid wall behindthe acceptor (worst case conditioti)is
reaction could occur at 600 ft/s. Althoudétonation was only predicted ¢acur at 1200 ft/s,
it could take place upon case cracking duB@d or XDT transition. Figures 3and 3bshow
the bomb deformations for 12-inch fragment at velocities of 4088 1200 ft/s, respectively.
Figure 4 showshe three-dimensional model just prior tmntact, at peak deformation, and
finally emphasizeshe calculated permanebbmb deformation. Ipractice, thebomb would
have burned or exploded prior to reaching this deformation.

9. HEADWALL IMPACT RESULTS

Figure 5 showghe undeformedinite element model for impact frorthe headwall.
Figure 5b is asection throughhe plane ofsymmetry ofthe undeformednesh detailing the
explosivefill and rebar location. lall runsthe headwall thickness was set at 12”. the first
analysisthe headwall velocity was set at 55.4 ft/dsigure 6a shows the case deformation
(relative diameter change), which is lékan 1%. This is welbelow the 25% threshold. It
should be noted thatmpact with bomb 3 doesot result in an additional permanent plastic
deformation for bomb 1 (beyortie deformation due tmnpact with bomb 2). Thigdicates
that successive impacts would result only in elastic deformation. pEak explosive fill
pressure was about 0.3 Kbavell below the 4.8 Kbarthreshold (Figure 6b). Asecond
numerical analysis usirfpe same mesbut twice thevelocity (110.9 ft/s) washen completed,
yielding peak deformations of less than 2.5% and peak fill pressures of about 0.5 Kbar.

The low predicted dmage fromthe magazine headwalkat relatively low velocity) is
consistent witlthe MK82 resistance ttigh impact velocities fronsingle concretefragments,
as previously shown. These results are also consistent with previous experience with crush tests
on MK82 bombs. These tests showeat thebombs could withstanthe impulse from3,000-

Ib steel plates at velocities of up to 587 ft/s (179 m/s) thigradditional constraint of a 6,000-
Ib back plate [4]. A crusher plamnsisting of several 1” layers of stemld polyethylene
reduced theinitial contact pressures. Numerical models tiese crush testyielded
conservative predictions @he test results. It isxpected that the curreahalyseswill also
yield conservative results.

10. CONCLUSIONS

Preliminary sympathetic detonation criteria fngle concretefragment impachave
been developedumerically for two thick-casacceptors, MK82 bomband a M107-155mm
projectile. Reaction threshold predictions appeared conservative in comparison wigisutst



available for the M107-155mm projectile. The analyses predibtddhe twomunitions could
withstand velocities of at least 600 ft/s, with duoiditional restraint of agid backwall, before
any reaction took place. Thataseem to indicat¢hat even in these sevel@ading cases,
reactions would probably be the form of case rupture arfd burn for usual debrisizes and
velocities. If nobackwall is present, no sympathetic reaction of thesitions is likely for
large, 77-lb fragments at velocities below 800 ft/s.

The response of three-inline MK82 bombs to impact from a reinfoomttrete
headwall was evaluated. The acceptors were able to sustain lateral imphethaghest
velocity of 110.9 ft/s, representative of a 500,000-Ib explofimé& in an adjacent earth-
covered magazine. For the cases studied no sympathetic detonation was expected.

11. FUTURE WORK

The present analysdsave not considereddditional parameters such as different
concrete fragment shape, mechanical properties, and multiple debris fragmentsacCepéor
types should also be analyzadd additional validation testing should éenducted before a
final criteria is proposed.
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TABLE 1. IGNITION THRESHOLDS

MATERIAL UST MGT RATIO
(Kbar) (Kbar) UST/MGT
COMP B-3 (b) 5.5 17.0 0.324
60/40 CYCLOTOL (c) 4.7 14.5 0.324
H-6 (b) 6.4 18.4 0.348
LX-04-1 9.0 25.9 0.347
PBX 9404-3 6.0 18.0 0.333
PBXN-109 6.1 18.6 0.328
PENTOLITE (c) 4.7 12.1 0.388
AFX 108E 5.1
25/75 CYCLOTOL (b) 6.7
PBXC-117 5.1
PBXC-121 7.8
PBXN-103 8.9
PBXW-113 I 5.9
HBX-1 15.5 (a) 45.9 0.339 (d)
HBX-3 15.5 (a) 45.7 0.339 (d)
PBXN-110 8.8 (a) 26.0 0.339 (d)
PBXN-111 8.1 (a) 24.0 0.339 (d)
TETRYL 5.1 (a) 15.2 0.339 (d)
(a) calculated fromyt using Rst = 0.339 Bsr (c) pressed

(b) cast (d) assumed



TABLE 2. THRESHOLD DEFINITION

EXPECTED REACTION

THRESHOLD
DEFORMATION PRESSURE THICK-CASE
AD/D <0.12 P<0.75 Rst NO REACTION
0.1%2AD/D< 0.25 P<0.75 Rsr NO REACTION

0.25<AD/D

P<0.75 Rst

PROBABLE BURN

POSSIBLE EXP/DET*

0.75 Rst< P PROBABLE EXP/DET*

NO REACTION

PROBABLE BURN

PROBABLE BURN

POSSIBLE EXP/DET

THIN-CASE

* Explosion/Detonation

TABLE 3. NWC STANDARD ACCEPTOR TEST RESULTS*

TYPE

rubble
rubble
rubble
rubble
rubble
rubble
rubble

(Ibs)

35
70
70
70
70
70
70

DEBRIS WEIGHT VELOCITY

(ft/s)

220-250
300-349
350-399
400-449
450-499
500-549
700-850

STANDARD
ACCEPTOR

TESTS DET**

0

[EEN
~SoroNO
N~ AR

WITHOUT
DETONATOR

TESTS DET**

NPAOOOCTON

0

NNOITDN WO

* adapted from [1], standard acceptor without detonators
** high-order detonation as per [1]



TABLE 4a. 155 MM PROJECTILE TEST RESULTS*

DEBRIS NUMBER PROJECTILE PROJECTILE  RESULTS
TYPE OFTESTS WEIGHT  VELOCITY
(Ibs) (ft/s)

solid 3 480 350-360 slight damage
solid 2 380 425-500 no damage
solid 2 380 545-550 slight damage
solid 3 180 560 small deformation
solid 2 55 1170 casing deformatio
rubble 8 125-250 525-680 slight damage

* adapted from [8]

TABLE 4b. 155 MM PROJECTILE TEST RESULTS AT 1%0*

DEBRIS NUMBER PROJECTILE PROJECTILE  REACTION
TYPE OFTESTS WEIGHT  VELOCITY
(Ibs) (ft/s)

solid 2 50 890 HO**, no go
solid 1 50 564 initial flash
solid 1 50 370 no go
solid 3 185 500-650 no go
solid 4 375 400-550 no go
rubble 3 175 570-750 no go

* adapted from [15]
** High Order detonation, as per [15]
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TABLE 5. NUMERICAL PREDICTIONS FOR SINGLE CONCRETE DEBRIS IMPACT

ACCEPTOR
TYPE

M107-155mm
projectile
(CompB)

MK82 bomb
(H6)

FRAGMENT SIZE
AND SPEED
Analysis with
(+w) or without
backwall

4" @ 400 ft/s
4" @ 800 ft/s
12" @ 400 ft/s
12" @ 800 ft/s
12" @ 1200 ft/s
12" @ 400 ft/s + w
12" @ 600 ft/s + w
12" @ 800 ft/s + w
12" @ 1000 ft/s+ w
12" @ 1200 ft/s+ w

4" @ 400 ft/s
12" @ 400 ft/s + w
12" @ 600 ft/s + w
12" @ 800 ft/s + w
12” @ 1000 ft/s+ w
12" @ 1200 ft/s+ w

PRESSURE
Peak 0.75R)st
(Kbar) (Kbar)
0.33 4.1
0.38 4.1
0.82 4.1
1.92 4.1
3.26 4.1
0.80 4.1
1.78 4.1
2.88 4.1
3.43 4.1
4.35 4.1
0.55 4.8
1.62 4.8
2.34 4.8
3.31 4.8
4.07 4.8
4.98 4.8

FRAGMENT
MOMENTUM

MV
(Ibs-ft/s)

1200
2400
30800
61600
92400
30800
46200
61600
77000
92400

1200
30800
46200
61600
77000
92400

AD/D RELATIVE

DEFORMATION
Peak  Threshold
(%) (%)
0.30 25
1.10 25
6.80 25
23.2 25
34.1 25
10.7 25
24.1 25
35.1 25
43.2 25
50.3 25
0.60 25
11.2 25
23.7 25
35.0 25
43.8 25
50.2 25

FRAGMENT PREDICTED

KINETIC
ENERGY

(kips-ft?/s’)

240
960
6160
24640
55440
6160
13860
24640
38500
55440

240
6160
13860
24640
38500
55440

REACTION

none
none
none
possible burn
burn
none
possible burn
reaction*
reaction*
detonation

none
none
possible burn
reaction*.
reaction*
detonation

* Reaction = burn/explosion/detonation
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Figure 1a. M107-155mm discretization. Figure 1b. Effect of 4" debris at 400 ft/s.
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Figure 1c. Effect of 12” debris at 1200 ft/s Figure 1d. Back wall and 12" debris at 1200 ft/s
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Figure 1f. Effect of 12” debris at 1200 ft/s

Figure le. Effect of 4” debris at 400 ft/s
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Figure 1h. Effect of 12" debris at 1200 ft/s:
Projectile deformation

Figure 1g. Effect of 4” debris at 400 ft/s:
Projectile deformation
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Figure 2a. Relative deformatid&D/D, 12" debris at 400 ft/s on projectile.
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Figure 2b. Fill pressure, 12" debris at 400 ft/s on projectile.
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Figure 2c. Relative deformatid/D, 12" debris at 1200 ft/s on projectile.
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Figure 2d. Fill pressure, 12" debris at 1200 ft/s on projectile.
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Figure 3a. Effect of 12" debris at 400 ft/s on MK 82 bomb. Figure 3b. Effect of 12" debris at 1200 ft/s on MK82 bomb.
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(a) Undeformed shape (b) Shape at peak bomb deformation (c) Bomb deformation.

Figure 4. Effect of 12” debris on MK82 bomb.
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a) Three dimensional model
Figure 5. Headwall impact on three MK82 acceptors.

b) Undeformed section through symmetry plane
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Figure 6a. Headwall impact: diameter decrease versus time, bomb 1.
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Figure 6b. Headwall impact: pressure time histories, bomb 1.
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