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FOREWORD

This report documents the results of an analytical program performed by the
Southwest Research Institute (SwRI). The program was intended to provide some
of the necessary methodologies and data required to begin implementation of th2
Naval Ordnaace Hazards Analysis and Risk Management (NOHARM) System during the
1980-81 timeframe. NOHARM is a software system developed by the Naval Civil
Engineering Laboratury (NCEL) (W. Keenan, Program Manager). It is designed to
provide information required to assess and manage the risks to personne’ and
property exposed to hazards associated with the handling of naval ordnance.

This effort was performed by Southwest Research Institute (J. C. Hokanson,
‘principal investigator) for the Naval Sur .ace Weapons Center (NSWC) under
Contract Number N60921-80-C0267. Dr. J. M. Ward (NSWC) was the contract
monitor. Dr. L. Huang (NCEL) monztored thn NSWC effort performed under Contract
N68305-80-WR00101,

This report does not reflect. the official view or final judgement of NSWC.
Its main purpose is to publish the review of cechnical literature and the SwRI
approach for the predictive methodologies and master test plan for estimating
debris hazard environments from reinforced concrete structures subjected to
internal explosion loading. 2

The technical work was completed in July 1981 and, thevefore, does not
reflect any of the advances in fragment and debris hazard prediction
methodologies which have been developed since July 1981.

Approved by:

A e
H. s, HAISS, Acting Head
Energetic Materxals Division
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CHAPTER 1

INTRODUCTION

This reporc presents the results of an analytical program intended to
provide necessary methodologies and data required to begin implementation of the
Naval Ordnance Hazards Analysis and Risk Management (NOHARM) system. This
effort was conducted for the Naval Surface Weapons Center (NSWC), White Oak,
under Contract Number N60921-80-C-0267. NOHARM is a software system designed to
provide information required tc assess and manage the risks to personnel and
property exposed to hazards associated with the handling of naval ordnance. The
primary objective of the NOHARM system is to identify unsafe (unacceptable risk)
conditions in ovdnance handling. A secondary goal is to determine the optimum
strategy for mitigating risks once they are discovered.  To achieve these
objectives, NOHARM must have the capability to estimate the explosive hazards
associated with ordnance operations, predict the human and economic risks from
possibie exp1031ons and fires, assess those risks to identify unsafe conditions,
and assist in the selection of optimum techniques for risk mitigation. AS such,
the software will consist of three distinct modules: the Explosives Hazards
Model (EHM), the Risk Prediction Model (RPM), and the Risk Mitigation Model
(RMM). This report is concerned only with the EHM. The EHM is intended to
produce several primary outputs which are required by the other two modules.
These outputs are:

‘0 The probability per year of all possible yields of explosions and
fires from transactions and storage of naval ordnance.

o The maximum credible yield from such accidents.

o The identification of particular ordnance transactions which are
major causes of fire and explosion.

0 . The estimation of the blast, fragment, and debris environment
associated with explosions in the naval ordnance handling system.

This report is concerned only with the estimation of the fragment and debris-
environment around accidental explosions in naval facilities. This project
consisted of three tasks: a comprehensive review of the technical literature,
the development of a new methodology for predicting the debris environment from
internal explosions in reinforced concrete structures, and the development of a -
master plan to derive the input data required for full implementation of the EHM
of NOHARM.

The objective of Task 1, literature review, was to prepare a bibliography
on the primary fragment hazard from accidental detonations of Navy weapons, and

[l
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the debris hazard from accidental explosions both in reinforced concrete
buildings and in ships.

. The review of the literature on fragment/debris characteristics was
conducted with the aid of three computerized information retrieval systems. To
supplement the computerized scan of the literature, the report files at
Southwest Research Institute (SwRI) were examined. J. M. Ward at NSWC also
contributed many references to pertinent reports. Finally, we examined the
proceedings of the Department of Defense Explosive: Safety Board (DDESB)

‘meetings for the past 12 years. Through this exhaustive scan of the literature,

102 useful reports and papers vere identified. A bibliographic listing of these
reports was prepared and is included as Appendix A .of this report.

The objective of Task 2 was to develop a methodology for predicting the
fragment and debris environments from accidental explosions within reinforced
concrete structures. The model developed provides a technique for the
estimation of the number of fragments (emanating from the weapon) and the number
of debris missiles (emanating from the ccncrete structure) per square foot of
ground surface area which exceed specified energy levels on impact. The
methodology is presented in a form suitable for eventual conversion to a
¢g aputer code. However, certain critical input parameters are not currencly
available, so development of the computer code is restricted to only those

. situations for which experimental data are available.

The methodology presented parallels a similar methodology developed by
J. M. Ward for predicting the fragment hazard associated with the accidental
detonation of weapons, specifically a pallet load of Mk 82 bombs. His
methodology, which is an application of concepts developed by F. B. Porzel for
the Naval Explosive Safety Improvement Program (NESIP), was developed for the
special case of an explosion in the open field providing for both high and low
trajectories of the debris or fragments. This feature is important in the
establishment of acceptable hazard arcs. In this report we have included this
concept in the estimation of hazards for both fragments and debris missiles.

Task 3 was intended to develop a master plan which could be used by the
Government to provide necessary methodologies and datzs required to implement the
NOHARM system for fragment and debris effects. The sbjective of this task was
to identify gaps in the current state-of-the-art of predicting the fragment and
debris environment from accidental explosions of naval ordnance.

During this project we have established that major data gaps exist in the
prediction of structural failure patterns, in the estimation of internal loading
on the buildings, and in the prediction of initial ceiditions used to calculate
debris trajectories. Much weapon effectiveness data are available and are
useful for establishking fragment effects (from the weapons case). However, not

- much data for the debris effects (from the surrounding structures) are available.

Currently, to predict the debris hazards for a particular situation, tests
must be conducted to provide the requisite data. This report presents a scale
model test program and similitude analysis which may be used to generalize the
test results. c
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CHAPTER 2

REVIEW OF EXISTING DEBRIS AND FRAGMENT PREDICTION METHODOLOGIES

Th: technical literature was reviewed to identify existing methodologies to
define the hazards assuciated with the accidental detonation of weapons within
and outside of different class:s of structures. Of particular interest was the
explosion of naval weapons within reinforced concrete structures and ships. 1In
the following paragraphs, the methodologLes identified during this effort are
described for bomb fragments and for debris from ships and reinforced concrete.
In this report we will use the term fragment to refer to pieces of the weapon
and the term debris to refer to pleces of the structure emanating from the
explosion.

The review of the literature on fragment/debris characteristics was
conducted in several stages. The COMPENDEX (Computerized Englneer1ng Index) and
the National Technical Information Service (NTIS) data bases were scanned using
the Lockheed DIALOG information retrieval system. Addditionally, a search was
initiated on the Defense Technical Information Center (DTIC) data base. To
supplement the computerized scar of the literature, the report files of several
people at SwRI were examined. J. M. Ward also contributed many references to
pertinent reports. Fxnally, we examined rthe proceedings of the DDESB meetings
for the past 12 years, ' Through this exhaustive scan of the (iterature, useful
reports and papers were identified. A biblicgraphic listing of these reports is
contained in Appendix A, -

BOMB FRAGMENT I:*THODGLOGIES

"Existing methodologies for predicting the behavior of bomb fragments have
been reviewed. This research resulted in identifying methodologies for the
determination of each of the following parameters: mass, weight, number, size,
velocity, range and trajectory, distribution, and.impact probability. A summary
of the methodologies found for the determination of each fragmeant parameter is
presented in the follcwing paragraphs. Tables are included to give specific
methodologies and the source from which they were taken. :

Fragment Mass

The most extensive treatment of bomb fragment masses is a statistical study
conducted by Hekker and Pasman.l An equation derived by Weibull is presented
which predicts the probability that a mass, x, is greater than a given mass, m,
This equation is used by the authors to derive the mean fragmeant mass, m. This '
term, W, is a function of m,, which is also the average mass but is calculatec
differently by researchers as shown in Table 1. It is important to distinguish
between W and m, and also to realize that other researchers such as Mott use
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TABLE 1. METHODOLOGIES FOR PREDICTION OF FRAGMENT MALS

PARAMETER METHODOLOGY . DESIGNATION REFERENCE
Probability  P(x>m) = exp(-(a/m)’] : _ , Wetbull )

L A are functions of material and geometry

Mean Mass Xee . . 1)
a= fxdv(x;x) = a r(1+1/Y) ‘ ' :

x=0 ‘
where: I' = Euler Gamma Function

' : 2 3, :
Average Mass m o= CG F:" tﬁi (1-1- %——) } . Gurney and - (1)
° i u Sarmousak: s
=, = cL ‘e 611/3 (I-F‘l-/—ﬁ) Lindeman (1)
a, = Cy s 3d'“3(t+dt>2 Mott . a
e’ a? . :
m =C or C, —= ‘ Weiss (1
o 8 v°2 9 v°2
where: Vo = initial fragment velocity
¢ = wall thickness '
d,, d = diamaters
1’ "o
u = metal to high explosive ratio
‘ C = coefficient, function of
metal and high explosive
W2 a8 38 g (1eera)) o ot - ®
where: B = constant
di = {nside diameter ' . .
t = thickness » ' v
va, Alepre)? ——e :
wWf2e —5 V() : Gurney and . (6
i " Sarmousakis
where: C/M = mass ratio '
A = constant
o (e
== G \ l+§C7H-) Magis )
&3.; where: t = thickness
:.r:;‘; ' d = inside diameter
gl
e C_ = material coumstant
‘,7"‘3'5" o 4
b
W
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u in place c¢f my whereis Hekker and Fars an use 4 to symbolize the ratio of
metal-to-high explosive mass. -

_ Each of the possible average mass & uations presented by Hekker and Pasman
was tested statistically using the F-test with experimental data derived Erom
tests on ring-type cylindrical shells. Their restlts indicated that the
formulae of Gurney=-Sarmousakis and Mott ars the most applicable under the
conditions tested. A note is made by the authors, however, that completely
different resulcs could be obtained with an increase in the number of
experiments, or frum a charge in the A-value.

The literature reviewad for this project indicates that the formulae of
Mott and Gurney-Sarmousakis ..re the present day standard for calculating tke
average fragment mass. There does exist an alternative to these two equations,

the Magis equation, which was used by Randers-Penrsou,“ and is presented in
Table 1.

Fragment Weight

Some of the articles considered coaceru themselves with fragment weight,
rathar than fragment mass. OJbviously this represents only a minor chenge in
var iable definition ‘by a factor of the acceleration of gravity). The U.S. Aray
Tecinical Manuel 5-1'3003 and other Army werk use an equation for primary
fr ;weat weighz based on Mctt's equation. The Swedish researchers,. Ericksson
ar . Arvidsson,” also use a var-iation of thz Mott equation to determine the
‘¢ .al weight of all fragments with a weight m, zreater than a specified mj.

. Tnis equation differs dramatically from others encountered in.that it includes

the influence of the percentage of carbon present in the steel shell cacing on
the fragment weight. Fragment weight methoaologies are given in Table Z.

Nvrber of Fragments

Various approaches available for calculating the number of fragments with a
mzss greater than a given mass are presented in Table 3. . A number of these are
p ‘esented by Hekker and Pasman' aud are incorporated into their statistical
acalysis, which nas been previously discuvssed. The Mott equation, or variations
thereof, is by far the most commonly used method in this category and appears
rany times. Johnson and Moseley’ have pra2sented 2D and 3D variations onm
Mott's formula, while Sternberg” defined a fragment range for the Mott
ejuation and developed other equations for the number of fragments, which are
v:lid where the Mott formula is not. Krauklis and Bedford’ present the Payman
m:thod of analysis along with modifications on Mott and Payman. Porzel,
after discussing Mott's general equation, proposes a predicticn equation for the
number of fragments, based on the idea that fragmentation is controlled by
f-agment length, rather than by mass or area.

F-agment Size

The & andard method for predicting fragm-nt =ize (area) is a formula vhich
iv a function of the fragment's mass and the shape factor, or ballistic

' density.’ This equation, given below, is the only method used to determine

fragment size.
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TABLE 2. METHODOLOGIES FOR PREDICTION OF FRAGMENT WEIGHT

LIMITS OF
PARAMETER METHODOLOGY APPLICABILITY DESIGNATION REFERENCE
w2
Primary Fragmeat - ( c
Veigne LA C[ln 5 (16)
c -,[usndi"“ (u»g/d,)] 2 Mote
wvhere: Hf * weight of next to
largest fragment
8 = constant '
t = caeing thickness
di * inside diameter
Hc * casing veight '
' - aw 2 !
La-gest Fragment "t - HA tn L-—; 3
Weight M
A
vhere: HA ® C, derined as above [
Hc ® casing vgigh:
, C . .
Total Weighe >y e M expl-ray) » > 0.5x10 “kg (4)

where:

L
.

whare:

M = total weight of all
fragmeats wsith
wveight n>n1

total weignt of shell
case, kg.

fracmentacion number kgl

-
[ ]

1 =Y, exp(<26.48 ~15.84/)

4 = outer diameter, meters

d = shell case thicknaess,
zeters )

varies with HE and shell case

materis) and is tabulated for

various % C steel

compositions
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TABLE 3. METHODOLOGIES FOR PREDICTION OF NUMBER OF FRAGMENTS

'ounars or
PARAMETIR ETHODOLOCY APPLICABILITY

Susbae of 3w = (0/a) am(-(asa )
fragmancs .

weets X o cocal aess

L% = average {ragmanc ssss

Sow) = o exp(-u/n)Y

.1° * conscant '
U ® average mass
v =1, 172, L/3, dapends o8 y -

10w = 8 UL veud

"0 * constaat

1‘1" portionality
L = langth

1(>u) = so-P(x 2w

vhers: P(x >am) « Pfoblhuizy of wass
* seing greacer
T than > a

: n %
nd %0 3T SO

vhare: ¥ = cocal mass

ather items are dafined
Tadle 1 :

3 -2/3
LA 1.mu° 4

vhese: 't = wall chiciness
d, .4 = diametazs

u = smtal 20 high explosive ratio

C = coeificienc, function of macal
and high explosive. .

LIE I u(—(-lu)“ 2) 2-0iasasional
vhers: X * W24y = total nuasber of
. {ragmants
u = average f{ragmenc aase
M = tocal case zase
Now) . W, oxv(-(u/u\, ”’) 3-Dimensooal

6u = averzge fragoenc aass

' P v
-3 H4
fa X = m[—T] T

where: !! * aumher of Iragoents larger
:xnn"a'f

4, = veighc of priamry fragment

W = tocal weigne of cylindrical
portion of casing

"A is defined in Table 2.
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PARAMETIR

Number of Fragments
(Con't)

Percent of
Fragsents
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TABLE 3. (CONT.)

LIMITS OF
METHODOLOGY APPLICABILITY
nenof <pg -1
1 BRIy
. 1/2 ' .
Ko ntxcxp[’(l/—-u.) J -2":‘3
- ]
Ne "nx""’[ ('“‘xn) ] . a>m,
where: subscripets I, II, and
II1 refer to regions and
subscripts 1,2, snd 3 refer '
to region boundary
® * fragment weight
N = number of fragwents vith
wveight > =
Peds Bye Spppeipredppnr FC
detarmined using %, the aver-
age weight of fragments
weighing more than one grain
u) = B (R
wvhere: “1 ® weight fraction of frag-
ments waighing less than
one grain
X = constant
then weight distributions X vs m are
plotted for various m, you get an
envelope denoted N.(n‘) such that:
1/2 172
dm,” )
d8 N
[ 3 L]
solved: » 0.23631'77 ¥ 4 graios
st the boundary line:
n, - 1+(2/9) (Ti—l)s“ W > & grains

P = X' exp(-a¢')

where: P = cumulative mass of frag-
ments > m, expressed as
s percent of the total
nass M.
X' = constant

- ' ~ constant

or log P = <cedX where ~c is a
pung seasure of the
fragmentation.

This paper also describes modifications
of the Mott and Payman analyses.
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m = ka3/2 |
where
k = ballistic density
A = presented area

m = mass

Fragment Velocity

An extensive number of reports containing fragment velocity prediction
equations were reviewed as part of this program and a list of prediction
equations is given in Table 4. The Gurney equation, which is applicable to
¢ylinders, is the most widely accepted method for predicting fragment initial
velocity., Several variations of the Gurneg equation have been developed and are
also included in Table 4. Randers-Pehrson” modified the Gurney equation to
predict the nonsteady state velocity of a fragment. He also modified the Gurney
equation to account for an open~-ended cylinder. Variations of the Gurney
equation also exist for spheres and steel-core cylinders, and are shown in Table
4.9 The maximum initial veIocity for a fragment from a_cylinder, sphere, and
a steel-cored cylinder is given in U.S. Army TM 5-1300.3 "This manual also
gives ‘an equation to calculate the str1k1ng velocity of a fragment on a targec
for small fragments up to several cunces in weight. The initial fragment
velocity (based on experimental photographic velocity), fragment mass, and the
drag coefficient can also be determine in an equation found in another-U.S.
Army publication. 0 Lacher present: 1n equation for fragment velocity as
a function of drag factor and range.

The only equation found to predict secondary fragment velocities éppeared
in a U.S. Army Corps of Engineers publication.12 Shape factors are given for
different geometries, and ranges of applicability are also shown.

Fragment Range and Trajectory

The methodologies encountered for the prediction of fragment range and
trajectory are given-in Table 5. Zakerl3 solves the equation of motion for a
fragment by separating the problem into a gravity-free solution and a perturbed
solution. Schreyer and Romesberg'® give equations for calculating the
accelerations in the x and y direction for two sets of conditions: first,’
assuming no Iragment lift and second, assuming both fragment lift and drag. The
latter is 1ncotporated into the FRISB computer coae, which is used at SwRI and
refgrcoa +9 later in this report.

The ir..tial trajectory angle can be found using the Taylor equation for
steady stace conditions which is referenced in numerous reports. Randers-
Pehrson? has modified the steady state Taylor equation to account for
nonsteady state conditions. :

Various authors give relationships between fragment range and velocity
which are shown in Table 5,1 along with_ yelidity criterion and any
assumptions made. Fugelson and Rathmann*® present a range equation which is a
function of the initial launch angle and the ratio of the terminal free-fall
velocity of the fragment to its initial velocity. A graphical method for
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TABLE 4.
PARMETER ETROVOLOGT
Valoesty P o 2/ (W/Cral(ar2))
vhers: 2T = Gurney constsat
¥/C » waight racio
a = 1,2, or 3, depending
on gecescry ’
oty _c/m
M x'wéi' 70
e B = G y
c¢/m = mass ratio
et
re (e (5)
w vei valoctiey
v° * ultinats velocity '
T = time at which detonscica
froat reaches che alemsnt
t = time comscant of
accslaraciocn
-1/ ¥3):c/m
Y - F3 4
° 1+ {— I(s)'c/a
vhere: F(2) © l-(l-ain(s/22,
1.0,0-e1 1 ,
ad s = inicial axial location
L = charge lesgch
R = charge rsdius
c/a
Veloatry 'o ® ﬁ"‘/ 1+G.6 c/m

o ve. :[z“%&.:l '

vhers: a e cih'u:’ « drag factor

Ve svarags velocity =

distance traveled (cotal)

} tima ctreveled
cn * drag coafficisat

9 = air densicy

k = shape factor

u = fragmat aass

D = distancs

v = valoeity at discance O
¥ e 2D sia(a/2)

wheze: D = detoaacion velceity
3 = asgle to horizontal

¥ = velocity in direction
of detomacion

Ve v'(x/cwn"'

vhars: v‘ = Curney valocicy

A = arditiary dimsnsicalass
conscaat
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METHODOLOGIES FOR PREDICTION OF FRAGMENT VELOCITY

LTS oF : '

APPLICABILITY DESICHATION nrema

Gurney ' 23)
Steady~Stacs Gurney (2) ,
loi-uudy-luu
" Modified Gurney . )

Cylinder .

Sphers Gurneay (8)
s
a2y
(12)




PARAMETEZR

Veloctity

Velocity
(Primary Fragment)

» Velocicy
{Secondary
Fragment)

v, - vp(.,p(:ﬁ_) 1) (#2re)
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TABLE 4. (CONT.)

LIiMTs or

METHODOLOCY APPLICABILITY

Experimental dacza

vhare: Va ® inital velocity

v

P

= photographic velocity

a= 1za'cbx'”3 = drag factor

9 ® air density

CD « drag coefficient

k = oA

t = distance traveled

a ~3 = fragment shape

factor

1/2
W
-/ —_—
v° 28 [ prsT /swc Sphere
wiw 1/2
AR /zz —_— Stael-Cored Cylinder
1+ M :
6(14-:)“c !

where:

where:

v

AR R’
—L;—g-’— 0.556 (—:)

= explosive weight

“ casing weighe

co

dC

* inside casing diameter “«

= core dimtu"

1.5 ¢ %R < 6.0
- et - B

. : . MY
. R! . 0.18 ib ;cci Agng
+2.75 e . in. D a’s
2,0 1b se
A = presented area of in.'s
L4 secondary fragment
R = radius of spherical
e charge
M = mass of secondary '
fragrant
R = range of secondary
fragment '
8, * secondary fragmeant

shape factor

2/3, sphera

T/4, side on cylinder

1, end on cylinder or
plane

11
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PARAMETER

Velocity
(Maxisum Initisl)

velocicy
(Striking)
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TABLE 4. (CONT.)

ounces in weight

‘

where: v, " striking velocity

v_ = initial fragment
velocity

Rf = distance traveled
by fragment

uf = weight of primary
fragment '

12

[

, LIMITS OF : ,
METHODOLOGY APPLICABILITY: DESIGNATION  REFERENCE
v max 1.414 —\/-2-5—‘ , Cylinder (3)
v max = ﬁ/S/J '\/Z_E- . Sphere ' (3)
v mx = “\/ZE’_, /—%%2— ‘ Steel-Cored 3)
' © Cylinder
d
‘ - S0
where: a T.6d
i
and dco = core diameter
dL = inside casing diameter
1/3
v, = v, exp| -0.004 R /¥, Small fragments (3)
0 ] L up to several .




TABLE 5.

PARAMETER

Direction
(Angle)

Velocity (as a func-
tion of range)

Range(As s func-
tion of velocity)

NSWC TR 85-114

‘ LTS or
METRODOLOGY APPLICABILITY
\ .
Sind = T Steady-State
§ » direction relative to normal
to surface
U = rate of detonation vave
V @ valocity
‘2
v V't V't
Sing = g2 - g . L2) Nou-Steady-State

V' = derivacive of V,, inicial
velocirty with respect to
distance along the surface

T ® ctime constant of acceleration
v = ¥V exp(-R/L) Constant Drag
No Gravity

vhern: v = velocity

= range

* L = distance in which frag-
sent velocity drops to
/e of its initial
value, V

2 ;kz_) 13

Sofa

= ghape factor

[ ad
]

. »

= nass
A air density
CD = drag coefficient

0.273
1000) ]
v ) o.z7s]Y E).xa (-"v -1

R= [7920 (m .

2
where: V = ajection velocity 2 ¢y <20 {n./1b

Yy - AN © 3000 < ¥ : 10,000 ft/sec
. '« gy /3
. SA,R RANGE lﬂ.m

vhere: K = propor:ionnlityu_.’
constant (fc/1d""7)

. "’l‘! = total explosive
veight (1b)
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METHODOLOGIES FOR PREDICTION OF FRAGMENT RANGE AND TRAJECTORY .
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DESIGMATION " REFERENCE
Taylor )
Modified Taylor (2)

(25)
(20)
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(CONT.)

LIMITS oF
APPLICABILITY

TABLE 5.

PARAMETIR MRTRODOLOGY

tange pay ® 0-3140 ~1.0338ta ¢

vhere: ¢ ® foaywent ten.inal free fall velocity

tvagmesl initial velocicy
assuming r(¢°.¢) - r‘“(c)t(co)

vhere: a_ = initial lsunch angls
2  to th: Horizoactal

letting ¢ = 0.02

' 3 - .
ta,) = 3_!\/_- Y© a-o [ 13 (e 4 ]— nee)

- vhere: A © 3.28,§ < 1/3
. A= 2.00,6 > /3
[ 30 staa,

other approximatiocas

. m[x-.w (- 65173)]

.'.5.. - (J‘. - 1.9) uv(- afa;)* L.6axp (— aﬁ-)-.o.r o

CRAFEICAL METNOD (3es Flgurs l.)
genaratad using FRISB compucar cods.

Solucions to
Zquations of
¥otion

where: ¥ and ¥ ars local coordinates
tangent and aormal to trajectory

v = gpeed in path
g = acceleration of gravity

a = sagle betveen X axis and
horizoncal

.3 = sarodynamic drag coefficient

solucions:

-;o - (.locl(l-m)].'l Gravity Free

Solucion
IG = v, /(149
wvhere u = fv ¢

°

3. -(8/2) tBetna( /) [(14a)

2 .
5 L:iil)—‘zﬁ'"é.((uum/z) ~log(1+w) ]

X, - HEAEE (i)
a+)

? = a~ge cosa(liu/2)/ (1)
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PARAMETER

Solutions to
Equations of
_Motion (con't)

NSWC TR 85-114 .

: TABLE 5. (CONT.)

LIMITS OF
METHODOLOGY

Global m-plumnu :

ix = X cosa -y siga t << (”)-112

8y = X sino +y cosa

Rotation of Trajectory Tangent:

e}

8a = tan "~ (y/x)

. C.0 :
x » - -:—D'—D— V’z cosa ' Mo Lift

AGE y 2

i"-(-T y sina

vhere: ¢ = ﬁr density )
g = accaleration of gravity
AD & drag area :
CD = drag coefficient '

a = angle between horizontal
and tangent to trajectory

v

:,Vy ® valocity components

Ce .
4 ‘-—P—(i‘-riz) cosa

L]
- f‘—?— 2 + %) stna

: (0 o
§eng -2 (2 4+ ) wino

RSN

2 L . '
X+ yz) cosa

vhere: AL = Jift area
CL = 1ift coefficient
Otner symbols as sbove.
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Lift and Drag

ICSIGNATION REFERENCE

(21)
(18)
FRISB Equations (18)
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predicting fragment range is contained in NASA Contractor Report 3023,17 and
is shown in Figure 1. This set of curves was developed by performing a model
analysis to generate dimensionless parameters which describe ranges for selected
cases, and then the results were plotted to form the curves. It should be noted
that, in generating these curves, sev.ral initial trajectory angles were used in
the analysis to obtain the maximum range for the respective fragments.

Fragment Distribution

Fragment distribution methodologies reviewed are given in Table 6.
Klein, 18 assuming a Mott analysis, derives a formula for the total number of
fragments per unit solid angle._ An expression for angular fragment distribution

"is given by Johnson and Moseley5 while Fugelso, et al. !7 derive a formula

for the fragment density in terms of the range and azimuth. An expression for
zonal fragment density is used by the U.S. Army in their publicacion.lo For
large range fragment densities, Fugelso, et al., present a formula which is
a function of the angle of incidence at impact and the ground range.

Fragment Impact Probability

The literature search counducted for this program resulted in only one

formula_for predicting the probability that a fragment would impact a particular

target. This formula, given below, appeared in numerous pub11cat10ns in
dxfferent forms.

= 1 - exp(-qAr) . ‘ (2)
where
Ap = target area

q = areal fragment density

DEBRIS FROM EXPLOSIONS IN NAVY SHIPS

The literature search indicates that methodologies for predicting debris
characteristics from explosions inside Navy ships and submarines are very
limited. No methodologies were found to predict the number of debris fragments
which would result from an explosion in a ship or submarine. Some model tests
have been performed at NSWC where debris data bases were created which include

'debris of particular masses and sizes recovered.20:21 1o date, the data bases

have not been statistically analyzed.to establish prediction equations or
schémes. The only report located which presents analytical predictions of
debris characteristics for Navy ships or submarines is gn SwRI report on debris
hazards from an explosion in a torpedo tender wdrkshop. However, the

breakup pattern assumed resembles a pressure vessel explosion and this
assumption must be considered before applying the methods described in the
report. Tests done since publication of that work show that explosions in
torpedo workshops usually involve detonation of several warheads which result in
.. different breakup than assumed in the SwRI report. It is still feasible that
gaseous explosion products could build up sufficient pressure in a ship to cause
an explosion similar to a pressure vessel rupture, but one needs to analyze what
type of explosion is possible before predicting debris characteristics using the
methods contained in the SwRI report (not verified by test). Although the

16
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G RN

4 - - y .
3 TABLE 6. METHODOLOGIES FOR PREDICTION OF FRAGMENT DISTRIBUTION
. ‘ .
« , .
J . . ' Lnars of -
3', PARMETRR METROTOLOGY APYLICABILITY MSTQIATION RIEAINCE
¥ Fragsast Demsity q * (lelz) ww (-tam 3 . asy-
x
»‘ﬁ whete: & * areal ITagment density
“
.'g‘ R = discace '
i Q° = tocal ovmber of Irage '
asntr/ualt soiid angle '
3
,6 .
ct AL B R /91n 3, large Mung- (2
¥
{; wvhere: QL(" * Sragmant censity
¢ at % ‘or isotropic B
! targec
(R} <« fragesnt decsity ag
o R vs grouad
3 @ angle of ‘aecidence
. ac Lapsct
Aagulac 3, ' . )
Tragasut . >
Jeasicy 2 f a(®) sindde
EY (8
Y
whare: X = gumcer of frazmencs cou-
cained n'polar zone
3(9) = auaber of ITagmmacs per
Steradian ia solar zome
Yatwsen ) and Mdd,
obtained {rom arena tascs
' ¥ s
3, - a . '
i3 (“:1. b ' ' S
vhare: 2 = frizoenc Jensity for esch |
zone 3 .
L . 1
a, = qumber of fragaencs in
4ach 2oue R
R » rervendicular discance R
£20m sunition cencerline
%0 Tecovery panels
A,, = aves of each zons projrcead
e 080 & sphere of vadius R.
Coustder & slice of a unic hemisphere and
infnimeimal eiensat of azimuch 13, The pumoer
of iragmencs unich fall >eycnd R is given Oy:
/2 »
. ) N(R,3) - i :ucadaof (@ | 10 ‘ )
“Je
o (Ra )

. Consider a1 infhiresizal JR: cthen :he number of
fragoencs i the swall ares RAR4S> is:

(m\

\ 55\7’

afR, 1R, 28) = SRS3

Therefore che fragment density ic raage R is

{1y

1
AREE e R E Y V2

This expression zaa then %e ipproximaced.

18




wSuC TR 85-114

abplicatibns are limited, the mechodologies will be prccented since they are the
ouly ones revealed in the literature search.

Dabiris Velocity

The velocity of debris from a bulkhead or deck in a tender workshop is
determined in a stepwise manner consisting of three basic phases. The first
rhase consists of the initial impulsive loading from the blast wave. The second
paase involves the expansion of the gases produced by the products of the
explosion. The fxnal phase occurs as the debris is further accelerated by tae
veanting of th= .gases around it as it leaves the ship and beglns its trajectory.

The extent of damage and a breakup pattern are established for a 680 kg
(1500 ib) charge weight by examining the loading on iandividual members in the
bulkheads and decks immediately sur-ounding the charge. The report
concludes that these bulkheads and decks will either remain intact or break into
large piecas with the explosion of 680 kg (1500 1b) of high explosive in the
tender workshop. Therefore, the additional momentum obtained by the structural
elements due to gas expansion of the combustion products is maximized since the
8as is assumed not to escape petween debris fragments. The average reflected
impulse imparted to an entire exposed bulkhead/deck is determined at the
location of the average distance of the bulkhead/deck from the charge. The }
procedure to determine the initial velocity 'of debris once the impulse has been
determined is presented in Table 7. The first step is the simple celculation of
velocity due to the impuisive loading on the structure. Kinetic energy is then
calculated in the second step. The strain energies (S.E.) are determined for
all structural elements in the exposed bulkhead/deck individually, added
together, and subtracted from the kinetic energy. The adjdsted nitial
velocxty, Vo, is then determined 'as shown in tha second step in Table 7. The
third step in the procedure is the determination of the increase in velocity due
to the expanslon of the gaseous explosxon products. A small cowmputer program,
GASEX, is used to solve simultaneously the equations of motion aund the pressure
aquations for all bulkheads/decks surrounding the tender workshop where the-

~harge is located.. The sequénce followed by the computer code is outlined in
Table 8. ' : ’ :

As the final step in the velocity prediction method, the computer code
E.XCYL is used to obtain the increase in velocity due-to venting of the gaseous
explosion products around the debris as they begin their trajectories. This
code is a modification of a program developed by SwRI for NASAZZ to determine
the velocity of fragmeuts from a bursting'cylindrical pressure vessel, A
complete description of the program can be found in Reference 22. The 'initial
velocity determined form the blast loadxng, gas expansion, and gas venting is

_aext used to calculate the range that the debr1s travels from the ship.

Debrls,Range - ‘ ' . : )

Maximum debris ranges for a specific initial velocity and mass (with a
prescribed area) are determined by assuming appcopriate launch angles as input
to the computer code FRISB developed by Baker, et al.%3 Several probab.e
breakup patterns are considered in the analytical report.““ The arena data
described in References 20 and 21 can be used to compare with analytical
predictions so they can be supported or modified.

19
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TABLE 7. DETERMINATION OF DEBRIS INITIAL.VELOCITY

Stepwise Method:
1. Impulsive.loading

Ia

V= M

where 1 = reflected specific impulse
A = area of bulkhead/deck

M = mass of bulkhead/deck.

2. Since kinetic energy of each structural

element is

K.E. = 1/2 MVZ,

use adjusted initial velocity

_ | 2(k.E. -~ s.E.)
Vo = [: M ' ‘:}

where S.E. = strain'energy.

1/2

3. Computer Code'dASEX to obtain increase 1n
velocity due to expansion of the gaseous

explosioh products.

4. Computér code BOXCYL to obtain increase in
velocity due to venting of gaseous explosion

products.

20
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start time of zero, and the ttme increment At becween
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TABLE 8. '"GASEX" COMPUTER CODE METHODOLOGY

Input the area, mass, initial velocity, and initial-
position from the center of the explosion of each
of the six bglkheads/decks. L

Input. the initial.volume and pressure b of the torpedo

workshop.

Input atmospheric pressure p which is constant, a

calculations.

Calculate the position of each'bulkhead/deck at time
(t + At) from

A, (an)?

X, (t+4t) = [p(t) - p_] —1—————-— +

2 Mi

vi(t) At + xi(c)

[Note that At is assumed to be so small that p(t) is
essentially constant during the, time interval between
(t) and (t + At)].

Calculate the velocity of each bulkhead/deck at time
(t + 4At) from

: : A .(At).
[p(t) - Pol s

vy (t + At) = .

+
v, ()
[Same note as in 4 above].

Calculate a new volume V(t +'At) from

6 . .
V(e 48 = E [x (t+8t) - x, (6) 1M, + V(t)

i=1

21
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TABLE 8. (CONT.)
7. Calculate the new internal pressure at time
(t + At) from

. " ,
p (t + At) = ESM)_T_ : (40)
’ : V(t + at)Y

8. If p (t +at) < P, then stop the calculations.

9. If the longitudinal bulkheads have reachad the position
of the shell, then stop the calculationms.

10. Set t = t 4+ At, xi(t) =X, (t + At), and vi(c) -
vy (t + At).

11. Go to 4 above and continue.

22
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‘Debris Mass and Size

No reliable prediction methodologies have been located for determining
debris mass or size. In an NSWC report21 an experimental average mass was
determined in model tests of explosions in nuclear attack submarines to
establish safe handllng arcs around the submarines during pierside topping off
operations. All that is presented, however, are experimental data used to
determine the arc distances.

)

Debris Distribution

All reports studied are concerned with the quantity-distance criteria ‘of
determining hazardous debris patterns by establishing the numbers of
debrxs/fragments of kinetic energy equal to or greater than 80J (58 ft-1b) per
55.7 m? (600 £ft2). The two experimental papers present plots of
aSeal density, with Reference 23 plotting the distribution by density per 55.7

(600 ft Kulesz, et al., .presents debris densxty using the same
criteria for several breakup scenarios.  The density is determined following the
procedure in Table 9. It should be noted here that this procedure was based on
specific assumptions about the breakup of a portion of a particular ship.. The
angle © is governed by the extent of damage along a ship's length.

DEBRIS METHODOLOGIES FOR REINFORCED CONCRETE bTRUCTURES

Reinforced concrete (R/C) structures are widely used as high explosive (HE)
storage magazines, HE manufacturing facilities, test facilities, and other
structures. 'Many structures are designed to contain* an accidental detonation
of its contents using design methods such as those specified in TM5-1300.

For large quantities of HE it may be impractical to design for containment,
particularly for operations which are considered low risk such as magazine
.storage, aircraft shelters, packaging buildings, and othet areas where no
machining, pressing, or other potentially hazardous activities with HE are being
performed. If there exist large distances between a building containing HE
(with operations at any risk level) and other occupied areas then the structure
may not be designed to contain an accident. The definition of what counstitutes
a dangerous situation for debris is not universally determined; however, the
DDESB has set a standard of not more than one fragment per 55.7 n? (600 fc 2y
with an impact energy of 80J (58 ft-1b) or more.

The problem of determining expected debris hazard to other occupied.areas

_ from an explosion in an R/C building has been approached using analysis of test
-ad accident data to obtain statistical fits for debris parameters (initial
velocity, range, distribution, etc.) and empirical methods which apply equations

4° motion to calculate debris parameters. Methodologies for debris from R/C
scractures include the following categories:

*Containment-~design of a structure to withstand an explosion and mitigate
debris and blast hazards to other occupied areas. This may include permanent
deformation of the wall without collapse.

23
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TABLE 9. PROCEDURE TO DETERMINE THE HAZARDOUS DEBRIS DENSITY

Arc Lengthl; R6

where R is the radius of a sector out from the charge.

R is actually the sum of the range of a fragment and the distance from
the center of the explosion to the origin of the fragment (like the
shell or bulkhead on a ship). ' o

No. of 55.7 m2 squares along arc length =

Shell

length ol
(arc leng ){ 55.7 > 55.7m®

The diagram to the right further Charge
illustrates this concept.

No. of 55.7 m2 squares covered by one debris

P ————

fragment (> 1) = (width of deb;is)/ ‘\/ 55.7.

Effective number of 55.7 m> squares covered =
Ne = (number of debris)(number of 55.7 m2 squares

covered by one debris fragment).

Debris/55.7 m2 =

N
e

No. of 55.7 m2 squares along arc length.
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o Debris Size or-Mass and Quantity o Distribution
o Iaitial Velocity o Final Velocity
o Launch Angle , ' o Drag Effects

o Range |

This section of the report will review merhcdologies for each of the previously
listed categories individually and describes one report which combined
methodologies in several categories for a complete analysis to predict the
debris hazard from an explosion inside an R/C structure. Also, a list of
available debris data bases will be given and discussed.

Debris Size, Mass, and Quantity

Data bases from scaled tests and accident investigations indicate that
debris size from an R/C structure can range from very small pieces up to entire
parts of a building such as a wall or roof. This wide range of debris sizes as
a percent of the total building area lends itself to a statistical fit. Kulesz,
et'al.,?4 conducted a search of DDESB accident reports couataining debris data
and performed a statistical analysis of debris weight. The accident data
included data from seven accidents, and one result of the analysis is a plot of
cumulative probability distribution of debris weight for three energy levels
(see Figure 2). All buildings in the data base, except one, were primarily
reinforced concrete. This review of methodologies could find no correlation
between debris weight and range for a given energy level and it is suggested
that debris weight could be assumed log normally distributed within a given
debris range. Figure 2 shows that approximately 30 percent of the debris is
0.454 kg (1.0 1b) or less and approximately 75 percent of the debris is 4.54 kg
(10 1b) or less for the energy levels indicated. A 4.54 kg (10 1b) cube of
concrete is approximately a 12.7 em? (5.0 in.) cube, hence 75 percent of the
debris will be relatively small. From Figure 2, debris weighing 22.7 kg (50 1b)
and up comprises only approximately 10 percent of the total debris. The report
noted that the three curves on Figure 2 are nearly parallel, ~nd standard
deviations are almost equal for all log normal distributions. This could
indicate that it may be possible to derive a scale factor from the energy ratios
and the magnitudes which are related to the mean of the distribution.

Ahlers?’ studied an accidental explosion at the Pantex Ordnance Plant in
1960 and described debris size distribution. Although this report does not give
a debris hazard methodology, Ahlers wmade several observations from the Pantex
data base including: : ' '

" 0 Larger debris did not have as great a range as smaller debris.

o At all distances, less than 6 percent of the total debris was
greater than 1.36 kg (3.0 1b). At ranges larger than 366 m
(1200 ft), no debris above 0.45 kg (1.0 1b) was found; at
intermediate ranges of 183 to 366m (600 to 1200 ft), the percentage
of debris above 1.36 kg (3.0 lb) is greater than that at distances
shorter than 183 m (600 ft).

.25
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The largest concrete fragment weighed 1814 kg (4000 1b) and was
found approximately 45.7 m (150 ft) from explosion center, all

other debris was approximate.y 90.7 kg (200 1b) or less.

There were no concrete fragments above 1.3 kg (3.0 1b) found at

ranges greater than 274 (900 ft), which could suggest an optimum
design point for debris hazards, provided this is characteristic of
explosions in R/C structures in general. .

Vargas, Hokanson, and Rlndner26 conducted a study to determine

fragmentation characteristics of reinforced concrete and masonry dividing walls
subjected to close-in blast effects. The study included a model analysis and a
series of model tests on 1/6 scale cantilevered and three-side supported R/C

were collected.
presentation.

included:

walls and full-scale concrete block masonry walls. Au extensive amount of data
A model analysis was conducted, and th. results guided the data

The conclusions drawn from this useful experimental effort

Debris emanating from the interior of the panel comprises 40
percent of the number of concrete fragments produced in any test.
Debris originating from the outside face (facing the recovery area)
comprises another 40 percent of the concrete fragments. The
remaining 20 percent of the concrete fragments are produced from
the ucceptor (charge side) of the panel.

Debris produced in these kinds of experiments can be classified as
either "chunky" or "pancake" in shape. The average range of
"chunky" concrete fragments is generally 20 to 50 percent greater

‘than the average range of the "pancake'' concrete fragmeants on a

given test.

Based on the statistical distribution of debris range, mass, and velocity,
the following conclusions can be drawn: .

(o}

Mass and fange distributions in the format of Mott Distributions
for arena fragmentation tests were prepared. The resulting
distributions for debris range and mass are qualitatively similar,
and similar observations were drawn. If all other parameters are
held constant, more concrete fragments at each mass level and more
concrete fragments at each range level are produced when:

a. the total impulse applied to the panel is increased,

b. the panel compressive strength is deéreased,

c. the reinforcement spacing is increased, or

d. the number of supporting edges is increased.
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Initial Velocity ‘ : : o

The velocity of individual concrete fragments due to shock loading varies
and depends on: (1) the magnitude of the excess impulse defined as the blast
impulse minus the flexural impulse capacity of the element (area under the
resistance~time curve), (2) the mass of the debris, (3) the location of the
concrete fragment prior to collapse, (4) the interaction between the debris
during their flight, and (5) the strength and time history of the compressive
stress wave transmitted through the R/Z wall or roof as the blast wave is
reflected. Although the velocities of individual concrete fragments differ, the ,
average translational velocity, Vi, of the debris after complete failure can : /
be approximated from the excess impulse, iy, and the momentum of the wall or /
roof after collapse. The equation belowd provides a means of estimating the
debris velocities from the blast impulse and a knowledge of the R/C geometry.

-
[]

3 ,
Pd~f
c e ds) 4?2 : (3)
a u H o fe 1.

where
i; = applied unit blast impulse
Py = reinforcement ratio in the horizontal direction

d. = distance betueen the centroids of the compression and tension
reinforcement :

f4s = dynamic design stress for the reinfdrcement
"H = .gpan heigﬁt
vi = maximum velocity of the ﬁosc-failure debris
Cy = impulse coefficient ' : |
Cg = post-failure debris coefficient
A simpler expression widely used is a momeantum balénce thac.ignores strain

energy and equates applied specific impulse times area with kinetic energy as:

i A ' : Lo
Vi T , ' (4)

where:

A = area of applied impulse
i = applied epecific impulse

Varéas, et al.,26 discussed earlier, present plots of the largest debris
velocity as a function of impulse factor. Thz report concludes:
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o There existed a wide range of velocities and launch angles in every
test. The majority of the debris particles were observed leaving
the wall in a direction perpendicular to the original surface, and
moving with a velocity at or near the maximum observed velocity.
Late in the event, other debris particles were observed which

traveled at off-normal trajectories and at somewhat lower
velocities.

o The largest velocity appeared to be independent of the reinforcing
. bar (rebar) spacing but dependent on total impulse, effective wall
thickness, and the restraint conditions (the panels supported on
three sides had higher velocities than those supported on one edge,
all else equal). Some effect of concrete compressive strength
below 27.6 MPa (4000 psi) was observed. ‘

o Debris velocities for masonry walls were lower than those for R/C
walls.

Debris generated from completely or partially enclosed R/C structures which
collapse due to shock loading can undergo acceleration from the quasi-static or
gas phase of the blast loading as well as the shork phase. To account for this
acceleration and its contribution to debris velocity, Kulesz, et aI.,Zz used a
computer program called GASEX to calculate the acceleration due to gas phase for
an explosion in a torpedo tender. Typically each wall and roof are treated as a
panel with initial velocity due to shock loading. The quasi-static pressure is
entered as initial pressure. In a time step fashion the panels are allowed to
move, a new volume and internal pressure are calculated, and time step repeated
until internal pressure is atmospheric. The GASEX program is explained in more
detail in Table 8. Debris originating from a particular wall or roof will have
the same velocity as that for the wall or roof panel used in GASEX. Similar
programs called BOXCYL and CYLIN can be used which take into account volume
change and pressure venting relief between concrete Eragments.23 Debris can
be generated from completely or partially enclosed R/C structures which do not
collapse due to shock loading but do cnrllapse due to the quasi-static loading.
To account for this, the structure is treated as a pressure vessel which
ruptures and breaks into panels that are accelerated due to the expanding gas.
Reference 27 used this procedure in an R/C aircraft shelter by running the
program called CYLIN,

Launch Angle

The angle between the initial velocity vector of a concrete fragment and

“the ground is called the launch angle of the fragment. Although debris from an

R/C surface may take on a wide range of launch angles, the predominate angles
are approximately normal to the surface. This conclusion was suggested by
Vargas, et al.,26 where the predominate launch angle of the higher velocity
debris was normal to the test panel surface. Merz28 reports that debris
dispersal tends to be normal to the building surface. Moseley and Whitney
performed an analysis on an R/C Norwegian aircraft shelter while concurrent
model tests (1/20 and 1/100 scale) were being performed. The analysis used
launch angles for debris in the ‘analysis which were close to perpendicular to

7
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each surface. These launch angles were obtained through review of films of the
model tests which indicated a wide range of launch angles from each surface but
a predominance normal to the panel.

Debris Range

Kulesz, et al.,24 used similitude theory to organize a data base and
performed a statistical analysis on scaled debris range. The report includes a
plot of cumilative probability versus range, R, and also nondimensional range,
R, (range divided by square root of average presented debris area, A) for three
energy levels which are reproduced here as Figures 3 and 4. These curves allow
one to predict the percentage of concrete from an R/C structure that will travel
a certain distance. The report noted that the three curves on Figures 3 and 4
are nearly parallel. This could indicate that it may be possible to derive a
scale factor from the energy ratios and magnitude which is related to the mean
of the distribution. :

" Ahlers?® compiled a data base for a very wide range of accidental and
test explosions and made linear and quadratic curve fits for the data base,
including maximum debris distance versus yield, energy scaled (W1/3) maximum
distance versus yield, and maximum debris distance versus impulse. The

" correlation coefficient for the curve fits tended to be low (0.7 or less);

however, this may be due to the very wide range of data used for the fits. . The
data base will be discus ed later.

Analytical methods for predicting debris range incorporate equations of
motion and a set of assumed initial conditions which can include concrete
fragment mass, launch angle, drag coefficient, velocity, lift coefticient, and
attack angle. Various authors give relationships between debris range and
velocity. These studies were discussed earlier. Those methodologies which
apply for R/C concrete (i.e., maké no assumptions such as shape or density) are
listed in Table 10.

Distribution .

Kulesz, et al.,zl+ give a methodology for generating a hypothetical
missile map using Figures 2 and 3 and the procedure given in Table 11. This
procedure assumes_all weights are distributed log normally in a given interval
of range. Ahlers2?d studied the distribution of debris from the Pantex
accident noted earlier. The reference included plots of square feet/concrete
fragment and square feet/pound of debris versus range. This analysis appears to
have assumed concentric rings of equal area about the charge for the ground area
term. However, as the reference points out, the debris pattern was
directional. Hence, using the area of a whole ring instead of the part of the
ring containing debris will give lower ground area per number or pound of
debris. This reference also includes plots of square feet per concrete fragment
versus ground range for numerous accidents of a wide range of structural types
(light-frame construction, R/C, and earth-covered igloo magazines).. Merz, et
al., 28 4iscuss R/C debris distribution and the results of 1/10 scale model
test for above-~ground storage magazines and includes these conditionms:
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TABLE 10, METHODOLOGY FOR PREDICTION OF DEBRIS RANGE

LINTS "
PARAMETER © METHODOLOGY | apRLICARILITY DESTCXATION AEFERENCY

. Jange (as's fune- v ® ¥ oexp(~-RL) - Constant Drag ! (25)
. tion 2¢ veloeity) o ' ' No duviq ' '
vhere: v « veloeisy
' R = range
L ® discanze in which frag-
‘zent velocity irops to
1l/a of fes faictial
value, V :
4 4

i"-a) h/!
. CD’

shape faceor

X

a2+ Tass

atir densicy

» irag 0eafficient

Jd e

v

Solutions to = = '
Equations of x + 3w +gsina =0 ‘ : 17
Motion ' . . .

;* Bv; +gcosa = 0

whers: x and y are local coordinates
taogent and normal to trajectory

v = 3jpeed in path
g = acceleration of gravity

a = gngle between % axis and
horizontal

8 = aerodynamic drag coefficient

solutions:

£o = [log(i+u)]/8 ' : Gravity Free (17
' Solution

;o - v°/(1+u)

. ' where u = gv t
°
x = ~(s/2)czsina(1m/3) i) Perturbed Solution un

P
(-3/22'2 cosa
- “2 {(u(14+u/2) -log(l+u)]

<y

36 e
]

TEES (ha(ie/3))
P (1+}

~gt cosa(l+u/2)/(l+)

~< |-
L]
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TABLE 10, (CONT.)

LnaTs or

METEODOLOGY . APPLICABILITY

Giobal Uisplacaoeacs :

ix = X £O8Q -y sina t << (5()-”2

iy = X sina +v cosa

Rotation of Trajectory Tangent .

o ee

e tast (3

C.o . .
. Y F3 .
x = = V‘ cosa No Lifc
: C.s oy 2
i’ - -‘ - AbTn?-- vy sina f

® air density
s zccelersazion of gravity

H

i

AD = drag ares

C. = drag coefficient

= argle becseen horizoncal
aad taogent £O ITajectory

v‘,v s velocity components

Lifc and Ovag

* ;'!z) sina

2 L& W ,’2} sina

* ?z) cosa
anere: A * init area

122 ssefficient

Jtaer syopols 13 adove.
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' 24
TABLE 11. METHODOLOGY OF PREDICTING DEBRIS DISTRIBUTION

A procedure for estimating the number of debris missiles of a given

mass interval which will fall within a given distance from an explosion
inside a building is as follows:

1.

Estimate WB = total destroyed'weight of the building (portion
of the building which has fragmented). This estimate will de-
pend mainly upon the amount of explosive stored or machined in
the building at an; given time and thelbuilding structure and
shape. , '
Using the weight distribution in Figure 2, obtain the average
weight of debris from the explosion, W5, by reading it off
the aﬁpropriate curve at the 50th percentile. The total num-
ber of debris fragments from the explosion is then

W

= . B
Ne =g
a

Using the range distribution in Figure 3, take equal percen-

tage increments (N-10%, 10-20%, etc.) or equal range incre-
ments (0-10 ft, 10-20 ft, etc.) and find the number of debris

‘ fragments Nfl’ in each increment. (If equal percentage incre-

ments were taken, the number of debris fragments in each incre-

ment is., of course, the same.)
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TABLE 11. (CONT.)

Again using the weight distribution in Figure 2, detergine‘
the percintage 6f,debris in a particular weight interval. The
total numbers in each range interval have already been calcu-
lated (Step 3). Thus, the number of debris of a particular
weight in a particular range int2rval (distance out from the

source) can be determined. The major assumption made in this

_procedure is that all weights are distributed log normally in

a given interval of range. Since we could find no correlation
between weight and range for a given energy level, and sinze
weight is log normally distributed over each énergy level (which
covers the entire range), there is no reason to assume that |
weight is pot log normally distributed within a given range -

increment.
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o Deuvris dispersion in R/C buildings is dependent on building shape.
In th=2 direction normal to walls there is a greater number of
concrete fragments with larger range than out from corners.

-]

The more strangth and ductility in a structure, the more
d‘rectional the dispersal is in the surface normal directions. The
moéii magazines were reinforced concrete which represented ductile
cons:ruction of considerable strength and the failure of the
maga:rnes were similar to a chamber pressure failure, with forces
act-ag pe'pendicularly on the four walls. The initial shock waves
did not contain enough energy to fail the structure.

o Hers suggests' that, becauge of the relatively flat trajectories of
i{ragments, distributions should not be measured by number of
concrete fragments per ground area, but number of concrete
fragments transversing a plane vertical to the ground and parallel
to a surface. This is because debris presents a hazard along its
entire path and not just where it eventually lands. :

0 Merz aleo points out that for the model tests and many full-scale
instancez, the debris presents the predominate hazard in an

accident of this type.

Final Velocity

Final velocity of debris fragments can be predicted uSing equations of
motion, the initial cenditions and solving for conditions at impact. These
equattons are given in Table 10. :

Hazards Analysis

Moseley and Whitney27 combined methodologies in several.of the above
discussed categories for a prediction of a debris hazard for an explosion in an
R/C structure. The object of the project was to investigate several analytical
nmethods of predicting blast and fragment hazards from an accidental explosion
inside a Norwegian aircraft shelter. This work was in support of model tests
being conducted in Norway. The steps taken for the fragment analysis included:

0 Determination of debris fragment size and initial trajectory
' angle. Films of model tests were reviewed to obtain predominate
launch angles and relationship between debris fragment sizes and
location on structure. Trajectories were found to be approximately
"normal to the .c.rface. Debris sizes were found to be small, close
to the off-centered (in the building) charge and a wide range of
sizes, including entire surfaces, away from the charge location.

o Determination of initial velocity consisted of calculating velocity
from both shock loading and quasi-static pressures., Shock
velocity, V;, was calculated using Equation (4). Quasi-static
velocity was calculated using the program CYLIN, The velocities
computed using both shock and quasi-static loads appeared to
compare well with the model tests. The structure was overloaded
severely in these tests. : :
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o' Debris range was determined using the program FRISB. Input was
concrete fragment sizes and wmass, and corresponding velocities as
determined above.. Launch angles were predominately normal to the
surfaces, but also included some off-normal launch angles indicated
by films. The code was run considering only drag forces, then

: repeated considering both lift and drag forces. These calculations
led to determination of maximum concrete fragment ranges as a
' function of direction around the 'shelter. Comparison with the
results of the test data are incomplete pending further test and
data reduction. .
Data Bases ' ,
Several reports include the bulk data or indicate where bulk data for R/C
debrxs may exist. The data bases available include:

"o Kulesz, et al.,24 include debris data from six structures
obtained from DDESB accident reports. The data include estimated
yield, individual debris weight, and individual debris range.

o Reference 25 contains a large collection of accident data which

include amount of explo71ve, maximum debris distance, assumed
- applied impulse, and wl/3-gcaled debris distance and impulse.

Also the reference includes a table of data from the Pantex
accident including individval debris size, mass, and range. Number
of concrete fragments, total mass of debris, average debris Weight,
and individual debris mas¢ are given for ground range ‘ncrements in
thxs reference.

o References 27 and 28 indicate data bases for mod:l tests are
available, however, do not include the data in these reports.

o Reference 26 includes the data base for debris from scale models of
dividing walls, This includes nuinber of concrete fragments
recovered for several mass ranges, average mass for each range,
average distance for each mass range, total number of concrete
fragments, and concrete fragment shape. The reference includes a
model analysis and plots of scaled data.

0 Edmunds29 has debris data for brick walls which fail undér

instantaneously applied static loads. This 1nc1udes quantity,
weight, and distance of individual debris.
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CHAPTER 3

ACCEPTABLE HAZARD HANDLING ARC CRITERIA

Currently, manufacturing, storage, or handling of high expl:.sives in
quantities between 68 and 13,600 kg (150 and 30,000 1b) is regulated by the
Explosive Safety Quantity Distance Criteria established by the DDESB. These
criteria define the Acceptable Hazard Handling Arc as 381 m (1250 ft).
Exemptions may be granted. for those cases where approved analysis or testing has
been conducted. In this case, the acceptable hazard handling arc for an
explosion event is defined by the minimum range at which both the blast

overpressure and the fragment hazard criteria are satisfied. The criteria are
as follows: -

1. the blast overpressure is less than 6.89 kPa (1.0 psi), and

2. the number of hazardous fragments enterlng a glven region is 1ess
than 1.0 hazardous fragment per 55.7 m2 (600 £t2) of ground
surface area. A fragmeut is considered hazardous when it .has an
impact energy equal to or in excess of 80J (58 ft-1b).

During this program we attempted to discover the basis for the above criteria.
We did not identify the original source, but we believe the 80J (58 ft-1lb)
refers to a 50 percent LnJuty (50 percent fatality) level of a combat soldier,
and the 55.7 m?2 (600 ft2) refers to 100 times the ground surface covered by
one prone soldier.  In Reference 30, a review of different criteria for
hazardous fragments was presented. These different criteria are summarized in
Table 12.3 Two of the criteria are based on the kinetic energy at impact,
while the other criterion is based on impact momentum. Interestingly enough,
the last three criteria are all less conservative than the standard 80J (50
ft-1b) criteria. This is shown in Table 13, where allowable velocities for
fragments with masses of 0.025, 0.1 and 0.4 kg (0.055, 0.22, and 0.90 1b) are
summarized for all four criteria. If the last three criteria were used instead

of the 80J (58 ft-1b) criteria, then larger acceptable hazard arcs would be
derlved.

The reason for this discussion is to emphasize that different definitions
for a hazardous fragment exist in the literature, and for some situations a
different criterion than 80J (58 ft-1b) of energy may be more appropriate.
Indeed a more rational approach to specifying hazard arcs would be to specify
the fragment energy as a function of the "target."” As an example, different
hazardous fragment energies could be derived for a specified level of:
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TABLE 12, HAZARDOUS FRAGMENT CRITERIA

t

" Criterion, Definition Reference Casualty Level
A K.E. =80J Wide use
B ’ EEEJ = 2.5 x 104N Netherlands30 Penetration of
‘ : 37 mm of poplar wood
c w4y =271 kgo"‘m/s German, 196531
D W L0 x10" ¥ ys., 1951
A m-s
. K.E. - fragment kinetic energy
M - fragment mass
V -~ fragment veioéity
A - average fragment presented area
D - characteristic fragment length
40
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TABLE 13. ALLOWABLE VELOCITIES FOR CERTAIN MASSES USING THE
HAZARDOUS FRAGMENT CRITERIA

Allowable Velocities (m/fe¢) for Fragment Masses of

Criterfon ' _0.025 kg 0.1 kg 0.4 kg
A . 80 40 20
B* 190 . 120 75.8
c : 119 68.1 39.1
p* 204 132 s

* .
- Assuming spherical, steel fragments
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1. humaﬁ casualty,
2. damage to nearby buildiﬁgs (concrete structures), and
3. damage to nearby ships (ﬁteel structures).

However, for safety evaluations, the human casualty level would probably always
override the damage levels for buildings and ships. Correspondingly the area
used in the estimation of the fragment flux should also correspond to the
appropriate presented area for a human, a building, or a ship. In the
estimation of areas, the presented area should correspond to the frontal area
for low trajectory fragments, or ground surface area for high trajectory
fragments. For safety evaluations, the soldiers position should be standing
(not prone as is now considered)-~for this case, then, the vulnerable target
area for low trajectory debris is greater than for high trajectory debris. The
use of more specific definitions for hazardous fragment flux would result in
more credible safe handllng arcs.

A GENERAL METHOD FOR PREDICTING IHE FRAGMENT AND DEBRIS ENVIRONMENT

The general method for predxct1ng the fragmcnt and debris environment
resulting from an accidental explosion is given in flow chart form in Figure 5.
Tue method is general and can be applied to an explosion of a weapon in the open
field or to an explosion inside a building. For the case of an explosion in a
building, the methodology is applied separately for the fragments and the
debris, and the results are combined in the last step to define the hazard arc.
The method can conceptually be applied to situations where no data or limited
data are available by substitution of engineering estimates for the various
parameters in tlie problem definition phase.

The methodology presented in this interim report parallels a similar
methodology developed by J. M. ward33 for predicting and subsequently
analyzing the fragment hazard associated with the accidental detonation of
weapons, specifically a pallet load of Mk 82 bombs. His methodology, which is
an application of concepts developed by F. B. Porzel34 for NESIP, was
developed for the special case of an explosion in.the open field. This method
provides for both high- and low-launch angle fragments. This distinction is
important in the establishment of acceptable hazard arcs. In this report, we
have included this important concept in the estimation of fragment hazards for

. both fragments and debris missiles.

Assumptions

Several assumptions were made in the preparation of this flow chart. These
assumptions are: :

1. There is a uvaiform distribution of fragments or debris missiles
with respect to launch angle.

2. At any launch angle, there is a uniform distribution of fragment or
debris mass.
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& velocity at this poine, V

f>.]

Ploc the rance as a function

of the launch angle for esch maas
group. Based ou this curve estizace
che proportion of high and low tra-
jectory deoris for each recovery

o

zone (RZ).
A3,
. L
E, (RZ, m) '@ wemmeee
L 80, + 28,

EH(RZ. a) = 1.0 - t,_(nz,-)

FIGURE 5. FLOW CHART FOR PREDICTING THE FRAGMENT AND DEBRIS
' ENVIRONMENT AROUND EXPLOSIONS
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Examine tnju'toty code output
and obtain debris kinetic
energy, KE, at impact

Increment numbear of hazardous
debris NHD,:
H
1f low trajectory 3:
¥eD (RZ, @) = NHD, (RZ, &)
+ N(m) fL(l)

1f high trajectory:

NHD, (RZ, w) = NHD, (RZ, )
+ Nm) £ (m)

FIGURE 5. (CONT.)
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Examine trajsctory code output
and determica if debris inter-
capts 's volume Jm higa covering
the recovery area. If so, obtain
the debris kinetic anergy KE.

Iacrement the number of hazardous
debris N!Dv. v} low trajectory 8:

N!nv(ll. m) - mv(u' m)
+ N £ (w)

"If high trajectory ®:
HHDV(RZ, n) = sunv(nz. )

+ N(w) fB (m)

Divide the number of
hazardous debris in
the horizontal plane
by the grovad surface
ares in the recovery
zove. If this den-
31ty exceeds 1.0 per
55.7 3* then move the
aigimum hazardous arc,
Misy beyond the re~
covery zone RZ.

FIGURE 5. (CONT.)
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Divide the number of hazardous
debris in the vertical plane by
the area of a vertical plane 3Im
high and the width of the recov-
ary zone at its aidpoint. If this
dunsizy exceeds 1.0 per 55.7 a2,
then meve the minimum hazardous
arc mAv beyond the recovery zprie,

RZ.
| ——

Hazardous Arcs

MiAy aRd MHAy

FIGURE 5. (CONT.)
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3. The fragments or debris have the same initial velocity.

4. The ftagments or debris missiles ¢vhibit drag and no lift. The
drag area is approxlmaced from a simple function of the fragment
mass., The function is derived frum measurements of the fragment
presented area for a small sample of fragments. The dray
coefficient is chosen according to the fragment shape. Drag
coefficients for tumbling cubes or for shell frajments are used in
the absence of specific fragment shape informat:on.

The first threec assumptions, which are related, are made to simplify the problem
formulation. 1t is realized that in practice uniform distributions are.not
likely to be enccunteved. However, the inclusion of nonuniform distributions
(where they can be derived) would require Monte-Carlo simulations in order to
arrive at a reasonable solution., For some situations, such as the off-center
explosion of a charge within a bu11d1ng, the assumptxon of a constant initial
velocity may not be .appropriate. In this case, it is possible to use this
methodology individually for, as an example, each of the four walls and the
roof, and to superimpose the results in the last stage of the method. The last
assumption refers to the method of calcul. ion used to estimate the debris
trajectory. Drag coefficients and areas for stable orientation solids are used
in the trajectory calculations, since little information is available for
equivalent drag coefficients for tumbling objects.

APPLICATION OF THE METHOD

Problem Definition

The fragment/debris environment prediction methodology presented in
Figure 5 consists of four parts. The first and mest difficult part to calculate
consists of the problem definition. Where data are available, this phase,
although tedious, presents little problem. Where no data are available, a
¢onsiderable amount of engineering judgement is required to define adequately
and accurately the requisite input parameters. The specific parameters which
must be defined in the initial part of the methodology are:

1. the mass distribution--generally presented in the Mott format :
N(m > M) = N, exp (-m/m)*
2. the initial velocity of the fragments or the debris

3. the range of launch angles--for example debris missiles from a
reinforced concrete wall preferentially emanate normal to the
original plane of the wall. Thus the range of launch angles can be
fairly narrow. : i

4. the fragment/debris drag areas dnd coefficients—-generally tumbling
cubes and shell shapes are selected for the fragments, and drag
coefficients are taken from standard tables. The drag areas are
estimated from a simple relatiounship of presented area as a
function of the fragment mass. For debris, other shapes may he
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more appropriate; for example, concrete rubble might be represented
by tumbling cubes or spheres. :

5. the range distribution--the number of fragments/debris per recovery
zone broken down by mass, N = f£(R,m), détermingd experimentally,*

In this section tne methodology will Le illustrated using data collected in
some recent experiments ‘conducted at SwRI.20 In these tests, reinforced
concrete panels vere overloaded by bare explosive charges placed at small scaled
distances from the panel. In each test, the debris was recovered, and the
recovery location, mass, shape, and physical dimensions were recorded. The
test, presented as an example in this report, is summarized in Table 14, A
missile map for this test is given in Figure 6, and a mass distribution is given
in Figure 7. The maximum velocity measured in thz high-speed films was 23.5 m/s
(77 fps). The number of concrete fragments collected in the six recovery areas
marked on the missile map is summarized in Table 15.

The range of launch angles assumed by the debris missiles was established
based on the missile map given in Figure 6. Assuming that the debris is ejected
in a circularly symmetric pattern, the range of launch angles is the same as the
range of the debris spray angle. This assumption was verified, at least
approximately by the high-speed films taken during the test. It was noted in
the films that the preferential debris launch angle in this test was normal to
the original plane of the wall panel, which is in conflict with the assumption
of a uniform distribution of debris missiles with respect to launch angle.
Nonetheless, for the purposes of illustrating the methodology, the range of
launch angles used in this example problem was taken to be -20 to +80 degrees.
Each debris missile was assumed to have an initial height of 9 inches, the
height of the charge above the ground. This represents another simplification
for the purpose of this example problem. For the test, of course, the initial
height varied from ground level to the top of the panel.

The final input, which was necessary to demonstrate the methodology, was
debris drag or presented area. To generalize the effects of different debris
shapes (pancake or chunky type) and mode of flight for tumbling concrete
fragments, average areas were determined for each debris mass recovered by
computing the equivalent volume of the debris, using the three orthogonal
dimensions corresponding somewhat to width, length, and thickness, and assuming
the debris missile was a rectangular solid. This leads to the following
expression for the drag area:

A=(LxwxD?3 ‘ (5)
The areas calculated using Equation (5) were then plotted as a function of

debris mass as shown in Figure 8. The equation of this line, the p:arcent
standard deviation and the multiple correlation coefficient, R, are included on

*This parameter is considered as an input variable only .if there are data
ravailable. When test data are available then the analytical procedure described
is a procedure for analyzing the recovered fragment/debris data.
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FIGURE 7. MASS DISTRIBUTION FOR A DIVIDING WALL TEST
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TABLE 15. NUMBER OF CONCRFTE FRAGMENTS RECOVERED BY MASS'
IN THE SIX RECOVERY ZONES

Number of Debris Missiles Kecovered in Zone

Mass Interval (gm) 1 2 3 4 s 6
0.0- 09 &4 0 0 1 1 0
0.9 - 4.5 20 3 0 17 s 0
4.5 - 27.0 13 9 ‘4 4 . 4 3

27.0 - 90.0 1 0 0 1 0 0

the graph in Figure 8. Using this f1tted equation, drag areas could be
determined for all masses considered in the analysis. An average drag
_coefficient of 0.9 was used for all debris in this analysis since they were
mostly chunky in shape and 0.9 is the average between the drag coefficient for a
face-on and edge-on cube.

Hazard Arc Definition ‘ ‘ '

General. In thls report, two criteria for defining debris as hazatdous to
personnel are discussed. The traditional criterion considers debris hazardous
if it strikes the ground surface with more than 80J (58 ft-1b) of kinetic
energy. This criterion applies to prone personnel. Another criterion considers
debris hazardous at a specific point if it passes through a vertical plane with
more than 80J (58 ft-1b). This criterion applies to standing personnel and,
therefore, the height of the vertical plane is set at 3 m (9.8 ft).* The
following subsection will describe the methodology which will be used to
calculate debris densities in the horizontal and vertical planes around an
explosive source. This methodology requires that the ground surface around the
explosion source be divided into recovery zones. The horizontal debris density
in each recovery area is calculated as the number of hazardous debris elements
that land in that zone divided by its ground surface area. The vertical debris
density correspond1ng to that recovery area is calculated as the number of
hazardous debris elements that cross any vertical plane 3.m (9.8 ft) high in the
recovery zone. One such vertical plane is shown schematically in Figure 9. A
recovery area is considered unsafe for personnel if the hazardous debris density
in either the vertlcal or horLzontal plane exceeds one hazardous debris element
per 55.7 m? (1/600 £t2).

Debris Density in the Horizontal Plane. The hazardous debris in the
horizontal plane is determined by examining the debris which land in each
recovery area in a test. For each recovery location there are two trajectory
solutions which could explain the observed debris range: a high and a low
trajectory. This distinction is important since the input energies associated
with these two trajectory solutions can be remarkably different. For this
reason it is necessary to determine.the ratio of high trajectories to low
trajectories per recovery area. To accomplish this, typical or representative

*The hezght of an average man plus a 50 percent safety margin.
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masses and launch angles are selected and the debris range is calculated using a

‘standard trajectory code.* In this illustrative example, the calculatlons were
petfotmed for:

masses: 0.9, 4.5, 27.0, 90 gm (0.002, 0.01, 0.06, 0.20 1b)
launch angles: =20 to 80 degrees in 10 degree increments |
initial velocity: 23.5 m/s (77.1 fps)

drag area: determined from Figure 8 aﬁd the deb?is mass

By systematically varying the launch angles, it is possible to define the
maximum possible range as a function of the launch angle for each mass group.
One such plot is given in Figure 10. This figure is used to define the low
trajectories, in this case all traJeccorxes, resulting from a launch angle less
than 42 degrees. Similarly high trajectories are defined as having launch
angles greater than 42 degrees.

Figure 10 can be used to establish the proportion of low to high trajectory
debris with a mass of 90 gm (0.20 1b) recovered in a particular zone. Consider
recovery zone 5 which is 12 to 18 m (20 to 40 ft) downrange. Debris with a mass
of 90 gm (0.20 1b) could have landed in this recovery zone if it was launched at
an initial angle between 6.7 and 10 degrees or between 76.7 and 8l.7 degrees.
The range of possible low trajectory launch angles is called A9y and is
10 - 6.7 or 3.3 degrees wide. The range of high trajectory angles is a6y,
which f-r this case is 5.0 degrees wide. The percentage of low trajectory
debris elements in the recovery area is then defined as:

F-.—.ﬁ—.
L AbL + AOH

= 0.398 - ©(6)

The percentage of high trajectory debris elements is then:
Fy = 1.0 - Fp, = 0.602 (1)

Once the proportion of high and low angle trajectories are known for each
mass group, the number of hazardous debris in the recovery zone can be .
calculated. This is accomplished by examining the trajectory code output for
each representative mass and an average high trajectory launch angle, 6.
1f the kinetic energy of this case exceeds the 80J (58 ft-1lb) criterion, then
the number of hizardous debris elements in that recovery area is incremented by:

Ny = Ny + N(m) * fy(m) | (8)

*At SwRI, the traJectoty code used is FRISB, which was developed under a NASA
contract.
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where

Ny = number of hazardous debris elements

‘N(m) * number of debris elements with a mase m found in the recovery
zone

fy(m) = percentage high trajectory debris elements with a mass
m in the recovery zone

Similarly, the contribution of low angle trajectory debris of the specific
mass group to the total number of hazardous debris in the recovery camn be
estimated by examining the trajectory code output again for each representative
mass and an average low trajectory launch angle, 1. Whenever the impact
kinetic energy of one of these cases exceeds the kinetic energy criterion, then
the number of hazardous debris in that recovery area is incremented by:

Ny = Ny + N(m) * £ (m) _ | (9)

The methodology for the calculation of che hazardous debris density was

- applied to the dividing wall test data. The results of these calculations are

summarized in Table 16. For each of the six recovery zones, the four
representative masses and the high and low angles (87, and 8y), the code

wag exanined and the debris kinetic energy at impact was calculated. Using a
properly scaled hazard criterion of 0.37J (0.27 ft-1b),* the number of hazardous
debris elements was determined for each recovery zone. The hazardous debris
density was calculated and normalized to 55.7 m< (600 ft 2), The results

_ summarized in Table 16 indicate that the minimum hazard arc is beyond recovery

zones 3 and 6 or more than 24 m (78 ft) from ground zero (see Figure 6).»

It should be noted that for some classes of events, the hazard criterion
(horizontal plane) will be satisfied at points close to ground zero, but will
not be satisfied at large distance from ground zero. This result can be obtained

*The dividing wall test program was conducted at 1/6 scale. Well established

laws of scaling require that energies scale as the geometric scale factor
cubed. Thus the energy criterion.of 80J (58 ft-1b) becomes 0.37J (0.27 ft-1b).
The range that a debris missilc “ravels is not properly scaled in the model
tests since the gravity field w:s not increased by the geometric scale factor
(1/6) in the tests. This means the model scale range observations are of the
same magnltude as those observed in full scale. Therefore, the debris density
of 1/55.7 m? (1/600 ft2) is appropriate. Note that; neglecting drag, the
range of a debris element is: ' :

Vo2 sin 20 7a : _ .

R = -———E——-—— * v, ‘¢—§3 d is the initial height of the debris.
In these experiments, the velocity, V,, and the gravity, g, were held
constant and the initial height of the debris was properly scaled. 1If we
consider debris emerging from the ground surface (d = 0), the model and
full-scale ranges are identical. However, for proper scal1ng, the model ranges
should be modified to account for the scale change of 1/6 for the second term
in this range equation.
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TABLE 6. CALCULATIONS OF THE HAZARDOUS DEBRIS DENSITY IN THE HORIZONTAL PLANE

Recovery Zone OL(::g:“ ‘l’ °f f“f . v '('.g:; L:;s) _z;_; N "“
1 3.7 1.0 0.9 15.2 6.105 4 -
: : - 4.3 18.0 0.73 20 20
27.0 20.2 5.6 13 13
90.0 21.3 20.7 1 N
Toial lNil in Zone 1 3%
Hazaraous Density * 204
2 8.5 0.398 0.9 12.5 0.071 0 -
4.5 15.5  0.546 3 119
27.0 18.4 4.62 9 3.58
90.0 19.9 18.0 () -
79.2 0.602 0.9 8.9 0.036 ] -
x 4.5 11.4 0.292 3 -
27.0 14.7 2.92 9 5.42
90.0 16.7 12.6 0 -
Total lI“ in Zone 2 10.2
Hazardos Density 61.1
3 13.2 ' 0.542 0.9 10.9 0.054 o -
4.5 13.8 0.43 - © -
27.0 16.9 3.9 4 2.17
90.0 18.7 15.9 0 -
74.0 0.458 0.9 10.5 0.050 (] -
4.5 13,5 0.510 0 -
. 27.0 16.6 3.72 4 1.83
. . 90.0 18.3 15.1 0 -
Total “H in Zone 3 4.00
Hazardous Density 24.0

58




NSWC TR 85-114

TABLE 16. (CONT.)

8, or oy ‘L or f“‘l‘ Mass V; KE¢ N(m) Ny
Recovery Zona (deg) \ (gm) (m/s) (J) .
4 3.7 1.0 0.9 15.2 0.105 1 -
6.5 18.0 0.73% 17 17
27.0 20.2 5.6 4 R T
90.0 2.3 20.7 S U
. ' Total N“ in Zone 4 22
tlazardous Density 132
] 8.5 ' 0.398 0.9 12.5 0.071 1 -
' 4.5 15.5 0.546 8 3.18
21.0 18.4 4.62 4 1.59
90.0  19.9  18.0 0 -
79.2 0.602 0.9 8.9 0.036 ] -
' 4.9 11.4 0.292 8 -
27,0 14.7 2.92 4 2.41
) 90.0 16.7 12.6 0 .
Total “H in Zone 5 7.18
Hazardous Density 43.1
6 13.2 0.542 0.9 10.9 0.054 . 0 -
4.5 13.8 0.434 o . -
27.0 16.9 3.91 3 1.63
90.0 18.7 15.9 o -
0.458 0.9 10.5 ° 0.050° 0 -
4.5 13.5 0.410 © 0 -
27.0 16.6 3.72 . 3 1.37
90.0 18.3 15.1 0 e
Total N“ in Zone 6 3.00

Hazardous Density 18.0

* Number of hazardous debris divided by 9.29 mz {100 ftz) groind surface area
and normalized to 55.7 m® (600 ft)
t+ In this {llustrative example, the fl and fH used cdrrespond to the 90 gm

" (0.20 1b) debris slement. In practice, separate estimates for fL and E“

should be madé for each mass and range group.
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when the debris missiles emerge predominately with launch angles close to the
optimum value for maximum range. Thus the safety analyst must be careful to
analyze the full vange of plaus1ble launch angles.

Debris Density in the Vertical Plane. The debriS‘density calculations for
the vertical plane parallel those fur the horizontal plane. The difference is
that the debris velocity and its vertical héight as it crosses a vertical plane
are used (instead of the range and the velocity at impact) in the determination
of whether it is hazardous. 1In practice, all combinations of the representative
debris masses and the representative launch angles are used in the trajectory
calculations. As each debris element crosses the recovery area, its velocity
and height are noted. If the debris height is less than 3 m (9.8 ft), and the
debris kinetic energy exceeds 80J (58 ft-1b) then that piece of debris is
considered hazardous and the number of hazardous debris in that recovery zone is
incremented according to: :

Ny = Ny + Fp(m)N(m) | | | (10)

where

N

v = number of hazardous debris in the vertical plane

F{(m) = percentage low trajectories for a mass group

(see Equation (6))
N(m) = number ofldebris elements with ﬁass,bm, which landed °
in the recovery zone being considered

When all of the debris has been accounted for, the hazardous debris density in
the vertical plane is estimated by dividing N, by the area of the vertical

plane at the midspan of the recovery area. A recovery area is consxdered unsafe
fog personnel if the hazardous deb-is areal density exceeds 1/55.7 w2 (1/600
{ce).

As an illustrative example, consider again the dividing wall test data.
Trajectory calculations were performed for the same masses and launch angles
considered for the horizontal debris density estimates. In this case the
trajectory code was modified to print out the debris velocity and height as it
crorsed vertical planes at the midpoint of the recovery areas located at 9, 15,
and 21 m (3G, 50, and 70 ft) downrange (see Figure 6). These calculations are
summarized in Table 17. Using the scaled hazardous kinetic energy of 0.37J
(0.27 £t~1b), the number of hazardous debris missiles per recovery plane was
calculated and the hazardous debris densities were compared to 1/55.7 m
(1/600 ft2). The comparison shown at the bottom of Table 17 indicates that
the minimum hazard arc from the vertical plane calculations is less than 21 m
(70 :¢}. Since this arc is less than that for the horizontal plane
calculitions, the overall safety arc is contro”led by the horizontal plane
calculaticns. It should be noted that these findings resulted because the
vertizal rlane calculations considered the plane located at the midspan of each
of tte six recovery zones, not at the close-in boundary of the recovery area
sectcr. In practice, the hazard arc based on the vertical plane calculations
will control the definition of the minimum acceptable hazard arc.
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TABLE 17. NUMBER OF HAZARNQUS DEBRIS IN THE VERTICAL PLANE

”H at Each Recovery Plane

. £ (1) wmass | Velocity (»/s) of the Debris Across Planes ac 2) ")
(deg) LT 9m ASa 21a (m S - 15w ua
3.7 1.0° 0.9 -(3) - - ' - - -
4.5 - - |- 20 - - -
(Zone 1) 7.0 20.2 ' - - 13 13 - -
- ' 90.0 1.2 - - 1 1 - -
8.% 0.398 0.9 - - - ] - - -
4.3 17.3 - - 3 1.19 - -
° (Zone 2) 27.0 - 'vll..‘! - 9 - 3.53 -
90.0 - 20.0 - ] - - -
13.2 0.562 0.9 - - - 0 - - -
4.5 - 14.3 - 0 - - -
' (Zooe 3) 21.0 - - - 4 - - -
90.0 - - 18.7 0 - - -
. ) Zove 1 2Zons 2 Zone 3
A Number of Hazardous Debris 15.19 3.53 0
] Debris Density‘? 182.0 42.4 0
! N 1.0 0.9 - - - 1 - - -
6.5 - - . - 17 - - -
(Zone §) 27.0 20.2 - - 4 4 - -
o 90.0 a.2 . - - 1 1 - -
s . .
f 8.5 0.398 0.9 - - - 1 - .- -
8.5 17.3 - - _ s 3.18 - -
(Zone 5) 27.0 - 18.3, S - 4 - 1.59 -
. 30.0 - 20.0 - 0 - - -
13.2 0.562 0.9 - - ‘ - 0 - - -
4.5 - 14.3 - 0 - - -
(Zone 6) 27.0 - - ' o= T3 - - -
90.0 - - 18.7 0 - - -
. Zone 4 Zone 5 2oue 6
. Mumber of Hazardous Debris 8.18 .59 [}
- . ’ ’ Debris Density (4) . 98,2

19.1 0

(1) Only the low launch angles wers considered in this example. Ia actual
application the full range of plausible initisl launch angles should be
- cons idered. o

(2) In chis fllustrative example, the debris, kinetic energy and height were . '
checked only at che midspan of 2ach recovery ares. In practice, the
debris energy and height should be checked at all positions over the
recovery zone. In effect then, the method calls for checking the kinmetic
enerzy for every particle which has a crajectory which intercepcs a volume
3 2 (9.8 ft) high and encompassing the entire recovery cone.

(3) No velocity is given if the debris missile did not pajn through the vertical recovery »lane.

* '
{4) Sumber of debris :%emnu divided by 4.65 m2 (50 f:z) vertical rscovery area and aormalized
o 35.7 o® (600 £:°).
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CHAPTER 4

DEBRIS HAZARDS METHODOLOGY DEVELOPMENT PLAN

When an explosion occurs'within a building, structural collapse can occur
and hazardous debris can be hurled towards other occupied areas. The mechanisms
which control the debris formation are complex and vary widely for different '
types of structures and different parameters associated with the explosive
contained inside. In order to approach the problem of deriving prediction
methodologies for debris hazards, the first step must be to identify the
important physical parameters which have an effect on debris characteristics.
ldentification of these parameters will allow one to organize the steps to be
taken in an investigation of debris hazards.

. Debris characteristics are defined in this report as the number of debris
fragments, debris mass, shape, size, velocity, launch angle, range, and spray
angle. These debris characteristics are controllel by the structural details of
the building and the applied internal loads. The structural details depend upon
the type of building considered and from what portion of the structure the
debris originates. - The internal loads are dependent upon the charge size,
shape, location, and orientation within the structure. ' Also the effect of
charge casing, when present, can affect the internal loading.

STRUCTURAL PARAMETERS
Debris emanating from a building due to an accidental internal explosion is

controlled by a number of parameters related to the structural details of the
building. Various types of buildings* are used to house ordnance items

including reinforced concrete (laced and unlaced), concrete masonry

construction, and steel construction. These different types of buildings would
each present different classes of hazards depending on the failure pattern. This
wide range of construction types would necessitate a very broad research eftort
to identify debris hazard methodologies. In order to maintain a smaller
research effort and to concentrate on the type of construction which is expected
to be the most prevalent for ordnance handling, a generic debris donor structure
should be selected. This report will concentrate on reinforced concrete
structures. This is not to say that hazards do not exist for structures other
than reinforced concrete.

*The contributions from equipment and furnishings inside the building are not

considered. '
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Past experience has shown that the main debris hazard from explosions
inside reinforced concrete buildings originates frem the walls. This may not be
true of all building shapes; however, many buildings will have flat roofs from
which the debris is projected upward. The debris will fall on or very near the
original site. In contrast, wall debris will be projected large distances. In
addition, the wall debris emanates primarily in a airection normal to the
original wall surface. This is shown in Figure 11. By concentrating on wall
debris, the number of permutations of possible debris conditions to be studied
1s reduced.

A reinforced concrete wall can be either of laced or unlaced construction.
Laced construction is typically used in the de51gn of a structure to withstand
the applied blast loading. The specific intent in the design of a laced
reinforced concrete wall is to control the collapse and breakup of the wall.
Some debris may occur in the form of backface spall or scabbing. For occupied
areas exposed to these debris sources, it is standard practice to provide
protection in the form of spall plates. For these reasons a laced reinforced
wall shall not be considered in this report. Any further reference to ,
reinforced concrete will pertain to unlaced construction unless otherwise noted.

The following is a description of the type of structure considered in this
report. Typically, the wall is rigidly attached on two or more edges with equal
reinforcing running in both the horizontal and vertical directions and on both.
faces of the wall. The concrete cover over the rebar conforms to American
Concrete Institute (ACI) requirements, 0.019 meters (0.75 in.) for inside
surfaces and 0.038 meters (1.5 in.) for exterior surfaces.

Other structural conditions could have an effect on reinforced concrete
debris formation. Wall reinforcemeat can be tied into the {loor, roof, or walls
to iform various boundary conditions (fixed, simple, or free). The type of wall
boundary conditions will control the yield line formation which, in turn,
affects debris formation. The amount of tie in rebar and wall thickness at the
perimeter will determine whether the wall fails due to support reactions or in
bending. Also, stirrup design will govern whether or not the main flexural
rebar is allowec to develop its full bending resistance without premature
failure in shear. The differences in types of failure (support reaction, shear,
or bending) could cause differences in debris characteristics. As will be
suggested in Chapter 5, the model test series will include a test fixture with a
support frame in which the debris forming wall will be held. The number of
sides of the wall to be supported in the frame can be varied. For the
investigation suggested in this report only fixed boundary conditions should be
considered at this time. As discussed, shear reinforcement could have an effect
on debris formation. - Incorporating shear rebar into the model panels to be
discussed in Chapter 5 would be costly. Hence, it is suggested that shear
design not be considered for the initial investigation discussed in this
report. If a more detailed test seriec is considered at a later date, then
shear design can be investigated along with other parameters not included in the
initial test series. It should be noted that if full-scale tests were
conducted. incorporation of shear reinforcing into the test panels would also be

costly and a scale model panel 1nc1ud1ng shear rebar would still be less
expensive.
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FIGURE 11. DRAWING OF MEASURED DEBRIS DENSITngF BUILDING AND
CRATER MATERTIAL DURING MODEL TESTS
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For the reinforced concrete wall described above, the parameters tr. on
considered further which can be identified as controlllng the debris
characteristics include the following:

Concrete compressive strength

Aggregate size

Concrete density

Wall dimensions (height, width, thickness)
Rebar diameter '

Rebar spacing

Rebar/concrete adhesion

Rebar yield and ultimate strength

Boundary conditions, i.e., wall restraints

O 000 QOO 0O

These parameters and their relat1onsh1p between each other and debris’

' characterlstxcs are discussed in the section entitled "Parameter Relatlonshlp.

BLAST AND FRAGMENT LOAD PARAMETERS

The formation of reinforced concrete debris due to an internal explosion
is affected by the applied loading which is a function of charge size,
location, and the presence of casing. Shock strength increases with'
decreasing charge standoff and increasing charge size. Charges close to the
wall but off-center in the room will have a shock reverberation pattern which
will be dominated by the first reflection. Charges centered in the room will
have secondary reflections which are also important. The charge size and
importance of secondary shock reflections can affect whether the structure
will respond impulsively, dynamically, quasi-statically, or under
reverberatinn. The charge size and location within the structure.are hence
identified as important parameters controlling debris formation. Room volume

affects the quasi-static phase of an explosion . and is also considered an

important blast parameter. Vent area is not considered here because this is
usually compared to wall area, and wall collapse should occur before
substantial venting for large charge weights.

The shape of the explosive will have an effect on the forcing function.
High explosives can be in boxes, cylindrical containers, or in stacks of
munitions of a variety of shapes. Except for munitions, nonspherical
containers are expected to be compact (i.e., L/D approximately 1) for ease of .
handling.  Munitions stacked in an array are expected to be in a compact
arrangement. To consider all possible permutations of charge shape would be
expensive, 'particularly when a spherical or compact cylindrical (L/D = 1)

- shape can reasonably represent many shapes typically encountered.

Whether a charge is cased or uncased will have an effect on the loading
applied to the wall surface. The casing will affzct the blast loading and can
become a source of fragment impact on the wall surface. To limit the type of
casing to be studied from the variety of casings available, it is suggested
that only steel casing should be considered.
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‘varied in the model tests, those to remain constant, and the parameters to be

. 4, Tables 18 through 20 include important parameters, symbols, and dimensions
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The density of the explosive material can have an effect ¢ . the loading on
the wall surface. If the same mass of explosive is packaged iu bulk form, a
different blast field is expected, given an explosion, as compared .with that
in pressed form. Differences are also expected for explosives which are
packaged as individual quantities in a stack (although each is in pressed
form) compared with a single pressed unit of the same overall shape. The
worst case loading will be expected from the compact, pressed explosive and
will be considered under this report.

In summary, the explosive parameters to be considered further which are
identified as important in debris formation of reinforced concrete walls are:

'

o Explosive mass
‘o Explosive location within the enclosed structure
o Room volume (affects quasi-static phase)
o Explosive shape (only compact shape will be, considered)
o Casing effects (shock interaction and jetting effects of
. warheads)
o Explosive density (only pressed exp1031ve will be consxdeted)

PARAMETER RELATIONSHIP:

The parameters previously identified as being important to debris
formation from reinforced concrete walls can be related to debris
characteristics (mass, shape, size, velocity, trajectory, quantity, range, and
distribution) through the use of similarity methods. Similarity is a powerful
tool for organizing parameters into terms (called pi terms) which are

usefulness of similitude analysis is well documented in the literature and has
been applied to a wide range of physical problems including those similar to
this. debris problem (Reference 34 includes an excellent overview of similitude
analysis). Under a previous study, a similitude analysis for explosive
fracturing of a dividing wall was developed.26 The parameters considered in
this report are similar to those studied in Reference 26, however, enough
differences exist that a separate similitude analysis was necessary. The
results of‘Reference 26, however, were used as a guideline. Similitude (or
model) analysis is typically used in conjunction with model or scaled tests.

A model test series will be suggested and dlscussed in Chapter 5 for a deb-.is

hazard study.

The pi terms derived using the parameteré identified in the development of
the model analysis and the debris characteristics to be measured are given in
Tables 18, 19, and 20. The tables are arranged according to parameters to be

measured. The reason for varying some and not others is discussed in Chapter

(force F, time T, and length L). Below the tables are 'the nondimensional pi
terms corresponding to the above parameters. The nondimensional terms were
organized to reflect physically significant relationships thought to be of
importance. Concrete compressive. strength is com“ined with wall dimensions
(which govern the amount of concrete in compression during bending) to relate
a strain energy to charge energy. The yield and ultimate strengths of the
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TABLE 18. PARAMETERS TO BE VARIED DURING MODEL TESTING

Parameter Symbol Dimension
Wall Thickness X L
' Rebar Diameter ‘ D L
Rebar Spacing | s , L

(horizontal = vertical)
Charge Energy W FL
Charge tocaticn in Reom

.height above floor h
distance from.ﬁall r

[

. distance from nearest sidewall 2

[ 2 S A 2

Charge Casing Thickness - d

S — e - v 1 A A—————— e - ot o o

o XLR
c

4 ' Note: L, H, and R are defined
W o _ in Table 19

. D/X

=1
~N
-}

=3
w
L}

' S/X
ng = h/H'
s = r/R

L/L
d3oc

=
o
[}
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TABLE 19. PARAMETERS TO BE HELD CONSTANT DURING MODEL TESTING

i

.

Tiog =. L/V1/3

My =  a/x

M = DC/OS

¢ DS (LH)
i3 s w !

1/3

Parameter Symbol . Dimension
- Rgom Size |
height H L
distance from debris forming R ' L
wall to back wall ‘
distance from side wall L L
to side wall '
Aggregate Size a . L
Concrete Density Pe . - FTZILA
‘Concrete Compressive Strenéth . . R F/12
Rebar Density | Py . FTzlLa
Rebar Yield Strength o ' /12
Rebgr Ultimate Strength . ' ?/L2
Gravity | g _' L/124
Standard Air Pressure P, F/L?
Strain Rate e - L/L/T
g = H/Vl/3 (vhere V = HRL = room volume)
'Ng = R/vl/3v My = cu/ay

: g Mx
Ms =

W
Mg = pOV

w
My, = eT

Note: M is definedin‘Table 20
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" TABLE 20. MEASURED PARAMETERS OR DEBRIS CHARACTERISTICS

Symbol - Dimension
Launch Angle | ) . -
Spray Angle ' ' b -
Debris Velocity v | L/T
Debris Mass | M | FT2/L
Debris Size
length o a) L
width az o L
thickness a3 L
‘Debris Range z L
' Debris Quantity - N ‘ | -
Mg = @
Mo = ¢
' VZM
T2o = —yg—
: M
nZl = ‘p————"
¢ /HL xS
(aya583) o,
rI22 = M.
T . &
23 2
v
Ty = N
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rebar are treated similarly. Rebar spacing, rebar diameter, and aggregate
size are combined with wall thickness which for these parameters is considered
to be the most important length term. Charge location within the room is
combined with the corresponding major room dimension (i.e., charge height
above floor room height). Roow volume, charge weight, and atmospheric »
pressure are combined relating quasi-static pressure. The parameters in Table
20 are also arranged with similar parameters to form pi terms. Velocity is
squared and combined with mass to form a kinetic energy which is then ratioed
with the charge energy. Mass is combined with concrete density and debris
mass (which thereby relates debris size back to wall dlmensxons). Debris
range is related to gravity and velocity squared.

All of the pi terms discussed above are suggested. Rearrangement of terms
can be made if more suitable relationships are found.

SCALING LAWS FOR REINFORCED CONCRETE MODEL

Using the method of similarity, it is possible to derive the scale factors
for all parameters in a replica model. A replica =m2dal is one in which both
the prototype and the model structure are made frowm -he same materials. In a
replica model all geometric ‘dimensions (lengths, ti .. kness, etc.) are scaled
down by the same factor A. All angles, densities, strengths, strains, and
tiie aumber of debris/fragmeuts generated wiil be invarient or the same as in
full scale. Time and impulse in the model will scale with the geometric scale
factor \. Mass of debris and energy in the explosive charge will scale as
A3, Strain rate and acceleration due to gravity will scale as A~
The scale factors for the explosive loading and subsequeat breakup of the
reinforced concrete wall are summarized in Table 2). All parameters listed in
Tables 18 to 20 will be scaled properly except ac:eleration due to gravity,
debris range, and strain rate. The failure to scale gravity, which should be
A times greater in the model, is important only in the trajectory of the
debris generated by the explosion. Since the initial launch angle, initial
velocity, and debris mass are properly scaled, it should be possible to
calculate the equivalent full-scale ranges using these initial conditions
measured in model scale experiments. The failure to scale strain rate
properly arises because strain is invarient and time scales as A, Thus
strain rates in the model will be A times larger than those in the
prototype. This is not as catastrophic as it seems because steel and councrete
are not strongly sensitive to strain rate. The ratio of "dynamic strength" to
static strength for these materials is roughly linear with respect to the
logarithm of the strain rate. In an explosion, strain rates in the steel
elements and in the concrete may vary from 10't to 100/sec. Over this range.
those materials may have an increase in "dynamic strength" from 1.1 to 1.8
times the static strength, In a 1/10ch scale model the strain rates in a
similar explosion may be 102 to 1000/sec. The "dynamic strength" increase
in the model may then be on the order of 1.2 to 2.4 times the static
strength. From this discussion it can be seen that strain rate effects
between the model and prototype structure are real; however, these effects
probably will be difficult to discern given the usual scatter inherent in thls
type of te "ing.
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TABLE 21. MODEL LAW FOR DIVIDING WALL FRAGMENTATION

Parameter

~ Lengths

Angles

Densities
Strengghs, ﬁoduli
Poisson's ratio
Strains.

Strain Rate
Velocities
Acceleration (gravity)
Mass

Reinforcement ratio
Explosive enérgy
Preésure

Impulse

Time

Number of fragments

Replica Scaling Law
A

1.0

1.0
1.0

1.0

1.0
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NUMERICAL RANGE OF PARAMETERS TO BE INVESTIGATED

As discussed in the previous section, it is suggested thit the parameters
listed in Table 18 be varied during model testing, The paramreters in Table 19
will be held constant for 'all tests. The reason these parameters are held
constant is because the effect of their variation on debris formation for
structures of interest is expected to be less significant (except for room
dimensions) than parameters listed in Table 18. The parameters in Table 19
are also somewhat constant in typical coanstruction, i.e., aggregate size,
concrete density, and rebar strengths do not vary greatly in common
construction. The anumber of permutatinns can be greatly reduced by holding
these parameters constant. Consideration of a constant room size is strictly
an economical decision. The model test setup to be discussed in Chapter 5 is
envisioned to be a reusable structure (except for the debris forming wall),

_and it is economically desirable to maintain a constant room size.

The range over which the parameters in Table 18 are to be varied was
chosen to reflect that expected to be found in existing structures. The
ranges are given in Table 22. A survey of existing structures was not made
for use in determining the range of variance in the table, but, these values
were chosen for what past experience has shown to be typical. Any"
disagreement with these values can be incorporated by expanding or contracting,
the range of parameters to be considered as listed in the table
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TABLE 22. FULL-SCALE RANGE OF VARIATION TO BE APPLILD TO PARAMETERS
IN TABLE 18 DURING MODEL TESTING

Wall thickness - 0.3 - 0.46 meters (12 - 18 in.)

Explosive mass ' 150. - 4500 kg (330 - 10,000 1bn.-)
Casing (one rhickness) ‘ Bare or cased

Charge Position in room

' height' above floor 0 - 1/3 room height
) ‘distance from wall "~ varied
distance from sidewall centered
Rebar size : #5 - #8

Rebar spacing 0.15 - 0.46 m (6 - 18 in.)

e
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CHAPTER 5

RECOMMENDED MODEL TESTS

To better define the debris characteristics of reinforced concret:
buildings and walls exposed to blast loading, it is recommended that a small

'scale study be initiated. The use of model tests can provide a large data base

at a reduced cost compared to full-scale testing., With the use of the
similitude analysis discussed in Chapter 4 the effect of the various parameters
on debris formation can be studied using model test data. Model testing is
widely used for problems similar to debris hazards. Modeling is well understood
and documented in the literature {References 35 and 36) where the validity of
properly managed model teste are unquestioned. The model used for testing
should simulate the prototype as closely as possible for all important physical
parametcers. These conditions are easily satisfied except for the gravity term
which unfortunately does not scale. This handicap only affects the range of the
debris, i.e., the range term does not scale properly. All other measured
parameters, however, do scale. During model testing several parameters vill be
varied. The overall test program can be performed as » series of small cest
programs where one or two .. the parameters will be varied with the remaining
paramaeters held constant. At time of completion of the first series of tests,
another 'series would be initiated with a different set of parameters varied.
For validation of the small scale tests, several model scales including full
scale shculd be investigated. Table 23 outlines a series of tests designed to
provide accurate and reliable fragment/debris data for reinforced concrete
structures subjected to internal loads. As mentioned earlier, when the final
s~'ection of the donor system is made, the test plan and corresponding medel
test series can be organized in a manner similar to that dizcussed here.

SCALE MODEL ENCLOSURE

It is suggested that the tests to be performed on reinforced concrete wslls
make use of 'a scale~model enclosure. This enclosure would consist of a reusable
concrete base slab (to which a frame or fixture for use in supporting the roof
and ‘'walls would be attached), a blowout roof, and three frangible walls. The
fourth wall will be the test wall. The test wall will be made of reinforced
concrete and would be supported on either one or three sides by the reusable
support frame.

SwRI fabricated 1/6 scale model reinforced concrete walls for a program
funded by ARRADCOM, entitled “Explosive Fragmentation of Dividing Walls,26
In fabricating the model walls, 14 gauge steel wire was used to simulate the
reinforcing bars. The wire was chosen to have equivalent strength properties of
the rebar being modeled, and the zauge of the wire was a scaled equivalent of
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the rebar size. Recause rebar is not smooth and bonding to concrete is
important., the wire was crimped to incorporate this feature in the model. Rebar |
was located in both the horizontal and vertical direction without lac1ng. Molds
Lor the concrete walls were fabricated into a rectangular plywood frame which
was designed to be reusable, The frame had a series of holes on the side which
held the rebar in its proper place. Concrete was poured into the model such
that a lavar of concrete covered the rebar on boch faces. SwRI recommends this
type of fabrication process for use in the proposed program if small scale
models are used. For larger scale models actual rebar is ivailable for use in
fabrication of the test wall. The smallest rebar available commercially is No.
2 bar; however, it is only obtainable in plain round. This limits the scale of
the model if actual rebar is to be used. -

The frangible walls and roocf can be fabricated of light yat sturdy material
such as plywood or pressboard. The frangible panels would be supported in such
a way that they would remain in place long énnugh to reflect the shock waves
generated by the explosion. This would subject the test wall to a realiscic
forcing function. The fraugible panels can be covered by dirt to simulate a
full~scale mass if uncovered frangible wall response is determined to be too
rapid. The dirt can be heaped against and on the model or poured between two
~ panels of proper spacing to obtain the correct scaled mass. When the frangible

walls and roof (either dirt govered or uncovered) do fail, the fact that they
are made of light materials will eliminate hazardous debrls.

The test wall should be color coded on both the front and back face. It is
suggested that at least four colors be used on each face. To identify sections
of the test wall, small number labels should be glued onthe wall in ar array
within each colored area. Previous model tests have incorporated this color
coding and labeling scheme with success.26,27. The tests should be made with
the wall facing a debris recovery pit which is z sand bed large enough to
receive all expected debris. '

INSTRUMENTATTON

It is suggested that both real txme and high- speed cameras be used to
record the event. The cameras can be placed at the model end of the recovery
pit in order to record the debtis immediately after the explosion. A ruled
background panel can be used to serve as a backdrop for the carera recordings.
Ruled lines on the panel will give a reference frame ia the film. This type of
setuap was used with the model tests described in Reference 26, Figure 12 is an
example of this kind of test setup.

Pressure gauges can be located on the test enclosure floor if a record of
the blast enviromment is desired. Because the test wall will collapse, no
' pressure history recordings caa be made of the wall surface itself. Blast
measurements can be made if a steel panel, designed not to fail, is placed in
the test frame with an attached array of blast gauges. This type of test setup
_is referred to as 'a loads model. A minimum of five gauges evenly spaced on the
piate is suggested. In addition to those on the plate, blast gauges should be
located on the floor (ian the same location as for debris medel) for use as
reference gauges. The loads model would require a series of tests which include
all charge sizes and locations. A comparison of the pressure histories from
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~ reference gauges (on the floor) could be made between a corresponding loads test
and debris test. This would allow determination of whether the applied loads to

the wall are similar. :

DEBRIS DATA TO BE RECORDED

Measurements made for each debris test should include the recorded values
corresponding to the parameters identified in Table 21 for a reinforced concrete
wall, Other debris donors would have similar characteristics to be measured.
Debris mass and dimensions should be measured. The presented area can be
estimated in two ways. The best method consists of an icosahedron gauge which
uses photodetectors to measure the "shadow" o the debris in each of 16
different orientations. The 16 different realings are averaged to yield an
. "effective presented area." Unfortunately this device i5 quite expensive and
only two such units are in existence. A simple and cheaper method consists of
measuring three orthogonal dimensions (L, W, T) of the debris. From these
readings an "effective presented area” is estimated as (L x W x T)2/3,

Debris range should be measured and recorded. An attempt should be made to
locate the origin of the debris on the wall through use of the color coding and
numbering system. Debris trajectory and velocity may be obtained from
high-speed film recordings and perhaps flash techniques or breakwire systems.
The number of debris particles per test should bLe recorded. 1If very small
debris makes this difficult, then debris above a certain size can be counted.
The number of debris elements recovered versus distance from the test wall can
be measured. The number of debris particles versus debris mass ‘can be counted.
These parameters can be obtained from what is cormonly called a missile map
which includes debris location, total number of <ebris, and debris size.

ADDITIONAL TESTS IN SUPPORT OF MOLEL TESTS

In Chapter 4 the important parameters affecting debris characteristics were
discussed. One of the parameters which affect debris range is gravity (=33,
Table 20), which is not properly scaled. Tu vrder to determine a full scale
range, additional analysis of the test data is required. Using the debris,
velocity, mass, shape, launch angle, and spray angle, a corresponding range can
be determined using existing trajectory solutions. The only missing parameter
is a proper drag coefficient and debris presented area. :

Since there is no method for predicting the drag coefficient or the drag
area for tumbling debris, it is common practice to assume a stable orientation
for the debris missile, calculate the drag areas tor this orientation, and
obtain Cp from handbooks or standard references. In addition, values for Cp
are §iven for only a limited number of orientations, i.e., edge-on, side-on,
etc.37 "Coefficients for other debris missile orientations such as 10°
- off-normal, 20° off-normal, etc., are not available. 1In reality, debris
migssiles will have any of numerous orientations including tumbling. Test data
covering a range of debris orientations would be very useful to obtzin a
prediction model. This will require an experimental program varying the
orientation and rate of tumble of typical debris fragments. This type of
program could be performed using debris missiles with known dimensions fired out
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of an air gun with a certain oriencation, and at a known launch angle and
initial velocity. The range traveled by the missile could be recorded and
compared to that predicted by the standard trajectory 'codes. By varying the
initial debris orientation, 'the resultant debris range could be corrected to
account for the drag of the missile. A similar analysis could be performed for

tumbling debris by introducing a tumbling medium and then changing the tumbliag
rate.
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CHAPTER 6

ANALYSIS OF TEST DATA

Test data collected as discussed in Chapter 5 should be part of a’
parametric study aimed at developing methodologies for the reasonable prediction
of hazards associated with debris from blast loaded reinforced concrete walls.
'Proper analytical models would te useful as input to the NOHARM program for use
in debris hazard predictions. Generalization of experimental results is
difficult due to the response dependence on fabrication and explosive
parametets. To date there are no established prediction equations for
calculating the effect that various parameters have on concrete wall break-up.

In Reference 26 a model analysis was used to design the scale model tests
and to interpret the test results. ‘Based on the limited tests conducted on this
program, preliminary prediction models were formed for greatest debris velocity,
longest debris range, number of debris elements, and largest recovered mass as a
function of the scaled total impulse applied to the wall. Examples of the types
of results for dividing walls supported on three sides are given in Figures 13

- through 16. Although these results are not directly applicable to the situation
of a naval munition exploding within a structure, these results are indicative
of the type of empirical analysis which is possible.

‘Thus far, the analysis which can be performed on maximum respounses obtained
in the tests has been presented. A similar analysis can be performed o:
statistical distributions of measured data. For example, consider the case of
the mass of the debris fragments collected in the dividing wall tests.26 1n
these experiments all significant debris generated was collected and weighed. '
The mass distributions were prepared by choosing mass intervals which were
approximately log linearly distributed. The number of debris missiles with a
mass greater than the specified mass intervals was counted. Using these data,
plots similar to the one given in Figure 17 were prepared. The data from
several tests were plotted in Figure 18. 1In this case, the various curves
represent different explosive loadings applied to the wall. Of course, the top
curve represents the most highly loaded wall, and the bottom curve represents
the wall with the lowest loadings. Each of the curves has a similar shape which
suggests that it should be possible, through proper selection of dimensionless
ratiosgsto correlate empirically all of the mass distributions into a single
curve.” '

The above are suggestions of the type of analysis that can be performed
with the test data. Similar analyses are expected in conjunction with the
actual test series. The use of similarity analysis provides a powerful tool in
development of predicti:n methodologies. The data accumulated will have to be
reduced for use in NOHARM and should te formatted as required by the
methodologies described in Chapter 3.
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Impulse Factor - See Figure 13
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