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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 the
Naval Ordnance 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) monitored the NSWC effort performed under Contract
N68305780-WROO101.

This report does not reflect the official view or final judgement of NSWC.
Its main purpose is to publish the review of technical 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.

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

Approved by:

H. S. HAISS, Acting Head
Energetic Materials Division
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CHAPTER 1

INTRODUCTION

This report 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 to 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 ordnance 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
possible explosions 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:

' 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.

o 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

- " T1
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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 Explosives 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
coaputer code. However, certain critical input parameters are not currently

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 dat. required to implement the
NOHARM system for fragment and debris effects. The objective 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 wie 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 criditions used to calculate
debris trajectories. Much weapon effectiveness data are available and are~useful for establishing 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.

2
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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 aseiciated with the accidental detonation of weapons within

and outside of different classes of structures. Of particular interest was the

explosion of naval weapons within reinforced concrete structures and ships. In

the following paragraphs, the methodologies 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 pieces of the structure emanating from the

explosion.

The review of the literature on fragment/debris characteristics was

conducted in several stages.' The COMPENDEX (Computerized Engineering 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 referenceq to
pertinent reports. Finally, we examined the proceedings of the DDESB meetings
for the past 12 years. Through this exhaustive scan of the 'literature, useful
reports and papers were identified. A bibliographic listing of these reports is

contained in Appendix A.

BOMB FRAGMENT t;UTHODOLOGIES

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: masa, weight, number, size,

velocity, range and trajectory, distribution, andiimpact probability. A summary
of the methodologies found for the determination of each fragment parameter is

presented in the follo..ing 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.1  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 fragment mass, m. This

term, ifi, is a function of m, which is also the average mass but is calculated
differently by researchers as shown in Table I. It is important to distinguish

between Tni and m. and also to realize that other researchers such as Mott use

3
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TABLE 1. METHODOLOGIES FOR PREDICTION OF FRAGMENT MA, S

PARA ETER METODOLOGY DESIGNATION REFERENCE

Probability P(x>m) exp[-(ml A)I Weibull (1)

a0 , X are functions of material and geometry

mean Mane x" (i)

S- fxdP(xx) - mr(l+l/X)

where: F - Euler Gama Function

Average Mass C ) (CG  +ii Gurney and' (1)
Sarm usakia

a i1/3 Lindeman (1)

a -

0. C 5 3 -4/3 (t ' -d)2 Mt

d 
3 d

0
o C8  _2 or C9 --1 Weiss (1

Vo Vo

where: Vo - initial fragment velocity

t wall thickness

di, d . diameters

- metal to high explosive ratio

C - coefficient, function of

metal and high explosive

1/2 .B t5/6 ( i+t/d M ott (6

where: B - constant

di - inside diameter

t - thickness

':' (di 3/2
,> ." " "At/

1/2 d Gurney and (6)d 1Sarmousakis

where: C/M - mass ratio

A - constant

C j -+IC/ ) Magis (2)

where: t - thickness

'f d - inside diameter

C - material constant
m 4

, 1
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P in place cf mo whereas Hekkar and Paf an use i to symbolize the ratio of
metal-to-high explosive mass.

Each of the possible'average mass eauations presented by Hekker and Pasman
was tested statistically using the F-test with experimental data derived from

tests on ring-tyoe cylindrical shells. their results indicated that the
formulae of Gurney-Sarmousakis ana Mott ar- the most applicable under the
conditions tested. A note is made by the aithors, however, that completely
different results could be obtained with an increase in the number of
experiments, or from a change in the X-value.

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

the .4agis equation, which was used by Randers-Pehrsoa, 2 and is presented in
Table I.

Fragment Weight

Some of the articles considered concern themselves with fragment weight,
rather than fragment mass. )bviously this represents only a minor change in
varLable definition (by a factor of the acceleration of gravity).. The U.S. Arny
T,-cnical Manue! 5-0003 and other Army work use an equation for primary
fr ;meat weigh based on Mutt's equation. The Swedish researchers,,Ericksson
a- Arvidsson, also use a -a.iation of tha Mutt equation to determine the
c-al weight of all fragments with a weight m, greater than a specified mI.

This equation differs dramatically from others encountered in that it includes
th' influence of the percentage of carbon present in the steel shell casing on
th fragment weight. Fragment weight methonologies are giver in Table 2.

Nvrber of Fragments

Various approaches available for calculating the number of fragments with a
mass greater than a given mazs.are presented in Table 3. A number of these are
p-esented by Hekker and Pasman' and are incorporated into their statistical
analysis, which has been preuiously discussed. The Mott equation, or variations
t-iereof, is by far the most commonly used method in this category and appears
rany times. Johnson and Moseley5 have presented 2D and 3D variations on
M.tt's formula,,while Sternberg defined a fragment range for the Mott
equation and developed other equations for the number of fragments, which ace

vdlid where the Mott formula is not. Krauklis and Bedford 7 present the Payman
minthod of analysis along with modifications on Mott and Payman. Porzel, 8

after discussing Mott's general equation, proposes a prediction equation for the
number of fragments, based on the idea that iragmentation is controlled by
fragment length, rather than by mass or area.

F-agment Size

The & andard method for predicting lragm:nt -ize (area) is a formula vhich
i, a function of the fragment's mass and the 3hape factor, or ballistic
density.' This equation, given below, is thE only method used to determine
fragment size.

.5

9.
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TABLE 2. METHODOLOGIES FOR PREDICTION OF FRAGMENT WEIGHT

LIMITS OF
PARAMETER METHODOLOGY APPLICAB ILITY DES IGNATONE REFERENCE

PiayFragment W C[(..~J (16

5 gt/68 I./3t2
where: W~ f weight of next to

largest famn

S- constant

t - caring thickness

di . inside diameter

Wc casing weight

L-et Fragment Wf 'At w) (3)

where: MA a C, deiined as above

Wc - casing we Iight

Total Weight >a It " NM ex G(-Ya 1 ) aml 0..x0-
3
k& (4)

where: M - total weight of all
fragments ruith
weight m'a1

M 0 total weignt of shell
case, kg.

y , fragmentacion nuinbe?- kg

an t exp(-26.4 4 - 1.8d/ )

where: - outer diameter, meters

d - shell case thickness,

meters

y0varies With HE and ihell case
material and is tabulated for
various % C steel
compositions

* 6
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TABLE 3. METHODOLOGIES FOR PREDICTION OF NUMBER OF FRAGMENTS

lumer of) e (.(2wo )  (23)
?rawast +0

so - &vcate fragmet ase

" ( ) " So ex*('=M/)T c()

- Casecaal
0
o - &rap as"

y - . 112. 2.13. depends a

SI(", - %g zp(-LI) y 1 2.,3 Portl, (9)

L, - poportiouslty conatas'

L. - Imith

%(u Ro( ')Kkket ad (L)

-h6ere. ?C: ma) *Probability of Mae
x s4ing greaterthem -.a

tre: . c otal ues*
other Iten are defined to
Table I

So - L 4l0tAo2/3t-Z/3 Cook (1)

o * , o 2( u* )

0 C7

hs tI:t wall thickness

d1,d° - dimetrs

u meal :0 high exlosive ret o
C C oeffi~cient. !u=Ct..on Of meal

and high explos ve.

.C'-.) - "'o (i6)2/2) 2-015iLozJ, .IbS (6)

.nr@ V.'2u *total nmer off ragownn !

6u - average fregnma me.
- C otal case ms

X *s 0 oxp (ZA/~) 3-Olnuni. Mt

6v average fragment asso

nX in ,I . (3)

.here: X n umber of fragments larger

W, Vel.Igth af prtiary fraent

otal usipnc of cylindrical
Po rtion of cas ng

4A iL def ned in Table 2.

7 .1
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TABLE 3. (CONT.)

LIMITS 0F

PARAMfTZR HZIHWLM ~ APPUCAXIUTY WSWICATION RZ7EMUC

*.=Mr of Fragment$ P Njl up/O a,, 33 1 (7)
(CAD t)

x %1"p~mi..i 1 /2 m2 <m Htt (7')

N n~ux[(/ 1  ~ U> 3(7)

where: subscripts 1, 11. and

III refer to regions and
sub'scripts 1,2, end 3 refer
to region boundr'

a - fragment weight

m - number of fragments with
weight

PAq . are
determined using 9. the ever-
age weight of fragments
voeithing more than one grain

where: W, Weight fraction of frag-
meutt weighing less than
one grain

I constant

WThen weight distributions N in 2 are
platted for various 0. you get an
envelope denoted N,(A,) such that:

d(ae 1/2 1/2

dli N
a 0

solved: a 0 .23 bNL?.7 W g rains (7)

at the boundary line:

m2  1 +(2/9) (H-il)
5

/
4  

H I grains (7)

Percent of P *K exp(-Uc) ?ayman()
fragments

where: P *cumnulative mass of frag-
ments >a, expressed as
a pe-cenc of the total
mses M.

V*constant

C' constant

or log P --cm4 where -c isa&
measure of the
fragmentation.

This paper also describes modifications
of the Mtt and Psvuan analYses.

8
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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

cylinders, is the most widely accepted method for predicting fragment' initial
velocity. Seyeral variations of the Gurne 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 velocity 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 striking velocity of a fragment on a target
for small fragments up to several (iunces 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.I0 Lather ll presentt in equation for fragment velocity asa function of drag factor and range.

The only equation found to predict secondary fragment velocities appeared
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. Zaker 13 solves the equation of motion for a
fragment by separating the problem into a gravity-free solution and a perturbed
solution. Schreyer and Romesberg 14 give equations for calculating the
accelerations in the x and y' direction for two sets of conditions: first,
assuming no fragment lift and second, assuming both fragment lift and drag. The
latLer.is incorporated into the FRISB computer code; which is used at SwRI and
ref.rced .' 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-
Pehrson2 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 5,15 along with validity criterion and any
assumptions made. Fugelson and Rathmann16 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

9
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TABLE 4. METHODOLOGIES FOR PREDICTION OF FRAGMENT VELOCITY

PIIm MUTOOIOT aIl aL Z2.T OtUZOIUg l I

velocity v* - ill (Hi (a.+a)) Guney (23)

Where: 29 - CUrtep cosante,

WC - Wight rato
a - 1.2. or 3. depmndLg

oe gemcry

1n7 0 V -steady-state Guamy (2)

Wamnt 23 - aUwmy e ouJi

u i. ama ratio

Whem: V i , ta ous Velocity
We Ultaate velocity

T tim at Which detaCOM
frodt C eaches the elmet

T ti .coscut of
acceltaralou

Cylinder d (2)

,*0,,,, 1(a) - l.-(l..-.na/=Z.

-%d a - initial 4.1 Locatu

L * charge legth
I - charge radius

Velo
"

ity cil ISyere Gre

where: 3 ~u 3
*drag factor

cv ag2 velocity
dis8tance traveled (total)

time traveled

ca - dral coefficint

a- air densicy
k - ohs" factor

a- framet uses
D - distance
v m velocity at dLstce 0

S- 20 sia(/2)

Where: 0 det"oorion velocity

Sanloei to Morizontal

velocity ist directionof detonation

wheres Vs - Gutey velocity

A - arbiiary diao o(aos
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TABLE 4. (CONT.)

LMTS OfPAMMIE IETHODOLOGT APPLICAILITY fSIGATON RZEPERNCy

-Velocit Pa V~e~(~ ~ (
1 /3 /4)uxperimental data(1)

where: Vo a 1nital velocity

V - photographic velocity

a - 12aCDk
2/ 3 

. drag factor

o - air density

CD " drag coefficient

- -2/3
k a 2 .' fragment sa.pe

factor

r " distance traveled

r i 1/2Velocity v . S- C 
(16)1+(Primary Fragmeunt) LS(16)

~ F~1~ 1/2
a o Steel-Co red Cylinder (6

where: W - explosive weight

We casing weight

d
d

C

de inside casing diaeter

dco core diameter

Velocity g [0.556 a - 1.5 < RIR < 6.0 (6
(S e-condary vo e M R]• -- ( 6

Fragment) .5( 6'19.18 ls ac , g~+ 2. 7, -5 .j -e e- p R,,
l2.0 b sec

where: A -, presented area of in. 
3

secondary fragment

Re - radius of sphericalcharge

H - mass of secondary
fragment

R - range of secondary
fragment

gs - secondary fragment
shape factor

= 2/3, sphere

- -/4, side on cylinder

- 1, end on cylinder or
plane
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TABLE 4. (CONT.)

LIMTS Of

PAIRAETZR HTR1ODOLOGY APPLICABILITY, 0SZGNATION REUERENCE

Velocity v max - 1.414 -- U Cylinder (3)

(sxium.-, Initial) 0

VON= - I Sphere (3)

voue -V2E' 1+Steel-cored (3)
(3+&)Cylinder

whre a - d
1d

and dco - core diameter

di - inside casing diameter

VelociLty-v.*F 0
(elriiingv a V 0 s 004L ~ '3 Small fragments (3)
(Striking) up to several

ounces in weight

where: v - striking velocitya

v. - initial fragment

velocity

R- distence traveled
by fragment

Vf - weight of primary
fragment

12

I



NSWC TR 85-114

TABLE 5. METHODOLOGIES FOR PREDICTION OF FRAGMENT RANGEANfl TRAJECTORY,

PAPtAMETER NMTODOLOCY APLCABILITI DISIUONC REFERENCE

Direction Sind V Steady-state Taylor (2)(An 1) zu

6 - direction relative to norml
to surface

U - rate of detonation wave
V - velocity

V V IT
Slnd - 0 Ls) on-Steady-State hodified Taylor (2)

v -. derivative of Vo. in 'icial
velocipy with respect to
distsnce aLong the surface

r time constsnt of acceleration

Velocity (as a func- v . V exp(-R/L) Constant Drag (5tion of range) No Gravity

where: v - velocity

£- range

L - distance in which frag-
ment velocity drops to
l/e of its initial
value. V

L- 2(k
2
.) 1/3

kt - shape factor

a a-ZA&

PA-air density
CD-drag coefficient

Rag(sa func- R - 7920 ( V '1~ 25 0.1 (m .25 20
tion of velocity) L " "~

where: V - ejection velocity 2 e 20 i..71b
yAV3000 <V 10,.000 ft/eec

SAFE'RANGE - WT

where: K - proportionali tyl/3constant (ft/lb

WTV . total explosive
'I weight (lb)
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TABLE 5. (CONT.)
LWTS Of

PAaAMTE mroVToGt £fUCMU.ZTT CSzaAZU RIMM

an *,, 0.3140 -1.0358mg (2U)

where: 9 - iKErsgft teru ci free fall velocitY
t-!&vM. Initial :[ocICy

esaaig r(%,t) - r 1c1(m

ibote: a initl, launch an e
to th& horixzontal

letting € - 0.02

f(oo.~-*V (1.-4) [z l L Tbc h)t)

hem. 3.23,4 1/3

A - 2.00,C > 1/3
C° * ela

.Chat aprovmaloma

1.6- ( -0.7 +1 (U)

GUIIXCA. lE'hOD (see r?,urs 1.)
Seneratedusing nIu S co*rMur code. (22)

Solutions o .
€quarina of * An *g.n - 0 (17)

4btiom

where: I and 7 ame local coordinats
tangent and normal to t:ajectory

v - speed in path

g - acceleration of gravitY
a " angla between ; axis and

horizontal
.3 - aerodynmic drag coefficient

solutions:

ao - [log(1.4 ) I,'S Gravity Free (17)
Solution

so - o/(1+Q)

where U - 3V t

p * -(gi2) t
2

slnn(213)/I(14s) Perturbed Solution (17)

- - i .a/2)t t owog(1+u)]

-2t Sinn
xP (l+ )2 (I+U(l+U/3)

y - "gc coea(14-/2)/(lt)
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TABLE 5. (CONT.)

LIMITS OF
PAAME Z 

MIIODOLOGCY AMLICABILITY m7SQIATIOZ REFERENCE

Solutions to Global Displacements:
Equations of
motion (Can't) D- - ,,8 t C< (o)-

112 (21)

A?,- x fine -y Ca(

btation of Trajectoyt Tangent.

" A D- V 2 Cosa No Lift (18)

, ,'-a---!-- y 7 n

where: r - air density

g - acceleration of gravity

AD- drag area

CD - drag coefficient

a - ,angle between horizontal
and tangent to trajectory

V *Vy a velocity component*

a - Uses

ADCDV 2 .2
" -" m-+-- + Y2) cosa Lift and Drag 7uSB Equations (18)

. (j2 + j2) Dina

A D- .2 +2

+ ..._O (j2 + f2) con'

where: AL - lift area

CL - lift coefficient

Otner s bdols as above.
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predicting fragment range is contained in NASA Contractor Report 3023, 1 7 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 gi'ven by Johnson and Moseley 5 while Fugelso, et al.,° 9 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 publication.
1 0 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 conducted for this program resulted in only one
formula for predicting the probability that a fragment would impact a particular
target. 18 This formula, given below, appeared in numerous publications in

different forms.

'P 1=I exp(-qAT )  
(2)

where

AT = 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. 20'2 1 To date, the data bases
have not been statistically analyzed to establish prediction equations or
schemes. The only report located which presents analytical predictions of
debris characteristics for Navy ships or submarines is r SwRI report on debris
hazards from an explosion in a torpedo tender wirkshop. 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
N 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 th-
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TABLE 6. METHODOLOGIES FOR PREDICTION OF FRAGMENT DISTRIBUTION

PAMugin M~OCG= AFMlU .Tt MSIGN=5 M 1ou

where: 4 are. eaeeat density

it - disc=-2

- tocal More of al
2 0tiloalt "olid mie

Q (1) *q(t) 161A 2al M~-(3

1ramp Liag- (23

.berm Q L at I for isotropic

Q()*frequnt dosir at
A on ground

3f - CI o~* f "ei4ane
at Lzoazz

'rnt

2esty -20 () i1

,ham?: aus r ne of frazaants can-
caeind ,.o Poiar zons,

a()*Subtr of !-Xqmacs P.r
S toradlas n io sLAr tons

Ot ca~d from, areasc tests

where: I a ftsmot 4!0itjI for asch

d, - uber of frgents in

, * ~rpaudicular distance
ao owation can torliz.

Ai . a~r at each zone projtctod
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applications are limited, the methodologies will be pr. zented since they are the
o'&ly ones revealed in the literature search.

Debris 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
phase consists of the initial impulsive loading from the blast wave. The second
niase involves the expansion of the gases produced by the products of the
ecplosion. The final Phase occurs as the debris is further accelerated by tAe
-enting of the gases around it as it leaves the ship and begins 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 individual members in the
bulkheads and decks immediately sur-ounding the charge. The report2 Z

concludes that these bulkheads and decks will either remain intact or break into
large piecas with the explosion, of 680 kg (1500 lb) 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
gas is assumed not to escape between debris fragments. The average reflected
impulse imparted to an entire exposed bulkhead/deck is determined at the
location of the average distanice 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 impulsive 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 adjusted initial
velocity, Vol is then determined'as shown in tht second step in Table 7. The
third step in the procedure is the determination of the increa3e in velocity due
to the expansion of the gaseous explosion products. A small computer program,
GASEX, is used to solve simultaneously the equations of motion and the pressure
equations for all bulkheads/decks surrounding the tender workshop where the
rharge is located. The sequence followed by the computer code is outlined in
Table 8.

As the final step in the velocity prediction method, the computer code
EXCYL 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 NASA22 to determine
the velocity of fragments from a bursting cylindrical pressure vessel. A
complete description of the program can be found in Reference 22. The initial
velocity determined forin the blast loading, gas expansion, and gas venting is
next used to calculate the range that the debris travels from the ship.

DebrisRange

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.23 Several probab.e
breakup patterns are considered in the analytical report. 2 2 , 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

V IA

M

where I - 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 MV2

use adjusted initial velocity

1/2

V0  [2(.E. - S.E.)j /V0  M

where S.E. = strain energy.

3. Computer code GASEX to obtain increase in

velocity due to expansion of the gaseous

explosion products.

4. Computer code BOXCYL to obtain increase in

velocity due to venting of gaseous explosion

products.
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TABLE 8. "GASEX" COMPUTER CODE METHODOLOGY

I. Input the area, mass, initial velocity, and initial

position from the center of the explosion of each

of the six bulkheads/decks.

2. Input the initial volume and pressure p of the torpedo

workshop.

3. Input atmospheric pressure p which is constant, a

start time of zero, and the time increment At between

calculations.

4. Calculate the position of each bulkhead/deck at time

(t + At) from

2A. (At)
1 00

X. (t + At) = [p(t) - p] 2 +0 2 Mi  .

v Wt At + Xi W

[Note that At is assumed to be so small that p(t) is

essentially constant during the,time interval between

(t) and (t + At)].

5. Calculate the velocity of each bulkhead/deck at time

(t + At) from

A. (At)
v i (t + At) = [p(t) - po] + v (t)

1 M. i

[Same note as in 4 above].

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

6
V (t + At) = E [xi(t + At) - xi(t)]M. + V(t)

*=l
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TABLE 8. (CONT.)

7. Calculate the new internal pressure at time

(t + At) from

p (t + At) = v(t_ (40)
V(t + At)

8. If p (t + At) < p then stop the calculations.

9. If the longitudinal bulkheads have reached the position

of the shell, then stop the calculations.

10. Set t - t + At, xi(t) - xi (t + At), and vi(t) -

vi (t + At).

11. Go to 4 above and continue.
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Debris Mass and Size

No reliable prediction methodologies have been located for determining
21debris mass or size. In an NSWC report an experimental average mass was

determined in model tests of explosions in nuclear attack submarines to
establish safe handling 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
debris/fragments of kinetic energy equal to or greater than 80J (58 ft-lb) per
55.7 m2 (600 ft2). The two experimental papers 0 ' present plots of
a~eal densjty, with Reference 2Q plotting the distribution by density per 55.7
m'(600 ft ). Kulesz, et al.,2 2-presents debris density 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 0 is governed by the extent of damage along a ship's length.

DEBRIS METHODOLOGIES FOR REINFORCED CONCRETE STRUCTURES

Reinforced concrete (R/C) structures are widely used as high explosive (HE)
storage magazines, HE manufacturing facilities, test facilities, and other
structures. 4any structures are designed to contain* an accidental detonation
of its contents using design methods such as those specified in TM5-1300.

3

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 other 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 constitutes
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 m

2 (600 ft2)
with an impact energy of 80J (58 ft-lb) or wore.

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
sztjctures 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

1. Arc Length

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).

2. No. of 55.7 m squares along arc length

(arc length)/- 55.. SheU 7 55.7m2

The diagram to the right further Charg

illustrates this concept.

2
3. No. of 55.7 m squares covered by one debris

fragment (> 1) (width of debris)/ - 55.7.

2
4. Effective number of 55.7 m squares covered =

N = (number of debr is)(number of 55.7 m2 squarese
covered by one debris fragment).

2
5. Debris/55.7 m 2

N
e

2No. of 55.7 m squares along arc length.
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o Debris Size or Mass and Quantity o Distribution

o Initial Velocity o Final Velocity

o Launch Angle o Drag Effects

o Range

This section of the report will review methodologies 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.,24 conducted a search of DDESB accident reports containing 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 lb) or less and approximately 75 percent of the debris is 4.54 kg
(10 Ib) or less for the energy levels indicated. A 4.54 kg (10 Ib) cube of

concrete is approximately a 12.7 cm2 (5.0 in.) cube, hence 75 percent of the

debris will be relatively small. From Figure 2, debris weighing 22.7 kg (50 lb)

and up comprises only approximately 10 percent of the total debris. The report

noted that the three curves on Figure 2 axe 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.

Ahlers2 5 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 made several observations from the Pantex

data base including:

o 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 lb). At ranges larger than 366 m

(1200 ft), no debris above 0.45 kg (1.0 lb) was found; at
intermediate ranges of 183 to 366m (600 to 1200 ft), the percentage
of debris above 1.36 kg (3.0 Ib) is greater than that at distances
shorter than 183 m (600 ft).
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0 The largest concrete fragment weighed 1814 kg (4000 lb) and was
found approximately 45.7 m (150 ft) from explosion center, all
other debris was approximately 90.7 kg (200 lb) or less.

o There were no concrete fragments above 1.3 kg (3.0 lb) 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 Rindner 26 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
walltB and full-scale concrete block masonry walls. An extensive amount of data
were collected. A model analysis was conducted, and th- results guided the data
presentation. The conclusions drawn from this useful experimental effort
included:

o 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 z.ceptor (charge side) of the panel.

0 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 fragments on a
given test.

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

0 Mass and range 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 decreased,

c. the reinforcement spacing is increased, or

d. the number of supporting edges is increased.
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Initial Velocity

The velocity of individual concrete fragments due to shock loading varies
and depends on: (I') 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/h 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, ie, and the momentum of the wall or
roof after collapse. The equation below3 provides a means of estimating the
debris velocities from the blast impulse and a knowledge of the R/C geometry.

a2 C C dcfs + Cf2 V.2  (3)
a u R f 2

where

ai "applied unit blast impulse

PH = reinforcement ratio in the hor'izontal direction

dc = distance between the centroids of the compression and tension
reinforcement

fds = dynamic design stress for the reinforcement

H =.span height

vi' = maximum velocity of the post-failure debris

Cu  =impulse coefficient

Cf = post-failure debris coefficient

A simpler expression widely used is a momentum balance that ignores strain
energy and equates applied specific impulse times area with~kinetic energy as:

v.A-- (4).I m

where:

A - area of applied impulse

i = applied specific impulse

Vargas, et al., 26 discussed earlier, present plots of the largest debris
velocity as a function of impulse factor. Th1e report concludes:

28
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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.

0 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 shock phase. To account for this
acceleration and its contribution to debris velocity, Kulesz, et al., 2 2 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 fragments.2 3 Debris can
be generated from completely or partially enclosed R/C structures which do not
collapse due to shock loading but do collapse 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 h wide range of launch angles, the predominate angles
are approximately normal to the surface. This conclusion was suggested by
Vargas, et al., 2 6 where the predominate launch angle of the higher velocity
debris was normal to the test panel surface. Merz 28 reports that debris
dispersal tends to be normal to the building surface. Moseley and Whitney 7

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
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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 cumulative 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.

Ahlers2 5 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 i set of assumed initial conditions which can include concrete
fragment mas3, launch angle, drag coefficient, velocity, lift coefficient, and

Iattack 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., make no assumptions such as shape or density) are
listed in Table 10.

Distribution

Kulesz, et al., 24 give a methodology for generating a hypothetical
missile map using Figures 2 and 3 and the procedure given in Table II. This
procedure assumes all weights are distributed log normally in a given interval
of range. Ahlers25 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 discuss R/C debris distribution and the results of 1/10 scale model
test for above-ground storage magazines and includes these conditions:

30

1 ~ _ _____ _____



NSWCITR 85-114

%0

C..'

0

_____ -4-4
C,,

WH

_ _ _ _ _ _ _ _ _ E-

00 1-4

%0 0-0

:~.-ij CzA_

o~~. ~ ui 0 0-4 ~ C.
0' O ~ 0% 0% .0 Q. - C

x1~D~

310

U4 14 L



NSWC TR 85-114

_____ ___E-4

P-4

*y WN .* .cc u* CDUC

-; CP--C a 0 I

s 1 4 -_ _ _ _ _ __

C~~~~ 0 d-_ _ __ _ _

32



NSWC TR 95-11 4

TABLE 10. METHODOLOGY FOR PREDICTION OF DEBRIS RANGE
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TABLE 10. (CONT.)
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TABLE 1I. METHODOLOGY OF PREDICTING DEBRIS DISTRIBUTION2 4

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 the building structure and

shape.

2. Using the weight distribution in Figure 2, obtain the average

weight of debris from the explosion, Wa, by reading it off

the appropriate curve at the 50th percentile. The total num-

ber of debris fragments from the explosion is then

SWB
N=
f W

a

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

tage increments (0-10%, 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.)

4. Again using the weight distribution in Figure 2. determine,

the percentage ofdebris 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 interval (distance out from the

source) can be determined. The rnajor 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 leveand since

weight is log normally distributed over each energy level (which

covers the entire range), there is no reason to assume that

weight is rot log normally distributed within a given range

increment.

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

o Vhe more strangth and ductility in a structure, the more
d:rer.tional the dispersal is in the surface normal directions. The
rooq magazines were reinfoiced concrete which represented ductile
cons:ruction of considerable strength and the failure of the
m3ga:!:nes were similar to a chamber pressure failure, with forces
act .ig pe'pendicularly on the four walls. The initial shock waves
did not contain enough energy to fail the structure.

m Ie re suggests that, because of the relatively flat trajectories of
iragments, distributions should not be measured by number of
concrete fragments per ground area, but number of concrete
iragments 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.

o Merz alpo points out that for the model tests and many full-scale
instanceo, 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 incity odebions and solving for conditions at impact. These
equations are given in Table i0.

Hazards Analysis

Moseley and Whitney 2 7 combined methodologies in several-of the above
discussed categories for a prediction of a debris hazard for an explosion in an
R/C 3tructure. The object of the project was to investigate several analytical
methods 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:

o 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 L.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, Vi, was calculated usiTg 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 mass, 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
debris 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 explosive, maximum debris distance, assumed
applied impulse, and Wl/ 3 -scaled debris distance and impulse.
Also the reference includes a table of data from the Pantex
accident including individtual debris size, mass, and range. Number
of concrete fragments, total mass of debris, average debris weight,
and individual debris mass are given for ground range increments in

this reference.

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

a Reference 26 includes the data base for debris from scale models of
dividing walls. This includes number 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.

o Edmunds2 9 has debris data for brick walls which fail under
instantaneously applied static loads, This includes 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 Ib) 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 entering a given region is less
than 1.0 hazardous fragment per 55.7 m 2 (600 ft2 ) of ground
surface area. A fragment is considered hazardous when it.has an
impact energy equal to or in excess of 80J (58 ft-lb).

During this program we attempted to discover the basis for the above criteria.
We did not identify the original source, but we believe the 8OJ (58 ft-lb)
refers to a 50 percent injury (50 percent fatality) level of a combat soldier,
and the 55.7 m2 (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 12.31, 3Z 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 conservatLve than the standard 80J (50
ft-lb) 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 lb) are
summarized for all four criteria. If the last three criteria were used instead
of the 8OJ (58 ft-lb) criteria, then larger acceptable hazard arcs would be
derived.

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-lb)'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

Criterion Definition Reference Casualty Level

A K.E. f 80J Wide use

B KE. = 2.5 x 10 4N Netherlands30  Penetration of
D 37 mm of poplar wood

C M 4V = 27.1 kg '4m/s German, 196531

D A 2.0 x 104 kg U.S., 195132
A m-s

K.E. - fragment kinetic energy

M - fragment mass

V - fragment velocity

A - average fragment presented area

D - characteristic fragment length

40I
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TABLE 13. ALLOWABLE VELOCITIES FOR CERTAIN MASSES USING THE

HAZARDOUS FRAGMENT CRITERIA

Allowable Velocities (m/E) for Fragment Masses of

Criterion 0.025 kg 0.1 kg 0.4 kg

A 80 40 20

B* 190 120 75.8

C 119 68.1 39.1

D 204 132 83.1

Assuming spherical, steel fragments
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1. human casualty,

2. damage to nearby buildings (concrete structures), and

3. damage to nearby ships (steel 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 handling arcs.

A GENERAL METHOD FOR PREDICTING THE FRAGMENT AND DEBRIS ENVIRONMENT

The general method for predicting the fragmcnt and debris environment
resulting from an accidental explosion is given in flow chart form in Figure 5.
The 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 the problem definition phase.

The methodology presented in this interim report parallels a similar
methodology developed by J. M. Ward 3 3 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. Porze, 3 4 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:

I. There is a uniform 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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3. The fragments or debris have the same initial velocity.

4. The fragments or debris missiles c hibit drag and no lift. The
drag area is approximated from a j mple function of the fragment
mass. The function is derived from measurements of the fragment

presented area for a small sample of fragments. The drag
coefficient is chosen according to the fragment shape. Drag

coefficients for tumbling cubes or for shell fragments are used in

the absence of specific fragment shape informat-on.

The first three assumptions, which are related, are made to simplify the problem

formulation. It is realized that in practice uniform distributions are not
likely to be enceuntered. 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 building, the assumption of a constant initial

velocity may not beappropriate. 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 meat 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
considerable 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) = No exp (-m/mo)

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 Lo the
original plane of the wall. Thus the range of launch angles can be

fairly narrow.

4. the fragment/debris drag areas and coefficients--generally tumbling
cubes and shell shapes are selected for the fragments, and drag
coefficients are taken from standard tables. The drag areas are1estimated from a simple relationship of presented area as a
function of the fragment mass. For debris, other shapes may be
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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), determined experimentally.*

In this section tie methodology will be illustrated using data collected in
some recent experiments conducted at SwRI. 26 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 tha 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 angle3 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 = (L x W x T)2 /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 percent
standard deviation and the multiple correlation coefficient, R, are included on

*This parameter is considered as an input variable only if there are data
available. When test data are available then the analytical procedure described
is a procedure for analyzing the recovered fragment/debris data.
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TABLE 15. NUMBER OF CONCRETE FRAGMENTS RECOVERED BY MASS
IN THE SIX RECOVERY ZONES

Number of Debris Missiles Recovered in Zone
Mass Interval (gm) 1 2 3 4 5 6

0.0- 0.9 4 0 0 1 1 0

0.9 - 4.5 20 3 0 17 8 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 fitted 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 this report, two criteria for defining debris as hazardous to
personnel are discussed. The traditional criterion considers debris hazardous
if it strikes the ground surface with more than 80J (58 ft-lb) 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-lb). 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
r xplosion 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 corresponding 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 vertical or horizontal plane exceeds one hazardous debris element
per 55.7 m2 (1/600 ft2).

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 height of Rn avyerage 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 calculations were
performed for:

masses: 0.9, 4.5, 27.0, 90 gm (0.002, 0.01, 0.06, 0.20 lb)

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 and the debris 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 trajectories, 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 lb) 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 lb) 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 81.7 degrees.
The range of possible low trajectory launch angles is called AOL and is
10 - 6.7 or 3.3 degrees wide. The range of high trajectory angles is AOH,
which for this case is 5.0 degrees wide. The percentage of low trajectory
debris elements in the recovery area is then defined as:

AOL
L  0.398 

(6)
La L + eH

The percentage of high trajectory debris elements is then:

FH -1.0- FL -0.602 (7)

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, 6H.
If the kinetic energy of this case exceeds the 80J (58 ft-lb) criterion, then
the number of hazardous debris elements in that recovery area is incremented by:

MH = NH + N(m) fH(m) (8)

*At SwRI, the trajectory code used is FRISB, which was developed under a NASA
contract.23

55

/I



NSWC TR 85-114

42.0 ]
39.0 -
36.0

33.0Lo' Hg

30.0

27.0

--24.0

L21.0

cr Recovery

12.0

9.00

6.00

3.00I

-20.0 -10-0 0.00 10.0 20.0 30.0 40. 0 50.-0 60.0 70.0 80. 0 90. 0

LAUNCH ANGLIE (DEG)

FIGURE 10. MAXIMUM RANGE ENVELOPE FOR 90 GM .(0.20 LB) DEBRIS

56



NSWC TR 85-114

where

NH  - number of hazardous debris elements

N(m) - number of debris elements with a mass m found in the recovery
zone

fH(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 can bc
estimated by examining the trajectory code output again for each representative
mass and an average low trajectory launch angle, '-L" 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:

NH - NH + N(m) - fL(m) (9)

The methodology for the calculation of Lhe 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 (OL and 8H), the code
was exauined and the debris kinetic energy at impact wa3 calculated. Using a
properly scaled hazard criterion of 0.37J (0.27 ft-lb),* the number of hazardous
debris elements was determined for each recovery zone. The hazardous debris
density was calculated and normalized to 55.7 m2 (600 ft2). 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-lb) becomes 0.37J (0.27 ft-lb).
The range that a debris missili -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 magnitude as those observed in full scale. Therefore, the debris density
of 1/55.7 m2 (1/600 ft2) is appropriate. Note that, neglecting drag, the
range of a debris element is:

V 2 sin 2e 2 Td
R + V0  d is the initial height of the debris.* go

In these experiments, the velocity, Vo , and the gravity, g, were held
constant and the initial height of the debris was properly scaled. If we
consider debris emerging from the ground surface (d - 0), the model and
full-scale ranges are identical. However, for proper scaling, 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 16. CALCULATIONS OF THE HAZARDOUS DEBRIS DENSITY IN THE HORIZONTAL PLANE

01 or On fI or ft VKm KFf N(M) NH

Recovery Zone (deg, L II -

1 3.7 1.0 0.9 15.2 0.105 4 -

4.5 18.0 0.734 20 20

27.0 20.2 5.6 13 13

90.0 21.3 20.7 1 1

TtLal MH in Zone 1 34

Hazarious Density * 204

2 8.5 0.398 0.9 12.5 0.071 0

4.5 15.5 0.546 3 1.19

27.0 18.4 4.62 9 3.58
90.0 19.9 18.0 0

79.2 0.602 0.9 8.9 0.036 0 -

4.5 11.4 0.292 3 -

27.0 14.7 2.92 9 5.42

90.0 16.7 12.6 0 -

Total %H in Zone 2 10.2

Hazardo',s Density 61.1

3 13.2 0.542 0.9 10.9 0.054 0 -

4.5 13.8 0.434 0 -

27.0 16.9 3.91 4 2.17

90.0 18.7 15.9 0 -

74.0 0.458 0.9 10.5 0.050 0

4.5 13.5 0.410 0 -

27.0 16.6 3.72 4 1.83

90.0 18.3 15.1 0 -

Total WH i: Zone 3 4.00

Hazardous Density 24.0
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TABLE 16. (CONT.)

L or OH f or f t Mass V KEl N(m) NH

Recovery Zone (deg) (m) (!..I (J)_

4 3.7 1.0 0.9 15.2 0.105 3

4.5 18.0 0.734 17 17

27:0 20.2 5.6 4 4

90.0 21.3 20.7 1 1

Total NH in Zone 4 22

Ilszardous Density 132

5 8.5 0.398 01.9 12.9) 0.071 1 -

4.5 15.5 0.546 8 3.18

27.0 18.4 4.62 4 1.59

90.0 19.9 18.0 0 -

79.2 0.602 0.9 8.9 0.036 J -

4.3 11.4 0.292 8 -- \

27.0 14.7 2.92 4 2.41

90.0 16.7 12.6 0 -

Total N. 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 0

27.0 16.9 3.91 3 1.63

90.0 18.7 15.9 0 -

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.l 18.3 15.1 0 -

Total NH In Zone 6 3.00

Hazardous Density 18.0
Number of hazardous debris dtvJded by 9.29 m2 

(10 2 ft 2 ground surface area

2 2
and normalized to 55.7 m (600 ft

t In thiq illustrative example, the fL and fu used cdrrespond to the 90gre

(0.20 lb) debri' -lement. i practice, separate estimates for fL and FH
should be mad6 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 miximum range. Thus the safety analyst must be careful to
analyze the full range of plausible launch angles.

Debris Density in the Vertical Plane. The debris density calculations for
the vertical plane parallel those for the horizontal plane. The difference is
that the debris velocity and its vertical height 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. In 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-lb) then that piece of debris is
considered hazardous and the number of hazardous debris in that recovery zone is
incremented according to:

Nv  Nv + FL(m)N(m) (10)

where

Nv = number of hazardous debris in the vertical plane

FL(m) - percentage low trajectories for a mass group
(see Equation (6))

N(m) = number of debris elements with mass, m, 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 Nv by the area of the vertical
plane at the midspan of the recovery area. A recovery area is considered unsafe
for personnel if the hazardous deb-is areal density exceeds 1/55.7 m2 (1/600
it2).

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
crossed 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 ft-lb), the number of hazardous debris missiles per recovery plane wis
calculatei and the hazardous debris densities were compared to 1/55.7 m

2

(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 :c'. 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
vertical -lane 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 HAZARD'OUS DEBRIS IN THE VERTICAL PLANE

f L(1) ese Velocity We/a) of the Debris Across Plues a (2) ( 3 at Each Recovery Plane

3.7 1.0 0.9 -(3) 4 - -

4.5 - 20 - - -

(Zone 1) 27.0 20.2 13 13 - -

90.0 21.2 1 1 - -

8.5 0.398 0.9 - 0 - - -

4.5 17.3 3 1.19 - -

(Zone 2) 27.0 - 18.3 9 - 3.53 -

90.0 - 20.0 0 - -

13.2 0.542 0.9 - - 0 - -

4.5 - 14.3 0 - -

(Zone 3) 27.0 4 - -

90.0 - 18.7 0 - -

Zone I Zone 2 Zone 3
Xuminber of Hasardous Debris 15.19 3.53 0

Debris Density *(2) 182.0 42.4 0

3.7 1.0 0.9 - - 1 -

4.5 - - 17 -

(Zone 4) 27.0 20.2 - 4 4
90.0 21.2 - 1 1

8.5 0.398 0.9 -- 1 318

4.5 17.3 - - J 8 -

(Zone S) 27.0 - 18.3 - 4 - 1.59

90.0 - 20.0 - 0 -

13.2 0.542 0.9 - - - -

4.5 - 14.3 - 0

(Zone 6) 27.0 - - 3 - -

90.0 - 18.7 0

Zone 4 Zone 5 Zone 6

Number of Razardous Debris 8.18 1.59 0

Debris Density (4) 98.2 19.1 0

(1) Only the low launch angles were considered in this example. In actual
application the full range of piausibie initial launch angles should be
considered.

(2) tn chis Iluacrative example, the debris, kinetic energy and height were
checked only at the midspan of each recovery area. In practice, the
debris energy and height should be checked at all positions over the
recovery zone. In effect then, che 2ethod call. for checking the kinetic
energy for every particle which has a trajectory which intercepts a volume
3 m (9.8 ft) high and encompassing the entire recovery zone.

(3) No velocit is given it the debris missile did not pass through the vertical recovery ,lane.

(4) .Nuber of debris esement3 divided by 4.65 m
2 

(50 ft
2

) vertical recovery area and normalized
to 55.7 m2 (600 f t).

61/62



/

NSWC TR 85-114

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.
Identification 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 effort
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 frcm 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
is reduced.

A reinforced concrete wall can be either of laced or unlaced construction.
Laced construction is typically used in the design 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 direztions 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 reinforcement can be tied into the floor, roof, or walls
to lorm various boundary conditions (fixed, simple, or free). The type of wall
boundary conditions will conrrol 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 allowed 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,6upported 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 series 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 including shear rebar would still be less
expensive.
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For the reinforced concrete wall described above, the parameters tr. oe
considered further which can be identified as controlling the debris
characteristics include the following:

o Concrete compressive strength
o Aggregate size
o Concrete density
o Wall dimensions (height, width, thickness)
o Rebar diameter
o Rebar spacing
o Rebar/concrete adhesion
o Rebar yield and ultimate strength
o Boundary conditions, i.e., wall restraints

These parameters and their relationship between each other and debris
characteristics are discussed in the section entitled "Parameter Relationship."

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
reverberation. 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 I) 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 affect 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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The density of the explosive material can have an effect the loading on
the wall surface. If the same mass of explosive is packaged in bulk form, a
different blast field is expected, given an explosion, as comparedwith 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 explosive, will be considered)

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
physically significant to the problem under study. The validity and
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 discussed in Chapter 5 for a debr.is

hazard study.

The pi terms derived using the parameters 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
varied in the model tests, those to remain constant, and the parameters to be
measured. The reason for varying some and not others is discussed in Chapter
4. Tables 18 through 20 include important parameters, symbols, and dimensions
(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 compressivestrength 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. PARAM~ETERS TO BE VARIED DURING MODEL TESTING

Parameter Symbol Dimension

Wall Thickness X L

Rebar Diameter D L

Rebar Spacing S L
(horizontal -vertical)

Charge Ener~v W FL

Charge Location in Roo=

height above floor h L

distance from wall r L'

distance from nearest sidewall I

Charge Casing Thickness d L

a XLII
c Note: L, H, and R are defined

W in Table 19

113 'S/X

IT4 -h/H

n15 r/R

96-t/L

d 3ac
H17 w
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TABLE 19. PARAMETERS TO BE HELD CONSTANT DURING MODEL TESTING

Parameter Symbol Dimension

Room 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 P FT2 /L 4

c

Concrete Compressive Strength a F/L2

Rebar Density ps FT3 /L 4

Rebar Yield Strength a F/L2

Y
Rebar Ultimate Strength u F/L 2

Gravity g L/T 2 '

Standard Air Pressure Po F/L2

Strain Rate C L/L/T

Ila - / /3 (where V = HRL room volume)

= R/V1 u/ y

- L/V1 /3  • MX

-Rli = a/x 116 p 0V
W

12 - 0C0S 117

a DS (LH) 1/3  Note: M is definedin' Table 20
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TABLE 20. MEASURED PARAMETERS OR DEBRIS CHARACTERISTICS

Symbol' Dimension

Launch Angle e

Spray Angle

Debris Velocity v LIT

Debris Mass H FT 2IA

Debris Size

length 01L

width a

thickness 03L

Debris Range Z L

Debris Quantity N

2
v M

1120

0c ExS

(C (c1 a2a3) P c

1122 2

112 - 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). Room 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 dimensions). 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 ,:adel is one in which both
the prototype and the model structure are made from 'ie same materials. In a
replica model all geometricdimensions (lengths, tiL :kness, etc.) are scaled
down by the same factor A. All angles, densities, strengths, strains, and
the number of debris/fragmeiuta generated will be invarient or the same as in
full scale. Time and impulse in the model will scale with the geometric scale
factor i. Mass of debris and energy in the explosive charge will scale as
X3. Strain rate and acceleration due to gravity will scale as X-1 .
The scale factors for the explosive loading and subsequent breakutp of the
reinforced concrete wall are summarized in Table 21. All parameters listed in
Tables 18 to 20 will be scaled properly except acceleration due to gravity,
debris range, and strain rate. The failure to scale gravity, which should be
X 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 X. Thus
strain rates in the model will be X times larger than those in the
prototype. This is not as catastrophic as it seems because steel and concrete
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-l 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/lOch scale model the strain rates in a
similar explosion may be 100 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 this
type of te -ing.
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TABLE 21. MODEL LAW FOR DIVIDING WALL FRAGMENTATION

Parameter Replica Scaling Law

Lengths A

Angles 1.0

Densities 1.0

Strengths, moduli 1.0

Poisson's ratio 1.0

Strains 1.0

Strain Rate X-1

Velocities 1.0

Acceleration (gravity) -1

Mass 3

Reinforcement ratio 1.0

Explosive energy A3

Pressure 1.0

Impulse

Time X

Number of fragments 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 paraweters 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 construction, i.e., aggregate size,
concrete density, and rebar strengths do not vary greatly in common
construction. The number of permutations 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 APPLIED TO PARAMETERS

-IN TABLE 18 DURING MODEL TESTING

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

Expl9sive mass 150,- 4500 kg (330 - 10,000 lbTT)

Casing (one thickness) 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.)
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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 tests are unquestioned. The model used for testing
should simulate the prototype as closely as possible for all important physical
parameters. These conditions are easily satisfied except for the gravit) 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 viill be
varied. The overall test program can be performed as P series of small zest
programs where one or two f the parameters will be varied with the remaining
parameters 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 shuld be investigated. Table 23 outlines a series of tests designee to
provide accurate and reliable fragment/debris data for reinforced concrete
structures subjected to internal loads. As mentioned earlier, when the fUnal
s-'eczion of the donor system is made, the test plan and corresponding mod'l
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 wpils
make use of 'a scale-m6del enclosure. This enclosure would consist of a reusable
concrete base slab (to which n 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
funJed by ARRADCOM, entitled "Explosive Fragmentation of Dividing Walls.1 2 6

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 gauge of the wire was a scaled equivalent of
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the rebar size. Because 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 lacing. Molds
Cor 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 laver of concrete covered the rebar on both faces. SwRI recommends this
type of fabrication process f.ir use in the proposed program if small scale
models are used. For larger scale models ,actual rebar is available for use in
fabrication of thle test wall. The smallest rebar available commercially is No.
2 bai; 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 roof can be fabricated of light ye't sturdy material
such as plywood or pressboard. The frangible panels would be supported in such
a way that they would remain in place long enough to reflect the shock waves
generated by the explosion. This would subject the test wall to a realiscic
forcing function. The frangible 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 covered or uncovered) do fail, the fact that they
are made of light materials will eliminate hazardous debris.

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 secti6ns
of the test wall, small number labels should be glued on the 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 a sand bed large enough to
receive all expected debris.

INSTRUMENTATION

It is suggested that both real time 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 debris immediately after the explosion. A ruled
background panel can be used to serve as a backdrop for the ca,:era recordings.
Ruleli lines on the panel will give a reference frame in the film. This type of
setjp 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 environment 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 gauge:-. This type of test setup
is referred tq a *a loads model. A minimum of five gauges evenly spaced on the
plate is suggested. In addition to those on the plate, blast gauges should be
locoted on the floor (in the aame location as for debris model) 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. rde between a corresponding loads test
and debris test. This would allow determi,,at'ion of whether the applied loads to
the wall are similar.

DEBRIS DATA TO BE RECORDED

Measurements made for each debris cest 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" of the debris in each of 16
different orientations. The 16 different realings are averaged to yield an
"effective presented area." Unfortunately this device is quite expensive and
only two such units are in existence. A simpip 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 b e made to
locate the origin of the debris on the wall through use of the color coding and
numbering system. Debris trajectory and veloci'y may be obtained from
high-speed film recordings and perhaps flash techniques or breakwire systems.
The number'of debris particles per test should be recorded. If 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 verius debris mass 'can be counted.
These parameters can be obtained from what is coi.monly called a missile map
which includes deb:is location, total number'of 6ebris, and debris size.

ADDITIONAL TESTS IN SUPPORT OF MODEL TESTS

In Chapter 4 the important parameters affecting debris characteristics were
discussed. One of the parameters which affect debris range is gravity (W23,
Table 20), which is not properly scaled. Ti, order to deermine 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 CD from handbooks or standard references. In addition, values for CD
ar iven for only a limited number of orientations, i.e., edge-on, side-on,
etc. 7 'Coefficients for other debris missile orientations such as 100
off-normal, 200 off-normal, etc., are not available. In reality, debris
missiles will have any of numerous orientations including tumbling. Test data
covering a range of debris orientations would be very useful to obtain 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 tumbling
rate.

80



NSWC TR 85-114

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 be 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
parameters. 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 responses obtained
in the tests has been presented. A similar analysis can be performed ol

statistical distributions of measured data. For example, consider the case of
the mass of the debris fragments collected in the dividing wall tests.26 In
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. In 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
ratios, to correlate empirically all of the mass distributions into a single
curve.8

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 be formatted as required by the
methodologies described in Chapter 3.
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