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Abstract

Ths pxxposs of fhis invesiigation iz to determive the jnfinenss of

ihickness ratic, on the failure modes of cylinders umier sideecn air
bisst losding, These failore modes arer 1) hinge collspss, 2) wave
tuckling, =nd 3} cosbinsiion. The results of this study show that ths
dismsteruiowthioinass, {Dfh}, ratio dosinates the shell behavior amd that
fa&éezzsg’gfiaez@m,mémase%%a 3
Between 110 o= 450, cosbiration faiinre séems io be dominants abovs
B35, €ave buskling ses=s % be dosinant, In sldition, the dynamic
stien-ths Dfh ratio 4s baloy 300.
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SHELL PARAMETER INFLUENCE

. ON THE
%:; FATLYRE HODE OF SIDE - ON AIR BLAST LOADED CYLINDERS
fz I. Introduction
The failure of aerospace structures subjected 16 side-on air blast.
{ = loading has received intensive investigation by several diffeéren. groups
% in the last few years. The resulis of thess intensive investigations
f%zt indicate that the main siruciures of aerospace vehicles {(cylinders)
3 ;% fail in one of three modes. These mode shapes are hinge collapse, wava
i%i: buckling, and combination patterns. The hinge collapse mide is charac~
g terized by the formation of z plastic hinge line perpendicular to the
‘ ff N longitudinal axis of the cylinder. The wave buckling mede is c¢haracier-
% % ' ized by ihe formation of ripple waves in the circumferential directich
‘ %gé . and one-hili wave in the longitudinal divection. Thé combination pat-
f §£ tern is shasanterized by the simulianeous presencé of the previously
: % mentioned modes.
;%; The time history of the actual fermation of the failure pattern of
% these aerospace structures has not been determined, ratheér a sriterion
% has been established that specifies if a structure will fail. This
§ eriterion states that when the pressure and impulse generated by the
§ blast reach the proper magnitudes at the position of the structure,
% the structure will fr11. Those magnitudes of pressure and fmpulse which .
§ produce failure are called critical pressure and critical impulse. The
% . tabulation of these values is deperdent upon the structure material,
g type of explosive, and siructurs position from the point of detonatdon,
% il Once having such a set of values, the coustruction of isc-damage curves
g
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is possible, tThese iso-damags curves are the result of a graphieal

representation, on a logacitimic scale, of the critical values of pres-

sure and ispulse. The shape of these curves rasembla hyperbolas and

dsfiné the bowdary between failure and non-failuve of a given structuve. .

The cne disadvantage of the above mentioned curves; is that they
{curves) do not prédict how & structure will fall, or what is the domi.
fignt shell parameter in determining the type of failure mode.

The first ssciion of thds paper daals with background raterial. The
sééérz.’i_ section defines the problem, 1ists tha assumptions, and gives ths
scope and méthed of approach, The third section developes the thsory
used in discussing the various failude modes. The next section dis-
cidses the effect of the shell paransters in determining the failure mode
and thé last section presents thé comclusions.
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II. Background

One of the major probléms in the design of structures is that of
detarmining their useful Iife. In dotermining the vsefdl life span of
a structure it is necessary ic¢ define the fallure mndes of the structure
and the reasons for failure. This neads o bs done so that design
Judgements can be made as {o how to reinforce z particuler sheil geem—
etry to prevent iis fullwre.

In axisnsive sxperimeniation conducted by Schwman, at Za2liistic
Research Laboratories, Maryland {Ref 13), the conclusion was reached
that when an aerospacs vehicle is subjsctcd to side-on blast loading of
suificient magnitede to cagusé incipiént failure, it will fail in ons of
thres ways ~ hings collapse, wave uckling, or & cozbination patisrn,
3ince most aerospace vehicles are primarily of cylirdrical shape,
Schuman used as his model cylirdrical shells with rigidly clamped snds,
He surmised that the clzmped ends wourld clossly approximats the bulke
heads found beotweon actugl sections of an gerospase véhicle, As a
result of clasping the ends, he assumed that no ore-leads such s bend-
ing, compression or {orsion were present. In oxdar te construct iso-

damage curves, Shumzn chose as his failure criterion a2 permanent radial
defieciion of 10% of the origiral dlameter. Afiter determining if the
shell met the falilure criisrion, he used 2 st of curvas given in
Rafeprenze 9 to obiain the criidcal values of pressure snd impulse. Thsse
veluss were then comcered to ths values obiained from instruimsnied shells
and the agreemunt was fourd to bs wiladn the exparimenteil ervor. Huving
constructed ths iso-damage curves, Schuman was then abie 0 preciet at
what combination of pressure and impulise a shell of given dimension and
material would be mxpected tc fail., The curvss consiructed were only
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for thrse typ2c of aluminum and ons mild stesl. Thess iso-damage cuvrves

made no attempt to preédict the type of shell failurs mode, Y
d. K, Gresnspon of J. G. Engineering Pasearch Associates (Ref 10),

used an enSrgy approach io calculats the snergy necesusry for a given

deflesction shape 10 ocour. He used clastic siress anzlysis, mesbrane

theory, and Von Misss yeild cordition te deterwine an expression for the

¢ritical collapss blast pressure ard z formula derived by Timoshenko

{Ref 13) for critieal buckling blast pressurs. By using the smalier of

thess two valués, Uréenspon was abls to predict vhether the shell ool-

1apsed of buckied uider sidé-on air blast loading. Once the fatlurs

mode was detérmindd, ke proceded with az plactiz anaiysis to calculata

the shergy of deformation. Then assuming that the snergy of deformation

equzls the 1aitial kinetic energy of the shell due to the blasi loading,

which is relatad to-the applied immilse, he was able to detarmine the 2

criiica}. igoulss Fequifed for shell failure. Rslating this irpulse to

critical pressurs through rélationskips devalopedl by H. J. Goodman

{Res: 9); GreenspFéﬁ was ahle io construct a sat of iso-damage curves for

c?)i;'{apseévxjd tuckling. However thass curves sitill did not determine the

role that eich shéll pardmeler played in determining the fallure mode,
é. L, Anderson and H, E. iindberg, Stanford Hasearch Instiiuis

{Ref 2); déveloped z dynamic buckling theory for pulse lcaded cyiindri-

cal shalls. In thelr developsen? they used three mathematical models to

éesci'ibé shell résponse to pressures virying from ideal impulsive lozde

ing %o step fuetion loading. They chose the tan snt modulus model for

3Fpilsive losdings which produced plastic flow buokling. They chose

thé Stralr -eversal model for intermediate duratfon lcadings, which pro-

duced plastic-elastic buckling. They chose the slastic model for siesp

pulse loadings, which produced elastic buekling, Using these models in
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connection with experimental data, they wers able ic éetemi::ev the
squations for the families of .so~damage curvses. The resuliant equatidns
were gensitive to variations in geometry. Young!s modnlus, ard shell
density, The erd conditions on thair shells wers assuzed %0 ba simply
supported and infinite in length, Their reasoning will be discussed on
paze 11.

dohn P. Anderson and James H, Woodward at Kaman Buclear, Colorado
Springs, Colorado (Ref 3). approachsd the czss of dynamic hinge collapss,
due to realistic blast pressures, using an energy analysis ard the
assumptions of finite length ard non-symmeiric sids.on air blas? loade
ing. The particular ensrgy method used was the principle of minimunm
potential snergy. The prsssure distribution that they used was an
exponentially seczying cosine distribution, The squations resulting
from this approsch are thsn scived for a simply supperied cylinder using
a Fourier Sine series which has time varying coefficients as the assumsd
deflection shape. This deflection shape correspords o a simply supportéd
shell. A collapse fallure was assumed to occur whenever the maximu
moment, caiculated from the deflzciion shaps, equalad or excesded
Brazierts collapse moment {Ref 6:209},

In a later work by inderson and Woodward (B4 4), a static hings
collapse theory was developed. This thecry made use of sxisting shell
theory and the assumptions tha® the cylindsr is elastie, isotropie, and
infinite in length. The final form of their eglations was derived by
assuming that 1) the deflection shape could be veprasented by & Fourier
Sine series with unknown coefficlents, 2) the beam bending mode was
responsible for the primary respense of the shell, 3) the ‘i)reathing ard
ovalization modes are secordary, and %) the shell is inextensicngl in

the circumferential direction, This last assumption made it necessary

\n
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to modify the eguilibrium sguations io remove their sensiiivily io ihis
3 8t

corgdition.

In spite of the fact that 11 of these researchers have invesligatsd
the sans genspal problam, namely the responss af thin walled cylindrieal -

shells o ipansverse pressurss, no rssulis are presenily zvziigble which

can tsll the énginesr the answer ic two basic

shsll parameisrs play the most isgporiani role

curve of 2 given shell.

Sscord, what mode of

application sf & given prsssurs and impulse.

[ 1%

questions. Firsi, which
4n defining the isc-damage

fa3lure will resuli fren
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ITT. Probles

Problss Statemant

The probler is io datsrmine how the shell paramstsrs influence tha
failurs modes of right cireular cylinders, with clampsd ends, due to
side-on alir blast loading,

The shell paramsiers ars lengtn to diameier rziio {L/D), diameler

to thickness ratio {D/h), density {}, and =edulus of elasticity (E).

S¢

(]

The pressures mentioned in this paper are gll refiectad pressures
as opposad io incident praasures.

The blast loading on the shells are cosine squared and expopsniial
dacay cosine disiribuiions. Thess loaziings are on the lateral surface
facing the explosive charge. Thus only zide-on loafiug is considersd.

The coordinate sysism that will be used and ths failurs patierns
that will be discussed are illustrated in figures (1) and (2).

The shells of interest are those wita L/D ratios of 1 to 5 and Dfh
ratios of 14U to 700. These shells have bsen subjectsd {0 pressures
ard irpulses that range from impulsive loading to step function loading.
The end copditions of the shells are considered to be clamped, The
shells are made of 1047 steel, 6061-T6, 5052-H38, and 1100-0 aluminun

ard ars void of intarnal or extsrnai reinforcemsnis.

Assumpiions
In addition tc the assumptions made by the raseavchers listed in the

background seciion, the following assuppiions are made.

1. The shells are void of any pre-stressas.




2. 7The relailionship beiween the monment argd center lins
curvature is valid for every cross ssocBion,

3. The body forzes are zerc,

4. Tae breathing modé is neglectsd and is indepspdent
of collapse mode.

5. The deflsction in the longitodinal and tangential
directions are s=all compared io the deflections
in the radial direction.

¥sthod of Aoproach

1. Devalope ihe necsssary theory io predict the criti.
¢zl vaiues of pressure 2nd Imlss,

2. Plot severzl isc-darage curves and apalyze the gsn-
eral effect of LD and D/h ratios cn hs particular
failure obtained. Bg this analysis the =ost ispor-
tant parasmeter can bé determinsd,

3. From the egquztions developed in step {1}, solve for
a‘pressure parameter, p, x10'/s , and graph this para-
=eter vs the most lzporiant shell ratio while hoide
ing the other ratic constani. By plctfing this
pressure parameter for each theory - dymamic and

B static buckling and collapsa - the upper and lowar

= boupds for -each typs of £2iluré mode can hopefully

E be cbiained.

This method depends on the daveloped theory for the dyna=ic ¢0l5avss

case and the soluition of the subseguent =xpression {or ths oriifleal pres-
sure, The necessary theory for the casss of dynamic and stalic miekling
and static coliapse have esséntiiily been developed and soived Iy previe.

ous ressarghers,

0000
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Dynands Banlk ing Thsord .
R et -
- s P &~ _ . - z - s =< x I3 - .
In treating the case of dynasic wave Smckiins, Ihres =odsSis avs 2
3 : & 2 i3 a3 3 - 3 saT = _.%.. =% Y oS et -
vsed in describs the faiiars mode. Zach m=0del predicis shall S2nsvior :
= =2 -z o - > S . PSR B
in ons of the three rezims of prassurs Icadins - Implisive, gquasisi=maiic :

_ - = =

impuise, 3zpalss and priessurs, and [sa¥ pressuya rospEckively. In ImE

tnsory developzant whichk follows, the idingent-mofulus s=odsl 35 used £

impuise loads, the strzin-reverszl model for guasi-imoulsivé icads, ard

the =2lastic m=oded for guasi-siziic loads.

. . Aes o Se i Los s
Tangsnte¥odulus Model. The deformalion in this rdgion izZkss pizes

by the iangent wmodulus {Ref 2:19%). Sincs the shell responss is of

relatively high order zm=des, the affecis of ihe ands 278 @i Oriant

o
'3'

i 2 £y wzvelangths from tha end; thus $he shell con be iTesisd =

:
"

infinitaly lonz {Ref Z2:198}. :

= % e Ty - ~ e - — z - = - = . _
e defisction as positive, and ihe displacecsent during shell soilion as
s s s axomm o = s o %
Wis, sl - Tt curvalure change of the shell 35 given by (Raf 2:291}
: - 2
- ]
1 {3 ¥ :
5 i 3 £33
Ne, i} =i +¥ i
ER N & 138
3
whera 3 is the shell radins., The sovvalore can Ziso Da exXpressiS as
s i - . I 3 s - _ —
roiation par anif arc lencth {Ref 2:201}, od 3s given &5 ; .
i \-.% H -
4% = 2 17 {2
aag -~ =2 5 7
&
whers 4¢ s the angle defined in Figwrs 3. Using ths sbovs relaiions; .

e
nd
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the dynamic equilibrium equztion in the radial dirsction per unit axial

length, beccmes

| aQ No 30 Pw
-5 % - 33 tP P2 =0 (3l

wheie Ne(e,t) is the membrane force, Q(s,t) is the shear force per unit
length, ard ?&hﬂ i3 the side~on pressure, positive as chown in Figure 3,
By negleoting rotary inertia and summing moments on the element shown in

_ | oM
| 0= T 5% “
BUT ‘
' .17
, T .
M=MO) = Y ) 5} ]

vhere t N is thé tangent modulus, I is the moment of inertia of the

g¢hell, and 2/ is Poisson's ratie. Defining

2
a.2 . (6}
32:52
2o E (7}
P
W
N
Op = : (19)
- 2
Py v eli -v©)
p(Q)T) - P(S,‘i‘} Eh (W
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Substituting equations (2), (%) to {31) by use of eguation (1) inte

edquation (3) yields

2 2. 2
v @y &y [ s | al-v) ] du
aTe E  ze° ! E £ 38
i. <3
(i~ V3 i
(i +uw) =P (12)

3ins She shell is assumed inextensicnal, the effects of ths fiexusl
mixies on the average circumferential strain is rasiricted to sscond
crder terms {Ref 8:2£9), - The sssumed radial deformaiion and pressurs

-distritution are given ty

[« o)
w({8,7) = w7} + ? v {T)cosne E)
(=1
&,
R
p’(e;‘}"} = p;{’r) + Z_. P, (TICOS N6 ()
n=i
% Substifuting thess relationships into equation (12}, eguating coeffic-

ients, arg assuming (T} is negligitle comparsd to undily {Ref 2:205)
ihe reaulting equatisns of moilon are

i, _%7{,7_.;,2) - p as)
; 5T? E S
2 22 (i-v?
v s | n"O%Eg Tg .
..—__T?{\ + (0" -1) — - .____g.._.,__wn-pn A
aT

12
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For impulsive loads, ihe pressure terms in equations (15) and (18) vane
ish., The intial conditions are

w (0} =0 (17

3uf0) = _In .

aT hC - (583
Jo n= 0’3)2)3" ¢
where o
1{e) = 1 -}-Z I, cos{ng) 049
n=t

is the impulse applie. to the shell,

Equation (15), which governs tue moiion of the radial mode, is
solved in two parts, depending upen the value of Ug . If we take ‘C{j
ad €, as the yicld stress and yield strain aid £, a the stress-
sirain modulus bhayord the yield point, then

"

E , 2

E -~
O = 0y + Tz | -(:-E/Z}Eg}_ , -eg<vs 2

sl R

i
4

: 2
E G 2 -
\ z—_}% 4+, =B, , o< Uoi(i—?/ ) (Zi\i
2 }.:2 E E \ 2-‘,. - 2 P £y <
3 gﬁ% a g Yo =_§! - —E?u ]{5 -V Sy N Ui }c9<‘i° @
: § which can readily be solved.

Equation (26), which governs the motion of the flexiral wmodes, is

SRR T

selved by assuming U and £, constant (Ref 2:206). 4pplying condi-

~

Won {17) and (X

7 tc equation {16) the solution Is

15
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, Ty s QT -Ty)
wiT) = T+ 4
5{T) 37 ar (24)
tihere '}",ﬁ is the time at which yielding first occurs and
[ aut ! —'UE‘ £
. i 21 &4
@ =(n? -l =——— -] - |
h L E.}, ol {.25

The most amplified flexural mode, n, occurs at the maximum value

of Gn which gives n -as the integer nearest to (Ref 2:214)

i~ - i 3
2y / - 2
/} G?g(*—?f } i a8 egli—V ) (29
=N T { OF £, % - h -\/ Et

Zquation (26) shows that the most amplified flexural mede is directly
d@mﬁem’_t on a/h amd \10; £, . From equ ‘3on (25), the ratio Yo/ Ey
dat%f;aigés the sign of ci,_z thus determining whether the motion is
Hypérbalic or escillatory. Hemce Ug/E. is the material property that
éet,s tte magnitude and type of motion for & shell under impulsive load-

srg (Ref 2:213).

Eiéstic ¥odel. The deformation of shells in this region is charac
terized by long duration pressurves and buckls such t their response
¢an be assuwad as elazstis. Since the buckling behavior is elasfic, a
reasonabie extension of static theory is made by the inclusion of iner-
+3z farms {Ref 2:198). To déiermins the mesbrane force, the erd effects
are neglecied, but it is required thal the flexural mode satisfy the
bourdary conditions (Ref 2:193).

The governing equaticn of motion is Donnsllls equations {Ref 5) with
the =ddition of inertis tar— . Thus the equaiion of squilibrim in the

raiial direction is

tie
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is the flexural rigidity of the shell, H_, can be expressed as (2:207)

©

N Eh Wo 82F
= e—m — 4
& (1-v?) = 3x2

29

whersa F 1is the siress functicn for the membrane forces due i0 the

flexurzl metion amd ’ﬁ‘o is the uniform radial deformation.

forces N, and N can now be represented as (Ref 2:208)

alr
a23e?
_ 3%F
Nxe ™ & axae

Nxz

Dtilizing the compatibility condition

n,li_.*,‘.
£

&
V F =

intreducing the non-dimensional variables

¢ =

ofr o< ofx

The mémgf'ane

(30}

{31

R e Tt e e
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{3¢6)

ard aXpressing w and p in series form

Q{E&X} = ¥o{T) ?v{T}'csuss* ?-%-- (37)

k4

"l-_-i

o0 P
N\’ €
?E Xl = __;’ETLP{T %L? {TiCasn8sn -—,1—;[ (38)
Nz

T R L T Y T N e

 équation (32) can be represented as

{49}

"
n
e
fae
uﬁ:
8
o J
[1+]
i
poe
..,.|
sy
1]

whers fg;’-;, aré constants. This expression for F assumes simple supporis
ard that thers-gxisis cnly one half-wave bucklz in the axial direciion,

These assumpiions are based on experimenial resulis of dynamic loadings
{Ref 2;208-9}. 7
Using equations {29) to (31), {33) (38), axi {46}, the 2quaticns

s
1

~ of ®otion can b2 separaisd into

-_
s T i et
e {41}

P orr 3
~ i 97 &
r 5.,& 2y i — i n|
a° f 212 2} . (-vI}i1] 2 | :
ffih '*'igvfa + =] T p > -y, = B i
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- v 2 ] {2
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squation (1) for the static case and substitution of the

v, {0) (3)

equation (42} vields

..

s :":;.
M,
L —

l,

+

&

r-«.............«'
"
[y

From equation {44} as the ceroninator approaches zero, v, -~ and thus

2 aaad . fomd . -
the critical pressure, {P.} _,. , is given by

i

{Bef 2:70).

By not assuming the static vase for egquation (&1}, the expression

and substitaiing this expression into equaiion {42} results in athisn

[}
L

oesomes

N . s - s
rust come from the Kinelic ond sirain energy of the uriform

Humerzeal integration of equation {42) shows that it requirss

- 4 -

o raz,r_z + e (A
_.;é v 2! 1n?- T2 2 |
Wy )

»

(45)
n :‘5234"'

5 ikl

n

v, = p, +AsnT + BeosT (ug)

A srge < . i nE amtal 2
of this type require z consiant energy iypoul which, in

£y

od
%




AL

= large number of oscillations of the hoop mode before the flesxura:
amplitudses build up to the point wher: there is sufficient epergy trans-
fer to cauce permanent deformation (Ref 5:284). Experimenis show ibat
buckling takes place with 1litile or no osciilations and is essenitlally
2 singla growth to large deformations, thus the siatic case which

results in hyperbolic growih is z valid assumpiion {Ref 2:218). Hence

equation {42} can be rewritien as _

where

2 {
(hwg)” = @[+

2
2 ) (ug}

and the solution is

3T R 2 —l
- T smb [WVE-wR T

&

2
for p>(J,
The most atplified mode of egaation {49} corresponds o the =axi-
i 2 20 2% For nS = and th at5s
min value of n{pg-w5). For a3 ~ and the second ters of equaiion
- e
{48) s=a11 comparsd 1o the Tirst term, {Ref 2:213;. iha rost aplifisd

mode is .
) §3;2
in 2 ics -_.“'2“’_2;3 7z
/d H i i i
Squaldon {50) shows that the mosi mplified fiexural wode, B, 1is
3/z

directly proportional to {afa) . Thus this ratio seews io domirale

2lastic behavior.
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2

ei 11w FRITE 4

i
- L+
+1v, W)h He

C

+ v l—’v;_g + H (1= V) g Yot Vs

% _
4 ——_iZ )d (;.L + 20+ "KmlH'KP-x) dxde
" J (€9
where
.,
i 2=
V= Ehde v (70)
Assuming a press;ure distribution
p = po +‘ ‘Di CC‘SQ ..-{71»} ..

The results of & giophical solution for egration (69) are presented in
?igure 4, These curves are for pesk pressures, at & = {0, which result
in buckling of tne shell, Thus

P=p+p (72

and the non-undiform pressure distributicn described hy the parametery

defined as (Ref 10:1)

24
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Dynamic Collapse Theory
This theory is devsloped using an energy analysis and an approxi-
mate deflectiion shape., The derivaiion makes use of ihs principle of

winiram potential snergy which is based on the notion of virtual work.
This approach yields a system of nonlinear, coupled differentisl squa-

tiors in the time varying coefficlsnis of the defjection shaps. Insta-
biiitr is predicted when thesa coefficients increasze in time without
bound (Rsf 3:6). In this papar instebility is assumed to oucur vhensver

the maxizmyg moment applied to the shell by the blasi sxcseds the critical
maximm moment predicatsd by Bragierts analysis {Ref 6:169).

It is sssumed that the moment-curvsture relation for pure berding
is valid at each cross-section and iy given by (Ref 3:11}

M= —e1(n-L87") (74)
where
B = 1.5a%0 -—vz}/ he (75)
T = T = 2 %x'x (7¢)
where
o<
v 1 2nT
Y (x;l') —Z An“ Hi-cos -—-—L——X) (77)
Ni=}

B
E$
Ex
ES
i
b
EE
H
S
H
33
i
33
z
H
£
+H

is the assumsd deflection shapes of the center lins of ths sheli,
The basis of this anzlysis, as mentionsd previously, 12 the princie
ple of virtusl work which can be formdated ass
If an elastic body in a dynemic staie is subjectad to
a varistion of iis deformation at a fixed Hims, the

change in strain energy egquals fhs incrswant of work
of ths surface, body, and inertial forces (Ref 3:11).

Asswaing that there are no body forces, the straln energy can be

26
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written as

L /8 4 ) T
~ Ug:_g}_v[ {fqz —_ -.é—-Z? }dx A{78)

0 -
Substitution of equation (75) into squation {78} and taking the livst

variation, squation {73} becomes

Su fEI[

! 2 o3 .
i‘*’xx = 3 Yux YXX)S(YXK}
o

4
—3\{}( YXX S(Yx ﬂdx {79}

The expyession for the viriual work of the inertia forces is

= - fu=éu&w) =—g} !.YTTS\{ ?—5'}7 {'fxx
=, L i
vol ()
7
+ Yex Y-l'?xx,‘f xx O x;ﬂ X (s0)

whers u represenis the deformation siate, the dots reprssent differw

entiuldon wvith respect to itims, gf is the mass densiiy per unii langth,

<

and

N= o (i-v3)[s° @)

Bquations {79) and {80} include terms thru oniy the fourth order in Y

O T A

i

and its derivativess,

R

¢
Y

%

| e R e e

Sinecs only ovalisation tzrms dus o lopgitudinal bending bavs heen
congiderad and sinde sguation (72) has no coniridution dus to the ova-
lization effect of the sxternal pressurs, it is conslistsnt o omit the

corresponting contribuiion in the virtnal work expression {Ref 3:13).

== == N - - = e e
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Orly the virtusl work of the center line defleckion dus to the external

pressurs 33 included, Thus

{_ _
J -0d3 = |pcosodrds 82\
3 5
where T ot
p=pcasec™ | -5 <0< — ®3
= T 3"
p=0 > pse £ 64)

P is the peak reflecied pregmure and [°  is the decay parameler and
definsd as p fI. . Substituting (83) into (82)

L
ot
fpcwegws = gheoe’ Lsmx (85)
S

Using & singls ters goproximsiion. the defleciion shaps is

¥(xt) = A(t)(1 —cos EEX) 0

&ezz, by perforsing the sppropriata dsfferentiation on squation (86) as
m&rﬁi&@aﬁm {79) the variation in the strain ensrgy bscomes

8{3 51{36’3’ A 18 §2’?1' \j} { LS _’} &7)

w

thaﬁrb:s&affms
8.2 1
e IO .2 2., 32_‘; A
Sw,= |8, + 5L (a A +ﬁ,ﬁ,}§(—*——8~*—] ©8
i : L :J§ 2 i
aﬁ&em%ﬁw
Sy = [mrae™](124) @9
) i F H
Gsing the prindipis of =mini=u= potentisl snsrgy
Su— 8w + dw,= 0 (99

»
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320 (5} ( 64.4 PREDE 2 &

L pet

- 2,L8 8 .4 2 2
320°(F) + 5T () (1~v¥) A,

2..02
128.8 E m? {‘02(}5.)2 _,,,-Zag(s + 0375(t =V 19)

+

Ab
-

o’ (s1)
where

PRED =

—Ei X 10 (92
Equation {91) is solved using 2 Runge-Xuita method coupled wiih an idams.
Bashforth ard Adams.Moulios predictor-corrector schems {Ref 12}. This
schexs has provisions for varying the tims increment and 2lliows for
variations in the shell siges. A copy of i&ls prograx is conlained in
Appendix A 3zlong with the appropriate infommation needed far opscatdon.
The maximmm moment, at any given iims, occurs at the snis of ths
cylirder. For the case of interesi, however, the hinge collipse iins
forms approximatsly at the middle of the shell., Tims the marimum moment
in the exé_:ressicns below iz that value of the moment at the middle of

the shell. Using aquations {74} thru {77) an¢ the condiiion 6 = 0,

REEDaT
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this momant is

2 4 ot
Moy = TEIAL {§—£§.i L} (33}

Recaii

&
w{b —-d ) mo (99)

for

p/h > 100 =5)
where “
h
5} (36}

Then

T3 &ﬁ;fzs'z? (0 n)AM :i

M = i 97
TmEX s o)) ;.f:-zz 2yo?(yey?

To detsrzine if 2 shsll under a2 particular biast loaddiny widd {23
cinot involves the following process:
3. Detersins Brasisris ccilspss mﬁ from=

HISHALAL NN It

04535 5 .
ﬁ{;’-- 3] 4 198}
{«-} "JS—Z’Q
2. W@&cmﬁrm{m@ké} to soive

equation {01) for the tims hisiory ¢f {8
and ths beniing =i, 3:__52.

L UL L R T A TR O oM T R M L At

3. Find the Hims 2t which the moment, B,
raaches & ==xicye, B

[ RR O it 1102 1 A

¥, I é&&&iﬂs&&&lﬁﬁs&;ﬁgm_s
greatar than Brazier's collzpsy moment, Iaen the
shail wiil eciiapsa, -
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Static Uollavse Theory
. Two 2pproaches wers uscd in the static collapse situatdon. The

first approach falled due to the difficully ir solving the govarning
equations of motion {ses Appendix B). The sacord method used Oy
Gresnspon: {Ref 10), yiselds only an upper bound to ths dynarde isu-dsmage
gurvez, Tnis fact 3s seen in Figure 5.

The first approach taken vidlizes the force-squilibriun sguaiiors
from shell theory. Thess equations sre given by Timosherko {Ref 31X},

and are gensralized to include the erd sffsclts and asyrmetiric pressure

=

loadings, The developz=ent of {hess sguations for shalls of finite

length {short as well ss long) is in ippendix B. 4 compuier program for
sheils of L/D ratics > 15 is also given in ippendix B.
The secorZ appraach iaken follows that presented by Greenspon
- {Raf 10). The pressure loading corresponds ic the pressure paramsier
¥ = 0.5, vhere ¥~ is defined as

P o= ____2 {99}
1 ¥ ?'Q

Assuxing that meshrars thsory holds, and that the pressurs disirie
tation can ba spressed as
. Y 5

fe)

7

p=p(l + —cos 8} = RI(8] (e}
‘o

N =5Ds§§:$} {io1}
. 3f{o]
Nxe = R 3o (o)
2 s 2 2
B2 2 3%Ffis} D 15 &
. N=—= X 2 3 4 yap fle) - =2 — & fle) (163
X = A ag— Fo - = 24 332 -

=
=
=
£
%
=
=
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At the center of the zhall, x=1Lf2, 6 =0 , squations {100} Buu

{103) redics o

T e
P=5

g
E
=

+ R 109 -
Ng =2 {105
R, 3“:} gos
= p{sV- _g{ﬁj; (107
Uging Yon Hzss 71434 coriition
Az - NNy + z\z:' + 3§;§s = {‘%h}z (o8

were Ty is the yisld stress iz pare fensiom and h is ino shell
thisimess, ths criticsl pressure foo collapss is

Y

-m..

s L2
-\\;3 78 3 {}{}.1.33{—‘} + 0.0001085(F] gio)
The remlis of squetion (116} a-e shown graphically in figurs § for
varices 1/D and B/h ratios.

] Ip} =g B _ I
: {p) %G5 ; > =571

'i Sf L 1 s
—-_ \fiz-zzs- FUL - 2&;:‘; Y+ g—gzéa} o9) ]
= For V=058 27 = 0.3, equstiss (305} roduecss %o
Fl. _ n 2 )
z oy P z°
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To defarmine the critical shell parszsters 1t is {irst molsssayy &
construct a family of ‘so-damege curves. The smuations thel ore us i
consiruet the isodamsze are sussavrigzad first. The ronlis of 2 shady
of thsse cwrves for different =slerizls are thon discussad.

Ths charasteristic da=aged shups for ths tuskiing =ode is ingissind
in Figure 7. leti ihe asyzplotss of the wongent.moduius brench o slase
3¢ branch be represented by Ip, Py and Tp, Pg respectively.

The value of Pp, Irom mmerical integration of eguation {18)

{Eaf 2:232) is

oy
v }:;r
LT

- o
f 45’

T Y

whare Oy iz ths yieid sires:s. .

Ths valve ¢f I, coa2n bs exiizated by assumicg s‘eeréit&’aeaa-'

stant during the plastis £127 phzge of buckling, The s=plituds of the
nth., flemurs] =ode can be wpressad by use of sguation {23} whers

Tlﬁ = c * ’3?2315
wi{T)} = wio}=—n_ @z}

The most axpiified =mode 15 ibs one having the largest 4, ard is dster-
=insd by subsiitubing equation {26} iste {23). Tus

G i £, 12
. _ g : ki RS
L=} = H 1333
n 26,0 L E | .
BE1tod g i

hers 2/% is considered sm=1l cospared i6 unily and Tp has heen

rapiacsd by Ty in accordance wiih ihe assmoiion T, remins senstumd
{Ref 2:236}. Assuming thet an =liTicsiion fsetor of 1,047 producss

35
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marrfsim 14D =
TS TR

§ GOmi 3

buoling, 4, \max oah be aspressed as (Ral 2:1236)
Bh G'g

qJ = - ma
n“nc'sx C&T

¥here o 4o a constant ard ¢ 4is defined as VE/ P ' . Tms equatuag
squations (113) ad (114) yields

E+

IT = 2hBGLVO O" (1)

By relexing the requirement that B, remain constant, equation (313)
can be brought into closer agreement with -he actual sifustion, Thus

lst Et te representsd by
= ° }
Ey = —m (\6
«were the slope of tha siress.surain plot of o /& vs percent siraiy,
¢ . defines the value of K. By equating the kinetlc snergy impartsd
by the impulse, IT’ to the sirain ensrgy absorbed in plastic work,

equation (115) may be roplaced by
! 3 L
I, = {«5—\4(—2—\2 [oy p)2 e (W7)

whers B i3 assignsd the valus 12 1o match the mumerde:1l integration

with an amplification of 1,000 (Ref 2:238).

PE 2 determined from egualion (45) as the smaliest eritical walue

and for Z/+ .3 is {Ref 2:233) given by

5
, 3 hl2 (u8)
PE = 0,82 L d}

Me value of IE from (Ref 2:233) is

R

-~

R R T e e P g

B

DI

Kt
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To construet the iso-damage curves, the approximats hyperbolie
formiisy
(-‘.’.-,1{}_ ;)=; (120)

A LTy

is used (Ref 2:233). Depending on the curve branch, P, am I, ave
the values given by equattons (111) or (118) and (117) or {119) respec-
tively.

Using equations (118) and (119) the values of the asmyptotes ware
caleulated for 1CH0 steel, 6061-T6 alumimum, 5052-H3S alumbmm and 11000
aluminum, These values are tatulated in Apperdix G for various L/D ard
D/n ratios. Solving equation (120) for I, then permits one tu pick a
pressure and solve for the correspending impulss. By picking different
values for the pressure and calcuiating the correspording impulses, it
is possible to construct a iso-damage curve for any sized shell. Pro-
ceeding in this manner, the theoretical curves in Figurez 12 to 16 were
constructed, Supsrimposed on these same Figurss are tas experimental
iso-damage curves that were cbtained by Schumsn (Ref 13:43-6).

Y nuummmummuu'lmmmmm:ms:mnmmnsmuummam|mm:m;x:unmummmuummmuumwum:mu:mummu:mmummmmlmmuauummmmmum,nnmimum:vlll!lmllmmmlﬂimlm'!!limzl!umm!lill!ills!ml!!l'!!!li!miﬂlmﬂmmll!llﬁl!!!!tm!iﬁﬁim!!*‘lim!!x!i::lltilh!lfm:!im;
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In the cases where Schuman did not test a sheil of particular inter- :
s5t, the curves on pagen 5558 of {Ref 13) wers used to calculats a
eritical pressurs. The expirical formila for use of thess ourves is
given by

= p F F F*'F (§2§}

where PO i3 ths atwospheric pressurs and ths other Iuncticns are as

described on Figures 8-11., The quantities Fy, Fy, &y, and Fr;p are
nondimensional and are scalars, Using inds value of eritical pressure,

s A

the curves on pages 4346 ~* (af 13} wers extrapolaisd to give the
desired iso-damass curve.
Figires 12 to 16 present sasts of iso-damags curves for the four

materials investigated in this paper, The theoretical curves vers
. constructed using the dynamic buckling theory developed in chapter &
and the expression for the criilcal pressures and impulses presented by
squation (320) in chapter 5. The expreimentsl curves were constructsd
usiag the erxpreimsntal data generated by Schuman (Ref 13). Below is a

brisf discussion of sach of the above Digures ard the trerd illustrated
by sach figurs,

2
X
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£
£
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Hgurs 12 is 3 sst of iso-damage curves for 1040 sisel., BEpsri.
msntal curvs £, is for shells 3337 {Ref 13:97) which fziled in the
hinge collspse patitern. The expsrinsntal rsnts scattersd sbout curve
#2 ars for shells 8«16 (Ref 13:97) whach failed in the kinge cocllapss
patterr, Thess iso-dzmage curves seex to indicats that, for L/D ratics
of 3 2rd D/h ratios in the range irdicoted, the dynamic buckling theory
gan predist failure due to the formation of the hings collapse patiern.
Figure 13 is 8 set of isd-damage curves for £051.T6 alumimmm,
Gurvs £1 is for shell 167 (Rsf 13:1106) whi i failed in the 1inge collapse
pattern. Gurve #2 is for shell 137 which failed in ihe hings ccllapss
pattarn with slight buekling., Thus s shell {(£137) failed 4n what
¢sn be called & thrashold corzbination pat’srn, These iso.damage curvass
8150 sse= to indieste that, for LD ratiss of 1 ard D/h ratiocs as indi.
cated, ths dyns=ie buokling theory again seess io predici failure dus o
the formation of both hinge collapse and cabination patiernms.
Figure 1% is a set of iso-damage curves for 110(-0 alu=imu=,
Curve §1 is for shalls 194197 (Ref 13:101) which failed in 3 hings
odllgpse pattern, Ourve #2 is for shells 174179 (Ref 13:100-1) which
failed in 2 wave tuckling pattern. Curves #1, sess to indicate ihat for
1./D ratios of 3 sn3 D/h raties of 250, the dynaxic buckling theory doss
ot ascurately predict hinge collapse failure, Thls theory would, hove
sver, 7ield 2 set of critical pressures ond ispulsss which would resuli
in an extensive degres of damage dues to ths formatlon of the hinge 20l.
lspse patborn. Curves #2 only seen to verify that if & shell fails in
$hs wavs mekling mode; the dymemic buekling theory ic velid in its pre-
distion,

Figure 15 is @ s9% of iso-damage curves for 5052-H38 alu=im=,

 “Curve £1 is for shells 8991 (Ref 13:98) which failed in the kinge
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ci:}la;;se pattern, Ourve #2 is for shells 9294 (Ref 13:93) which &izo
failed in the hinge collepse patiarn. Curvs $3 is for shells 75-B%
(Ref 13:98) which feiled in the cozbination pattern. Curves £1 aodt 2
sean {0 indicats that, for L/D ratics of 2 amd 5 and for D/h raties of
375, the dyna=mic buokling theory can pradict failure dus io the fors-
ation of iks hinge collapse patzarn. Cwrves #3 an’ D/h ratlos of 500,
the dyns=ic buekling theory cammot accurately pradict failurs dus to ths
forzmation of the combinztion patiemm.

Fipgure 16 is 2 sst of iso-damage curves for F052-E8 sinxirmm.
Curvs £1 iz for shelils 123.128 (Ref 13:99) znd L/D of 3 which falled in
the coxbination pattern. Curvs $2 is for shell 68 (Ref 13:199) and /D
¢f 5 whlch 2ise fatled in the cozdination patietn. For these shells,
note thal they virluaily form the sams isodamage curve and that they
faiied in the same mode. The dymasdte buckling theory, however, differs
rafically {rom the scperimenial results and in addition, differs for the
LID ratios, Hence, the dynamic buckling theory cannot accurstely pree
dict failure for the L/D and Dfh ratics indicated when the sheil fails
due is the formabion of z patisrm different than that of wave huckiing.

Basad on the zbove amilysis of Figurss 12 e 16, i% is conciuded
that the L/D railo is not the most irportant parasster in delersining
the failur patiern of the shells investigaited., In zddition, the dynamic
buckling theory can predict fzilure dus io the formation of the ninge
collapse and combination patterns only for low amd moderats D/h ratdos,

1% can socuraialy predict faiiure for the wave buckling patiern,
Proceeding on this basis, Figares 17 to 28 were consirucied by holdiks
the L/D ratio constant and allowing the D/h ratio o vary. In this
mamer, 2 liriiing value on the D/h railos can be indicated such that

the valid range for the theories pressntsd in chapier 4 can ba establistsd,
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This 2nadysis w32l also predict which Jailurs pattern is $o be axpestsd

given an L7/D retis, a D/h ratic, amd 2 critiezl reflected pressure. -
issuzing that the D/n raiio is ths oritical shell paramster in

deterdining the failure =ode, estimaies wsre mads by this researcher as

T R Hmm"

TN LR L KR YRR AT W}

to @hich failure patisrn would sppear ard st shich critiesl prossure,
These shells wers then fired by Schuman at 384 lsbhorateriss in Hsryleand,
The raxulis of these firirgs ars pressni=d in Appendix D, Por zisrily,

10 A et

hosever, = briasf discsssion will bs prasantsd beiow,

The first three figures of Apnendix D are for 1100-0 i1, The

L

f£ailure patiern's obiainsd were 25 predictsd, is the collapss pattern

i
filika

for modersts Dfk ratios (275) and the cozhination pattern for slishily
higher Dk ratios (375-400). This inforsation coupled with date from

AL bsibtusehabtlicMdadui Ll

et shs L LA

Rafersnts 13, pages 100«101, shells #7418, i1lustrate the cozplete
garge of faiiure modes. Shells $174-181 having foiled in the wavs bugke -
ing pattern with shell paramaters of L/D = 1 am D/n = 500,

The last oo figures of Appendiz D ars for 5032.838 A1, Ths faile

b bl

ittt i

ure pzitamns obiained wers ze predicied, s the wave buckiing palttern

vk 1L

for high D/h ratios (750-1000). Xote thsi svsn though ths L/D ratios

THITRAM:

= were radically differsnt (0.333 amd 3.0}, the aame fallvre pattern was

obsersed for these high D/h ratiols.
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grate squation {91). The results of this program were not conclusive.

(=1

ween 10 and 30 and a decay parameier (I ) beiween 9.5 and 11,1, The )
valu. of 4 {t) amd ¥ .. thus obiained could not be duplicated for

identieal input datz. This discrepancy is bslieved due o the inte-

gration sisp size. Hence the sitep size was reduced, but no ouipui cold

Le obitained Irom the program. By medifing the program, intermedicate

resuils were oblainad. The resulis indicated that the maximum momani

generated never exczodsd Brazier?s collapse moment. The coefficiert,

A {t), wac also founl to be oscillatory. Increments on PRED still

did not produce 2 largs ewough moment, A possible explanation for this

is that the value of [~ puy be to large. This large valve of ' was

assumed such that regions of high pressure ard low impulses were investd- -
gated. The reason baing thai this ares corresponded o a simdlar srea
generated by the dynamic buckiing theory. For thess reasons, no theo-
retical dynamic collapse curves ars prsgen‘ted on Figures 17-28. Perhaps
a value of [ betwsen 0.1 and 2 9 will yield useful dynsmic collapse
curves,

Below is a shori discussion of Figures 17.28 and the importance of
each, The curvss wsre constructed using the statie arnd dynamic theorias
presented in chapier four of this paper. Ths conclusions drawn from
these figures are based on the assumpiion that the limiting value of ths
Dfh ratio is that value whers the two static curves and two dynaxic
curves intsrsetit 2ach other, That is, one valus is obigined wers the
statie curves intersect and likewise for the dynamic curves,

Figursy 17«19, which are for 10U0 stesl, imdicate that the lower

transition value at D/h is between 90 ard 130.

52
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Figures 2022, which ars
lower fransition value of P/h
Figures 2325, which are

lower transition valus of D/h

Figure 24 3 dicates that &

approxdimately 455,
Figures 2325, which are
Iimiting D/h ratio is batween
Figure 27 imiicates that

approximately 460,

FRY : s -z e & i o
the upper transilion value of D/h is

for 5352.H38 aluminum, indiczts that
20 and 136.

the upper transition value of D/h is

the

the

Since the lower transition value of D/h is the same for sach of the

four materizis investigated, assume an avsrzge value of 130.

Since L/D

did not seent to affect the lower transition point, assums that it doss

not affect the upper itrensition point,

Hence from Figures 18, 24, and

27 this upper transition vslue is approximately at the value of D/h =

Lss, Now the failurs modes can be broken down into thres ar

+ Fron

D/h = 0 to 110, the hinge collapss pattern should be dominant. From

B/h = 100 to 450, the combination patbern should be dominant. From Df:

above 450, the mave buckling pattern shoudd be dominant.
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¥i. {3nciugions

the conclusions rsachsd In this repori are:

1. Thus D/n ratio is the dominant shell paremsier in
dstarmining the failure mode of side-on air biast
loaded ¢ylindars.

2. For D/h ratios below 300, the dmamic tuckiing
theory can spproximately predici hinge collizpse
ard corbination faijures.

For D/n ratios of O to 110, .hings coilapss pat-
tarns should predorinaia, 110 fo 450 the come
minstion patiern should predominais, and 450 wp
the wave buckling patiern should predominate.

W
.

%. Sclution to the dynasic hinge coliapse egualions
carmot be ohisinad using large valuss of the
prassure decsy paramslar,
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VII, Recormandations

1. It is recomwsnded thal numericsl integration of
squation {91) be atiempad using decay paramsier
{ ") voiues beiwesn 0.1 and 2.5,

2. If is recomwended that a series of expsrimsnis bs
sonducted {o prove or disprove ths lizifing vilue
of Dfh = 450, This might be dons wiih the know-
ledze that the gymamic co¥lapss curvas probobly
Efz’ga}.s's the stalic coilapse curves of Figurss
17.28.

3. It is recomsnded that the solution i0 the equ-
ations 33 Appeniix B be aitemmisd, Thelr soine
Tion ¥ould yield a Zeast upper bound io the hinze
collapse case,

O 0 A M st . .
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Appandix A

The input data necessary for operation of this program is:

1.

2,

3.

L/D; D/h, shell diameter (DIA) according to formst
gtelement 100

PL and Poisson's ratio (MJ) according to format
statement 105

pressure paramster (PRED), nass density per unit
volums (RHO), and Young's modulen (EY0) aceording
to format siatement 110,

The output of this program is:

1.

2..

Brazierts moment (¥03), U/h, and L/D ratios
according to fomsat statement 115

tine (x), maximm moment (MMAX), Brazier!s
moment (MCB), and pressure decacy paramster (ALPK&)
according to format statement 120

coefficient A, (t) (¥(2), pressure paramster
(FRED); Young*s modulus (EY0), and maximmm
momont (MMAX) according to format statemsnt 125,
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PROGRAM VARTABLES

L/D ratio

D/h ratio

shell diameter

pi, 3.14159

Poissén?s ratioc

Young!s modulus

mass density per unit length
PRESSURE PARAMETER, p_x 10° / B
coefficients 6f aguation (91)
Coefficient, Ai('l:.}

Brazierfs collapse momsnt, equation (97)
time, t

devy paramster, p, / I,
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C

C DYNAMIC ANALYSIS PRIOGRAM

C
COMMON/CMNT/M N ¢H X, Y{21,F (21,0032} ,PHI{2),0L0DY{2]
REAL LDsLDZ4LD4,LD5,LD8,NU¥CB o ¥MAX

C

c PROGRAM PROPER

C

DIMENSION AL}
READ {5,105F Ple MU

5 READ {54100 LD,DIA,ALPHADH,H, XMAX
READ {S5,110)  PRED, RHUy £YO
HRITE {6,105} Pl.NU
WRITE {6,109} LD+DIA,ALPHA,DH, s XMAX
BO 12 T = 1:7s1

P12 = PPl
P4 = PI2#PI2
P16 = PI4*PIZ
PI8 = Cl4¥PI4
DHZ = DH=DE
DH4 = DHPEQE2

NIAZ = DIA®DIA
ZyL = 1. = NUSNUY
ZUL2 = FULHZUL

LD2 = LOHLD

L04 = LD23LD2

L06 = LD4*LD2

LDS = LD4*LD&

C1 = 32,%LC8

C2 = Ci*DiAZ2

C3 = S.*DH4*ZUL2%PIG

C6 = (64.4¥0IATHI/1.0E412

C6 = {128.84P1417(LD8*DIA2%1,05496)
C8 = 1.,15%ZUL=PI43DH2

€9 = LD4*DIA2

C10 = {0.15625¢P18*DH&*ZILL2)/LDS
C1l = {56.C*PI25LD2) /DIA2

AB = EYD/RHO

C7 = C62AR

MCB = {{0.4935)/{DH2¢S0RT{IULI N
QRITE {651151 MCBDK.LD.EYD

% = ¢
N = 2
10 ¥Y{l} = C.
¥{2% = 0.
X = 0«
€S = C4%ABSPRED
3 CALL RUNGE
IF M} 1,2.1
1 BETA = —ALPHA®YX
F{2} = {C1riC2 +C38{Y{11%%23 1 ) { {CS*EXD(3ETA})} #+ (CT{CBe{Y{1)%%2
1} - COYeY{11t — {C1OeY{1)={Y({2)}*%2}) + CTeCiIx{y{11%¥3}}
F{l1} = Yi2}

72
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50 10 3

2 2{1) = vi{1}
¥Y{l1} = Y{11/D1A .
MMAX = {{PIx0OL2}/{LD%22) ) %({+25/D0H )4 ({375%PI144DHRIULIF{LDS24}}

I={y{1}s%2}11ev{ 1}
IF {ABS{MMFAXI 6T M(B)} GO TO 26
Yil) = 8¢1})
. IF (X-X¥AX) 2,25,25
25 PRED = OREL + 10.
ARITE {6,125) YI{1);PREND, Xy MMAX, ALPHA
G0 10 19
26 ¥Y{1i = 8l{1}
ARITE (641253 Y{1),PRED,X+¥"MAX,ALPHA
OH = HH + 109,
F’RED = 18,
4 CONTINUE
GO 190 5

Fay st

e
N

FORMAT STATEMENTS

FORMAT {&E1Z.4)
FORMAT  {2£15.7}
FORMAT  {2£15.7}
FORMAT {1HC,10X¢5HMCB =,F16,8+5X,4HDH =4E11.345X44HLD =:F11.3,5X.
ISHEY(O =4£11.3}
FORMAT (S Xy THY{1)} = ;E16.8,5X,6HPRED =4F12.4,5X,6HTINE =,FE154.8
195X s THMMAX = ,E12.4+5Xs THALPHA =,£12.4}
£ND
SUBROUTINE RUNGA
COMBONFCMNT /MoNsH, X Y{2) s F(2),0LD(2),PHI (2} . 0LDY{2}
M=Ms]
60 TO {15:11:12,13,16) .M
. 15 RETURN
i1 DO 20 Jd=s1.N
20 QLDY{J)=Y(J}
N} 21 j=1,.K
21 oRI(JY = Ft3)
DO 22 J=1,K
22 Y{J)=OLDY({J)}+.S%H*F{J)
X=X+, 5%H
RETURN
12 DO 23 J=1,N
23 OHI{J)=PHI(J)+2.%F{4)
DO 24 4 = 1.N
246 Y{J1=0LDY(3}+.58HsE (]}
RETURN
13 B0 25 J=1.N8
25 PHI{JI=PHI{J}+2.%E{])
DO 26 J=1.N
26 Y{JI=0LDY{J}+HEEL D)
X=X4.5%H
RETURN

o
bt gt g g Y (Y (Y
P LD
N Q

Pt
N
\n

" AP

ap—
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15 DO 27 J=1+N
27 PHI{JI=PHI{JI+F{J}

DG 28 J=1.W -
28 ¥i{J1=0LDY{JI+PHI{J}*H/ 6,

¥=0

RETURN

£ND ) z

7h

=
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Adppandix B

The governing differential squations, including non-linesr chsngs
ai‘-cummre terms are given by Timoshenko (Ref L:13) as

< 'a?:x + __Nex — alNegVuy = Ng(Vgm W) = O {B-1)

oSN SN oM
—8 48-—X96 — ..;.._9 =
3o ae +as a g6 + AN Vi 2+ { } 22}
\gi.é_z_ex;_dazf“x_éi’_"_&e .La_ﬁg.%.ﬂ{_ L

oxade axe 3o 3x 3 3el e e ¥§e}e

- ’ ¢ —_—
+aNw, + 2N (v, —w ) +pe =0 (8-3)

where U, V, ¥ are shown in figure 1 and k, m,ﬁe,l&,}fﬁ&}f
are shown in Figurs B-1. The relation bstween the forces and displace.-
ments and moments and displacements zre

: = —E-ir ”
N, Tt Lux + %’. {V8~W)] (8-4)

i = Eh i 3
Ns ‘_VZ['_a'(\/e —W) + }/\j‘} (3-5}

Nep = oo
AR 2{‘4_?/) U + U } ’{E-g}

I

My = =0 [ v Yive + Woo )] (3-7)

Ty 00 T O o AR O AR, ettt by

I

; ol A
Mo =L 3 Vo + o) + 27w (8-8)

(LRI

S = = ‘; 3
Myg = Mg, = Di-2/) g: -é- (v, + wxs‘}_; (8-9

whevte
b= _ER
; 120 -v*%) (3-10)

75
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Dafined nonedimsnsional conrdinates as

v = N {S'ig)
3
. = la/_ (8-12)
w = -13) g
F =X T
3 (3-1d) g
equations (Bu1) o {B-3) cin bs switten an g
b L:z.‘ﬁg% * ““%‘“{ Vie = V' T (‘“"’23L =ty % §
¥ ‘%(\%o -wg{ =0 B-15) :
% -y ) R
3; ;‘J‘,:;o + 2 2" Vet + Ve — Vo * Qfggg + Weee + (1-¥) )
9V§§ + Vé'} 3 (’t - vl)[ ﬁ: \%% + %2{\' e §}} O ’
B-1g

- {8-17)
where
= i— !A 2
4= = (3) (8-18)
The methed of solution of these eguations invelyss the asswpiion t,

that the shell is insxtensional in the cdrcuferentinsl dirsction or
V¢ ~W =0 (&)

and the displacemsent coxponents can be expressad as

76
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7 .
vm B (EVcoso + b (Eleos 28 +-- - (3-20}
) v~ g{flune + gifﬁ SIn28 ¥ - - & {8-21) -
) w= g {§Y<os8 + 29, (§lcos 26+ (&-22)

Applying squation (B.19) io the systex of equations (B1) thm
{B-3) resulis in a set of equations that are insensitivs to the &irtun.
ferentisl extensional mode., In the resulting equations, eguation {B<l)

rexzing the sgme, the linear ferm in H, i3 sliminated in the zecond

8
and thivrd equations, ard the Iinsar termin ¥, is alimincstsd from the

X8
resuluing sxpression by use of equation (B-1). These mamipulated sét of

equations msy ihus be wridien as

N 3N,
2 W" A _S'ga — aﬁgg\fxe — Hg {"“‘fga -W) - O (3’23}
. ! 2 g ]
.};_M‘i;g. Bﬁm__iﬁme _ i??z,g . a.giﬁ_in
IXDS 3x3s 3 2e¢f 3 3et < 38
2 ¥N 3 laN, V. o N (V. ]
—& = 4 3NV + xa( X Wx\’
X BeL

T S O 000, L 0 0 0 S AU At 00 e r—

r
2 IRWAY 2
-+ %i’a Nxevxx + aﬂe {VXQ Wx\} + 3—2 ‘Ea- NQ (VB +Wee)

b

—

= 1 1
+ 3N Wax + 2 Neg(\, + Wa| - a2£= 0 (5-24)
Assuring P(8) can be axprassed as

ple) = ?o + ?‘ 2058 4 ?z-:ozzs IR
(8-25)

and using equations (B-20) to (B~21), the governing set of equations
becoms

SN
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B4) cece + S {H'i§¥{ “6) 5126 ~ lcos & + o (E)cos
L ) 2 j‘i' i‘}x g 31 55 3 T g, i5i¢et -
= 3,5 4.7(8) s op = 0 (3 -
h/&1 g, g{§}tz cos® & + cos za} - {-2 ;:—%)2 g, cos®
_h‘fm{g} cos S + i "-22? ggtu{§§{ 3‘3‘1{%3 - h‘:‘:iji}}
. - a2
+ 9 ’"‘(ﬁ{s; ‘€ - ‘m’{ﬁ}} sinte = — (4= )Rcose
- e{3) @20
3 I ¥, -!_é 3 T 8 = O % ]
(=2} 3 () — n(HlRE) v~ 28 = (3-28)
& * ] . _ 2 h 2 _
2h, {5{3 % (5‘} 8cost2g + cos 48} - 3 (_a} ‘§xn“{§‘i cos 26
h, (&) cos 28 (-9 "*ffxf Trgy — ah e
— M @ oo 8 SR W) T ARG
9 {fi{g,'{sﬂ - 2&’(?)}3 sm? 28
‘ | = 40 "2}2} B cos20
L] .
E(T) @)
Solution of squations {B-26) thru (Be29} is not easily .accosplished ]
anglytiogliy. Sines there is no stindard procedure io solve thess
3
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The 3mput dais necessary for opersiion of this progras 3s:

i, '%mg* mdnins {EY0} and =~ss density {REO}
aocording to foreat stolew .t 100

2. sstiing the inidizl walus of Fhell radiss, 4

3. s3tdins the iniBal welns of Lf0 raiio, ID

L, setting the iwitidl Dfa ratio

The cuipul of ihis program is:

1. Youngls modnius {E90) #nd mass densify per unit
volums {RED) zcccrding io format statement 105

)
[

the asy=stotic valués of pressure and ixpuise

{FB end IR}, radins io length ratio {iL},

&i&:e:ie &wsmﬁn {..é.}, 2nd pressure

mﬁar {FRED)} =coonding o Tor=st mﬁm“
135

3. ihe pressurs (P) md isise {TDF) for isie
dzage curves of the €lasiic mocudns vodkiing
thaory zeoording o ihe forsat stetesent 120
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PROGRAH VARIABLES

pressure: P,
asmypetotic pressure
pressure paramster PE x 105/ E
impuise, I.
asymptotic impulse
Young?s modulus, E
mass density por unit volume
shell radine
L{D ratio
radius to length ratdo
a/h ratic
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SIBJOR_ ... MAR
TIBFTC MAIN
... REAL IE s LD
) REAL IMpP
. 5_ _ READ {5,100) EYOsRHQ _
WRITE {62155 EYQsRHG
A= Y5
LD = 1, -
BETA = (RHO®EYD1/{12,%32,2)
DO 11 J = 1:3,1
AL =_e3/LD o
HA = 50t
— DD 12 K = 33 .}
PE = {0.92%EYO®AL)/{HA®%2,5)

w o TE 2 (3.*AXSQRT(BETA)%1000.1/(HA®%2}

PRED = (PE=1,0E+8)/EY0

L. _ WRITE (6,115) ALsHASPEs1EsPRED

P = FE + 5,
Do 12 I= 131’)3_;*_‘% ________ .
IMP = {({TE=PE)/{P-PEY) + IE
WRITE_(6,120)_P,IMP
P =P + 10,
12 CONTINUE _
Pﬁ‘ = Hﬁ 1" 50.
10 _CONTINE
LD = LD + 2.
11 _ CONTINUE
GO 7O 5
100 FORMAT (E16485F1244}

ﬁ

105 FORMAT. {1HO:15Xs5HEYO =,E15848,10X,5HRHO =,E12+4)

115 __FORMAT (1H0s5Xs4HAL =sE10.255Xs4HHA —yE12-495Xy4H°E -y"lécB;SA:

"1 GHIE =+E1648,5Xs6HPRED =,£16.81

I2G _FORMATIINHGZHP =3E16.8+5X+5HIMP =sE1648)

END
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TABLE C - 6
MATERTAL PROPERTIES

<Y E P

lbm_/m2

Ibf/1n2

34, 500

49,000

5052-H38
ALUMINUNM

37,000

HOO-0
ALUMINUM

! 0.0 x 166 .098

5,000

¥ =
%

By

( 2:217)
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Apperdix D

B

The following table of blast paramstars is for the shells a;:pearmg
in this ssction.

K R A

BLAST
ARAM.
FIGURE '
b-1, ITS
b-2 , IT 10
{£-3,1ITI5
. D-4, IT1
D=5 ,IT 4
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