
U.S. DEPARTMENT OF COMMERCE
National Technical Information Service

AD-A024 591

ADDITIONAL ENERGY SOLUTIONS FOR PREDICTING

STRUCTURAL DEFORMATIONS

Q-._•THWEST RESEARCH INSTITUTE

PREPARED FOR

DEDGEWOOD ARSENAL

NOVEMBER 1975



1L00 ADzII

EDGEWOOD ARSEN AL CONTRACTOR REPORT

EM-(;R-76031
Report No. 4

ADDITIONAL ENERGY SOLUTIONS FOR

PREDICTING STRUCTURAL DEFORMATIONS

by

P. S. Westine

P. A. Cox

S~~~~~~~Novu,nr,e, 95 1 r•tt "•l

Ij LJ

SOUTHWEST RESEARCH INSTITUTE

Post Office Drawer 28510, 8500 Culebra Road

San Antonic, Texas 78284

Contrart No. DAAAl5-75-(C-0083

DEPARTMENT OF THE ARMY
Hoo'louarters, Edgewood Atsenal

Aberdeen Proving Ground. Maryland 21010

Approved for public release; distribution unlimited
(tPI"KJDUCID By

NATIONAL TECHNICAL
INFORMATION SERVICE

U.S. VE PARIMENI UF COMMERCESfRIP•fIILU VA 2Z2161



,NC LASSI FIED

SECURIT' CLASSIFICATION OF THIS PAGE I Wn 19 ta Entered,

SR-FA1) INSTRU!'TIONS
REPORT DOCUMENTATION PAGE B FOR L C,"(MPi.F:T;NLG FOR M

I REPORT NUMEER 2 GOVT ACCESSION NO3 RECIPUFNT'S CATALOG NUI4BER

EM-CR-76031

4 T',.IE (arid Surltrzi) 5 TYPE OF REPORT&PERIOD COVERED

ADDITIONAL ENERGY SOLUTIONS FOR PREDICTING Technical Report
STRUCTURAL DEFORMATIONS Sept. 1974 to July 1975

6 PERFORMING ORG REUOCT NUMBER

Report No. 4
7. AUTHORtsj 8 CONTRACT OR GRANT NUMDERiz)

P. S. Westine
P. A. Cox I DAAAI5-75-C-0083

9. PERfORMING ORGANIZATION NAME ANO ADDRESSES tO. PROGRAM ELEMENT. PROJECT. TASK

Souuliwest Research Institutc E,.aEA & WO.kK UNi7 NUMBERS

P. O. Drawer 28510
San Antonio, Texas 78284 PA, A 5751264

11. CONTROLLING OFFiCE NAME AND) ADDRESS 112. REPORT DATE

Commander, Edgewo)d Arsenal Nokember 1975
Att: SARE-,-TS-R 13 NUM, ER OF PAGES

Aberdeen Proing Ground, Maryland 21010 L34
14. MON-TORING AGENCY NAME & ADDRESS 15. SECuLRITV CLASS ti,/ thil ep,,#)

It] duffrenr (r',, Crrnr",4lmg Office;

Commander, Edgewood Arsenal UNCI ASSIFIED
Attn: SAREA-MT-H is& rECLASSIFICATION OOWNGRADING

Aberdeen Proving Ground, MD 21010 SCHEOULL NA
(CPO Mr. Bruce Jezek. 017-2661) _.

16 DISTRIBUTION STATEMENT jofth.. Reprt)

Approved for public release: distribution unlirmted.

17 DISTRiBUTION STATEMENT I10 the abitract ente-ed m Block 20. *1 dtffreenrfrom, Report,

18 SUPPLEMENTARY NOTES

19 KEY WOR DS 0m'oineim¢ t -rte'.r side if necesiar). anid i•dCIfs b.i •l'ck nupl itr)

Energy solutions Beams
Impulsivc responsc PMates
Quasi-static response Shells

Plastic deformation
20 ABSTRACT Cuntinue on reu-erse nle if nece$1ry and odenr.fy by block number)

Revised and newly developed formulas for prediction of plastic deformations of structurai ejements
in suppressive structures are presented in this renort These equations give imnroved agreement %ih
literature, data and solutions for more structural elerrnits than previous reports.

DD OR 1473 EDITION OF I NOV 5s Is OBSOtETeDDI JAN 73 143UNCLAOSSIFIED

I E SECURITY CLASSIFICATION OF THIS PAGE (Wh'eicn Il)a h"Pre'(d,,



SUMMARY

Rc,6icd and nc-%;. dcLclkop;d formu'las for prediL tion of plastic dcformat'ons of .,ruc-

tural elements in suppressivc structures are presented in tliis report. These fomiulas supple-

mnent prcviosl_, replorted de~ign etluajtions. Revied eqluations give improved agre'ment with

literatkirc data, w: iV: equations for additional structural elements allow prediction for a

widcr spectrum of strutiural components. Somlle com1parisons are made of predictions• from

the.s" dcign forniulla: with rc.:ilts of comnputcr code calculations.

PREFACE

1 he lines~tgtiOl descrilbd in this -eport was authoriied under PA. A 4932. Project

5751 N24. The work AaN p,.'rfoincd at Southwe;s Resejrch Institute under (Contract

D.AAAI 5-75-C-0.083.

The use of trade ii rles in this report -v.,,r not con,,li ite all oftficial endorsement or

approal kil th, tusc of s•uch commercial hardw are or soltwarc Thii,, report iay not he cited

for he purposes of adscricmlcm ill

The infonnation in this document has been cleared for release t-" Ith., gencral public.
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ADDITIONAL ENERGY SOLUTIONS FOR PRED)ICTING
STRUCTURAL DEFORMATIONS

1. INTRODUCTION

A nuim ber of st ructurat uesm. - . ""'1*0'1*'ed III (fthes'~'.~'''~

lures, program to IIIedic: I tile pfast Ic dc'Iunila ioai1. ()I X.11 Inn stru LI-,lra , eme1nt %to Mlast

loads. Thlese equitions are based onl the pnnczpfesic oflimit dcsmgn whidi allow cirge plastic

deformiation Qhort of LoIlapse tir Iailure. and on cnciý balance principles. Ref erences I and

2 repor)t ou)Lr initial cilfort IsIn des eloplimcm ol -%Lich Nt rii tnal rCespol1i CL' lat ions,. Mid nld

designii tornitlas for prcdit Iilig per iii.iuc ut dcl onuiat ions ol %i mpht rigid plastic stei.

bCeams 'ith IaiiO s .1k ous bo iidr o\ d o' circtilar plate'. r. TLLangnfIIir 111.1 ce. spherical shtdls,
and c~ litidric:al N11(115. In I le La: hicr work. \ve rc:por lcd mikf equtations, Ior cit tier asymptote

of bia-t loadling, . e . thec inipuksi~c loading regmie or flte Liai-'tati, loaidinig regiime.

Thii:' reprtn emtciid and stippleiiemis tlit "ork of Reterenciecs I and 2'. It includes revised
anlalvs., of p,11Clte rePoi w hic achi cs e bc ,tier igrc,,minilt %vith cIi e\riniii eial data from the

literature. and new a nafvses for ot fwi SIRLittra; cleiiicnii s winch: has e been encomintvrs'] Ill
fltic de"ign of uprs Irue'1mdturme Sonic-L Of I lie I orwid tl app!. for thte mimufla neou'.

aipplication of thle t'v u as\ niptotic loaiding -odi Iidons,

*T1'is \work %%as performed for I dgewood Arsýenal minder (ontract 1)IAAA 1>! -& I-tYJ 's
par:, of' tile suppressise strLlucturs program

11. ANALYSIS

A. General

%jo,.t of tile anlal\ses Which we l1,11 C LcondL:ctd In file %Iuppre\ssi~e structures program are

based onl energy Nollitiolis to cstimiaf ( I i-.- u Inntime load -,arrying abillit of structuoral coim-

ponents. 'Tho technique used to crcalte these analyses was developed in References I and 2
A critical first step in this approach is t as10n. aNIII .- Ii deformed Shape 01'a StrUktural element
so the %train energy can be comiputed. In tilc muipulsisc loading realm. one then computes
file kinetic ene; gN imparted to the structure andL eLuI~tes this to the strain energy. In the

quasi-static loading realm, one computesC t0le WV! k per1'111 lkim Iled K th pek l-QrcC dcef~~timIK
thle structure and equates thtis to the- strain energs . References 'I and -, used elementary
rhienlogical modetls, and# data for beans and plýtcs to illus~ratc the procedures. ThIis report is
a Supp" Inent e-n thet I~s. 5 ium'Ic of phites and of tier %tri-tifural element,. IFarlier analyses for
beams are- still valid ' howe'. er. plate soluitionis Nhouild be replaced wi!h thle ýotlowmig dis-

c'- 'cinn. as add: tional data has e led to muodi tidcations thfat gis e moic accurate nume~rical
resuP,-
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B. Climped Circular Plates

Ih IiC I pt[itc sJI N1 Ilntio A Ill be Iu .larn d c:f-irlal I-IJIV% SiUbjL'L led to elfther unilorni

ipuikc or uiiiltori prissures. 11IN is OIL tIOix -d' IdditIO11.4 termi'to the dralin energy

c~p:.ssillr in Referic;'.'-S I and 2, as. both beiding and t-ttensional a,,ion arc present An

as.; ¶olinate assumied dcl orrud shiape Imo a Idll~peili'kl dCukrIne Liiu. lit,: Is

Vie deforyned shrape is described b% a polar coordinate stein sith it% origin ii t the center ofI

tIlie ph te HBca use of sy tunw'.,%y Il1 dclormnud -hape is lI depeCndCeIr of the .rrrgk 0 an1d not

sheirs v ist. [quit ion (I)Ls n e LntIOn for a conte It IN in acce-ptable deformed sAipc. a%

at r = U. thle ma\mnitmn deformation is uinite oc - v%, I. a-i a t r = . i% 0. Tile slope I% flot

i,:ro it r R, a s a phasticall% kk forming plate I,. bent ose! ti i edlge (i1 the clIaftp along air

abiruplt N !eld line that has an angle change oh 'F 1 d'. . dt 1, 0 or 'F R

Because no chaunge in length cu'circin fereiit IIl' .'it filie hojindar\ , t here is no c ir-

circtinirnerentiall plastic strain energy per uinitI dill rcrint iai length dr equals the plasNItic k

mioimenit I iaies the i~ir% uriiilerciie timies thle clireuni lereri iiai c~urs itu re or (, Ii 4 ) time!,

2 r I imecs I ( It II div drd . Radiall . the def'or-niig plate stores encrgN In memibrane ac:ti n.
I III iauiua;%wl sh 1un I Ci IKS : piUiiil dih'icaciiijiu 'iviit-d dr ts.-quk Owe ),ic sims% us s lt

thcke imes the circuanterence Of a n ilg at 10i.411011o r. tIimeS tilie e\tensional ,train. Usring

the w;ell-known approxvfuate ex\tensional strajin relation.-hip I :- (dit dr)2 for the as crige

change in radial strain meanm that the radial extensional strain enecrgy stored iii the plate per

unit differential length dr is, gisen b\ to, I times I 2rrh ) times tI ;-"I ( dlvdr) , . The third and
ftin al amnount of' strain energy stored in a clnimped plate Is, that i'.-oiated with patial

bending (lie plate os er the edge of the clamp. Bending strain efiergv along this\ yield line Is

L kt~ijaied b) iro ipk Ili g thle y ield airoanenit per Unit widthlitine,, the circ.um fernCeI: kif thle

plate miles the change in angle at the edge oi- thle plate or (a, it. ;4) time-, ( 2'irR) timil es%%.i, R V

The total strain enery I ls the SuIM of these continbutions or

I ",rR firr) 0 ( Njrh) ( lr
beniidng over circumf111erential teni ing radial extension

).~rntiating Eq. I ). su'bstitu-ting it in!() Eq (I. and gath-.rin; rcris tiieii yields.

I 0. 11'%% + o..I, if + 7urII
- -1< R' (j



Or:

Pro, /1' 4 4 (4 jw

Vic kiiict"c energ, A/ to; a unifionnl. applicd ,npulNixe load inlparthd to a plait Is ob-

Wained by surnmiing the inpui"e squared dJi idcd b% two tinics the incrcrmental tna. oser th"

Nartac " ok th t-,.ttrr ilate. This procedure leads io the lollowing integration.

"R i; (2wr) 2 (drP:

0/ -J ph (-'-r) rtdr)

Or.

AL L 'phi

Lqua Ii g lI I Fq. 1)4 to A f. I L'q. (" ) >ields the a-. niptole for tIe iimpul.i% e loidins

reall.

2 1 NcircuL3 lar e impullsi~ eal 7
S-,:_ . /, Plt.r m(

A compariston het~een Lq (7) for a uniforim impulse imparted to a claniped circular rlatc

and experimental I ..t• data can be' made using results b\ Flornnc'. 3 Residual per-manernt mid-

span delormatlions were meisurcd on claip•pd circular bO 6-16 alurminuin plates and 101 8-

cold rolled steel plates that had been Ioad--d unifornmly with various thicknzsses of sheet
e\plosive. I lie 22 iluminum data points. 20 steel data points, and aq. 7 .re all shown in

Figure I. There is a reasonable agreemnent betwcen l-q (7) and the test r•sults. If there

exIs a systematic error, it i! a tendencyl for the anal•lvtcal cur"e to slightly underestiniate

defor.naiions whenv\er %,,, 'h is large. Thiv error is probabl> cau.ed by the assumed delormed

slhape not vielding the minimnni ustrain etergý .- or small %alues o, u.,, h. the anal\ tical cur-'e

o0crestiniatc- dclorntion% I hi6 error i\ probablx created becCau.Le Ac assume tha: defor-

miations extend over the eillire Np.nll o0 the plaite When loads and deforinations are: small
the defornmed shape undoubtedl\ cu•vers. only a porlion of tlhe entire plate.

A solution for a clamnped circ'ular plate in the quasi-,latt.. to, ding realm is obtained by

computing the work and equatumg it to the strain energy . The work lW'k i, ginen by the

intcgril of the rnaxiinuin pre",ure tuie-% a differential area times the deflection of the

differcntial area, and is expres•ed by Lq. t'3,

R

h', P " Inrdr (8)

9
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per unit volume in a structural element under a biaxial state of stress is'

[a % [adc~, + 2o 1 dcx 4 vo~1 e 1  (1&4IV o l. st r insn ,

Because we have yieiding, we will assume oI = 0 , and o, = bu: for the shearing stress

we will use a Huber-Mises-lecnky distortion energy) 1i,:1d criteria of 0, = (o, V/!'). At first

glance. one would say that Mohr's circle for stress is a point if o,, oa, hence, no shears

can occur. Such an observation is co.rrect for an•, instant in t'ic. but normal stress dis-

turbances propagate faster than shearing disturbances. We are writing an energy expression
for final state and do not care about the timing of events. It is sufficient for our purposes
to know that plate d:Stortions from normal stresses and from shearing stiesses can occur at
different times; thus, permitting the use of distortion energy pnnciples to determine yield
stresses. The nornal extensional strains in a rectangular plate are sinlilar to those in a circular
plate vith i C I 2)(31,:a\)v: and -j (I I The extenional sheanng strain

t,= I 3w.:xJ (a3i. ) as a firt approximation. These observations mean that the extcn-
,ional strain energy I", is givcn b%

x B' (' .)" l
", 4 d. X " d. " d: o, +

0 IJ )

A* Y Itie •

+4 dv di d: 3xIv / o IS)

Dit fcrentia ting the deformed shape I Eq. ( 13)1, substituting it into E-.q. 1 15), and perfonning
the reltu0red triple integration %yields:

" S. = 8 /m I,,- + V17,

Normal stresses associated with bending of the yieH !ine along the clamp cause additional
strain cncrgy U',,, to he stored 'I his einergy. analogous to simiLhr terms for the circular plate.
iS gil,'. n by:

'bn = -4 f 31 (-) i 4 ,l \aM, ) d7)

Substi-'uing 10, h 2 ),4 for 11, . differentiating the dclbrmed shape so it can be cetaluated at
the boundary and further s.b.,tituting then yields.

14



1 4 f Cos .dy +\-) ( cos dr (18)
S() 2

Or:

.,, = o, ,w (+ 2 19)

Finally, there exists a shearing strain energy assoiated with bending UL½ in the localized

zon1c around the .yield lines. If the small deformation equation for shear strain, f ,
2 1% w'-vai ), is used, the energy UL, per unit volume is given by:

,o, )at the boundaries

If we assume that the localized shear zmne is four plate thicknesses wide, Eq. (20) becomes

Lb . .. a,. (4). f 2d2 . dj (4h)(:) X /{3:

4 hZ" "/ 321,'\

+- o. (4) f 2d- f d -( )4h1) (: / \ . j (21)

Or. after differentiating Eq. (13) to substitute for 32 wi.'3vy at the boundary:

'V, ,Ii - ' J L sin d: d11 - S sin (22)

Performing the required double integration then yields.

L'm= ,• o, h wo + -;(13 )

The total strain energy 1' stored in a rectangular plate is the sum of Ur plus Ub, plus c'b1 or:

2rx '2 [V K c ~ I"L , [Xo.,l + A] o, + 4 X]L, + (1 + --. o,, h + / + 2(24)

Ihe kinetic energy KE iniparted to a plate is not dependent upon the deformed shape.

For a unitormly applied impulsive load imparted to a rectangular plate, the kinetic energy

15



is obtained by summing up tile impulse squared divided by two times the incremental mass
over the surface of the plate. The appropriate integration is given by:

A` -,2  d.:) 2  (d.) 2

KL. 4 f 2 ph, dv-) (d.1 (25)
0) o

or

KE - (2f)

Equating U IEq. (24)1 to KE 'Eq. (2601 yields the asymptote for the impulsive loading
realhn.

S¢3 \ .•: (27)

This is Ilit geicieal solution fu- an in!pukdisel. loadctd pl.ae. It ,cin bc compar,:d to test
data reported by Jones, et al.s Rectangular plates with an aspect ratio Y/X equal to 1.695
were loaded with sheet explosive in these tests. both hot-rolled mild steel plates and 6061-T6
aluminum plates werc Lested and can be seen plotted in Figure 4. Although various thick-
nesses of plate were used, we will use an average value for .X/1'/, = 10.2 in the second term
of Eq. (27). Using an average value for Xih creates very little error, as the (wM)/ 2 membrane
term predominates. Substituiing for .'.i/ in Eq. (27) yields Eq. (28), which is compared to
the test data in Figure 4.

L'71=T ~ +4.5f (28)
4] o = 5., , 7, 0 4.35 (h) 1)2

Agreement is excellent when data are compared to Eq. (28) as in Figure 4. The little error
which does oc ur for small values of %,,/1h is piobably caused by the deformed shape
occupying only a portion of the full span when deformations are small.

A quasi-static loading realm solution for rectangular plates is developed if tile work i6
equated to strain energy. The work IVA is given by Eq. 129) in a manner analogous to that
for a circular plate.

IVA f f 4Pitdvdy (29)

1 6
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SubstitutinA the assumed deformed shape as given by Eq. (13) and performing the required
double integration then yields:

16
Wk = i, wX Y (30)

IF
t

Equating U jEq. (24)] to Wk [Eq. (30)1 yields the asymptote for the quasi-static
loading realm.I LW 2 7r4)J+~ 1~+ _(1,+, ,I (Y]

We can evaluate the validity of Eq. (31) by comparing it to test data taken by Hooke
and Rawlings. 6 In these expcrirlents, clamped rectangular, mild-steel plates of various
thicknesses and aspect (YIX) rj tios were subjected to step pneumatic pressures ot very long
duration. Because the pressures are pneumatically applied. no -vcrshoot is present as in the
quasi-statically, shock-loaded, cIrcular plates. Figures 5 and 6 present some of these data in
plots of scaled applied load IPX 2 /(oh 2 )] as a function of scaleJ permanent mid-span
deflection (woIh), for squarc plates and for rectangular plates with an (X/Y) of 1/2. An
average value for scaled plate thickness (X/h) of 53.5 was used to determine the analytical
lines in Figures 5 and 6. Because (X/h) varied over a limiteO range, and because its influence
is only moderately important, a single value suffices when Eq. (31 is applied. Substituting
for (XIY) and (./h) in Eq. (31) yields Eq. (32) for the square plate

EIh 15-+ 6--) square plate test by Hooke (32)

and E-q. (33) for tests on a rectangular plate with X/Yequal to 1/2.

Fx,-I --. 38WOT
[1.038 + 1.664 rectangular plate tests by Hooke (33)

Agreement is excellent in Figures 5 and 6. Because test results are now consistent with
the theoretical approach in both the impulsive ant, quasi-static loading realms, the physical
viewpoints being reflected in this analycis jppe•' in be substantiated, and we now feel we
know how to handle structural members which are under a biaxial slate of stress as well as a
uniaxial one.
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D. Rings Constraining I beams

la the fimal design concept I-or the Category I structure. the basic stnrcturre consit, o! a

series of' interlocking vertical I-beams. supported by .veeral rings or hoops. Bck.au,,C of this

svimnetry' of the structure and the applied loading, ring rvspo,,se is represented by a unilorm

radial e\pansion. If the energy absorbed in deformation of the I-beams is neglected. then the

ring response can be conveniicntly determined by an energy balance. 1 o do thi, the kinetic

,,ergy imparted to the I-beams and rings by the initial blast wave, plus the work done by the

q( isi-.ta lic pressure as the cylinder expands. are equated to the strain energy in the rings.

Figu~re 7 Shows the geometry of the cylinder wall.

For uniforin radial expansion the maximuin possible kinetic energy imparted to the beams

,'!J ring i,

2f2

KL nI 'I" d .f 1" (1, L) RR,12 L5
"It. 2,2w i-- 2 RR,, J0- 135)

where m = mass per unit circumft'erence

= A'R P
.RP(i C+)

Lb - length of the beams supported by one ring

/Plif - mass per unit length of the beams

('SBRJ circumferential spacing of the bcanms as measured at Rk

RR radius to the ring (f
A.R - ring cross-scetional area

p -- density of the ring material

Ir - reflected specific im.pulse

The maximum possible work done by the quasi-statIc pressure during the ring expansion

is given by:

?7T-1, 
LWtK P PL. AR .d(' . PL ) R d0 2rRq R LAR P (36,)

where

R - mean radius of tile intellocking I-beam-;
P - peak quasi-static pressure

AR - radial expansion of the ring
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For rigid-pisl~ic bhciavior, the strin (-- w.11 equmal AR~ ̀ RK and tIII; strain cnr\In thc
nnIIg Undergoing radial expansion is givcn by:

A'**, R o, c, RR. 1 21 RR, .-IR u, (3. 7)

where a, = \!h~d strc's of' the ring matcrmal

Now. by cquating

+L~h



the following rclationship is obtained

4LA 2 (-~fl(38) t

:.m.4Rqo, -RLP) .RR,

"" ,sumate the degric of conservation in Eq. (38) caused by neglecting the energy
absorbed by plastic deformation of the I-beams, we again used the response alc'Ulations for
the waa.ni and nngs describcd in Reference 7. Based on the cakulated deformations ftr the
be.,m, and nng in the Categorv I prutotyr. s•elpd. the energy absorbed by each was coim-

puted for companson. For the 1V8 X 07 b•ams supported by nngs of cross-section 140 in-.

the plastic deflection of the inrncr beams between the center and lower nngs was found to

b,. about 1.6 inches W-iIi glves

!L '1.12 0 = 0.0133

An e'.ini-te of the strain energy absorbed by the btams with this %.entcr deflection is found

fruin -quation ('.21 ) of Reference I

Ilo.3I,. W,1I' M, W,39)
L

wh•ere

.41- plastic moment of the beam -i 2. 13 X 10' in-lb

N - number of beams in the inner layer = 157

Therefore the energy absorbed by the inner beams was

1: = 1b (2.013 X 106 in-lb) (0.0133) (157)= 87.3 X I0' in-lb

If we conservatively assume that the outer layer ot beains absorbs equal strain cncigy the total

energy aborbed by the beams is

U = 2(87.3 X 10' in-Ibi ý- 174., X 10' In-,b

The energy abserbed by the rings is 'stimated from tbh Iota! radial deflection o! the center

ring from Reference 7 and Equation (37). From the table LR = 18.2 ir. so that

AR 18.2- -0.0o4 2
R J 283.5
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donme 111;1% CsNCI tic -Car-c~ "rigidly it) a irinlor~xd ..oncroe toundation. 1 he -Alect of t his
restalint onl thle iotal cnergy absorbed bs thle dc~nie should Kt accc-'abfý m-i.zlI for tl-e "rigid" A

-.:,c and nelicg I ; ICIe tile otI her. Tile is, uiptI ion of tin IIorm 10 ILI. ng 1I3S lSO a c cc pI at'.tŽ ae I Ise

11h; quas-static pressure is uniform dnd the initial blast wasec Is appioxuuately uniformi
depeniding onl thle chiargc Inc. 11011 relatike tv Ow~ center of thc bevinisplcr-' a% well as it-.% charge
9"nci~ter% Wc hiave also ohserv .'d that Iin the Category I Jc!sign.7 the quissi-stAk:L -'rcAIC

m~akes Ilit' greatest contribution to the ounie thickness r;.quiremeilits

AN Iin thil.ae of rings, the niaximum dome deformatim. iS, obtained by t: uat: :g Ilth
kinetic eniergy imparted to the domec b) the Initial blast wa~c, plus the work dont' hý the
tqua%;-static pr;:ssure during hermsplierical tOonle expansion, ito tht strain energy ahsorbtd b,6
tile doime. Kinelic Clkig\ is gieni UN.

AI: I; m1 LA -d (40)
4 A4

1A
wh.re

Mn MISS per unit area of tinc dome
R' dome ridizii
i, spcomi I reflected timpulse

1 he wor), done by the quasi-smatic pressurt: duming expansion )I' the dOI)iii is

I) V, the peak quasi-stAtiLc preNSUre and its decay over tile response ti,'- of thle domei his N-'ii
ipi~ored.

L~last i% st rain enecrgN per unit volume of' the domne material IS gi% L 1 by tMe vA I- kno'A it
formnula

*~ ~~,+ 2 t 1  d J-dd: (421

For rigid. pcrteetly-pla-stie behavior, sheair stresse. ~anislm and the Nires% I!, cormt ant s.o thati
thec %train enlergy doubles. Equation1 (42 Lin then bc %s Fititen

f) U0 , + (, It1 )'i& I4.
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whe.-re hi thickness of the material. Because the stresses and strains are uniform throughout
(lhe hemisphere for the asstirnpiion we have mnade, the equation further reduces to

U=Ii 2oe dA =41rR 2 1 0E (44)

Since the s. amn can be expressed as

AR

the strain energy tinally becomes

; =4 7T R I h o~( )(45)
for a doime thickness hi and v'ield stress u,

Now, equating.

KE + Wk =U

11wv following relationship is, obtained

p(h -PR) -2V

where ph ,as replaced ??z in (lie kinetic energy term.

For somne applicatiors to suppressive shields. two C% I: ric i1omt~s are used with a
filler in betwc,-n. The purpose of' this arrangenient is to deted~. *"- .-dgilents with the irnner
domne and filler. allowing the undamagcd Outer doniv: to resist the internal loads. This donic
arrangement is given in Figure 10. R, ponse of this dome arrangement differs from that of"
the single dome in the fokowing, ways.

I ) 'I hie response is alteredl because Of the added mass
(2) Thle intiwr dome stretches along with the outer domne
(3) The radial load is reduced because of the red-actioni in thec loaded radius.

hL1t the total vertical !oad is uinchanged because ot the pressure acting
on the ring which closes the bottoa,, :f the space between the domecs.

Althou1.gh the inner domu expands along with the outer dome aiid thus absorbs enlergy also.
it is also possible that catastrophic rupture will initiate at fragment damage locations during

12'



FVERTICAL

REACTI ONMETP.
lICURE M0 EMTYO H OBEDM EAAE YFLE AhRA

it epasin hu, hecotrbuio o te nnRdoet tsrannrgisgordAl.

ithe redution . Tns the ontedrdibustisn igorf e the inertoiicalM stradin cgy is ignohred. Thuso.

a conservative estimate !- thle response is obtained by modifying only the mass in the kinetic
energy term given by Eq. (40). Instead of in = phi for a single dome we h yVe

ni = Ph + In,

where mni, added mass produced by the inner dome and filler material divided bN thle area of
thle outer domne.

Equation (46) becomes simply

r R ~ (47)

f-or the double-dojoe arrangement. To date no ý, 3mpar;-ions with experiment have been made
for eilher Eq. (40) or (47).

111. RESULTS

The results of' the energy naldance analyses presented here update and extund those gi~en
;n References I and 2. Because these for-mulas now arc rather numerous, we Jiave sumnainrlied



them in an extensive table (Table I giving a description of the structural element. the assumed
deformed shape, and the solution tor combined impulsive and quasi-static blast loads. These
formulas reduce to the qt.asi-static and impulsive loading asymptotes for i, = 0 and p = 0.
i-espectively. Symbols in Table I are defined in Table 2. No dimensions are given because
the equations are in essentially dimensionless form. and correct for any self-consistent set
of Units.

IV. DISCUSSION

The energy solutions presented in this report should give designers additional tools for
rapid estimation of plastic deformations in suppressive structures or elements of these stru:tures,
for the initial blast loading, for the longer duration quasi-static pressures and for both of these
loads applied simultaneously. The revised equations for plate deformations consider strain
energy terms not included in previous analyses, and also utilize deformed shapes which are
closer to experimentally observed final deformations.

This report describes the current status of the work on a portion of the suppressive
structures program. The energy solutions given here will undoubtedly be supplemented by
other solutions or modified as more data on dynamic plastic responses in this program:
notably BRL. NSWC White Oak, and Corps of Engineers at Huntsville, Alabama. Results on
response prediction methods from these studies and other work in the literature shouild be
compared as the program progresses. The energy methods are powerful and potentially

q.. c'',-• -• they v'ield relhtivelv simple design formulas. They do, however, invulve
a number of simplifying assumptions and should not be expected to yield the accuracy in

* response prediction possible with a number of available dynamic response computer codes,
nor can they predict time histories of deflections or strains. One should probably rely on
the energy solutions for initial analysis and design, and to compare feasibility of different
concepts. Then, designs can be refined by specific cal ulations using more complex and
more nearly exact dynamic response computer programs. This was the procedure followed
in the design of the Category I structure reported in Reference 7.
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TABLE 2. DEFINTON OF SYMBOLS USED IN TABLE I

Symbol Definition I
A beam cross-ectional area

A.R ring c:.ss-sectionpl area

b loaded width uo beam I

CSBR circumferential beam spacing in the I-beam cylinder measured at RR

h thickness of plate or dome

Ir specific reflected impulse from initial blast wave, plus reflections if applicable

L length of beam for which the deformation is being determined -

LB length of beam which is restrained by a single ring ,n the I-bean. cylinder

M mass per unit area of the inner dome and filler material for the double-dome roof

Me mass per unit length for the beams in the I-beam cylinder

AMp beam pl.,stic moment

N fa.:tor in the beam equation;N = I for simple support, N = 2 for clamped support

P quasi-static pressure

P'. axial yield force of the beam

r radius to arbitrary point on a circular plate

R mean radius of the hemisphtre (dome)

g.R mean radius of the ring ine the i-beam cylinder

AR radial expansioa1 of the ring or dome

w dlteral d. Ilecton of a beam or plate at point x or r, respectively

WO center dcflec-ion of a beam or plate

x distance along tchi beam or plate, normally measured from the center

N hort-semi-span of Cti plate

v distanzc along plate center line normally measured from the plate center

Y long semi-span of the plate

p material density

0y yield strength of the material
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