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Saturation impulses for dynamically loaded
structures with finite-deflections
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fstract. The concept of “Saturation Impulse” for rigid, perfectly plastic structures with finite-deflections
wjected to dynamic loading was put forward by Zhao, Yu and Fang (1994a). This paper extends
% concept of Saturation Impulse to the analysis of structures such as simply supported circular plates.
ply supported and fully clamped square plates, and cylindrical shells subjected to rectangular pressure
églses in the medium load range. Both upper and lower bounds of nondimensional saturation impulses
¢ presented.

iy words: structures; rigid, perfectly plastic; finite-deflections; rectangular pressure pulse:; saturation
apulse; lower bounds; upper bounds.

j Introduction

10ver the past four decades, the dynamic plastic response and failure of structures subjected
%large dynamic loading have been studied extensively (Jones 1989, Yu 1992) because of their
mactical applications. However, as structural configurations have become more varied, the require-
%nts to determine their dynamic plastic behavior and failure have begun to increase dramatically
¥hao, er al. 1993, 1994b, Zhao 1994).

iThe concept of Saturation Impulse was put forward by Zhao, Yu and Fang (1994a), which
incerned the dynamic plastic response of simply or fully clamped beams with finite-deflections
Wbjected to rectangular pressure pulses in both medium and high ranges. To avoid ambiguity,
*® firstly define the term saturation impulse. The saturation impulse is the critical value after
thich the final deflection of the structure will not increase with further continuously applied
Wd. In the example of a simply supported beam subjected to medium rectangular pressure
?llse, this can be explained as follows. It has been shown by many experiments that the collaps
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Fig. 2 Yield conditions.

loads for stable structures become larger with increase of the deflection (Yu 1989), as shownshould b

in Fig. 1, and this is why the deflection of a stable structure could not be infinite under its

rigid, perfectly plastic collapse load. Once the pulse ratio is determined for a rectangular pressure

pulse, an increase of the impulse means an increase in the duration of the applied load aloneTy <how

When its deflection is large enough, the beam will be strengthened by the axial forces to suchy lower b

a extent that the continuously applied load will not produce further deflection, and then thejy 1=2

deflection of the beam will remain constant. Ve is jus
This paper extends this concept to analyze other structures such as simply supported circulatg, . "

plates, simply supported and fully clamped square plates, and cylindrical shells subjected t_qd the upi

rectangular pressure pulse in the medium range. The secondary effect of finite-deflections 1
also taken into account in each case.

2. Simply supported and fully clamped beams

Using the approximate square yield curve in Fig. 2, the lower bound of the nondimeI'lSiOIlaiThe lowet
saturation impulse for a rigid, perfectly plastic simply supported beam subjected to uniformlja rectan
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Fig. 3 Rectangular pressure pulse.

T

Ilew: \/6.&, (])
here 1= \/%71-'}5; —_—[[;—U, puzzﬁf—{” is the static collapse load of the simply supported

;{gam u the mass density per unit length of the beam, and L and H are half length and thickness
{the beam, respectively.

‘As shown in Fig. 2 that an exact yield curve relating the nondimensional bending moment
nd membrane force lies everywhere inside a square having sides of magnitude 2, while a square
th sides of length 1.236 lies everywhere inside the exact yield curve (e.g. Jones 1967). Therefore.
% actual collapse pressure p. is given by

|is easy to show that the upper bound of the nondimensional saturation impulse is given
*f
; 1
=12
; I \/D618 Ifﬂu 1.2/ Ifﬂu (3)

(4)

_ __ € 1S ]ust between the lower and upper bounds given by this paper.
circule For a rectangular pressure pulse, the magnitude. of the pulse is constant, and so the lower
ected '®d the upper bounds of saturation duration of pressure pulse may be expressed respectively

Clow— \76_ (53)
0w =127 Tin (Sb)

ansiona e lower and the upper bounds of the saturation impulse for a fully clamped beam subjected
riformifa rectangular pressure pulse are given by
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Lpw=—"75 A ba
| V3 (62) Conside
e L (6b) 'fully cl
45 _4M, . . gssure p

where /= 7 ;o po="73 18 the static collapse load of the fully clamped beam.
0

Similarly, the lower and the upper bounds of the nondimensional saturation duration for
the clamped beam are

[a simj

Tlow — \% (73)

Pwo— V2] Th (7b)
_ ra fully
respectively. Similarl

3. Simply supported circular plate

If the limited interaction yield surface proposed by Hodge in 1960 (illustrated in Fig. 5) 18

used. the final deflection at the center of the circular plate subjected to a uniformly distributed he restril

unds of
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Lium rectangular pressure pulse is given by

et SeEr I TEREs
T 2[ l+2/1(1 COS— )(/l 1) 1], (8)
j=—AL _ is the nondimensional impulse, A=2
v uHpo Do

gimilar to Zhao, et al (1994a), the lower bound of the nondimensional saturation impulse
%a simply supported circular plate under medium load is given by

=
3 e

=22 ©9)
. the same manner as the beams, the upper bound of the nondimensional saturation impulse
Etaken as

3

L=12] k. (10)

| should be noted that the restriction for the pulse ratio 1s
I<AS2 (11)

nr a rectangular pressure pulse in medium range, the lower and upper bounds of corresponding
mdimensional saturation duration of pulse are

Clow— 5 ( 1 23)

rup =1.21 Clow ( 12b)
spectively.

| Simply supported and fully clamped square plates
(6a)

‘Consider a rigid, perfectly plastic square plate of width 2L which is either simply supported
(6b) i fully clamped around the outer boundary. If the plate is subjected to a medium rectangular

)

ressure pulse, the maximum transverse displacement at the centre 1s (Jones 1971).

>n for 7 2-5:-[%—!—2/1(1—003 2 )(l—l)—-l], (13)
ior a simply supported square plate, and
(2)§ e SRR B
: 7 =/14+2 (1~ cos ) (A— 1) (14)

i

Sl

(Tb)
o a fully clamped square plate.
‘Similarly, the nondimensional saturation impulse for a simply supported square plate is

s 2t
Igﬂw-— 7 A (153)
I,=127 L, (15b)

5) s
ibuted t\e restribution for the pulse ratio is 1<A<2. Obviously, the corresponding lower and upper
ounds of the nondimensional saturation duration for a rectangular pressure pulse are
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r[uu:% (163)
spectiv

Tup=127 Tion (16b)
respectively. Conc

The nondimensional saturation impulse for a fully clamped square plate 1s

- This 1
A (17a) nply s
V2 bjectec

(17b) eused
case

And gIven.
ould |

(18a)

Iup: 1.2/ I;G“-

Rssure
llse st
Ithe <

Ciow— 4
low \/’2"
(18b)

Tun=1.21 Clow

up

are the corresponding lower and upper bounds for fully clamped square plates subjected 10
know

rectangular pressurc

pulse in the medium range.
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iindrical shells

| sider an infinitely long circular cylindrical shell reinforced by equally spaced reinforcing

d

(Fig. 6) and subjected to a uniformly distributed radial rectangular pressure pulse. For

ficity, the linearized yield surface for a cylindrical shell after Hodge and Shield (illustrated
_ 7) is used. From the Appendix we know that the permanent transverse displacement

the midspan 1S
. = \/ - \/gl —
( [%; )M— 4[ 1+2A(1 COS 2 )(A 1) 1]5 (19)

¢
' I= ,._.——i ;{p is the nondimensional impulse, and the meaning of other symbols are
0

pined in the Appendix.

ilarly, the lower and upper bounds of the nondimensional saturation impulse 1s

| liw= 7, A (20a)
]
_1 Iup: \/0 618 Ifuw:1'27 I!ﬂu' (20b)
; .
it should be noted that the following inequalities must be met
1<ASS (21)

:iecorresponding lower and upper bounds of the saturation duration of the cylindrical shell
fected to a rectangular pressure pulse in the medium range are

Clow — \7_6 (223)
(163.) ‘,{ Cup— 1.27 Clow (22b)
spectively
(16b);
g Conclusions

'This paper extends the concept of Saturation Impulse to the analyses of structures such as
(17a) _ply‘supported circular plates, simply and fully clamped square plates and cylindrical shells
biected to rectangular pressure pulses in the medium range. Since approximate yield surfaces
(17b) & used. both lower and upper bounds of the saturation impulses for such structures are presented.
Hcase of rectangular pressure pulses in the medium range, once the magnitude of the pulse
“riven, the saturation impulse is, therefore, equivalent to saturation duration of the pulse. It
(18a) be noted that this paper only deals with one special pulse shape, namely rectangular
ssure pulses, and that the phenomenon of saturation impulse may exist for other kinds of
(18b) T'se shape in the medium range; in these cases the saturation impulses are not equivalent
Ithe saturation durations of the pulse.
ted to ¢
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Notations Zhwl:c'\lar;
: 7Thao., Y.l
H  thickness of beam or plate olate
[ pT/\/ uHp,, nondimensional pressure pulse 05,
£ half span of the beam and cylindrical shell, or half width of a square plate
mx Mx/Mﬂ
M, axial bending moment ndi
M, O,H*/4 pe
n.e N.o/No, nondimensional axial forces .
N, s axial and circumferential bending moments ;s
o)
el This pi
p magnitude of the rectangular pressure pulse _ g
Po collapse load eih s
Ly duration of response
/ 3 pulse duration
U axial displacement
W transverse deflection
A p/po, pulse ratio
U mass density vhere mr
o uniaxial yield stress fo i
T \/ £9. 1 nondimensional duration of pressure pulse
ey P P f the sh
) 7(1 () 1eld - stre:
; [t 1S as
e v
Subscripts: | The res
low lower bound ivided 1
up upper bound
(1) first
(2) seco
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ippendix
;

ynamic plastic behavior of cylindrical shells to medium rectangular pressure pulse

ThlS problem is a axisymmetrical one, and the equations of motion for a cylindrical shell illustrated
q Fig. 6 are (Jones 1970)

e L i) ¥ pw’ W uu — '
e R Ny g No No : s
I i 1 P dng _}IW L MU W' e
m x+H”' w t+ M{) R Mu ! M, —0.. (Alb)

X NH . . .
jhere mng/[/[ Np. o= NH , M, 1s the bending moment, and N, and Ny are axial and circum-
0 0

&rentlal membrane forces, respectively. w i1s the transverse displacement, u denotes the mass density

{ the shell per unit length. ( )= 5; (), (*)= j{ (). My= Uof No=0yH, and 0, 1s the tensile

ield stress.
It is assumed that

u=i'=i=0 (A2)

The response of the cylindrical shell under a rectangular pressure pulse in the medium range is
ivided 1nto two stages

(1) first stage t [0, tl:
() second stage tE[t, 1/].
For 51mpllclty the linearized yield surface for a cylindrical shell after Hodge and Shield (shown 1n

% 7) is used. If it is assumed that the shape of the displacement field under dynamic loading in
@e medium range which produces finite-deflections is the same as that developed for the corresponding

?Ea tic collapse load, then
w(x, )=Wy(t) (1—x/L) when t&[0, ] (Ala)

Eﬂd
% T ow(x, D=W,(t) 1—x/L) when t€lt, t/] (A3b)
?

Substltutmg (A3a) and (A2) into (Alab) and neglecting higher-order terms containing w' gives

/ 4 m} p(t) — = e -
M T M [ 2L) 9)

ashould be noted that ny,=n,.=1 has been used in the derivation of (A4).
Integratmg (A4) and noticing m,=1 at the midspan between two adjacent reinforcing rings yields
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J X 4 x . uxf x
}2+HR2'M{}2(1 3L)+] (A3)
m,— — 1 at x=L, we obtain the differential equation of Wo(1) in F
=== [p(0)—po]
2‘u pﬂ . (A6)
(UE: 3N{}
uL?
WL Nﬂ 1 4Mﬂ
G By Aps’t_rsz:f
PINTOTCEC(
cylindrnical shell. rescnt p
ution of Eq. (A6) may be written in the following form s develoy
oelficien
= tLl=cos@il—xiL) (A7) nd not
psts have
ion of Wi (1) 1s
3 ey wor:
A+ W= 2 1 Po (A8) -
_cgntinuity conditions for displacements and velocity at r=r; Al
s
[
Since
Alcoswt— l)coswi+Asinwtsinwt— 1| (l —~~}*) (A9) otake uj
g ibjected
ed by using w(x, t,)=0, thus nd have
s ASINWT roperties
¢ a)tan 1+ A(coswt—1) (Al0) rowth of
ent at the midspan 1s ?an-\' att
. \/61 : y NCCESSA
= e lant. fin
A(1-cos : Ja—1—1], (All)
nsional impulse. 1.1. At
- ratio A must satisfy the following inequalities eel bar
1<A<3 ALD) Thig 4
ns are both statically and kinematically admissible. that the
aly dift
Yout of
1.2. The
This ap;
Vers the




