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Abstract—The paper is concerned with the optimal plastic design of sandwich beams, frames and trusses for
alternative loading conditions. Upper and lower bounds for the optimal weight of a beam are derived, for single
as well as for alternative loading conditions. These bounding theorems are used to establish a superposition
principle. If no explicit bounds on the cross-sectional areas are prescribed, the optimal design for alternative
loading conditions P, and P, can be obtained by superposition of the optimal designs for the single loading
conditions (P, +P,) and (P, —P,). If the cross-sections are to have at least given non-zero values, the principle
furnishes upper and lower bounds to the optimal weight.
The principle is illustrated by a simple example.

1. INTRODUCTION

IN A RECENT paper [1], it has been shown that the optimal limit design of trusses under
alternative loading conditions can be obtained by the superposition of the optimal designs
for two single loading conditions. Since then, the attention of the authors has been drawn
to a set of lecture notes [2], in which a similar result was obtained from a linear program-
ming formulation. In the present paper, the superposition principle is established in a more
general form that applies to sandwich beams and frames as well as trusses. When the
minimum yield force of a bar in a truss or the minimum plastic moment of a beam is
prescribed, the superposition principle yields upper and lower bounds on the structural
weight. When the prescribed cross-sectional values are zero, the superposition principle
furnishes the exact solution. In the derivation of these results, bounding theorems on the
optimal weight are used that are comparable to the general duality statement given by
Rozvany and Adidam [3].

For brevity, the following discussion is restricted to sandwich beams; the results,
however, apply as well to sandwich frames and to trusses.

2. FORMULATION OF PROBLEM, OPTIMALITY CONDITION

For a sandwich beam with rectangular core cross-section of constant width b and
constant height 2k and identical cover plates of varying thickness t(x) « h, the volume of the
cover plates per unit length is proportional to the plastic moment M (x). Since the weight
of the core is fixed, minimization of the weight of the beam is equivalent to minimization
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of the weight (or volume) of the cover plates, or minimization of the integral

W= [ m,ax @1

Consider a sandwich beam of this kind that is to have a given load factor A for plastic
collapse when subject to a given load distribution p(x). It will be assumed that the plastic
moment is bounded from below by

M%) = M), (2.2)

where M(x) is given. If no explicit bound is prescribed, there still is the requirement that
M ,(x) must be nonnegative (My(x) = 0).

As was pointed out by Heyman [4] for M (x) = 0 and by Prager [5] for My(x) > 0, a
design is optimal if it admits a collapse mode under the given loads such that the curvature

rate k(x) satisfies
el |{=1 if M,(x) > My(x), 23)

<1 if M, (x) = My(x)

Note that this condition is necessary and sufficient for global optimality.

If the beam is subjected to the alternative loadings p'(x) and p”(x) for each of which
the load factor is not to be smaller than 4, a similar optimality condition can be derived.
From different points of view, Chan [6] and Prager [7] have shown that a design is optimal
if it admits collapse modes for each loading with curvature rates x'(x) and x"(x) satisfying

=1 if Myx) > M(x),

. (2.4
<1l if My x) = My(x)

| () +1" ()] {

Note, that if one of the loads is not relevant, the corresponding curvature rate vanishes,
and the optimality condition (2.4) reduces to (2.3).

3. LOWER BOUND THEOREMS

The lower bound theorem for single loading has the following form. If v*(x) is a
kinematically admissible velocity field with positive rate of dissipation [ pv* dx that has
been scaled in such a manner that the rate of curvature x*(x) satisfies

[*(x) < 1, (3.1
then
W, = 4 f pv* dx, (3.2)

where 4 is the prescribed load factor for the given loads p(x)t.

1 As was pointed out by one of the referees, one can obtain an improved lower bound} if a term | M (1 —|x*|) dx
is added to the term A [ pv* dx in (3.2). The bound thus obtained can, however, not be used to establish the super-
position principle.

1 D. E. CHARRETT, Ph.D. Thesis, Monash University (1970).
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Proof

Let M ,(x) be the optimal design and x(x) be a collapse mode that satisfies (2.3). It
then follows from the kinematic theorem of limit analysis (see, for instance, [8]) that

A= f|x|MP dx/fpu dx < flrc*!Mpdx/fpv* dx. (3.3)

Use of (3.1) in (3.3) immediately furnishes (3.2).
It should be noted that use of the optimality condition (2.3) with My(x) = 0 in the
first part of (3.3) yields

Wop = 4 fpv dx. (3.4)
Accordingly, if M(x) = 0, then W, is the largest value of the integral on the right of

(3.2) for all kinematically admissible velocity fields that are scaled according to (3.1). If,
on the other hand, My(x) £ 0, use of (2.3) in (3.3) only yields

Wope = A Jpv dx. (3.5)

The lower bound theorem for alternative loading conditions resembles the theorem
just discussed. If v*'(x) and v*"(x) are kinematically admissible velocity fields which have
been scaled in such a manner that the rates of curvature k*'(x) and x*"(x) satisfy

[* () +|*"(x)] < 1, (3.6)
then

Wope 2 4 f(p’v*’ +p'v*")dx. (3.7)

Proof

Let M (x) be the optimal design and «'(x) and k"(x) be collapse modes that satisfy
(2.4). The argument that led to (3.3) now yields:

flx*’IMp dx> 1 Jp’u*’ dx, (3.8a)
and

JIK*”IM,, dx > A fp”u*” dx. ' (3.8b)

Summation of (3.8a) and (3.8b) and use of (3.6) then furnishes (3.7). Note that (3.7) has the
same extremum properties as (3.2).

4. UPPER BOUND THEOREMS

The upper bound theorem for single loading follows directly from the static theorem
of limit analysis [8]. If M*(x) is a statically admissible bending moment distribution,

Wy < J max {4 M*(x)|, Mo(x)} dx. 4.1)
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Proof
By the static theorem of limit analysis, the design

M*(x) = max{AIM*(x)|, Mo(x)} (4.2)

has a load factor not smaller than 4; since this design also satisfies (2.2), it is feasible, and
this establishes (4.1).

The proof of the upper bound theorem for alternative loading conditions follows the
same lines and will be omitted for brevity. If M*'(x) and M*"(x) are statically admissible
bending moments for the loads p’(x) and p”(x), then

Wope < fmax{,llM*’(x)l, AM*"(x)), Mo(x)} dx. (4.3)

It should be noted that if M*(x) in (4.1) is the actual bending moment of the optimal
design in a collapse mode satisfying (2.3), then

Wope = JM,, dx = fmax{iiM(x)l, M(x)} dx. 4.4

Accordingly, W, is the smallest value of the integral on the right of (4.1) for all statically
admissible bending moments M*(x). A similar remark applies to (4.3).

5. SUPERPOSITION OF OPTIMAL DESIGNS

As has been shown by Rozvany and Adidam [3], the theorems discussed in the pre-
ceding sections are valuable in the direct application to optimal design problems. As is
shown below, these theorems may also be used to establish the validity of a principle of
superposition of optimal designs.

Let a suitably supported sandwich beam be subject to the alternative loads p'(x) and
p"(x), while the plastic moment M ,(x) has to satisfy (2.2). The minimal weight of the cover
plates of the beam under these conditions will be denoted by W,,,.

Instead of this alternative loading problem, consider the two single loading problems
where beams that are supported in the same manner have to carry the loads

pT(x) = 2(p)+p (¥, pT(x) = Hp'(x)—p (X)), (5.1
while the plastic moments are constrained by
M, (x) = $Mo(x), M, (x) = M(x). (52

The principle of superposition may then be stated as follows. If the lower bounds W',
W, and the upper bounds W, W, for the minimum weight of the cover plates in the
single loading problems (5.1), (5.2) are obtained by the use of (3.2) and (4.2), the minimum
weight W, for the alternative loadings p’, p” satisfies

Wri+W, < W, < W/ +W,. (5.3)

opt

pt

Proof
Since W," and W were obtained by the use of (3.2), there exist velocity fields v*(x)
and v~ (x) such that
TN <1, kT <1, (54)
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and
Wr+W. = lf(p+v++p‘v')dx. (5.5)
Since the velocity fields v (x) and v~ (x) are kinematically admissible, the fields
v(x) = 3070 +07(x),  v"(x) = 3T (x)—v7(x) (5.6)
are also kinematically admissible. Now, with use of (5.4),

O]+l Ce)l = 2l () + k70l + 2k T () — k(0 < 1, (5.7)

since the sum of the absolute values is equal to either x*(x) or k ~(x). Hence, from (3.6),
(3.7), (5.1), (5.5) and (5.6) it follows that

A
W > 4 [0 +p0 dx = 5 [ 107 +p7)0" +07)

+p" —p )T —v7)]dx = lf(p*lf” +p v )dx =W, +W;. (58)

This establishes the first part of (5.3).
The second inequality in (5.3) is established in the following manner. According to
(4.1), there exist statically admissible bending moments satisfying

WritWw, = J[maX{llM (0l 3Mo(x)} + max{AIM " (x)], 2Mo(x)}] dx

> fmax{l|M+(x)| + AM ™ (x)l, My(x)} dx. (5.9

In view of (5.1) there thus exist statically admissible bending moments M’(x) and M"(x)
satisfying

AM™ ()l + M~ (x)| = %IM’(XHM”(x)I +'—;IM’(x)—M”(X)I

= max{A|M'(x)|, AM"(x)}. (5.10)
From (5.9), (5.10) and (4.3) it therefore follows that

Wrrw; > f max{AM'(x)], AM"(x)l, Mo(x)} dx > W,,. (5.11)

This establishes the second part of (5.3).

Note, that, for the general case My(x) > 0, the inequalities (5.3) do not lead to ex-
tremum principles, and hence it will, in general, not be possible to make the upper and
lower bounds coincide. In the important special case M y(x) = 0, however, the inequalities
(5.3) provide extremum principles as was pointed out in Section 3. Moreover, if M, (x)
and M, (x) are the plastic moments in the optimal designs for p*(x) and p~(x), the plastic
moments in the optimal design for the alternative loads p’(x) and p“(x) are

M (x) = M, (x)+ M, (x), (5.12)
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and consequently

Wy = Wit Wi, (5.13)

These last results are particularly useful in the solution of alternative loading prob-
lems. It makes the application of analytical techniques possible (as in the case of Michell
trusses [1]), or simplifies the application of such techniques (see example). Larger truss
optimization problems are often solved with help of linear programming techniques [9-11].
The computing cost of this kind of solution, however, increases rapidly with the number
of variables involved. The present formulation reduces the alternative loading to two
smaller problems, and this may cause a considerable reduction in computing cost.

6. EXAMPLE

Consider a sandwich beam of the type described in Section 2, with length 3/ that is
built in at x = 0, simply supported at x = | and subjected to alternative loads shown in
Fig. 1{a-b). With the use of (5.1), this problem is converted into two problems of single
loading, shown in Fig. 1(c—d). In order to solve these single loading problems, first con-
sider collapse mechanisms that satisfy (2.3). Since it is not likely that M ,(x) will vanish in
any finite region in either problem, |k(x)] = 1 anywhere. Possible mechanisms are shown
in Fig. 1{e-f); note that in the mechanism shown in Fig. 1{¢), compatibility requires

ni—no = 3. (6.1)
The next step is to consider statically admissible bending moments, that can be expressed
in terms of the reactions x* and x™ at the simple support. The bending moment diagrams
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are shown in Fig. 1(g-h); the points at which the bending moments vanish are given by
P P 3P

T22x -Py M Ta@P-2xty  TT 22x 4P
The actual solution is the one for which the bending moments vanish at the points the
curvature changes sign. The solution of (6.1) and (6.2) is then found to be

x* =1.1858 P, 1o = 0-3646, 1, = 07956,

x~ = 05607 P, n = 0-7071.
The plastic moment of the beam, formed by superposition of the absolute values of the
moments in Fig. 1(g-h), is shown in Fig. 2.

Mo 6.2)

0.375 P4

0.313 P2

PLASTIC MOMENT

FiG. 2.

Acknowledgement—The author is indebted to Dr. W. Prager for his valuable advice.

REFERENCES

[1] J. C. NAGTEGAAL and W. PRAGER, Optimal layout of a truss for alternative loads, /nt. J. Mech. Sci. 15, 583
(1973).

[2] W. S. HEMP, Abstract of lecture course Optimum Structures. Engineering Laboratory, University of Oxford
(1968).

[3] G.I. N. RozvaNy and S. R. ApipaM, Dual formulation of variational problems in optimal design. J. Eng.
Ind. (1972).

[4] J. HEYMAN, On the absolute minimum weight design of framed structures. Quart. J. Mech. appl. Math. 12,
314 (1959).

[5] W. PraGeR, Conditions for structural optimality. Computers & Structures 2, 833 (1972).

[6] H. S. Y. CHAN, On Foulkes mechanism in portal frame design for alternative loads, J. appl. Mech. 36, 73
(1969).

[7] W. PrRAGER, Foulkes mechanism in optimal plastic design for alternative loads. Int. J. Mech. Sci. 13, 971
(1971).

(8] W. PRAGER, An Introduction to Plasticity, Chapter 3. Addison-Wesley (1959).

[9] J. HEYMAN and W. PRAGER, Automatic minimum weight design of steel frames. J. Franklin Inst. 266, 339
(1958).

[10] A. R. ToAKLEY, Some computational aspects of optimum rigid-plastic design. Int. J. Mech. Sci. 10, 531
(1968). i
[11] S. RauTta and V. CHIrOIU, L’automation du calcul des structures statiquement non determinées par poids

minime. Optimization Methods for Deformable Systems. Polish Academy of Science (1968).

Pe3siome—3Ta pabora kacaercs ONTUMAaNbLHOIO MIACTHYHOTO TIPOEKTHPOBAHUA Banok, pam u depm caou-
CTOIH KOHCTPYKLMH ANA MePEMEHHBIX YCIIOBUI HArpy3ku. BepxHHe W HUXKHUE MTPeaenbl ONTUMaNbHOTO Beca
0asiky pa3znensoTCa Kax LI OOHOrO, TaK ¥ [UISA MEPEMEHHLIX YC/IOBHI Harpy3ku. DTH TeopeMsl Npenena
WCMONB3YIOTCA VIS CO3JaHWA NMPHUHLMNA cyneprno3uuun. Eciu ans y4acTKOB Ce4EHMS HE mpenycMOTpeHO
OMNpeaeneHHbIX MPENENIOB, TO ONTUMAJIBHOE MPOEKTHPOBAHKE IS NIEPEMEHHBIX yCaoBUi Harpylku Py u P,
MOXHO MONYYHTb CYNEPIO3ULIMEN HA OQHO YCNOBUE HArpy3ku 3(P, + P,) u }(P, — P,). Ecnu pa3pe3sl 6yayt
HUMETh, MO KpaiHe#l Mepe, Ofpeae/ieHHbIE HERYIEBbIE 3HAYEHHSA, TO HTOT MPUHUMIT NPEJOCTABASAET BEPXHUHA U
HUXHHUA nipenensl ONs ONTHMANBHOTO BeCa.
ITOT MPUHLMT UILTIOCTPUPYETCA MTPOCTBIM MPHMEPOM.



